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Preface
“Quiet the little feet that trod
So merrily the floor
The little hands that clasped my neck
Will clasp my neck no more.
Ah! Children mine and yet not mine
For a few years were given
And then recalled to draw my heart,
Nearer to God and Heaven.”

of these new perils. Increases in international travel
and migration have made re-emerging diseases such
as tuberculosis and influenza global menaces. As the
world strives to achieve the ambitious Millennium
Development Goals, resource poor countries struggle
to overcome the burden caused by neglected diseases
like trypanosomiasis and hookworm. In addition, the
risk of microbes as biothreat agents, such as smallpox,
anthrax and plague, continues to present a danger to
mankind in the 21st century.
This comprehensive new textbook authored by
leading authorities is intended to inform researchers, clinicians, public health specialists and policy
makers regarding the current state of development
of vaccines for emerging and neglected diseases and
biothreat agents. Detailed information regarding epidemiology, clinical disease, management, immunology, pathogenesis, as well as vaccinology is presented
for each pathogen. The book also provides in-depth
information regarding the processes that are critical
to the generation of these vaccines to the marketplace.
This includes chapters on vaccine platforms, preclinical development, regulatory approval, clinical trials,
manufacture and post licensure issues.
The editors would like to thank our many colleagues whose outstanding contributions made this
book a reality. We would also like express our appreciation to Lisa Tickner and Carrie Bolger of Elsevier
for their able and professional assistance.

Henry Whinery, who drove the stage coach between San
Jose and Santa Cruz, California saw two of his children
Harry F. Whinery, (age 5 yrs, 9 mo) and Martha Whinery
(age 7 yrs, 5 mo) die of Diphtheria on December 6, 1876.
Vaccines have had a greater impact on human
health than any other biomedical development. Over
the past three centuries vaccines have facilitated the
eradication of one infectious disease, smallpox, and
have limited the scourge caused by more than 25
enteric, respiratory, genitourinary and zoonotic and
vector-borne pathogens including measles, polio,
hepatitis B, yellow fever, and Haemophilus influenza
type B. Despite the successes there remains enormous work to be done. Infectious diseases continue
to be the number one cause of death globally claiming
20 million lives yearly. Old threats such as malaria,
dengue, and syphilis have yet to be tamed. Over the
past 25 years there has been a dramatic increase in
newly recognized or emerging pathogens including
human immunodeficiency virus, hepatitis C virus and
Helicobacter pylori; however the development of successful vaccines has not kept pace with the discovery

Vacines for Biodefense and Emerging and Neglected Diseases

02_P369408_PRE.indd xvii

Alan D.T. Barrett, Ph.D.
Lawrence R. Stanberry, M.D., Ph.D.

xvii

© 2009, Elsevier Inc.

11/4/2008 7:14:48 PM

Foreword
Rino Rappuoli
Global Head of Vaccines Research, Novartis
Vaccines & Diagnostics, Sienna, Italy

Vaccination is the medical practice that together
with clean water had the greatest impact on human
health during the 20th century. Thanks to vaccines,
devastating diseases that had been responsible for
much of the morbidity and mortality recorded were
eliminated. These include smallpox, poliomyelitis,
tetanus, diphtheria, pertussis, hepatitis B, Haemophilus
influenzae, measles, mumps, and rubella, which killed
or disabled millions of people. Meningococcal meningitis, perhaps the last disease that can attack in a few
hours and kill healthy children and young people, is
also on its way to being conquered by vaccination.
Now that all these diseases have been controlled, is
there a role for vaccination in the 21st century?
Clearly the 70 chapters of this book show that we
still have a long way to go before we can conquer all
the diseases that can be addressed by vaccination.
There is increased interest in emerging and neglected
diseases, which have not been a priority for vaccine
developers, thanks to the technological revolution of
the last decades that increased the feasibility of developing new vaccines and the renewed business interest
on vaccines that emerged during the last 5 years.
Let us look at the increased feasibility of vaccines
first. A recent review of the history of vaccination
concluded that the probability of success in vaccine
development is highest when protection is mediated
by antibodies and antigens that have no or limited
antigenic variability (Rappuoli, 2007). In a graph representing the type of immunity and the antigenic variability on the vertical and horizontal axes, vaccines
that have the highest probability of success are in the
upper right quadrant and the risk in vaccine development increases moving toward the intersection of the
two (Fig. 1). Accordingly, vaccines for which T-cell

FIGURE 1

Graph representing the type of immunity and the
antigenic variability.

immunity is critical for protection or protective antigens are highly variable have an increased degree of
failure during development. In Fig. 1 I have tried to
rank the vaccines discussed in this book based on the
above-mentioned criteria. From the figure it is clear
that the majority of the vaccines reside in the upper
right quadrant, which belongs to the pathogens that
can be addressed by antigens that meet the validated criteria for vaccine success, that is, they induce
an antibody-mediated protection and they are not
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highly variable. Therefore, in most cases, vaccines for
neglected and emerging diseases can be developed
using well-established technologies.
Thanks to technologies such as recombinant DNA,
conjugation, genomics, and the increased understanding of the immune system, the feasibility of vaccine development has increased a great deal. Good
examples are the several recombinant and conjugate
vaccines already licensed, and several vaccines developed using genomics (reverse vaccinology) that are
in development. Reverse vaccinology is perhaps the
most powerful tool for vaccine development that has
become available lately. In fact, the availability of
genomic sequences allowed us to use computers to
search the entire genetic repertoire for protective antigens, thus increasing by several orders of magnitude
the numbers of antigens available for vaccine development. With many more antigens available for each
pathogen, it is now possible to select those antigens
that respond to validated principles, such as limited
or absent antigenic variability and antibody-mediated
protection.
An important minority of the vaccines described
in this book resides in the middle or left quadrant of
Fig. 1. These are the vaccines that are not yet within
the reach of today’s technologies and developing
these vaccines requires bridging science gaps such
as learning to develop vaccines based on T-cellmediated protection. Today these vaccines are mostly
addressed by using innovative immunostimulatory
molecules and adjuvants, replicating or nonreplicating viral vectors, prime-boost regimens, and so forth.
An alternative approach can be to bring them to the
comfort zone of upper right quadrant by learning
how to engineer immunosilent conserved epitopes
to become immunodominant. A good example of
this is HIV wherein we know that antibodies such as
b12 that recognize the conserved CD4 binding site
would be able to protect from infection. However, we
are unable to make this epitope immunodominant
and therefore we cannot yet make this vaccine. We
believe that a systematic approach to the structural
properties of immunodominant and immunosilent
epitopes can provide the scientific rationale that in the
future may allow us to engineer immunodominant
epitopes. A rational approach to the 3D structure of
antigens (structural vaccinology) is one of the basic
aspects of vaccine research that should be a priority.
In conclusion, with a few exceptions, the majority of
the vaccines addressed in this book are within the reach
of today’s technologies; the question is therefore whether
or when they will be developed. Unfortunately, technical
feasibility is only one of the hurdles in vaccine development. Even more important is often whether there is a
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market that can justify the huge investment that is necessary to bring vaccines to licensure. Vaccines today are
developed by few global vaccine manufacturers that can
only afford to invest in those vaccines that have a high
probability of success in the market. With few exceptions, most of the vaccines addressed in this book are
“neglected” because they do not have a market that justifies their development; as a consequence, the probability that they will be developed is low. In fact, for these
vaccines the basic research and initial clinical trials will
be carried out in academia and small biotechs funded
by the public sector. However, the gestation of vaccines,
the phase during which a discovery is transformed into a
potential product, is unlikely to happen. As discussed in
this book, during this phase of the vaccine development,
pathogens (or their genomes) are systematically screened
to identify the best antigens, the antigens are prioritized
using in vitro assays and animal models that are relevant
to making decisions, the selected antigens are engineered
and expressed in hosts suitable for industrial scale, and
the composition of the vaccine is defined using adjuvants
suitable for man. Then, production of the candidate vaccine is adapted to industrial needs; it is scaled up and
produced in cell lines suitable for GMP manufacturing.
A robust formulation is developed; the vaccine is produced under GMP conditions and tested for stability.
Toxicology studies are performed, regulatory documents
are submitted to regulatory agencies, and the vaccine is
finally tested for safety and for proof of concept in man.
Unfortunately, the results of this phase, which is perhaps
the most critical for vaccine development, are not suitable for publication in good journals and therefore there
is no incentive for people in academia to embark in this
area. In addition, the knowledge to do the work required
in this phase lacks in academia; it is not even present in
most biotechs and vaccine manufacturers in developing
countries. However, five or six large vaccine manufacturers have the traditional knowledge and the necessary
investment to carry out this obscure but essential part of
the work. In fact many of the failures in vaccine development are due to the poor understanding and underestimation of this phase. In order to fill this gap in vaccine
development, recently a new institute has been established. This is the Novartis Vaccines Institute for Global
Health (NVGH), an institute with a nonprofit mission
dedicated to the development of effective and affordable
vaccines for neglected infectious diseases in developing countries. By having access to all the know-how and
technologies available with a large vaccine manufacturer,
and having neglected diseases as a mission, this institute
has prospects of being successful in this area.
Despite difficulties in filling technical and structural gaps the field has never been as promising as
today. Thanks to the vast progress in technology
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and the renewed recognition of the enormous value
that vaccines bring to the society, the field of vaccine
development is moving beyond its 20th century renaissance. Vaccines today are usually given to prevent
diseases that parents and pediatricians have never
seen; in their minds vaccines are no longer immediate
lifesavers but tools that improve the quality and duration of life. In agreement with this new vision, thanks
to the scientific progress, new vaccines target infections such as HBV and HPV that can result in cancer decades after infection; they hold great promise
for preventing devastating outbreaks such as pandemic influenza and are being explored for the control of chronic, metabolic, and neurological diseases.
Vaccines targeting hypertension, drug addictions,
and cigarette smoking are examples of cases that are
not traditionally tackled by vaccination. Although
some difficult targets such as HIV presently remain
beyond the reach of technical feasibility, a new vision
is emerging that views vaccines as friendly and safe
tools for a global health for all ages and all populations around the world. In this vision, one of the most
important missions is to be ready and promptly tackle
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those diseases that are traditional targets for vaccination, that is diseases caused by emerging infectious
agents, traditional infectious agents causing diseases
in developing countries that cannot afford the cost of
vaccine development, and those infectious agents that
have the potential to be improperly used as biological
weapons. Although investing in the development of
these vaccines is going to be a cost to our society, this
can be one of the best investments for improving the
quality of life of people globally and for minimizing
the risk of biological agents as weapons of terror.
The developmental risk of the vaccines discussed
in this book is based on the predicted type of immunity and antigen stability. The graph is adapted from
Rappuoli (2007).
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ABSTRACT
Dramatic improvements in the control of infectious diseases in developed countries owing to socioeconomic
changes, vaccines, and antibiotics during the first seven decades of the 20th century led to the mistakened concept
that infectious diseases would no longer be a concern. Since the declaration of victory in the war against infectious
diseases in 1967, approximately 50 new disease agents have been identified. Nearly every type of etiologic agent
and clinical manifestation have been involved including acute respiratory infections (e.g., H5N1 influenza A,
SARS, hantaviral cardiopulmonary syndrome, and Legionnaires’ disease), central nervous system involvement
(e.g., West Nile encephalitis, Nipah virus encephalitis, and prion diseases), enteric infections (e.g., Helicobacter
pylori gastric and duodenal diseases, cryptosporidiosis, microsporidioses, and Shiga toxin diseases), systemic
bacterial diseases (e.g., Lyme disease, six new rickettsioses, three new human ehrlichioses, bartonelloses, and
staphylococcal and streptococcal toxic shock syndrome), viral hemorrhagic fevers (e.g., Marburg, Ebola, Lassa,
Bolivian, Argentine, and Venezuelan hemorrhagic fevers), human retroviral infections (e.g., HIV1 and 2 and HTLVI and II), new human herpesviruses (HHV6, HHV7, and HHV8), and the viral agents of hepatitis A, B, C, D, and E.
There are the reciprocal threats that a bioterror agent (e.g., smallpox virus) could cause a newly emerging
infectious disease (EID) and that an agent of emerging infections (e.g., SARS-coronavirus or Rift Valley fever virus)
could be disseminated by terrorists.
Vaccines offer a critically important potential countermeasure against the effects of these and future EIDs. An
aggressive approach to developing prototype vaccines against each new class of etiologic agent must be driven
by public health initiatives because commercial interests will not undertake these projects. The microbe must
be completely characterized biologically, molecularly, and genetically. An accurate animal model of the human
infectious disease should be developed. The mechanisms of vaccine-induced protective immunity must be
elucidated and the antigens that stimulate these mechanisms of protective immune memory identified. Preclinical
testing of vaccine candidates should then be completed in the animal models.
It would be most effective if subunit vaccine platforms were developed in which new antigen cassettes could be
inserted and FDA approval obtained using one or more prototypes. Experience in manufacturing and a track record
of effectiveness and safety for vaccines against numerous emerging infectious agents could be achieved for veterinary
diseases caused by organisms that also cause emerging human infections (e.g., West Nile virus and ehrlichioses).
In the United States, these approaches are driven currently by individual investigator initiative in pursuing the
scientific questions through grants from the National Institute of Allergy and Infectious Diseases. Progress occurs,
but not at the desired level. An emerging infection with high transmissibility (e.g., Ro ⫽ 10) and a case-fatality rate
of 15% would cause global devastating effects at a level on the order of magnitude of a nuclear war. Our efforts to
prepare for EIDs fall far short of nuclear attack preparedness during the Cold War.

INTRODUCTION
A rather optimistic statement in 1967 from the US
Surgeon General proclaimed stated that “the war
against infectious diseases has been won.” The emergence and re-emergence of infectious diseases during the past four decades has been astounding and

has obviously proved this highly publicized statement
wrong. A former director of the National Institute of
Allergy and Infectious Diseases stated in 1981 that
microbial diversity and evolutionary vigor were
still dynamic forces threatening mankind. With the
advent of revolutionary research tools, our view of
the world of microbial diversity continues to expand
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astronomically. As an example, a random sample of
seawater near Bermuda yielded DNA sequences never
known before. The most accepted definition of an
emerging and re-emerging infectious disease is “a disease that has newly appeared in the population or has
existed previously, but is rapidly increasing in incidence and geographic range.” Another widely cited
definition is a “new emerging or drug resistant infection whose incidence in humans has increased within
the last two decades, or whose incidence threatens to
increase in the near future.” Strictly speaking all infectious diseases have “emerged” at one time or another.
Thus, the definitions are rather arbitrary. The emergence of Mycobacterium tuberculosis and Plasmodium falciparum as human pathogens probably occurred within
the last few tens of thousands of years. Other pathogens required rather large human populations interacting closely so that human–human transmission would
occur such as with measles and smallpox viruses. HIV
probably made the jump to humans 60–75 years ago.
Emerging infections are further classified by others as
newly emerging, re-emerging/resurging, and deliberately emerging. The factors involved in the process of
emergence and re-emergence are extremely complex
and have to do with the microbes themselves, the environment, and the hosts, a triad well known to any scientist who works in the field of infectious agents. The
Convergence Model tries to explain all factors that affect
the host–microbe interaction. This interaction is affected
by interlocking domains, namely genetic and biologic
factors, ecologic factors, physical environmental factors,
and social, political and economic factors.

EMERGING INFECTIOUS DISEASES
SINCE 1967
We have attempted to create a comprehensive list
of infectious diseases that fall into this category (Table
1.1). A discussion of the clinico-epidemiological characteristics of the most representative emerging infectious diseases (EIDs) follows. We have classified EIDs
based on clinical presentation (syndromes such as
pneumonia, encephalitis, systemic bacterial infection,
enteric infection, and viral hemorrhagic fever).

EMERGING INFECTIONS CAUSING
ACUTE RESPIRATORY INFECTIONS
Acute respiratory infections are the leading cause of
mortality from infectious diseases around the world.
In 2003, 37 million deaths were due to acute lower
respiratory tract infections. Upper respiratory tract

infections, although important from the point of view
of morbidity, are rarely fatal. In developed countries
the main culprits are influenza and bacterial pneumonias. In underdeveloped countries, the highest mortality rates are seen in children less than 5 years of age
with viral pneumonia caused by respiratory syncytial
virus, parainfluenza viruses, influenza viruses, and
adenoviruses. Bacterial respiratory agents include
Streptococcus pneumoniae, Hemophilus influenzae, and
Staphylococcus aureus.

VIRAL PULMONARY SYNDROMES
Influenza Viruses
These
viruses
belong
to
the
family
Orthomyxoviridae and are enveloped, negative sense,
single-stranded, segmented, RNA viruses responsible
for recurrent epidemics of febrile respiratory disease
every 1–2 years. Influenza viruses are further classified as A, B, and C based on antigenic characteristics. Influenza B and C viruses only undergo antigenic
drift as compared with influenza A viruses that can
undergo antigenic shift in addition to antigenic drift.
Antigenic shifts are responsible for the major pandemics seen with influenza A viruses, three of which
occurred in the 20th century, including the highly
lethal 1918/1919 pandemic that killed tens of millions
of people around the world. Pandemics do not occur
with influenza B and C viruses. In fact influenza C
causes a mild disease without seasonality, and influenza B causes severe disease confined to the elderly
and other persons at high risk. Influenza A viruses
are divided into subtypes based on the presence
of different hemagglutinin (H) and neuraminidase
(N) molecules on their surface. Sixteen distinct hemagglutinins and nine different neuraminidases have
been described to date. Influenza viruses are among
the most contagious human viruses with attack rates
of 10–40% during epidemics. Epidemics are seasonal (winter) in temperate regions and can occur
year round in tropical areas. Since the last influenza
pandemic in 1968, the predominant virus circulating
around the world is the H3N2 subtype that undergoes minor mutations in the H and N proteins and
is responsible for yearly outbreaks. In 1977, the H1N1
virus (the same subtype that was responsible for the
1918 pandemic) was reintroduced and is currently
co-circulating with H3N2 virus. However, isolated
cases of human influenza due to avian viruses such
as H5N1 are cause for concern among health professionals around the world because of the high lethality
and the possibility that development of efficient
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TABLE 1.1 Infectious diseases with agents identified since “The end of the war against infectious
diseases” 1967–2004
Year

Agent

Disease

1967

Marburg virus

Marburg hemorrhagic fever

1969

Lassa virus

Lassa fever

1971

JC virus

Progressive multifocal leukoencephalopathy

1972

Norovirus

Norwalk diarrheal illness

1973

Rotavirus

Major cause of infantile diarrhea worldwide

1975

Parvovirus B19

Fifth disease; aplastic crisis in chronic hemolytic anemia; hydrops
fetalis; chronic anemia of immunosuppressed patient

1976

Vibrio vulnificus

Sepsis and necrotizing fasciitis

1976

Cryptosporidium parvum

Human cryptosporidiosis

1977

Ebola virus

Ebola hemorrhagic fever

1977

Clostridium difficile

Pseudomembranous colitis

1977

Legionella pneumophila

Legionnaires’ disease, Pontiac fever

1977

Hantaan virus

Hemorrhagic fever with renal syndrome

1977

Delta viral hepatitis

Hepatitis B virus-associated hepatitis

1977

Campylobacter sp.

Enteric pathogens distributed globally

1979

Cyclospora cayetanensis

Diarrheal illness

1980

HTLV-I

T-cell lymphoma-leukemia; tropical spastic paresis

1981

Staphylococcus aureus toxin

Toxic shock syndrome

1982

Borrelia burgdorferi

Lyme disease

1982

Escherichia coli 0157:H7

Hemorrhagic diarrhea, hemolytic uremic syndrome

1982

HTLV-II

Associated with neurologic syndromes

1983

HIV-1

AIDS

1983

Helicobacter pylori

Gastric and duodenal ulcers

1984

Hemophilus influenzae aegyptius

Brazilian purpuric fever

1985

Enterocytozoon bieneusi

Microsporidiosis

1986

Chlamydia pneumoniae

A major cause of pneumonia

1988

Human herpesvirus 6

Exanthem subitum (roseola infantum)

1989

Rickettsia japonica

Japanese spotted fever

1989

Hepatitis C virus

Parenterally transmitted nonA–nonB hepatitis

1990

Hepatitis E virus

Enteric nonA, nonB hepatitis

1990

Balamuthia mandrillaris

Leptomyxid amebic meningoencephalitis

1990

Human herpesvirus 7

Another cause of exanthem subitum

1991

Guanarito virus

Venezuelan arenaviral hemorrhagic fever

1991

Encephalitozoon hellem

Microsporidiosis

1991

Ehrlichia chaffeensis

Human monocytotropic ehrlichiosis

1992

Barmah Forest virus

Febrile polyarthralgia

1992

Vibrio cholerae 0139

New strain associated with epidemic cholera

1992

Bartonella henselae

Cat scratch disease; bacillary angiomatosis; endocarditis

1992

Rickettsia honei

Flinders Island spotted fever

1992

Tropheryma whippelii

Whipple’s disease

1993

Sin Nombre hantavirus

Hantavirus cardiopulmonary syndrome

1994

Anaplasma phagocytophilum

Human granulocytic anaplasmosis

1994

Hendra virus

Acute respiratory syndrome, meningitis

1996

Human herpesvirus 8

Kaposi’s sarcoma, Castleman’s disease, primary effusion based
B-cell lyphoma
(Continued)
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TABLE 1.1 (Continued)
Year

Agent

Disease

1997

Rickettsia slovaca

Tick-borne lymphadenopathy

1999

Ehrlichia ewingii

Ehrlichiosis ewingii

1999

Nipah virus

Encephalitis

2001

Human metapneumovirus

Upper and lower respiratory infections

2003

SARS-CoV

Severe acute respiratory syndrome (SARS)

2004

Monkeypox virus

Human monkeypox (USA outbreak)

person-to-person transmission could trigger another
pandemic. The first case of human influenza due
to H5N1 was described in 1997, and the infection
re-emerged in Southeast Asia in 2004. Death rates in
domestic birds in Southeast Asia are staggering. Other
avian influenza viruses have also emerged in other
parts of the world such as H7N7 in the Netherlands
causing an outbreak of hemorrhagic conjunctivitis
in humans. Influenza A viruses are capable of infecting a wide variety of animals including birds, horses,
marine mammals, swine, and humans. The most
important reservoir is wild aquatic birds (water fowl,
ducks, and shorebirds). These animals can carry different subtypes in their gut, and some viruses are capable of infecting domestic poultry. The ability of avian
influenza viruses to infect humans is rather restricted
as is the ability for transmission from person-toperson. Because of their segmented genomes, influenza A viruses have the potential to swap or reassort genes when present in the same host or “mixing
vessel” such as pigs (these animals have cell surface
receptors that allow cellular entry of both bird and
human influenza viruses). If the favorable environmental conditions are present, human influenza
viruses can coexist with avian viruses in pigs, and
new reassortants may be produced with potentially
enhanced ability to infect humans.
Clinically, the human disease manifests as a severe
febrile illness with abrupt onset, myalgias, severe
malaise, dry cough, arthralgias and nasal discharge.
Most patients recover from the acute phase of the
disease in 3–5 days. Complications include primary
influenza viral pneumonitis, which was first well documented in the 1957–1958 pandemic. However, it is
widely accepted that this and bacterial superinfections
were the causes of death of millions of persons in the
1918 pandemic. These patients progress to acute respiratory failure rapidly, and the main pathologic finding
is that of diffuse alveolar damage with a hemorrhagic
component. Other complications include secondary
bacterial pneumonias.

Severe Acute Respiratory Syndrome (SARS)
An explosive outbreak of severe adult respiratory distress syndrome (ARDS) occurred in residents
of Hong Kong and persons who had visited Hong
Kong early in 2003. A cluster of cases that had started
in November 2002 also occurred in the Guangdong
Province of China. After a few months of excellent
“detective” work by health agencies and research laboratories worldwide, a new coronavirus was identified as the culprit. Between November 2002 and July
2003, 8096 cases were reported from nearly 30 countries, but the vast majority of cases occurred in mainland China and Hong Kong. The case-fatality rate
was between 7 and 17% and approached 50% in the
elderly. High mortality rates were also observed in
patients with preexisting conditions such as diabetes
and cardiopulmonary diseases.
An animal reservoir for SARS-CoV appears likely
to be bats, but the virus also has been isolated from
civet cats and other wild animals in markets in China
where cross-species infections may have occurred.
Other coronaviruses in humans have cyclical patterns
of circulation. It is suspected that SARS-CoV could
reappear in humans. In severe cases, the main finding
is diffuse alveolar damage leading to acute respiratory
insufficiency. In milder cases, fever, malaise and mylagia are the main manifestations.

Human Metapneumovirus
This viral pathogen was first identified in 2001 in
an outbreak of upper and lower respiratory illness in
the Netherlands. The agent is a paramyxovirus, subfamily Pneumovirinae in which two genera have been
established: Pneumovirus (respiratory syncytial virus,
RSV) and Metapneumovirus. The disease spectrum
is not completely known but can manifest as severe
upper and lower respiratory infections in children
and adults especially in patients with previous cardiopulmonary conditions. The disease is similar to RSV
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infection and can account for up to 10% of acute upper
respiratory tract infections in which another etiologic
agent has not been identified. Asthmatic exacerbations
have also been related to metapneumovirus infections.
Retrospective serological studies have established that
this virus has been circulating in humans for at least
50 years.

Hantavirus Cardiopulmonary
Syndrome (HCPS)
Sin Nombre virus (SNV) was the first hantavirus
in the Americas associated with HCPS. The disease
was first described in an outbreak in the Four Corners
area of the southwestern US in 1993. SNV belongs to
the genus Hantavirus within the family Bunyaviridae.
The vast majority of viruses within this family are
arthropod-borne zoonoses, with the exception of hantaviruses, which are not vector-borne. Hantaviruses are
found in wild rodents, which excrete the virus in urine
and saliva for months. SNV is the most important pathogenic hantavirus in North America and causes chronic
infections in deer mice (Peromyscus maniculatus). In
North America, other viruses within the same genus
associated with HCPS have been described such as
New York virus found in the white footed deer mouse
(Peromyscus leucopus). In South America, the main
representative of the genus is Andes virus, which is
responsible for HCPS in Chile and Argentina, and is the
only hantavirus for which human-to-human transmission has been documented. In 1978, another hantavirus
associated with hemorrhagic fever and renal syndrome
(HFRS) in the Korean peninsula was isolated. This
infection is endemic across the Asian continent.
The main mode of transmission is through aerosol
spread of infected excreta (urine and possibly feces)
and less frequently by bites of infected rodents. HCPS
is an explosive febrile illness accompanied by myalgias and sometimes abdominal pain. In 4–5 days, respiratory symptoms appear and rapidly progress to
severe noncardiogenic pulmonary edema with subsequent hypoxia and shock within hours. Cardiac dysfunction also occurs.

BACTERIAL PULMONARY SYNDROMES
Legionnaires’ Disease
An outbreak of pneumonia in 1976 in Philadelphia,
Pennsylvania during the state American Legion convention affected 221 people, 34 of whom died from
the infection. In 1977, Dr. McDade and Dr. Shepard at

the CDC isolated the etiologic agent, a fastidious gram
negative organism later named Legionella pneumophila.
This bacterium has been responsible for subsequent
epidemics and sporadic cases, and retrospective studies determined that it had been responsible for outbreaks of pneumonia in the 1950s and 1960s. Legionella
species are naturally occurring aquatic bacteria that
grow in warm water, especially in cooling towers,
water heaters and plumbing, hence the propensity to
cause nosocomial and community outbreaks (hotels
and other facilities). Free-living amebas also support
the intracellular growth of Legionella spp. More than
20 Legionella species have been described affecting
humans, thus the general name of legionellosis.
The disease occurs both sporadically (65–75% of
cases) and in outbreaks or epidemics. Recent epidemics
have occurred in Spain (2001, 700 cases), England (2002,
130 cases), and the Netherlands (1999, 188 cases).
Transmission is by aerosolization of contaminated
water sources. Once in the alveoli of the lung, the bacteria are phagocytosed by alveolar macrophages through
coiling phagocytosis, and multiplication occurs. The
bacteria are then released into the alveolar space by
dying macrophages where they can invade other alveolar macrophages. A type IV secretion system is important in promoting intracellular infection including
inhibition of phagolysosomal fusion. The lungs reveal
patchy-to-confluent bronchopneumonia that may be
complicated by pleural effusions or cavitation in a
minority of cases. Extrapulmonary infection is rare.

Tuberculosis
Tuberculosis (TB) is as old as civilization itself as
demonstrated by evidence of spinal tuberculosis in
Egyptian mummies and Neolithic and pre-Columbian
bones. However, tuberculosis did not become a major
public health problem until the 17th and 18th centuries during the Industrial Revolution. Tuberculosis
also ravaged (and still does) the native American populations after Columbus’ voyages to the Americas. In
the United States, tuberculosis saw a steady decline in
the middle part of the 20th century until 1985 when the
incidence climbed again principally due to the appearance of HIV. Other factors included deterioration of
living conditions, intravenous drug abuse, and underfunding of tuberculosis control programs. However,
since the mid-1990s rates have declined and in 2002
reached the lowest incidence in history from the time
statistics became available. This control is the result
of better anti-HIV therapies, intensified diagnosis,
aggressive and monitored anti-TB treatment and
prevention efforts. However, not all is good news in
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the TB world. The appearance of multidrug resistant
strains of M. tuberculosis is a challenge recalling the
preantibiotic era. In addition, M. tuberculosis is the
number one killer worldwide (2 million deaths and 8
million new cases diagnosed each year), and approximately 2 billion people are infected.
More than 95% of infections caused by M. tuberculosis are acquired by inhalation of aerosols generated
from an infectious patient. The initial focus of infection (Gohn’s lesion) later develops into Gohn’s complex (accompanying infected draining hilar lymph
node lesions), and in most cases the infection is contained by the immune system. In the most severe
cases, the infection disseminates hematogenously in
the lungs and/or systemically leading to miliary tuberculosis. Individuals who control the primary infection
may undergo reactivation of the latent infection due
to multiple factors including AIDS, malnourishment,
alcoholism, and cancer. In these cases, reactivation
can involve the lungs (cavitary, endobronchial, pneumonic, and/or bronchopneumonic) and other organs
including the spleen, liver, bone marrow, kidneys,
CNS, and bones. Primary and secondary mycobacterial resistance to antituberculosis medication in certain subpopulations in New York City and California
makes tuberculosis a public health priority. Recent
trends have shown that the percentage of isolates with
resistance to antituberculosis drugs is decreasing due
to vigorous public health efforts.

Viral Hemorrhagic Fevers (VHF)
It is estimated that 75% of EIDs in humans originate in animals, and VHFs are remarkable examples.
The etiologic agents of this syndrome are a heterogenous group of RNA viruses belonging to three families, namely filoviruses (Ebola and Marburg viruses),
arenaviruses (Lassa, Junin, Machupo, Guanarito, and
Sabia viruses), and bunyaviruses (Crimean-Congo
hemorrhagic fever and Rift Valley fever (RVF) viruses).
All these viruses have limited geographic ranges
due to their specific natural reservoirs and vectors.
In all cases, humans are accidental hosts.
Pathogenetically, all VHFs lead to dramatically
increased vascular permeability systemically with a
hemorrhagic diathesis and edema in multiple organ
systems, including the lungs and brain. These diseases
all occur in localized outbreaks usually with very
high case-fatality rates. Clinically, subtle differences
exist between the syndromes such as more prominent
hemorrhagic manifestations and terminal disseminated intravascular coagulation (DIC) in infections
caused by filoviruses and CCHF, and prominent CNS
and hemorrhagic manifestations in infections by the

9

New World arenaviruses (Junin, Machupo, Sabia, and
Guanarito), and prominent liver disease in RVF.

Rift Valley Fever
This is a mosquito-borne viral disease that affects
newborn ruminants, especially sheep. Other affected
animals include lambs, calves, goats, kittens, mice,
and hamsters. The virus was first isolated in 1930 from
sheep in Kenya, and the known distribution was limited to the African continent for decades. However, in
2000, a large epidemic in the Arabian peninsula led to
high case-fatality ratios in humans, which had usually
been around 5% in previous epidemics. Complications
include hepatorenal failure, encephalitis and DIC leading to shock and multiorgan failure. The vector range
for the virus is impressive and includes at least 30 species of mosquitoes in eight genera. Transovarial transmission occurs in the mosquitoes. Most outbreaks are
related to climatic events that favor floods leading to
increased vector populations. Outbreaks in Africa,
besides the original one in Kenya, have occurred in
Egypt (Aswan Dam construction), Mauritania in 1987
(Diama Dam construction), Kenya and Somalia in
1997–1998 (increased rainfall due to El Niño oscillation), and Kenya in 2007.

Ebola Hemorrhagic Fever (EHF)
Close to 20 outbreaks have occurred in Africa since
Ebola virus was identified in 1976 in central Africa.
The reservoir has been elusive although human outbreaks are usually preceded by severe primate dieoffs. Recent studies of animals in the areas of primate
mortality have identified bats as a likely reservoir
host. Primary mechanisms of transmission from nonhuman primates to humans include contact with dead
carcasses or handling or consumption of bushmeat.
The virus has also been linked to lethal outbreaks in
duikers, a wild ruminant. Other factors associated
with EHF outbreaks include increases in rainfall. The
viruses are rather stable genetically, since isolates
obtained 20 years apart have limited genetic variation.
The disease is rapidly progressive and leads to hemorrhagic manifestations very quickly.

South American Hemorrhagic Fevers
South American hemorrhagic fevers (HF) are caused
by arenaviruses whose geographic distribution is limited. Most arenaviruses in Africa and the Americas do
not cause human disease. Rodents develop a chronic
infection that is most times asymptomatic but with
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persistent viremia that can be lifelong. Vertical transmission occurs in mice. Both New World and Old World
arenaviruses display a high specificity for their particular host. In the New World, reservoir rodents belong to
the family Muridae, subfamily Sigmodontinae (rats and
mice). Human infections occur via inhalation of aerosol particles containing infected urine from rodents.
Ecologic factors associated with the emergence of these
viruses as human pathogens include factors leading
to increased rodent populations and increased contact
between humans and rodents, e.g., deforestation and
encroachment of farming into these areas. Human-tohuman transmission is rare but can occur through contact with infected body fluids.
The New World viruses belong to the Tacaribe
complex and include Junin (Argentine HF), Machupo
(Bolivian HF), and Guanarito (Venezuelan HF)
viruses. Few cases of HF due to Sabia virus (including two laboratory infections) have been described in
Brazil, but the disease spectrum is largely unknown.
Severe systemic disease with hemorrhage and prominent neurologic manifestations are the rule.

outbreak of an acute febrile encephalitic syndrome in
Malaysia was traced to Nipah virus. The epidemic was
preceded by an epizootic of severe respiratory disease
in pigs that was terminated after epidemiological control measures were instituted, including the culling of
millions of pigs. A total of 283 cases of human encephalitis were diagnosed with a case-fatality rate close to
40%. A relapsing/remitting neurologic syndrome has
also been associated with Nipah virus. A subsequent
outbreak occurred in Bangladesh, but swine were not
associated with this event, suggesting different ecological factors. The natural reservoir is thought to be fruit
bats of the Pteropus genus. Other animals such as dogs,
cats, and horses could also serve as hosts.
Hendra virus was first described in 1994 in
Australia during a highly lethal epidemic of acute respiratory disease in horses. The only two human cases
that have been associated with Hendra viruses manifested as acute respiratory syndrome and leptomeningitis, respectively. Both cases were fatal. The natural
reservoir for Hendra virus is the fruit bat.

West Nile Virus (WNV) Infection

Dengue Fever
Dengue virus has been responsible for outbreaks of
acute febrile illness (break-bone fever) in the tropics,
and for the last 25 years, geographic expansion has
occurred due to multiple environmental factors. In the
United States, two large outbreaks occurred in Florida
(1934) and New Orleans (1945). Four distinct dengue
virus species are currently recognized, and the main
vector is Aedes aegypti. The current geographic distribution ranges between 35° of latitude north and
south. A prominent resurgence of dengue virus infections has occurred in the Caribbean basin, where the
vector had been eradicated because of extensive campaigns against yellow fever. However, A. aegypti was
reintroduced to the area, and large outbreaks of dengue fever (DF) and dengue hemorrhagic fever (DHF)
have occurred in Cuba, Venezuela, Colombia, Central
American countries, Mexico, and the Caribbean
islands. A portion of dengue viral infections develop a
life-threatening hemorrhagic fever.

EMERGING ENCEPHALITIC
SYNDROMES
Nipah Virus Infection
This agent is a recently discovered paramyxovirus
that, along with Hendra virus, comprises a new genus
(Henipavirus) in the family Paramyxoviridae. In 1999, an

WNV was first isolated from humans in 1939 in
Uganda and remained limited to the Middle East,
Eastern Europe, and Africa until 1999, when an outbreak occurred in New York. By 2002, WNV spread
across North America to the west coast, and annual
outbreaks are now the rule. In 2002 and 2003, approximately 4000 and 9000 (case definition was modified
in 2003) cases occurred, respectively, leading to CNS
disease in 3000 and 2700 cases each year, respectively. Previous outbreaks of West Nile fever have
occurred in Israel (1957), South Africa (1974), Algeria
(1994), Tunisia (1997), and Congo (1998). WNV circulates enzootically between birds and mosquitoes. At
least 300 species of birds and 62 species of mosquitoes can be infected by WNV. Most susceptible birds
are the Corvidae (blue jays and crows), and the most
important mosquito in the enzootic cycle is Culex
pipiens. Humans and horses are dead-end hosts, both
developing febrile and/or encephalitic syndromes.
Other forms of transmission are through transplanted
organs, transfusion, and breast milk. In fact, blood
testing by PCR is now a component of the screening
process for donated blood.

Prion Diseases (Transmissible
Neurodegenerative Diseases)
Initially known as “atypically slow infections”
(Sigurdsson, 1954), the concept of prion (proteinaceous
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infectious agents) was first introduced by Prussiner
in 1982. Currently a prion is known as “a small infectious pathogen that contains protein and is resistant to
procedures that modify or hydrolyze nucleic acids.”
The pathogenesis of these diseases involves the generation and accumulation of abnormal prion protein
from a normal isoform. The common denominator in
these diseases in the presence of progressive neuronal
degeneration (incubation periods measured in years
or decades) accompanied by reactive astrocytosis and
absence of inflammation. In most cases, prominent
vacuolation of cells or neuropil is observed microscopically. Accumulation of abnormal prions in CNS
tissue is present in all cases.
In humans, prions are responsible for several diseases of which Creutzfeldt–Jakob disease (CJD) and its
new variant (linked to “mad cow disease” or bovine
spongiform encephalopathy) are the most common.
Other diseases include kuru, familial fatal insomnia
(FFI), and Gerstmann–Straussler–Scheinker syndrome
(GSS). CJD has several forms including sporadic
(source of infection unknown), familial (mutations
in the PrP gene), and iatrogenic (cadaveric grafts
from patients with CJD). Kuru was related to anthropophagic practices in isolated tribes in Papua New
Guinea, and new variant CJD has been linked to BSE.
GSS and FFI are due to genetic mutations in the PrP
gene in most cases.

ARTHROPOD TRANSMITTED
BACTERIAL DISEASES
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arthralgias. The chronic phase (weeks to years) is
characterized by oligoarthritis, central and peripheral nervous system sequelae, myocarditis, and other
manifestations.

Rickettsioses
Rickettsia are obligately intracellular bacteria with a
gram negative cell wall and a characteristic lipopolysaccharide. Their main target is the microvascular
endothelium and different cells in their arthropod
host/vector (fleas, ticks, lice, mites). Spotted fever
group rickettsiae (with the exception of Rickettsia felis
[fleas] and Rickettsia akari [mites]) are transmitted
transovarially and transstadially in their tick vector
and circulate in nature via small mammals. Fleas and
lice host typhus group rickettsiae although they do
not transmit the infection vertically to their offspring.
Newly described rickettsioses include Rickettsia
africae (African tick bite fever), a closely related agent
named Rickettsia parkeri (clusters of a relatively mild
febrile disease in North and South America), Rickettsia
slovaca (tick-borne lymphadenopathy or DEBONEL
[Dermacentor-borne necrosis, eschar, lymphadenopathy]), R. felis (flea-borne spotted fever), Rickettsia honei
(Flinders Island spotted fever), and Rickettsia japonica
(Japanese spotted fever). The geographic distribution
of these agents continues to expand. In fact, the distribution of organisms that appear to be variants of R.
japonica now includes China and Korea. R. honei has
been described in Thailand, and R. felis is probably
distributed worldwide.

Lyme Borreliosis (Lyme Disease)
Lyme borreliosis is a zoonosis transmitted by hard
ticks of the genus Ixodes. The vector in the eastern
United States is Ixodes scapularis and in the western
United States is Ixodes pacificus. Ixodes ricinus is the vector in Europe whereas Ixodes persulcatus is the vector
in Russia and northern Asia. B. burgdorferi sensu lato
includes Borrelia burgdorferi sensu stricto, B. afzelii, and
B. garinii. The latter two are responsible for most cases
of Lyme borreliosis in Europe, Russia, and northern
Asia. Lyme disease has not been documented in tropical areas. The main hosts of B. burgdorferi in nature are
rodents. Larval forms of ticks acquire the infection
from small mammals, and the spirochetes are transmitted transtadially to nymphal and adult ticks. Human
infections usually occur secondarily to nymph bites
that go unnoticed very easily due to their small size.
Lyme borreliosis is a disease with an acute phase
characterized by erythema migrans and nonspecific
symptoms such as fever, headaches, myalgias, and

Ehrlichioses and Anaplasmosis
Obligately intracellular bacteria in the family
Anaplasmataceae, which are related to the genus
Rickettsia, include four human pathogens, Ehrlichia
chaffeensis (human monocytotropic ehrlichiosis, HME),
Anaplasma phagocytophilum (human granulocytotropic
anaplasmosis, HGA), Ehrlichia ewingii (ehrlichiosis
ewingii), and Neorickettsia sennetsu (mononucleosislike illness in Japan). N. sennetsu is limited geographically to Japan, and its trematode host cycle differs
greatly from the other pathogens in this family. The
other three agents are tick-borne and have been considered until recently as veterinary pathogens. HME
was first described in 1987, followed by HGA in 1994
and ehrlichiosis ewingii in 1999.
HME is predominantly transmitted by Amblyomma
americanum ticks, and its main mammal reservoir in
nature is the white-tailed deer (Odocoileus virginianus).
Patients develop a febrile illness after a nymphal or
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adult tick bite accompanied by headache, myalgias,
malaise, and other nonspecific symptoms. A maculopapular skin rash is present in only 30–40% of cases.
Common laboratory findings are the presence of leukopenia and/or thrombocytopenia during the acute
phase of the disease. Complications include meningoencephalitis, hepatitis, and diffuse alveolar damage.
HGA is transmitted by I. scapularis ticks in the eastern United States and I. ricinus in Europe. The clinical
picture is similar to HME although the case-fatality
ratio and complications are less severe. The target
cell of A. phagocytophilum is the polymorphonuclear
neutrophil as compared with monocytes and macrophages for E. chaffeensis. The main reservoir in the
eastern United States is the white footed mouse.
Ehrlichiosis ewingii caused by E. ewingii is the least
known of the human ehrlichioses. It is transmitted by
the same vector tick as E. chaffeensis and has a milder
course. The target cell is the neutrophil. The majority of cases have been diagnosed in immunocompromised patients.

body louse, Pediculus humanus corporis), B. henselae (cat scratch disease, bacillary angiomatosis, and
endocarditis transmitted by cat fleas and cats), and
B. elizabethae and B. vinsonii (endocarditis, transmitted
possibly by fleas and ticks).
The reservoir host for B. bacilliformis is humans
who reside in endemic areas in Peru, Ecuador, and
Colombia. Clinically the disease has an acute phase
in which the main manifestation is severe hemolytic
anemia followed by a chronic phase in which lesions
composed of prominent capillary proliferations are
present on the skin.
Trench fever affected millions of soldiers during
World Wars I and II, and infections continue to be
diagnosed worldwide especially in patients with HIV
or malnourished, homeless alcoholics.
The feline ectoparasite flea Ctenocephalides felis is the
vector of B. henselae, and humans acquire infection from
contact with flea-infested cats. Endocarditis is a serious form of infection that can occur with B. quintana,
B. henselae, B. elizabethae, and B. vinsonii. The epidemiology of the latter two infections is largely unknown.

Scrub Typhus
A disease that ravaged American troops in the
Pacific and Southeastern Asia during World War
II is re-emerging in southern India, Sri Lanka, the
Maldives, and Micronesia. The agent is Orientia tsutsugamushi, an obligately intracellular bacterium formerly known as R.ickettsia tsutsugamushi. The disease
is transmitted by chiggers in their larval stage and
occurs mostly in tropical Asia, the western Pacific
islands, northern Australia, and temperate zones in
Kashmir, Korea, Japan, and the lower Himalayas.
In nature, wild rats maintain the chigger population
(Leptotrombidium spp.), and Orientia is transmitted
transovarially and transstadially. However, rats are
not reservoirs for O. tsutsugamushi.
The disease is characterized by fever, headache,
malaise, and a variable incidence of eschar formation at the bite site, lymphadenopathy, and a transient
maculopapular rash. Severe manifestations include diffuse alveolar damage and meningoencephalitis. Poor
responses to conventional treatments (tetracyclines and
chloramphenicol) have been described in Thailand.

Bartonelloses
The genus Bartonella contains five recognized
human pathogens: B. bacilliformis (Oroya fever and
verruga peruana transmitted by sandflies of the genus
Lutzomyia), B. quintana (trench fever, bacillary angiomatosis, and endocarditis transmitted by the human

EMERGING ENTERIC PATHOGENS
Cholera
Vibrio spp. are gram negative, oxidase positive, freeliving bacteria found in warm, salty waters around
the world. In these places, Vibrio is usually isolated
from shellfish, and their concentration in the tissue is
far greater than in the surrounding waters. Vibrio cholerae, Vibrio vulnificus, and Vibrio parahemolyticus are
all associated with acute enteric infections in humans
although the only one causing epidemics or pandemics is V. cholerae. The latter two are also associated with
wound infections in warm salty waters or ingestion of
raw shellfish with involvement of subcutaneous tissue
and skeletal muscle and septicemia. Infections caused
by V. parahemolyticus and V. vulnificus are more severe
in immunocompromised patients and in persons with
underlying diseases such as cirrhosis, hemochromatosis, and diabetes.
V. cholerae is classified by O antigens (⬎150), biotypes (classical and El Tor), and serotypes (Ogawa,
Inaba). Six of the seven pandemics since the 19th
century have originated in the Bengal basin, and the
seventh pandemic began in 1961 in Indonesia. In
1991 this pandemic extended to Peru and other countries on the South American Pacific coast. In the US,
the rare cholera cases have been linked to consumption of raw oysters or undercooked crab. All cases of
V. cholerae infection were caused by O1 strains, but since
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1992, 0139 strain has been isolated from clinical cases
of cholera in the Indian subcontinent. Other non-O1
serogroups are sporadically associated with acute gastroenteritis around the world.
The majority of people infected with V. cholerae
are asymptomatic or mildly ill (75% for the classical
biotype and 93% for El Tor biotype). Presentation of
the classic illness is explosive after a short incubation
period (12 h–5 days) and consists of abundant watery
diarrhea that leads to dehydration and circulatory collapse if not treated promptly.

Nontyphoidal Salmonelloses
In the United States, infections caused by nontyphoidal Salmonella spp. affect 1.4 million/year and
kill approximately 600/year. Most patients are mildly
symptomatic or asymptomatic. Salmonella are gram
negative bacilli, nonlactose fermentors. The classification and nomenclature are extremely complex, but
phylogenetic studies based on DNA sequencing reveal
that Salmonella spp. associated with human illness are
considered Salmonella choleraesuis, which has approximately 2500 serotypes including Typhimurium and
Typhi. The name Salmonella enterica has been proposed
to replace S. choleraesuis.
Virtually all cases of Salmonella infection are foodborne and are second only to enteric infections caused
by Campylobacter spp. in the US. Foods associated with
outbreaks in the US include undercooked ground
beef, eggs, cheese, ice cream, fresh sprouts, juice, and
other vegetables.
Clinical syndromes in nontyphoidal salmonellosis
include gastroenteritis, bacteremia/septicemia with
or without distant focal infections (infectious endarteritis in arteries with large atherosclerotic plaques,
septic arthritis, and endocarditis) and asymptomatic
carriage. Patients with immunosuppression of any
etiology are at greater risk for systemic illness than
immunocompetent patients.
Antimicrobial resistance (ampicillin, tetracyclines,
chloramphenicol, streptomycin, and sulfonamides) in
nontyphoidal salmonellosis is spreading throughout
the world due to a specific phage infecting Salmonella
type Typhimurium (DT104) that first appeared in
1990. Even more recently, resistance to fluoroquinolones and third and fourth generation cephalosporins
has been reported.
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The association of hemorrhagic gastroenteritis due to
O157:H7 and hemolytic uremic syndrome (microangiopathic hemolytic anemia, acute renal failure, and
thrombocytopenia) was established soon thereafter.
More than 30 serotypes of E. coli can produce Shigellalike toxins, but the vast majority of cases in the US are
due to serotype O157:H7. The main vehicles of transmission are contaminated food (hamburgers, uncooked
vegetables, and others), water, including swimming
pools, person-to-person, and animal contacts.
Clinical presentation is rapid and includes vomiting, diarrhea, and cramping. The diarrhea becomes
blood-streaked after a few days. One of the main complications is hemolytic uremic syndrome, mostly in
patients under 5 years of age.

Helicobacter pylori Infection
The isolation of H. pylori (initially classified as
Campylobacter pylori or pyloridis) from a human with
active gastritis represents a turning point in how the
medical field views peptic ulcer disease, acute and
chronic gastritis, and gastric carcinoma (especially
the intestinal variant). H. pylori is a motile, microaerophilic, gram negative bacillus capable of surviving in
the harsh environment of the human stomach due to
its microaerophilicity, capacity to penetrate the mucus
layer overlying the gastric mucosa, and production
of ammonia from urea via urease to neutralize the
low pH in the environment. H. pylori infections seem
to be limited to humans, but other Helicobacter spp.
have been isolated from almost every mammal studied. Rates of infection in human populations are very
high (in developing countries up to 70% by age 10
and nearly 100% by age 20), but clinical disease is not
always apparent. Therefore, microbial and host factors
are important in pathogenicity. The so-called cag pathogenicity island, the vacA gene, and their polymorphisms seem to play important roles in pathogenesis.
Human infections have been present for thousands of years based on studies of H. pylori alleles
and human migrations. Once infection is acquired
it persists for years or decades. Clinical syndromes
associated with H. pylori infection include chronic
diffuse superficial gastritis, intestinal metaplasia and
atrophic gastritis, peptic, especially duodenal, ulcers
(cagA-containing organisms), noncardiac gastric adenocarcinoma (cagA-containing bacteria), and gastric
MALT-type B-cell lymphomas.

Shiga-toxin Producing Escherichia coli Infection
The first human cases due to this organism were
described in 1982 during two outbreaks of hemorrhagic colitis in the US due to E. coli serotype O157:H7.

Cryptosporidiosis
Crysptosporidium parvum is a protozoan in the phylum Apicomplexa, class Sporozoae, subclass Coccidia.
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Recent molecular studies have shown that C. parvum
(the species thought to cause most human infections)
contains various genotypes. In humans two genotypes cause infection: bovine and human genotypes.
The name Crysptosporidium hominis has been proposed for the human genotype. The first human case
was described in 1976, and the first outbreak of cryptosporidiosis in the US was documented in 1987 in
Carroll County, GA where an estimated 13,000 cases of
gastroenteritis were diagnosed. The largest reported
outbreak occurred in Milwaukee, WI where there were
an estimated 403,000 cases in 1993. Cryptosporidium
has been described throughout the world. Infection
occurs via the fecal–oral route mostly by ingestion of
contaminated water. The infectious thick walled
oocysts are resistant to chlorination and survive in
moist environments for long periods of time. The
cycle is completed in the same host, and multiplication is both sexual and asexual. Once inside the host,
Cryptosporidium organisms invade the microvillous
surface of the epithelial cells in the terminal ileum and
proximal colon leading to self-limited watery diarrhea
in immunocompetent patients and chronic/persistent
diarrhea in immunocompromised patients (especially
with AIDS).

Microsporidioses
Phylum Microsporidia are spore-forming, obligate intracellular protozoans that reside in the
intestine, liver, kidneys, brain, and other tissues of
wild and domesticated mammals and several
other animal species. Eight genera out of more
than 144 (containing more than 1000 species) have
been documented as human pathogens which
include Encephalitozoon, Enterocytozoon, Pleistophora,
Brachiola, Nosema, Trachipleistophora, Vittaforma, and
Microsporidium. The two most common species
involved in humans are Enterocytozoon bieneusi and
Encephalitozoon intestinalis. Microsporidioses, in general, are rare diseases in humans that have received
attention due to the increased incidence of infections
present in patients with AIDS.
Clinical syndromes in immunocompetent patients
consist of self-limited diarrhea, ocular infections
(keratitis), and meningoencephalitis. In immunocompromised patients (especially with AIDS), persistent
watery diarrhea is the most common presentation.
Severe CNS infections and disseminated infections
have also been described including hepatitis, peritonitis, nephritis, and pneumonitis.

OTHER EMERGING BACTERIAL
PATHOGENS
Diphtheria
Disease caused by infection with Corynebacterium
diphtheriae, a gram positive, pleomorphic bacterium
that was kept under good control in most parts of
the world until 1990, re-emerged in the form of large
epidemics in the former Soviet Union, extending
into parts of Eastern Europe and Asia. The epidemic
peaked in 1995 when 50,000 cases were reported in
the Russian Federation. Vaccination lapses and disarray of the public health infrastructure are to blame
for its reappearance. Humans are the only known
reservoir of C. diphtheriae, and the primary route of
spread is via respiratory droplets. Skin infection is
less common. Asymptomatic pharyngeal carriers
play an important role in maintaining the organisms
in communities. The disease is mediated by a toxin
encoded by a lysogenic phage. The toxin inhibits
elongation factor 2 (EF2) in the ribosomes, thereby
impairing protein synthesis. The main target organs
are the nerves, heart, and kidneys. Before diphtheria was controlled in the mid-20th century, mainly
infants were affected. However, in recent outbreaks
young adults are more frequently affected, suggesting that infants in such populations are still somewhat protected.

Bordetella Infections
The main human pathogens in this group are B.
pertussis (agent of whooping cough) and B. parapertussis
(the agent of a milder form of whooping cough).
Pertussis continues to be a public health problem
worldwide with millions of cases reported every
year. In the United States approximately 8000 cases
occurred in 2002, affecting mostly adolescents and
young adults. The disease seems to be largely underdiagnosed in these population groups, who are more
susceptible than children because of lack of booster
immunization for pertussis beyond childhood.
Pertussis starts as an upper respiratory tract infection
that progresses in a few days to paroxysmal cough that
lasts for weeks or months. The bacterium is not invasive and remains in the respiratory tract. Secondary
infections in the form of bacterial pneumonia
can occur. Other complications include pneumothoraces, hernias, seizures, and otitis media.
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Staphylococcus aureus Infections
This gram positive, aerobic coccus is one of the
most ubiquitous microorganisms in human populations and is responsible for a wide spectrum of
human diseases that range from simple skin “boils”
to life-threatening generalized infections. In the last
few decades, new clinical entities associated with
S. aureus have emerged such as staphylococcal toxic
shock syndrome (STSS), which is a potentially lethal
disease mediated by a “superantigen” toxin (TSST-1)
and is characterized by fever, hypotension, multisystem organ failure, and an erythematous rash that
desquamates during recovery. TSST-1 is a nonspecific
T-cell mitogen that leads to a dramatic increase of
T-cells and subsequent increase in circulating
cytokines. This syndrome was initially described in
the setting of vaginal colonization by toxin-producing
strains and use of superabsorbent tampons in 1978.
This type of tampon was withdrawn from the market,
and the incidence declined. However, nonmenstrual
forms do exist and are associated with nasal packing, surgical wounds, and other focal S. aureus infections. A related condition present in neonates has been
described recently in Japan and is known as neonatal
toxic shock syndrome-like exanthematous disease.
Antibiotic resistance is a major problem in nosocomial infections due to S. aureus. Both methicillinresistant and glycopeptide-resistant strains are a major
threat in the hospital setting. S. aureus may be part
of the normal flora, especially of the nares and skin.
Other sites include the genitourinary tract, mucous
membranes, GI tract, and upper respiratory tract. In
fact, most infections are considered to be endogenous
in origin.
Coagulase negative Staphylococci have also emerged
as human pathogens in the setting of indwelling catheters and bioprosthetic devices. These bacteria are
capable of forming extensive biofilms on inert surfaces leading to local or systemic infections.

GROUP A β-HEMOLYTIC
STREPTOCOCCAL (GABHS)
INFECTIONS
Streptococcus pyogenes Infections
This complex group of bacterial pathogens is
responsible for a wide spectrum of infections in
humans ranging from focal infections such as acute
tonsillitis to the highly lethal streptococcal necrotizing
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fasciitis (better known as flesh-eating disease). The
classification of S. pyogenes is based on antigenic properties and presence or absence of hemolysis on blood
agar plates.
Classical diseases caused by this group of streptococci include its nonsuppurative complications
(acute rheumatic fever and glomerulonephritis), tonsillitis, and scarlet fever. During the last two decades,
GABHS have been associated with severe necrotizing
fasciitis or streptococcal gangrene and streptococcal
toxic shock syndrome. These conditions are associated
with highly virulent streptococci capable of producing toxin superantigens (streptococcal pyrogenic exotoxins, SPE-A, SPE-B, and SPE-C) and other virulence
factors capable of destroying host tissues. Fortunately,
antibiotic resistance is not a major concern in infections caused by GABHS since the strains are still
susceptible to most penicillin-related antibiotics.
However, resistance to clindamycin and macrolides
has been documented. Similar to Staphylococci, these
organisms are part of the normal flora of multiple
body sites including the skin, vagina, and pharynx.

Streptococcus agalactiae Infections
Group B streptococcal (S. agalactiae) infections
have also emerged as a major cause of neonatal sepsis related to carriage of the bacterium in the vagina
of pregnant women. Other conditions include focal
and generalized infections in nonpregnant adults.
Underlying conditions usually present in these
patients are diabetes mellitus, neoplastic diseases,
immobility, and chronic liver disease.

EMERGING CHRONIC VIRAL
DISEASES
Acquired Immunodeficiency Syndrome
A pathogenic retrovirus infecting one of the most
important cells orchestrating the acquired immune
response in humans was something no scientist had in
mind at the beginning of the 1980s. We now know that
human immunodeficiency virus (HIV) infections were
probably occurring sporadically for decades before the
initial cases of HIV infection/AIDS were documented
in the early 1980s. Unfortunately, HIV infection turns
out to be one of the worst epidemics in modern history
with more than 42 million people currently infected,
most of whom live in sub-Saharan Africa (cumulative
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number of cases since the epidemic began is approximately 70 million). AIDS has already claimed at least
25 million deaths around the world, and although
major therapeutic advances have been made, the possibility of a vaccine or a cure remains elusive.
An evolving problem within the HIV emergence
as a pathogen is viral resistance to antiretroviral drug
therapy. Due to the high rates of recombination and
mutation in HIV genes, drug resistance is very common in patients receiving only one anti-HIV medication. Therefore, treatment regimens usually employ
multiple medications. Even so, development of resistance still occurs. Rates of resistant infections vary
from 3 to 4% in Australia to 23% in some areas of the
United States.
HIV infection is transmitted sexually, through
exposure to infected blood (intravenous drug use and
accidental exposures) or vertically from mother to
fetus. Virus gains access to target cells via the interaction of viral glycoprotein gp120 and the cellular receptor CD4 and chemokine receptor CCR5, both present
in macrophages and CD4⫹ T-cells. During the acute
infection some patients develop a flu-like illness that
is in some cases accompanied by a maculopapular
rash. Viremia is then reduced dramatically after a few
weeks by both neutralizing antibody and cytotoxic
T-cells. A variable latency period then ensues and
ranges from years to decades during which there is
progressive deterioration of the immune system due
to declining levels of CD4⫹ T-cells. As the population
of CD4⫹ T-cells declines, the occurrence of opportunistic infections and certain neoplasm increases, marking the appearance of AIDS per se.

HIV-2
This virus entered human populations more
recently than HIV-1 and came directly most likely
from sooty mangabeys. The virus is most prevalent in
west Africa. Transmission from such animals probably
occurs through bites and scratches or contact with
infected tissues by hunters. Viremic levels in patients
with HIV-2 infections are lower than HIV-1 patients,
and the proportion of nonprogressers is higher.

HTLV-I and II
HTLV-I was isolated from a patient with a T-cell
leukemia/lymphoma and was the first human retrovirus that was associated with human neoplasia.
A few years later, HTLV-II was isolated from a patient
with hairy cell leukemia, an association that has not
been observed subsequently. HTLV-I is endemic in

Japan (Okinawa), East Asia, Papua New Guinea, and
the Caribbean basin. Routes of infection include sexual intercourse, vertical transmission from mothers
to offspring, blood transfusions, and use of contaminated needles. Typically, patients with adult T-cell
lymphoma/leukemia have hypercalcemia. Tropical
spastic paraparesis (Caribbean) and HTLV-associated
myelopathy (Japan) are associated with both HTLV-I
and HTLV-II.

Human Herpesvirus (HHV) Infections
These agents are large, enveloped, double-stranded
DNA viruses that infect a wide variety of species. So
far, eight herpesviruses have been associated with
human illness, namely herpes simplex viruses I and
II (HHV1 and 2, respectively), varicella-zoster virus
(HHV3), Epstein–Barr virus (EBV or HHV4), cytomegalovirus (CMV or HHV5), human herpesvirus 6
(HHV6), human herpesvirus 7 (HHV7), and Kaposi
sarcoma virus (HHV8). The common denominator
for all human herpesvirus infections is lifelong latent
infection. Clinical syndromes are varied. The main
pathogenic mechanisms include direct cytotoxicity,
immunopathologic responses, and neoplastic transformation of host cells (HHV4 and HHV8).

Hepatotropic Viruses
Well-defined viral pathogens causing acute
and chronic hepatitis belong to different families
including hepatitis A (Picornaviridae), hepatitis B
(Hepadnaviridae), hepatitis C (Flaviviridae), and hepatitis E (Hepeviridae).
Hepatitis A is transmitted by the fecal–oral route
and is a common cause of acute hepatitis in developing countries. Chronicity does not occur, and most
patients recover from acute infections. In fact, the
majority of patients are anicteric during the acute
infection. An effective parenteral vaccine is currently
available.
Hepatitis B virus currently infects more than 500
million people worldwide with the highest incidence
in the Far East. Routes of transmission are varied and
include vertical (prenatal and perinatal) and horizontal (unprotected sex, intravenous drug use, exposure
to contaminated fluids and blood products). Infection
in humans ranges from asymptomatic carriers to late
complications including cirrhosis and hepatocellular
carcinoma. In between, patients can develop acute and
chronic hepatitis. Some patients develop extrahepatic
manifestations, which are immune-mediated including glomerulonephritic syndromes, vasculitides, and
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polyarthritis. An effective vaccine is available and has
controlled the incidence and prevalence of hepatitis B
infections in the industrialized world.
Hepatitis delta virus (HDV) is a satellite virus
known as delta (δ) hepatitis virus that requires hepatitis B virus to complete its life cycle in the eukaryotic
host cell. HDV replication needs HBsAg for packaging of the HDV genome. The exact classification of the
virus remains elusive, but it is related to viroids, plant
satellite viruses, and simple infectious RNA molecules.
The current classification is that of Deltaviridae family.
Infection with HDV occurs either as a co-infection with
HBV or a superinfection in a patient already infected
with HBV. When both viruses are present, the risk of
severe disease is fourfold when compared to patients
infected with HBV alone. The spectrum of disease
ranges from asymptomatic to end-stage liver disease
(cirrhosis). In addition, superinfected patients are at
higher risk for developing fulminant acute hepatitis.
Hepatitis C virus is an enveloped, positivestranded RNA virus that has become one of the
leading causes of chronic hepatitis, cirrhosis and
hepatocellular carcinoma in the world. The virus
has recently been cultivated in cell lines in vitro, and
animal models of infection are available. A sensitive
diagnostic test based on antibody detection in serum
and RT-PCR detection of the viral RNA revolutionized diagnosis of hepatitis C infection during the midto late-1990s. Most cases develop chronicity leading in
many patients to subsequent fibrosis, cirrhosis, and an
increased risk of hepatocellular carcinoma. However,
even among patients with chronic hepatitis C viral
infections, only 5–20% develop cirrhosis. Clearly, several host and viral factors are in play. Consumption of
alcohol is a synergistic factor in developing complications such as cirrhosis. Other factors include viral
genotype, HIV co-infection and HLA phenotypes.
Transmission is through percutaneous exposure and
transfusion of contaminated blood products, although
the latter is rare in countries where blood products
are tightly regulated. Sexual and vertical transmission
is rare. Current estimates suggest that the virus has
infected 170 million people worldwide and close to 4
million persons in the US.
Hepatitis E virus is responsible for enteric non-A,
non-B hepatitis epidemics in developing countries
(especially in Southeast and Central Asia, Middle East,
and North Africa). Outbreaks have also been described
in Mexico. However, infections are mostly endemic.
The disease is transmitted through the fecal–oral
route, and the disease is a self-limited acute hepatitis
with no known chronicity. In pregnant women, the
incidence of fulminant hepatitis is high. HEV is a nonenveloped, single-stranded, positive-sense RNA virus,

formerly known as enterically transmitted non-A,
non-B hepatitis virus. The viral genome was cloned
in 1990. Morphologically, the closest related viruses
are those of the family Caliciviridae. However, the
genomic organization is closer to the rubella virus
which is in the family Togaviridae genus Alphavirus.

BIOTERRORISM AS A MECHANISM
OF EMERGENCE OF INFECTIOUS
DISEASE
For most potential bioterror agents such as Bacillus
anthracis, humans are a dead-end host. However,
some viruses and bacteria that are considered in the
high priority categories for use in bioterrorism have
the capability for establishment in the human population via person-to-person transmission or in zoonotic
cycles. These diseases could spread widely geographically and affect many persons, creating public terror
as the perpetrators intended. Although smallpox was
eradicated nearly 30 years ago, Soviet scientists in the
mammoth Biopreparat program weaponized variola
virus and produced tons of the agent. If even a single person were infected with smallpox by a terrorist,
there would be the potential for widespread transmission around the world where vaccination ceased
decades ago. The outcome of re-establishment of a
viral agent that is transmitted from person-to-person
by aerosol and small droplet spread is evident in the
reintroduction of influenzavirus A H1N1, the origin of
which some sources attribute to release from a Russian
laboratory. This virus that had ceased to circulate after
the H2N2 influenzavirus A pandemic in the late 1950s
is now co-circulating with the 1968 pandemic H3N2
influenzavirus A. Intentional release of agents capable
of person-to-person transmission could result in their
emergence or re-emergence.
The potential for establishment of an agent introduced into widely geographically dispersed zoonotic
cycles from which transmission to humans occurs
is exemplified by the events after the appearance of
WNV in New York City in 1999. Although there is no
evidence that WNV was introduced into the US by a
terrorist, it could have been done, and there are other
potential bioterror agents that could be brought to the
US and become established in expanding zoonotic
cycles. These include other mosquito-borne viruses
such as RVF virus and Venezuelan equine encephalitis virus. These would threaten both domestic animals
and humans. Other agents of bioterror such as foot
and mouth disease virus or Ehrlichia ruminantium
could target our food animals and ruin our livestock
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industry. Food and mouth disease and heartwater do
not occur in the US, and their establishment would be
catastrophic, particularly if wild ruminants became
reservoirs of infection.
The recent occurrence of global SARS and domestic monkeypox epidemics demonstrate the capacity of EIDs to be used in the future for bioterrorism.
These viruses exist in natural cycles in Southeast Asia
and Central and West Africa, respectively. SARScoronavirus is a particularly serious threat because
of person-to-person spread and significant mortality.
Strains of monkeypox virus from Central Africa also
cause significant mortality, and the danger of its intentional establishment in a wildlife reservoir such as
prairie dogs would create prolonged terror. Thus, EID
agents could be used for bioterrorism, and agents of
bioterror could become emerging infections.

RATIONALE FOR VACCINES AGAINST
EMERGING INFECTIOUS DISEASES
The rationale for not developing vaccines against
EIDs and not developing platforms that can be rapidly
applied to newly emerging infections is that apparently
small problems will not grow and that what we do not
know will not hurt us. The fallacies of these concepts
are quite evident in the ongoing tragedy of HIV/AIDS.
Vaccines are the province of industry. The sole
rationale for commercial vaccine development is
profit calculated as return on investment to stockholders. A particular vaccine would have to be more
profitable than a particular drug in order to have
resources for development and manufacture devoted
to it. Successful vaccines from the perspective of preventive medicine are given only once and induce
lifelong protection, translating as a single sale per customer. Drugs for prevalent chronic diseases require
enormous numbers of doses for decades. The money
and effort invested in development of a vaccine that
could have produced a blockbuster drug represent
lost opportunity cost to the pharmaceutical enterprise.
The effects of not developing more effective and safer
vaccines against whooping cough and tuberculosis are
measured in days of active life lost, medical costs, and
deaths that are borne by society, most often in developing countries. The same metrics apply to DF, DHF,
Lassa fever, louse-borne typhus, scrub typhus, RVF,
Venezuelan equine encephalitis, Ebola HF, Marburg
HF, malaria, plague, and leptospirosis.
The development of vaccines against newly emerging infectious agents demands initiation of the project
at the time of the first appearance of the emerging

infection, well before the problem has reached significant public health attention. It would be logical to
establish research programs to elucidate the principles of stimulating protective immunity against each
family of pathogens. The goal would be to develop a
prototype vaccine before the disease became a public health catastrophe. Ideally platforms for vaccines
would be developed that stimulated memory cells
to produce each of the components of immunity that
are critical to protection against the particular agent,
e.g., Th1 antibodies or CD8 cytotoxic T lymphocytes.
The new infectious agent could be characterized rapidly and the components predicted to be protective
used with the appropriate vaccine platform. A disease
with high lethality, rapid efficient transmission, and
no treatment might justify manufacture and deployment of the vaccine with field use evaluation of safety
and efficacy. Of course, preclinical animal testing for
safety and efficacy and accelerated phase 1 and 2 trials would be preferred.
The principles that would determine the priority
of development of vaccines would more logically be
driven by public health concerns than merely financial return on investment. At the top of the list of criteria would be the severity of illness and incidence
or threatened increase in incidence of the disease.
Consideration of the severity of illness would include
the ratio of symptomatic to asymptomatic infections,
case-fatality ratio, incidence and nature of permanent
sequelae, duration and medical costs of the illness in
survivors, and other societal and economic impacts
of the disease. Some diseases that would merit consideration for vaccine development on the criteria of
disease severity and incidence include infections that
currently occur nearly exclusively in developing countries such as Lassa fever, RVF, Ebola HF, louse-borne
typhus, scrub typhus, leptospirosis, and Venezuelan
equine encephalitis.
Other pathogens for which effective vaccine development effort should be undertaken are agents for
which antibiotic resistance is a significant threat,
potentially water-borne agents that are resistant to
control by chlorination, and agents of veterinary diseases that would be potential agents of devastating
agroterrorism. The rising problem of bacterial antimicrobial resistance is evident to all, particularly for
nosocomial infection. What is generally ignored is the
creation of weapons for biowarfare or bioterrorism that
are resistant to antimicrobial treatment. For example,
the confidence that rickettsial diseases respond
well to early treatment with doxycycline should
be reconsidered in light of the development of
tetracycline-resistant Rickettsia prowazekii in a Russian
laboratory. Similarly contamination of municipal
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water supplies with chlorine-resistant organisms such
as Cryptosporidium parvum would cause severe havoc.
After several widespread outbreaks, the public would
be receptive to prevention by an effective vaccine.
Development of veterinary vaccines is an important goal on its own merit. The lessons that would
be learned by the development of vaccines against
foot and mouth disease virus, E. ruminantium, and
Burkholderia mallei would have additional impact on
human diseases caused by related agents. Other veterinary pathogens such as Venezuelan equine encephalitis virus, Brucella melitensis, Brucella abortus, Brucella
suis, and RVF virus are also human disease agents.
Respiratory diseases deserve special consideration
for preparation for prevention by development of vaccines. The potential reappearance of SARS-coronavirus
should energize efforts to produce an effective vaccine. The threat of pandemic influenza A combines
nearly every reason that could be marshaled for all
agents together to create a system for rapid vaccine
formulation, testing, and manufacture.

THE CHALLENGE OF DEVELOPING
VACCINES AGAINST EMERGING AND
RE-EMERGING INFECTIOUS DISEASES
The development of a new vaccine is not easy by
any means. Even when the pharmaceutical industry
recognizes the market potential of a vaccine against an
emerging pathogen, such as HIV or hepatitis C virus,
there are many difficult steps between the desire to
develop the vaccine and its availability for purchase.
There are more steps from the discovery of a newly
EID agent to the availability of a vaccine against it than
for a pathogen that has been studied for decades or
more than a century. First, the pathogen must be characterized at the levels of biology, molecular composition, and its genome. Even well into the contemporary
molecular, proteomic, and genomic era, knowledge of
the proteome and genetic sequence provides no more
complete understanding of the agent than possession
of an encyclopedia, which written in a language that
has been translated only partly, would impart omniscience. Second, appropriate animal models that adequately mimic the pathology of the human disease,
anatomic distribution of the agent, and the human
immune response to the infection must be developed.
There are numerous agents that are so highly adapted
to humans that no adequate animal model exists.
Other models utilize animal species that do not permit
effective analysis of the protective immune response
owing to lack of reagents to evaluate the immune
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cells and proteins and absence of animals that are
genetically inbred or have knockout of specific genes.
Third, studies of animal models and of humans and
their cells, cytokines, and antibodies are employed
to elucidate the mechanisms of protective immunity.
Development of a vaccine that stimulates the presence
of memory cells that generate the immune components required to kill the invading pathogen rapidly
requires determining which elements (e.g., antibodies,
CD4, and/or CD8 T lymphocytes) are critical. Fourth,
the antigens of the particular infectious agent that
stimulate the protective memory immune components
must be identified. For subunit vaccines, some antigens stimulate protective responses, and others suppress protective immunity. Fifth, the animal models
are utilized to develop and test vaccine candidates that
stimulate protective memory immune responses without harmful side effects. At the point of the primary
identification of the etiology of the emerging infection,
it would be unlikely that any of these five steps would
have been addressed.
Because many emerging infections are zoonotic
diseases that have naturally occurring animal counterparts, a strategy of developing related veterinary
vaccines on the pathway toward future development
of a vaccine for humans may be feasible owing to
financial and regulatory considerations. Imagine how
much better off we would be today if an effective vaccine against a simian immunodeficiency virus had
been produced in the 1970s or a changeable molecular
cassette subunit vaccine had been approved for avian
influenza viruses a decade ago. The crucial message
regarding vaccines for emerging infections diseases is
that it is never too early to support research to achieve
the five steps outlined above.
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ABSTRACT
A range of bacterial pathogens might be used illegitimately to cause disease in humans or animals. The properties
of these pathogens are dissimilar. Much of our information on the properties of these pathogens comes from past
programs to develop biological weapons. In principle, disease caused by bacterial biothreat agents could be prevented
or treated using antibiotics. However, there are limitations associated with the use of antibiotics in this way. Against
this background vaccines will play a key role in protecting vulnerable populations from bacterial biothreats.

INTRODUCTION

disruption (Table 2.1). The differences in threat agents
of concern reflect the difficulties in devising a single
definitive list of biothreat agents. For example, agents
that are likely to cause disruption of the agricultural
industry are not necessarily those which would be used
against a human population. Similarly, agents which
would be used against civilian populations would not
necessarily be used to attack the armed forces.
Despite these differences, there are some agents that
consistently appear on all of the lists. The observation

One simple definition of a bacterial biothreat agent is
a bacterium that is used to deliberately cause disease in
human, animal, or plant populations to the economic or
social detriment of the host nation. Based on this type of
definition there are a number of published lists of bacterial biothreat agents, ranging from those that inform
export controls, such as the Australia group list, to those
compiled to protect the U.S. Agricultural industry from

Vaccines for Biodefense and Emerging and Neglected Diseases

06_P369408_Ch02.indd 21

21

© 2009, Elsevier Inc.

11/5/2008 10:23:22 AM

06_P369408_Ch02.indd 22

TABLE 2.1 Bacterial pathogens listed as possible biowarfare or bioterrorism agents
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List

Bacillus Bartonella
anthracis quintana

Brucella
abortus

Brucella
melitensis

Brucella
suis

Burkholderia
mallei

Burkholderia
pseudomallei

Chlamydia Clostridium
psittaci
botulinum

Clostridium
perfringensa

Clostridium
tetani

Coxiella
burnetii

Australia
group listc

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yesd

Yes

HHSf

Yes

No

Yes

Yes

Yes

Yes

Yes

No

Yese

No

No

Yes

USDA

Yes

No

Yes

Yes

Yes

Yes

Yes

No

Yese

No

No

Yes

WHO

Yes

No

Yes

Yes

Yes

Yes

Yes

No

No

No

No

Yes

NATO

Yes

No

Yes

Yes

Yes

No

Yes

Yes

No

No

No

Yes

List

EHECb

Francisella
tularensis

Rickettsia
rickettsii

Salmonella
enterica
serovar Typhi

Shigella
dysenteriae

Vibrio
cholerae

Yersinia
pestis

Yersinia
pseudotuberculosis

Australia
group listc

Yes

Yes

Yesd

HHSf

No

Yes

USDAg

No

Yes

WHO

No

NATO

No

g

Legionella
Orienta
Rickettsia
pneumophila tsutsugamushi prowazekii
No

Yes

Yes

Yes

Yes

Yes

Yes

Yesd

No

No

Yes

Yes

No

No

No

Yes

No

No

No

No

No

No

No

No

No

No

Yes

No

No

Yes

Yes

Yes

No

Yes

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Note: EHEC, enterohemorrhagic Escherichia coli. Source: Anon (1970, 1996).
a
Epsilon-toxin producing types.
b
Enterohemorrhagic Escherichia coli, serotype O157 and other verotoxin-producing serotypes.
c
List of agents subject to export control, 2005; http://www.australiagroup.net/en/control_list/bio_agents.htm.
d
Included on the warning list.
e
Neurotoxin-producing strains.
f
Department of Health and Human Sciences, National Institute for Health, USA, 2005.
g
U.S. Department of Agriculture, 2005.
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that these agents are of concern to such a wide range of
authorities clearly suggests that these pathogens would
be preferred for vaccine development and licensing.
This chapter highlights the ways in which bacteria might be used to deliberately cause disease and
reviews the utility of vaccines for the prevention of
disease. Finally, the prospects for improved vaccines
against bacterial biothreat agents are considered.

PAST USES OF BACTERIAL PATHOGENS
TO DELIBERATELY CAUSE DISEASE
There are a number of reported examples of the use
of bacteria to deliberately cause disease in humans or
animals, although most of these involve small-scale
and relatively localized incidents. A review of 270
cases of alleged bioterrorism until 2001 has been compiled by Carus (2001). In addition to these incidents,
there are a number of proven or suspected uses of biological agents during warfare, either against civilian
or military targets.
Arguably, the program that resulted in the greatest
number of human casualties involved the Japanese
Army (Unit 731) during the 1930s and 1940s and was
the creation of the bacteriologist General Ishii Shiro
(Mangold and Goldberg, 1999; Guillemin, 2004). It is
reported that human trials were carried out with a wide
range of potential biothreat agents (Table 2.2). Many of
the casualties occurred after prisoners were deliberately
exposed to pathogens during trials of biological weapons. For example, one trial used 10 Chinese prisoners who were exposed to a shrapnel bomb containing
C. perfringens (Mangold and Goldberg, 1999).
Reportedly, all of the victims died of gas gangrene
within a week (Mangold and Goldberg, 1999). Other
trials involved fleas infected with Y. pestis which were
dropped from aircraft onto Chinese villages. One
attack, on the hamlet of Congshan, reportedly resulted

TABLE 2.2

in an outbreak of plague that killed one quarter of the
population (Mangold and Goldberg, 1999). In spite of
this significant military program, which continued for
a decade, several reports indicate that the Japanese
program failed to devise a range of effective biological
weapons which could be used for large-scale attacks
on military or civilian populations (Mangold and
Goldberg, 1999; Guillemin, 2004). In part, this reflects
the difficulty of moving from the observation that pathogens cause disease to the large-scale production and
successful weaponization of these bacteria.
B. anthracis is one of the bacterial pathogens that
is frequently cited as a likely biological warfare or
bioterrorism agent, and there is a significant body of
information supporting this suggestion. In the past
both the United Kingdom and the United States developed weapons containing this bacterium. In trials on
Gruinard Island off the west coast of Scotland during the 1940s B. anthracis spores were tested as means
of inducing pulmonary anthrax in sheep (Manchee
et al., 1981, 1982). These trials demonstrated the feasibility of such a weapon but left the island contaminated. Subsequently, a major exercise during the 1980s
resulted in the decontamination of the island (Manchee
et al., 1983) which was then returned to grazing use
(Aldhous, 1990). The programs to develop biological weapons in the United Kingdom and the United
States ceased in the mid-1950s and late 1970s, respectively. However, there is evidence that other nations
continued to develop anthrax as a biological weapon
(Inglesby et al., 1999). An outbreak of human anthrax
in Sverdlosk in the former Soviet Union was originally
attributed to the ingestion of anthrax-contaminated
meat (Sternbach, 2003; Meselson et al., 1994). However,
subsequent investigations by a team of U.S. scientists
revealed the cause to be the accidental airborne release
of anthrax spores from a military facility (Meselson
et al., 1994). This resulted in the largest outbreak of
human inhalation anthrax documented with at least
79 cases of anthrax and 68 deaths (Inglesby et al.,

Examples of the alleged use of biological agents to deliberately cause disease

Agent

Year

B. anthracis

2001

Location
USA

References
Jernigan et al. (2002)

B. anthracis

1990–1991

Tokyo, Japan

Kaplan and Marshall (1996)

S. dysenteriae

1996

Texas, USA

Kolavic et al. (1997)

S. dysenteriae

1964

Chiba, Japan

Carus (2001)

Salmonella enteritidis

1984

Oregon, USA

Carus (2001); Torok et al. (1997)

B. anthracis, Y. pestis, S. enterica serovar Typhi, Salmonella
paratyphi, R. prowazeki, F. tularensis, C. perfringens, C. tetani,
V. cholerae, S. dysenteriae

1931–1945

Manchuria (occupied by Japan)

Mangold and Goldberg (1999),
Guillemin (2004)
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1999). Additional cases of anthrax occurred in livestock outside of the city limits (Meselson et al., 1994).
B. anthracis has also attracted the attention of terrorist groups. During the early 1990s the Aum Shinrikyo
group attempted to release significant quantities of
B. anthracis spores over Tokyo. The failure of these
attacks to cause disease has been attributed both to
failures of the dissemination system and the mistaken
use of the attenuated vaccine strain of B. anthracis
(Kaplan and Marshall, 1996; Carus, 2001). However,
more recently, B. anthracis has been used in the United
States to cause a number of cases of disease. During
2001, B. anthracis spores were released into the U.S.
Mail system resulting in 22 cases of anthrax (Jernigan
et al., 2002). Of the 11 cases of inhalation, 5 were fatal.
The high fatality rate for these inhalational cases of
disease reflects the difficulties of treating symptomatic
inhalation anthrax (Inglesby et al., 1999).
Other reported examples of the use of bacteria to
deliberately cause disease involve minor events. For
example, 12 cases of shigellosis occurred in laboratory
staff working at St Paul’s Medical Center Hospital in
Dallas, Texas (Kolavic et al., 1997). Reportedly these
were the result of the deliberate contamination of pastries with S. dysenteriae type 2 by one of the laboratory
staff. These pastries were offered to other laboratory
workers and 11 consumed them between 07.15 a.m.
and 13.30 p.m. One victim became ill after consuming a contaminated pastry that was taken home by one
of the laboratory staff. All of the individuals developed shigellosis within three days of consuming the
pastries. Subsequent investigations showed that the
organism was stored in the laboratory on coated beads
within a vial, and that some of the beads were missing. The perpetrator of this crime was identified as
one of the laboratory staff and subsequently sentenced
to 20 years in prison. This crime is very similar to the
so-called “sponge cake incident” which was reportedly carried out in 1964 in Japan, when a physician
contaminated a cake with S. dysenteriae and offered it
to four colleagues who became ill and required hospitalization (Carus, 2001). The perpetrator of this crime
was eventually charged with 13 incidents of deliberate
infection of a total of 66 individuals with S. dysenteriae
or S. enterica serovar Typhi.
The examples cited above illustrate the ways in
which bacterial pathogens might be used to cause disease in humans. However, the possibility that pathogens might be used to cause disease in animals should
not be overlooked. For example, during World War II
the United Kingdom produced cattle cakes containing B. anthracis, as a potential weapon against German
domesticated livestock. This weapon was never used;
however, there is evidence that during World War I

B. mallei (formerly Pseudomonas mallei) was used to
cause disease in horses that were essential to the
Allied supply chains (Wheelis, 1999; Geissler et al.,
1999). Although it is documented that outbreaks of
disease did occur in horses, the precise incidence of
disease caused by the deliberate release of agent is not
known (Wheelis, 1999).

POTENTIAL FOR AIRBORNE
BACTERIAL PATHOGENS TO
CAUSE DISEASE
Most of the examples of the illegitimate use of bacteria to cause disease involve the relatively small-scale
release or use of bacterial pathogens to cause disease.
However, the scenario that is of greatest concern
involves the airborne release of a bacterial agent over
an area of high population density.
There are little data on the likely incidence of disease following the airborne dissemination of a pathogen. However, a report from the WHO during 1970
(Anon, 1970) made an attempt at predicting the numbers of casualties caused by the release of 50 kg of dried
biowarfare agent released as a line source upwind
of the population. The study considered six different
targets. Three typified economically developed cities
with populations of 500,000; 1,000,000; and 5,000,000.
Three typified cities with similar populations but in
economically developing areas of the world.
The estimation by the WHO made several assumptions. With the exception of the spores of B. anthracis,
bacterial biological agents are generally unstable in
the airborne state and especially when exposed to UV
irradiation. The attacks were therefore assumed to be
carried out at night with dried bacteria mixed with stabilizing compounds to limit the extent of airborne decay.
It was assumed that the agent was dispersed from an
aircraft at a height of 10 m above ground and over a distance of 2 km upwind of the target site. The wind speed
was assumed to be 2.5 m/s. Under these conditions, the
number of casualties was related to the infectious dose
of the pathogen and the stability of the bacterium in the
airborne state. Therefore, agents that are aerosol stable
and have a low infectious dose caused the greatest numbers of casualties (Fig. 2.1). However, caution should be
exercised when viewing these estimates of casualties—
changes to any of the variables outlined above, such
as height of release, time of release, wind speed, or the
properties of any stabilizing agent could impact significantly on the number of predicted casualties.
Notwithstanding these concerns, and the issues
highlighted above concerning the technical challenges
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FIGURE 2.1 Predicted numbers of casualties following the airborne release of selected bacterial pathogens over an area of high population
density (5 million) in an economically developed country.

associated with mounting such a large-scale attack,
the exercise carried out by the WHO does illustrate
the different properties of different bacterial agents.
For example, not all of these pathogens would cause
significant numbers of deaths. Some like Brucella sp.
causes severely debilitating diseases, which would
likely place significant requirements on the healthcare
systems. Some agents cause diseases that are transmissible from person to person (for example, plague),
meaning that there would be a need to restrict the
movement of individuals within the area covered
by the agent. Others like B. anthracis spores would
leave the environment contaminated for long periods
of time, requiring costly and technically challenging
decontamination processes.

VACCINES AND ANTIBIOTICS
FOR THE PREVENTION AND
TREATMENT OF DISEASE
Both antibiotics and vaccines have been proposed
to have a role to play in the prevention or treatment of
disease caused by bacterial biothreat agents. In principle, antibiotics might be used either prophylactically
or therapeutically but surprisingly their effectiveness
in either scenario is not certain. The use of antibiotics
for the treatment of disease is especially problematic
because of the acute nature of many of the infections
which occur after the inhalation of bacteria (Inglesby

et al., 1999, 2000; Dennis et al., 2001). By the time most
individuals are symptomatic the effective treatment of
disease is difficult, and for diseases with a high mortality rate, many of these symptomatic individuals will
die even with aggressive antibiotic therapy and other
interventions. The problems of treating inhalational
anthrax with antibiotics were clearly highlighted during the 2001 mail-associated outbreak of disease. Of the
11 cases of inhalational disease, 5 died. In contrast,
there were no deaths in the 11 individuals who contracted cutaneous anthrax (Jernigan et al., 2002).
The prophylactic use of antibiotics also presents
some significant problems, which were again highlighted during the mail-associated outbreak of
anthrax in the United States. It is estimated that
32,000 individuals initiated antibiotic prophylaxis
(Jernigan et al., 2002). However, the numbers of individuals who completed the recommended 60-day
course was relatively low. In some cases termination
of the course was the appropriate course of action
when the full extent of the risk to the individual
was quantified (Jernigan et al., 2002). An alarming
number of individuals failed to complete the course,
even though they were considered to be at a significant risk of contracting the disease (Stein et al.,
2004). In a more detailed study, Shepard et al., (2002)
found that the proportion of individuals who completed a 60-day course of antimicrobial prophylaxis ranges from 21 to 64% depending on the site
(Fig. 2.2). Adverse events were the most frequently
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FIGURE 2.2 Percentage of individuals completing at least 60 days of antimicrobial prophylaxis following possible exposure to B. anthracis
spores in the United States during 2001. Total numbers of individuals at each site were as follows: Florida, 1082; New Jersey, 1402; Hart Senate
Building, Washington, D.C., 600; Brentwood facility, Washington, D.C. 2743; New York City, 2259; Connecticut, 1217.

cited reason for failing to complete the course of
antibiotics. These ranged from gastrointestinal disturbances to seizures (Shepard et al., 2002)—although
the proportion of these adverse events which are definitely attributable to antimicrobial prophylaxis is not
known. Overall, it is clear that the prophylactic use of
antibiotics may not be an effective way of protecting
target populations from disease caused by the deliberate release of a bacterial pathogen.
Against this background, the use of vaccines to
protect target populations appears to be an attractive
proposition. However, the concept of use for these
vaccines is not yet established. It may be possible to
include vaccines against biothreat agents in childhood immunization programs. However, the cost of
such an immunization program may be prohibitive.
Alternatively, vaccines against bacterial biothreat
agents may be given only when the risk of an attack
is judged to be high. Vaccines used in this way might
need to rapidly induce protective immunity.

AVAILABLE VACCINES AGAINST
BACTERIAL BIOTHREAT AGENTS
Bearing in mind the ways in which bacterial biothreat agents might be used to cause disease, the suitability of existing vaccines against bacterial agents can

be assessed. Clearly, for the majority of agents these
vaccines need to provide good protection against an
airborne challenge. For pathogens which might be
used to contaminate food or water supplies vaccines
must protect against this route of infection. Ideally,
vaccines should result in the induction of protective
immunity after a single dose. In some scenarios it may
be desirable to immunize large numbers of individuals within a short period of time. Finally, these vaccines should have been tested according to national
or international guidelines for pharmaceutical products. With reference to the possible biothreat agents
as shown in Table 2.1, it is clear that relatively few
commercially available or fully licensed vaccines exist
(Titball and Williamson, 2003) (Table 2.3). In addition,
some of the available vaccines do not meet the criteria outlined above (Titball and Williamson, 2003). The
performance of some of these vaccines are detailed in
subsequent chapters in this book.
The limited availability of vaccines can be ascribed
largely to the minimal investment in this area of
research during the past 50 years. The costs associated
with working with dangerous pathogens under containment level 3 or 4 conditions are significant. Not
only are the costs of construction of suitable laboratory facilities high (typically $50 million–$100 million)
but the costs of operating these facilities is likely to be
several million dollars per year. Much of this cost is
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TABLE 2.3 Licensed/commercially available vaccines
available in Europe and N. America against
bacterial biothreat agents
Pathogen
B. anthracis

B. anthracis

Composition
Live attenuated Sterne strain (for veterinary
use only) or live attenuated STI-1 strain (used
only in humans in the former Soviet Union
(Brachman et al., 2004)
Anthrax vaccine adsorbed (Brachman et al.,
2004)

B. abortus

Live attenuated strain 19 (veterinary use only)
(Schurig et al., 2002)

B. melitensis

Live attenuated strain Rev. 1 (veterinary use
only) (Schurig et al., 2002; Blasco, 1997)

B. melitensis

Live attenuated strain RB51 (veterinary use
only) (Schurig et al., 1995; Schurig et al., 2002)

S. enterica serovar
Typhi

Killed whole cell (Levine, 2004)

S. enterica serovar
Typhi

Live attenuated (TY21a) (Levine, 2004)

S. enterica serovar
Typhi

Capsular polysaccharide (Vi) (Levine, 2004)

V. cholerae

Killed whole cell (injectable) (Sack and Lang,
2004)

V. cholerae

Killed whole cell⫹CTB (oral) (Sack and Lang,
2004)

V. cholerae

Live attenuated (oral) (Sack and Lang, 2004)

Y. pestis

Killed whole cell (Titball et al., 2004)

related to the regular servicing of laboratory air and
water handling systems and the cost of heating air for
laboratory ventilation systems which is eventually lost
to the atmosphere.
These problems are compounded by the relatively
low level of financial return on the sale of vaccines.
Bacterial biothreat agents do not normally cause significant disease in the developed world and there is a
small market for these vaccines outside of the biodefense arena. In addition, the commitment of nationstates in the developed world to purchase stocks of
vaccines is not yet determined. Against this background we cannot assume that the commercial sector
will bear most of the risks and costs associated with
the development of biothreat agent vaccines.

NEW VACCINES AND NEW VACCINE
TECHNOLOGIES
During the past decade there has been a marked
increase in the level of government-funded research
into improved vaccines against bacterial biothreat
agents. This work can broadly be divided into four
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areas: studies on mechanisms of virulence of pathogens, studies on the host response to bacterial pathogens, work to develop and test vaccine candidates,
and work to devise and evaluate new vaccine delivery platforms. There is every reason to believe that
this initiative will be successful and that a suite of
vaccines will become available over the next two decades. However, the development of vaccines against
biothreat agents does present some significant technical challenges (Titball and Williamson, 2003).
Firstly, there is a paucity of data on mechanisms
of virulence or biochemical makeup of many of these
pathogens. For other pathogens this basic information has often been the starting point for the development of vaccines. Although some of the research
currently underway will address these questions, it is
unlikely to be mature enough in the near future to be
directly exploitable. One alternative strategy might
be to exploit genome sequence information to kickstart vaccine development programs (Titball and
Williamson, 2003). This information might be used
to support whole genome mutagenesis approaches
to identify virulence determinants, predict metabolic
pathways, identify targets for the construction of
rationally attenuated mutants, and identify candidate
protein antigens using “reverse vaccinology” (Titball
and Williamson, 2003; Capecchi et al., 2004; Masignani
and Rappuoli, 2004; Plotkin, 2005; Rappuoli and
Covacci, 2003; Hensel et al., 1995; Hou et al., 2003).
Fortunately, genome sequences are now available for
almost all of the bacterial agents of concern (Table 2.4).
The technology of reverse vaccinology merits particular comment, since this approach has been successfully used to identify candidate vaccine antigens
from a range of pathogens including Helicobacter pylori
(Lissolo and Quentin-Millet, 2000), Neisseria meningitidis (Pizza et al., 2000), Porphyromonas gingivalis (Ross
et al., 2001), Streptococcus pneumoniae (Wizemann et al.,
2001), and more recently B. anthracis (Ariel et al., 2002,
2003). The approach relies on the assumption that vaccine antigens are located on the surface of the bacterial cell. Therefore, the predicted proteome of the
pathogen of interest is screened to identify proteins
that possess motifs indicating that they are destined
for a cell surface location. The most frequently used
algorithm is PSORT (http://psort.nibb.ac.jp/) which
provides an integrated software package for this purpose. This conceptually simple approach does have
some limitations. Although programs such as PSORT
are excellent for the prediction of proteins which are
exported via the type II secretion pathway, they are
much less effective at predicting proteins exported via
other pathways, and potential vaccine antigen might
not be identified using this approach. In addition, the
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TABLE 2.4 Reported genome sequences of
possible biothreat agents
Pathogen

Strain(s)

References

Pathogen

References

Subspecies tularensis
SchuS4

Larsson et al. (2005)

Read et al. (2002)

Subspecies tularensis
FSC198

Chaudhuri et al. (2007)

Ames ancestor

Genbank AE017334

Genbank CP000608

B. quintana

Toulouse

Alsmark et al. (2004)

Subspecies tularensis
WY96-3418
Subspecies holarctica
OSU18

B. abortus

9-941

Halling et al. (2005)

Subspecies holarctica
LVS

AM233362

B. melitensis

16M

DelVecchio et al. (2002)

Subspecies novicida
U112

Genbank CP000439

Biovar Abortus 2308

Chain et al. (2005)

Lens

Cazalet et al. (2004)

B. suis

1330

Paulsen et al. (2002)

Paris

Cazalet et al. (2004)

B. mallei

ATCC 23344

Nierman et al. (2004)

Philadelphia 1

Chien et al. (2004)

NCTC10229

Genbank CP000545.1

Corby

Genbank CP000675

NCTC10247

Genbank CP000547.1

O. tsutsugamushi

Boryong

Cho et al. (2007)

SAVP1

Genbank CP000525.1

R. prowazekii

Madrid E

Andersson
et al. (1998)

K96243

Holden et al. (2004)

R. rickettsii

Wilmington

McLeod et al. (2004)

1106a

Genbank CP000572

S. enterica
serovar Typhi

CT18

Parkhill et al. (2001a)

1710b

Genbank CP000124

TY2

Deng et al. (2003)

668

Genbank CP000570.1

S. dysenteriae

Sd197

Yang et al. (2005)

V. cholerae

B. anthracis

B. pseudomallei

Ames

Read et al. (2003b)

Sterne

C. psittaci

GPIC

Read et al. (2003a)

C. botulinum

Hall Aa

Minton et al. (2002)

C. perfringens

F. tularensis

Strain(s)

L. pneumophila

Y. pestis

Petrosino et al. (2006)

El Tor N16961

Heidelberg et al. (2000)

O395

Genbank CP000626

Strain 13

Shimizu et al. (2002)

CO92

Parkhill et al. (2001b)

SM101

Myers et al. (2006)

91001

Song et al. (2004)
Deng et al. (2002)

NCTC8237

Myers et al. (2006)

KIM

C. tetani

E88

Bruggemann et al. (2003)

Antiqua

Chain et al. (2006)

C. burnettii

None

None

Nepal 516

Chain et al. (2006)

EHEC

0157:H7 EDL933
0157:H7 Sakai

Perna et al. (2001)
Hayashi et al. (2001)

Pestoides F

Genbank CP000668

a

Reference to ongoing sequencing project.

output from PSORT is a list of proteins with the potential to be located on the cell surface. Each of these proteins must be produced and tested.
Even when vaccine candidates are identified, produced under manufacturing conditions, and tested in
animal models of disease, the licensing of vaccines for
use in humans may be a difficult process. It is certainly
possible to gain data on the safety of these vaccines
via human clinical trials. However, with the exceptions of some pathogens that cause relatively mild
diseases, efficacy studies in humans are not feasible.
In these cases it will be necessary to gain significant
information on mechanisms of protection in different

animal models of disease, and to then show that similar immune responses are induced in immunized
human volunteers.

CONCLUSIONS
It is clear that vaccines are likely to play a major
role in plans to limit the impact of biothreat agents on
human populations, and they are especially valuable
when airborne releases of significant quantities of the
pathogen are anticipated. However, currently there
are few commercially available vaccines that are
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CONCLUSIONS

suitable for the immunization of at-risk populations. This situation is likely to change over the next
decade—there are already improved vaccines against
some biothreat pathogens which are in the advanced
stages of development. The greatest challenge today
is the development of appropriate plans for the effective use of these vaccines. Should they become part of
the normal childhood vaccination program or should
they be used only when the likelihood of an attack is
considered to be high? Should a prime-boost strategy
be adopted where individuals are primed to allow the
rapid development of protective immunity on boosting? These are important questions because they might
drive not only the selection of vaccine antigens but also
the selection of appropriate vaccine delivery systems.
Finally, we should not lose sight of the fact that
many of the diseases caused by bacterial biothreat
agents are a significant cause of morbidity and mortality in economically deprived areas of the world. The
vaccines that are developed to protect against biothreat
agents are likely to find additional utility in the protection of these disadvantaged populations of humans.
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ABSTRACT
The risk posed by viruses as biological threat agents is discussed primarily from a public health perspective,
with the potential occurrence of significant morbidity and mortality as a result of infection via natural or intentional
exposure. Parameters of risk associated with the spectrum of viruses considered as biological threat agents are
discussed, to include examples of intentional use. In consideration of the threat posed by viruses, mitigating illness
and preventing death are the principal goals of medical countermeasure development efforts. The existence of safe
and efficacious vaccines is critical to establishing a robust posture of preparedness to address the spectrum of viral
threat agents.

viruses as biological threat agents are defined as those
that cause harm to public health as manifested by
significant morbidity and/or mortality, which can
occur via natural or intentional exposure.
Natural exposure to viruses that cause human
disease can occur via direct or indirect contact. Direct

INTRODUCTION
Given the primary focus of this text is on
vaccines, the term biological threat will be defined
primarily from a public health perspective. Therefore,
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contact would include person-to-person spread,
such as with community-acquired viral infections;
animal-to-person spread, as with viral zoonoses;
and spread to an unborn child from its mother, also
known as vertical transmission. Also, viruses can be
transmitted directly by vectors, such as mosquitoes
and ticks. Indirect contact would include environmentally acquired viral infections (via food, water,
air, or fomites) that are not spread by close contact.
Infectious viral diseases can be spread through the
air either by direct or indirect contact via droplet or
particle transmission, respectively.
Intentional exposure to viruses resulting in human
disease would include biowarfare, bioterrorism,
and biocrimes (Swearengen, 2006). Biowarfare is
defined as the military use of biological agents, where
targets of agents are predominately military personnel, government officials, or resources that might
hinder a nation’s ability to attack and/or defend
itself. Bioterrorism is defined as the threat or use
of biological agents by individuals or groups motivated by political, religious, ecological, or other
ideological objective. Viruses of concern from a
biowarfare or bioterrorism perspective represent a
major theme of this chapter. A biocrime is defined as
the threat or use of biological agents for individual
objectives such as revenge or financial gain. Use of
viruses in biocrimes against people have been documented, with sources limited primarily to clinical
samples containing viruses such as HIV-1 and hepatitis A (Carus, 2001). Viruses have also been used to
reduce animal populations unlawfully and by definition, such action would be categorized as a biocrime
(Carus, 2001).
The extent to which particular viruses are considered as biological threats is largely dependent on the
risk they pose. The risk posed by a virus is defined as
the probability of it causing infections of significant
consequence, with high morbidity and mortality, as a
result of either naturally occurring epidemic or pandemic disease, or malevolent intent, in the case of
biocrime, bioterrorism, or biowarfare.
Viruses as credible, high-impact threats are defined
by the properties or characteristics of the virus, the
vulnerability of those subject to exposure and also, in
the case of malevolent use, the capability and intent
of perpetrators. Credible, high-impact threats include
viruses that could inflict harm by either natural exposure, in which parameters of risk include agent characteristics and vulnerabilities, or intentional exposure,
in which adversary capability and intent also become
factors to consider (Fig. 3.1). Parameters of risk associated with properties or characteristics of viruses

would include high infectivity, high morbidity and
mortality, environmental stability, airborne transmissibility, and high contagiousness. Parameters associated
with vulnerabilities include limited or unavailable
medical countermeasures, such as vaccines and therapeutics, with cost and increasing public resistance
to vaccination as contributing factors, limited or
unavailable means to detect and identify viruses, and
the ability of a virus to cause disease that is difficult
to treat. Parameters of risk associated with adversary capability and intent include ease of acquisition, production, and dissemination of viral agents;
and evidence of prior research and development as a
biological weapon (Center for Biosecurity, UPMC, 2008).
In human history, the consequences of natural
exposure to viruses have been much greater with
respect to morbidity and mortality than those realized
by intentional release, as depicted in Fig. 3.1. With the
exception of smallpox, which some experts speculate
is responsible for more deaths throughout modern history than all other infectious diseases combined, the
greatest human and economic consequences derived
from virus infections via natural exposure have been
realized from emerging diseases, all of which have
been derived from infected animals via zoonoses. For
example, influenza pandemics that occurred in 1918
(H1N1), 1957 (H2N2), and 1968 (H3N2) resulted in
approximately 40–50, 2, and 1 million deaths worldwide, respectively (World Health Organization, 2008).
It is thought that the 1918 H1N1 virus was an avian
virus that was introduced into pigs, and subsequently
transmitted to human carriers, which spread the
virus along trade routes and shipping lines resulting in a global pandemic (Taubenberger and Morens,
2006). In the past 25 years, approximately 60 million
people have been infected by HIV-1, resulting in
greater than 25 million deaths (Avert, 2008). HIV-1
most likely originated in wild chimpanzees living in

Credible, high-impact threats

Agent
characteristics

(Intentional exposure)
(Natural exposure)

Adversary
capability
and intent

Vulnerabilities

FIGURE 3.1 Parameters of risk.
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tropical rain forests of equatorial Africa, with infection
of humans likely occurring during the French colonial
period from 1919 to 1960 (Keele et al., 2006).

THE SPECTRUM OF BIOLOGICAL
THREATS
Although the societal effects of emerging infectious
diseases continue to shape the landscape of medical
preparedness, the proliferation of biological materials,
technologies, and expertise has increased the potential
for adversaries to use viruses for biological attacks.
Not only does society have a need for developing
vaccines, therapeutics, and diagnostics to counter
naturally occurring and emerging infectious diseases,
but countermeasures must keep pace with potentially
devastating adversarial efforts to subvert developing or existing biomedical technologies. Moreover,
caution must be exercised to prevent biomedical
advances that benefit mankind from being applied
to create enhanced or advanced viral threat agents
generated through the use of these technologies (Petro
and Carus, 2005).
The spectrum of viruses considered as biological threat agents resulting from intentional exposure
encompasses four categories as shown in Fig. 3.2,
each of which presents unique challenges and significant opportunities for development of medical
countermeasures (Bush, 2007). Traditional agents
would include viruses that could be disseminated
to cause mass casualties in susceptible populations.
Although risk posed by traditional viral agents is significant, a finite number of viruses fit in this category.
Of particular concern are variola virus (smallpox) and
viruses that cause hemorrhagic fever such as filoviruses (Lake Victoria marburgvirus and ebola viruses),
arenaviruses (Lassa, Junin, Machupo, Guanarito,

Traditional

Enhanced

Naturally occurring
microorganisms (e.g.,
viruses) or toxins with the
potential to be
disseminated to cause
mass casualties.

Traditional
agents that have
been modified or
selected for enhanced
ability to harm human
populations or
circumvent current
countermeasures.

and Sabia viruses), bunyaviruses (hantaviruses, Rift
Valley fever virus, and Crimean-Congo hemorrhagic
fever virus), and flaviviruses (yellow fever virus, tickborne encephalitis virus, and dengue viruses) (NIAID,
2008). These viruses can be easily disseminated or
transmitted from person-to-person, resulting in high
case-fatality rates and have the potential for major
public health impact (Peters, 2002); might cause public
panic and social disruption; and require special action
for public health preparedness (Centers for Disease
Control and Prevention, 2008; WHO, 2005). Therefore,
the development or existence of targeted medical
countermeasures against these agents will reduce the
current risk posed or the likelihood of mass casualties
resulting from intentional use.
Emerging agents would include those viruses
which undergo rapid co-evolution with their hosts
and the environment. Emerging viruses are for the
most part, zoonotic in nature and spillover via natural exposure to humans as incidental hosts: examples
of which are SARS coronavirus and avian influenza
virus. Improved disease surveillance, to include early
detection, is essential for containing the spread of an
outbreak and is dependent on strong, flexible public health systems at local, state, and federal levels
(Centers for Disease Control and Prevention, 2008).
Enhanced agents would include selection of
naturally occurring viruses to enhance their virulence
or host range or to facilitate their delivery beyond
parameters that define natural exposure. For example,
viruses used in an aerosol attack may exhibit altered
patterns of infectivity, resulting in a different outcome than that observed in naturally occurring outbreaks. Enhanced viral agents may also be capable of
producing disease with a more rapid onset of symptoms, making timely diagnosis, treatment, and containment more difficult (Schmaljohn and Hevey, 2005).
Increasingly, medical countermeasure development

Emerging
Previously
unrecognized
pathogens that might
be naturally occurring
and present a serious
risk to human
populations.

Advanced
Novel pathogens or other
materials of biological
nature that have been
artificially engineered to
bypass traditional
countermeasures or
produce a more severe
or enhanced spectrum of
disease.

FIGURE 3.2 The spectrum of biological threats.

I. BIOTHREATS AND EMERGING INFECTIOUS DISEASES

07_P369408_Ch03.indd 35

11/5/2008 10:23:59 AM

36

VIRAL BIOTHREAT AGENTS

strategies should include protection against agent
enhancements, such as aerosol exposure as mentioned
above.
Advanced agents would include viruses that have
been artificially engineered in the laboratory to circumvent countermeasures or produce a more severe
or enhanced spectrum of disease. Of particular concern have been examples of viruses engineered to
contain host biological response modulators, which
in animal models have demonstrated an ability to
circumvent levels of protective immunity obtained
from prior vaccination, a primary example being
ectromelia virus engineered to express IL-4 (Jackson
et al., 2001).
Given the challenges of developing medical
countermeasures against enhanced, emerging, and
advanced agents, which are confounded to a great
extent by unknowns, a posture of preparedness is
largely based on the ability to rapidly identify and
characterize the agent, understand the extent of
exposure, and to evoke appropriate levels of patient
care and social distancing to limit the spread of
infection (World Health Organization and Robinson,
2004).

VIRUSES OF CONCERN
Several lists of threat agents, which include viruses,
have been generated by groups or agencies within
governments for a variety of purposes, including
relative risk, biosecurity, and export control (select
agents), as shown in Table 3.1. Although all of the
agents listed represent traditional or emerging agents,
the likelihood of their use for intentional exposure is
a key consideration for prioritizing development of
biodefense medical countermeasures, including
vaccines.
Smallpox is a bioterrorism threat due to its
potential to cause severe morbidity in a nonimmune
population and because it can be transmitted via
inhalation, ingestion, abrasion, or injection (Darling
et al., 2005). A single confirmed case of smallpox identified anywhere in the world would be considered a
public health emergency (Saks and Karras, 2006).
The first documented attempt to use variola virus
as a biological weapon occurred during the French
and Indian Wars (1754–1767) in North America.
Blankets from smallpox victims were given as gifts
to susceptible North American Indians, resulting
in epidemics among native populations leading to
case-fatality rates approaching 50% in some areas.
During World War II, the Japanese Military conducted
experiments with variola virus for use as a biological

weapon. The former Soviet Union conducted biological weapons programs to include large-scale
industrial production of variola virus that was stable
in an aerosol and was claimed to be deliverable in
warheads (Alibek and Handelman, 1999).
Subsequent to the World Health Organization (WHO)
declaration of the eradication of smallpox in 1980, member nations agreed to destroy all laboratory stocks of the
virus and/or provide them to one of the two officially
sanctioned WHO reference laboratories: The Centers
for Disease Control and Prevention in Atlanta, GA, or
the Institute of Virus Preparations in Moscow, Russia.
Although remaining stocks at these laboratories were
scheduled to be destroyed in 1996, the World Health
Assembly subsequently accepted a recommendation
to retain the remaining stocks and to review a decision
to destroy them on a periodic basis. Should the existing repositories be destroyed, other potential sources of
smallpox may exist. Conceivably, sources of the variola
virus may include unknown stores, cadavers in permafrost, and recreation of the viral genome or strains in
laboratories utilizing genetic engineering, recombination, and data from published genomic sequences as a
basis for design (Darling et al., 2005).
In addition to variola virus, a number of other
viruses have been weaponized or studied for possible use as biological weapons against humans by
state programs, including Lake Victoria marburgvirus, Venezuelan equine encephalitis virus, ebola
viruses, Junin virus (Argentinian hemorrhagic fever),
Machupo virus (Bolivian hemorrhagic fever), yellow fever virus, Lassa virus, Japanese encephalitis
virus, and tick-borne encephalitis virus (Alibek and
Handelman, 1999). Most of these viruses can be readily acquired from naturally occurring outbreaks and
can be grown in the laboratory to high titers. The
hemorrhagic fever viruses associated with this group
are notorious for causing aerosol-mediated laboratory infections with case-fatality rates as great as 30%
(Peters, 2002).
A number of viruses of concern are viewed primarily as threats to agriculture and their introduction
to domestic livestock would have devastating effects
such as reduced food production, economic loss in
food and farm sectors, export embargoes, destabilization of markets, and loss of public confidence in the
safety of the food supply (CIDRP, 2008). Such viruses
would include foot-and-mouth disease, Rift Valley
fever, Venezuelan equine encephalitis, and other
viruses that may employ invertebrate hosts as vectors,
from which virus can be subsequently amplified in
animal hosts and also can be transmitted to humans.
In addition, Nipah and Hendra viruses have been
transmitted from domestic animals or livestock to
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TABLE 3.1 List of threat agents (viruses) generated by groups or agencies within governments for
relative risk, biosecurity, and export control

List
Australia
Group

African horse
sickness virus

African swine
fever virus

Akabane
virus

Alcelaphine
herpesvirus
type 1

Yes

Yes

No

No

Caliciviruses

California
encephalitis
virus

Camel pox virus

Yes

No

No

No

Andes virus

Bluetongue
virus

No

No

No

No

No

No

No

No

No

No

USDA

Yes

Yes

Yes

Yes

Yes

Yes

No

No

Yes

WHO

No

No

No

No

No

No

No

No

No

NATO

No

No

No

No

No

No

No

No

No

NIAID

No

No

No

No

Yes (C)

No

Yes (B)

Yes (B)

No

Cercopithecine
herpesvirus

Chikungunya
virus

Classical
swine fever
virus

Crimean-Congo
hemorrhagic
fever virus

Dengue viruses

Dobrava
virus

Eastern equine
encephalomyelitis
virus

Ebola viruses

Flexal virus

Australia
Group

No

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

HHS

Yes

No

No

Yes

No

No

Yes

Yes

Yes

USDA

No

No

Yes

No

No

No

Yes

No

No

WHO

No

Yes

No

Yes

Yes

No

Yes

No

No

NATO

No

Yes

No

Yes

Yes

No

Yes

Yes

No

NIAID

No

Yes (C)

No

Yes (C)

Yes (A)

Yes (C)

Yes (B)

Yes (A)

No

Foot and
mouth disease
virus

Goat pox virus

Guanarito
virus

Hantaan virus

Hendra virus

Hepatitis A
virus

Herpes virus
(Aujeszky’s
disease)

Hog cholera
virus

Influenza viruses

Yes

Yes

Yes

Yes

No

No

Yes

Yes

No

List

List
Australia
Group
HHS

No

No

Yes

No

Yes

No

No

No

Yes

USDA

Yes

Yes

No

No

Yes

No

No

No

Yes

WHO

No

No

No

Yes

No

No

No

No

Yes

NATO

No

No

No

Yes

No

No

No

No

Yes

NIAID

No

No

Yes (A)

Yes (A)

Yes (C)

Yes (B)

No

No

Yes (C)
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TABLE 3.1 (Continued)
Japanese
encephalitis
virus

Junin virus

Kyasanur
Forest
disease virus

LaCrosse
virus

Lake Victoria
marburgvirus

Lymphocytic
choriomeningitis
virus

Lassa virus

Australia
Group

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

HHS

No

Yes

Yes

No

Yes

Yes

No

No

No

USDA

Yes

No

No

WHO

Yes

No

No

No

No

No

No

Yes

No

No

Yes

No

No

No

NATO

No

Yes

No

No

No

No

Yes

No

No

No

NIAID

Yes (B)

Yes (A)

Yes (B)

Yes (B)

Yes (A)

Yes (A)

No

No

Yes (A)

Lyssavirus

Machupo
virus

Menangle
virus

Monkey pox
virus

Murray Valley
encephalitis
virus

Newcastle
disease virus

Nipah virus

O’nyongnyong virus

Omsk
hemorrhagic
fever virus

List
Australia
Group

Yes

Yes

No

Yes

Yes

Yes

Yes

No

Yes

HHS

No

Yes

No

Yes

No

No

Yes

No

Yes

USDA

No

No

Yes

No

No

Yes

Yes

No

No

WHO

No

No

No

No

No

No

No

Yes

No

NATO

No

Yes

No

No

No

No

No

No

Yes

NIAID

No

Yes (A)

No

Yes (A)

No

No

Yes (C)

No

Yes (C)

Oropouche
virus

Peste des petits
ruminants
virus

Porcine
enterovirus
virus type 9

Powassan
virus

Puumala
virus

Rabies virus

Rift Valley
fever virus

Rinderpest
virus

Rocio virus

Australia
Group

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

HHS

No

No

No

No

No

No

Yes

No

No

USDA

No

Yes

No

No

Yes

No

Yes

Yes

No

WHO

No

No

No

No

No

No

Yes

No

No

NATO

No

No

No

No

No

No

Yes

No

No

NIAID

No

No

No

No

Yes (C)

Yes (C)

Yes (A)

No

No

List
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Louping ill virus

Lumpy skin
disease virus
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Seoul virus

Sheep pox
virus

Sin Nombre
virus

St. Louis
encephalitis
virus

Swine vesicular
disease virus

Teschen
disease virus

Tick-borne
encephalitis virus

Yes

No

No

Yes

No

Yes

Yes

Sabia virus

Australia
Group

Yes

No

HHS

Yes

No

No

No

No

No

No

No

Yes

USDA

No

No

Yes

Yes

No

No

Yes

No

No

WHO

No

No

Yes

No

No

No

No

No

Yes

NATO

No

No

Yes

No

No

No

No

No

Yes

NIAID

Yes (A)

Yes (C)

Yes (A)

No

Yes (C)

No

No

No

Yes (C)

List

Variola virus

Venezuelan equine
encephalomyelitis
virus

Vesicular
stomatitis
virus

West Nile
virus

Westewn equine
encephalomyelitis
virus

White pox
agent

Yellow fever virus

Australia
Group

Yes

Yes

Yes

No

Yes

Yes

Yes

HHS

Yes

Yes

No

No

No

No

No

USDA

No

Yes

Yes

No

No

No

No
Yes

WHO

Yes

Yes

No

No

Yes

No

NATO

Yes

Yes

No

No

No

No

Yes

NIAID

Yes (A)

Yes (B)

No

Yes (B)

Yes (B)

No

Yes (C)

Notes: (A) NIAID Category A Priority Pathogen; (B) NIAID Category B Priority Pathogen; and (C) NIAID Category C Priority Pathogen.

VIRUSES OF CONCERN

I. BIOTHREATS AND EMERGING INFECTIOUS DISEASES

List

SARS corona
virus

39

11/5/2008 10:24:00 AM

40

VIRAL BIOTHREAT AGENTS

humans leading to high case-fatality rates and therefore, are of concern from both an agricultural and a
public health perspective.

PREPAREDNESS
Biodefense vaccine development represents, in part,
a defensive strategy to protect the public from biological terrorism through the development of safe and effective countermeasures to mitigate illness and death,
protect critical infrastructure, and minimize economic
consequences (Gay et al., 2007). The need to accelerate
and expand development of current and new vaccines to
prepare for intentional introduction or natural occurrence
of catastrophic human and zoonotic diseases is reflected
by the list of vaccines shown in Table 3.2. In summary,
licensed vaccines exist for only a few viruses of concern
and are of limited supply in case of catastrophic need
(Schmaljohn and Hevey, 2005). For other viruses, vaccines are available under investigational new drug (IND)
status, which have not been licensed for a variety of reasons, primarily the lack of market incentive to develop
through to licensure (Schmaljohn and Hevey, 2005). In
light of the paucity of medical countermeasures effective
against viruses of concern, subsequent chapters of this
text are devoted to review of vaccine development efforts
against biodefense, emerging and neglected diseases.
Adoption of a national strategy to rapidly develop
effective biodefense countermeasures, which includes
safe and efficacious vaccines, requires periodic threat
and risk assessments to understand the evolving
biological threat (Bush, 2002). Such assessment must
be performed to define gaps in knowledge or vulnerabilities in our preparedness posture, thus guiding
prioritization of investments in biodefense-related
research, development, planning, and overall preparedness. Vaccines represent a necessary component of
biodefense countermeasure development to prepare
for and to minimize the consequences of a biological attack. Risk assessments have provided a means
of identifying and prioritizing vaccine research and
development efforts for biological agents capable of
being used in biological attacks. In support of vaccine research and development, current biodefense
strategies include the development of an enduring
infrastructure to test and evaluate existing, proposed,
or promising countermeasures, assess their safety and
effectiveness, expedite their development, and ensure
rapid licensure (Gronvall et al., 2007c; NIAID, 2008;
U.S. Department of Health & Human Services, 2008).
Response to bioterror events involves rapid agent
detection and diagnosis, implementation of exposure

control measures, and use of vaccines, when appropriate, to minimize consequences to human and animal
health (Gronvall et al., 2007b). Current approaches to
biodefense vaccine development include use of existing
applications for development and manufacturing, and
development of new technologies to rapidly design,
test and evaluate, and manufacture desired products.
Given the urgency with which vaccines designed to
minimize consequences of bioterror events are needed,
new technologies and infrastructure are mandated to
shorten timelines for their development. New technologies applicable to the design of vaccines would include
rapid methods for the identification and selection of
protective immunogens, and the development of vaccines that allow for differentiation of vaccinated hosts
from those infected by exposure to virus, with options
to employ improved adjuvants that stimulate innate
immune responses and/or promote adaptive immune
responses (Capua, et al., 2004). New infrastructure
would include biocontainment facilities to increase current capacities for vaccine testing and evaluation, to
optimize vaccine dosage and delivery in conjunction
with routes of exposure, and enhance manufacturing
capacities to ensure availability of a minimum number
of doses for intervention and reduce average cycle
times to manufacture vaccine lots. Rapid deployment
of biodefense vaccines will require both infrastructures,
to include facilities for storage of vaccine stockpiles,
and technologies that ensure validated storage conditions for such stockpiles (Gronvall et al., 2007a).

CONCLUSIONS
Programs to develop better medical countermeasures
against viruses must increasingly reflect the potential
use of enhanced, emerging, or genetically engineered
viruses as biological weapons and scenarios that require
countermeasures to provide broad-spectrum coverage
to prevent illness postexposure. Support for research
and development of biodefense countermeasures,
including vaccines, should result in improved methods
for vaccine discovery and development, and enhance
preparedness against viruses, as biological threats, to
the benefit of public and animal health.
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TABLE 3.2

Available countermeasures against viruses considered as biological threat agents

Virus

Countermeasure(s)

Alphavirus
Venezuelan equine encephalitis virus
Eastern equine encephalitis virus
Western equine encephalitis virus
Chikungunya virus

Live attenuated and killed vaccines (IND)
Killed vaccine (IND)
Killed vaccine (IND)
Live attenuated vaccine (IND)

Arenavirus
Lassa virus
Junin virus
Machupo virus

No vaccine, Ribavirin
Live attenuated vaccine (IND), Ribavirin
No vaccine, Ribavirin

Bunyaviridae
Crimean-Congo hemorrhagic fever virus
Hantaan, Seoul, Puumala, Dobrava viruses
Sin Nombre, Andes viruses
Rift Valley fever virus

No vaccine, Ribavirin
No vaccine, Ribavirin
No vaccine, Ribavirin
Killed vaccine (IND)

Flavivirus
Tick-borne encephalitis virus
Yellow fever virus
Japanese encephalitis virus
Dengue viruses

Killed vaccine (licensed Europe)
Live attenuated vaccine (licensed)
Killed vaccine (licensed)
Live attenuated vaccine (IND),

Filoviridae
Ebola viruses
Lake Victoria marburgvirus

None
None

Henipavirus
Nipah and Hendra viruses

None

Orthopoxvirus
Variola virus
Monkeypox virus

Live attenuated vaccine (licensed), Cidofovir
Live attenuated vaccine (licensed), Cidofovir
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O U T L I N E
Introduction

Manufacturing Scale-up and Current Good
Manufacturing Practices (cGMP)

Market Need

Investigational New Drug (IND) Application
Basic Science Discoveries

Clinical Assessment (Phase 1, 2, and 3 Testing)

Concept Development

BLA-Licensure

Create Prototype Product

Immunization Recommendations/Implementation

Preclinical Assessment

Post-Marketing Surveillance

ABSTRACT
The process to develop a vaccine becomes longer and more complex each year due to the many steps required to
prepare and get a product licensed. Here, we overview the complex pathway that is needed to develop a vaccine.
The process starts with basic science/discovery, proceeds through preclinical development, to clinical trials,
manufacturing, registration/licensure, implementation, and finally post-marketing surveillance.

INTRODUCTION

to move from the initial discovery through to licensure. Why does it take so long? This can be explained
by the need to have a vaccine that is both safe and
efficacious. In the 20th century the focus was on preventing infectious diseases while in the 21st century,

Development of a vaccine is a very complex process
involving multiple steps and a long period of time. It
has been estimated that it takes 15 years for a vaccine
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08_P369408_Ch04.indd 45

45

© 2009, Elsevier Inc.

11/4/2008 11:21:50 AM

46

VACCINE DEVELOPMENT PATHWAY

Market need

Basic science discoveries

Concept development

• Antigen discovery
• Adjuvant development
• Delivery technology
• Development of relevant animal models of
pathogenesis for testing

Create prototype product

Preclinical assessment

Manufacturing scale-up

IND – Investigational new drug

Clinical assessment
(phase I–III testing)

BLA licensure

Immunization
recommendations/implementation

Post-marketing surveillance

• Assessment of immunogenicity and efficacy in
relevant animal models
• Development of correlates of protective
immunity
• Toxicology in two species including genotoxic and
reproductive toxicology
• Phase I: Safety and immunogenicity in small
numbers of healthy volunteers
• Phase II: Safety and immunogenicity in several
hundred to few thousand volunteers with some
assessment of efficacy if possible
• Phase III: Large multicenter efficacy trial of
large number of volunteers at risk of disease.
Secondary outcome measures are safety and
immunogenicity
• Studies must be conducted to meet good
clinical practices standards

• Establishing recommendations for vaccine useuniversal and targeted vaccination
• Post-licensure assessment of safety and efficacy
(population studies)
• Community outreach and education

FIGURE 4.1 The vaccine development pathway.

society has changed its views on vaccines and now
focuses on the need to have a vaccine that is 100%
safe. In part, this is due to the successes of science
and public health in the 20th century where many of
the major infectious diseases have greatly reduced in
incidence and rarely seen in developed countries such
that the vaccine is now considered to be a potential
cause of disease. Thus, in general, the steps to develop
a vaccine fall into three categories: financial, scientific,
and regulatory. The pathway is illustrated in Fig. 4.1.

MARKET NEED
The first step in vaccine development is determination of the need for the proposed vaccine (Batson, 2002).
Need is not simply based on the number of people

who might benefit from the product but rather it is
based on the number of people who likely could pay
for the vaccine (or have it purchased on their behalf).
Consequently, estimates of market need are then
influenced by the anticipated vaccine purchase price.
Although there may be more individuals in a developing country that would benefit from a vaccine there
may be fewer financial resources available to buy the
product and hence the market need may be perceived
as insufficient to support the product development,
i.e., the vaccine producer has to recover the costs of
research and development plus the costs involved
in manufacturing and marketing, and also make a
profit for shareholders. While scientific feasibility,
and political and marketplace issues, heavily influence the decision to develop a vaccine, it is economics that ultimately drives the decision. The investment
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costs required for development, manufacturing, and
product distribution are weighed against anticipated
revenue to determine the potential financial return
on investment. The development of a vaccine may
take more than 10 years and cost between $200–500
million (Struck, 1996; Andre, 2002). The decision to
proceed with development is influenced by the projected return on investment and by anticipated risks
that could impact successful implementation of the
vaccine to the general population. Governments that
fund the development of vaccines may accept a lower
return on investment, or the return may be calculated
to include the saving associated with monies required
to treat and prevent the disease by other modalities.
For example, a mosquito-borne disease such as dengue which has no vaccine currently requires monies
to support control of the mosquito vector plus medical support for individuals who have the disease. For
vaccines developed in the private sector, the so-called
“push and pull” mechanisms can impact the economic
formula (Pauly, 2005; Batson, 2005; Grabowski, 2005).
Push mechanisms are those that subsidize or reduce
research and development costs or risks; e.g., tax
credits for working on government targeted diseases.
Pull mechanisms pledge purchase of the vaccine once
developed and hence reduce uncertainty regarding
potential revenue.

BASIC SCIENCE DISCOVERIES
Basic science discoveries are key to the development
of new vaccines (Poland et al., 2002). Breakthroughs
or insights resulting from fundamental research can
inform use-inspired science (The Biodesign Institute,
h t t p : / / w w w. b i o d e s i g n . a s u . e d u / n e w s /
New-ASU-Interdisciplinary-PhD-Graduate-Programin-Biological-Design-Set-for-Launch). Industry-based
vaccine scientists constantly monitor the ongoing
research at universities and in government, institute
and research-oriented hospital laboratories seeking to
identify advances that can be applied to vaccine development. Historically, university- and hospital-based
researchers have been instrumental in the development of vaccines (Table 4.1). Increasingly, academic
and government researchers are focusing more effort
in product-oriented research with greater emphasis on
protecting the intellectual property developed in their
laboratories.
Not all discoveries have an obvious application at
the time they are made. Discoveries in molecular genetics that established the field of genetic engineering
(Winther and Dougan, 1984) led to the development

TABLE 4.1 Examples of university and hospital
contributions to vaccine development
Contribution

Investigators

Institution

Growth of viruses
in cell cultures

Enders, Weller, and
Robbins

Harvard

Inactivated polio
vaccine

Salk

University of
Pittsburgh

Inactivated
influenza vaccine

Frances

University of
Michigan

Oral polio vaccine

Sabin

Cincinnati Children’s
Hospital

Haemophilus
influenza type B
vaccine

Smith and
Anderson

University of
Rochester

Measles vaccine

Enders and Katz

Harvard University

Varicella vaccine

Takahashi

Niigata University

Yellow fever
vaccine

Theiler

Harvard/Rockefeller
Foundation

Rubella vaccine

Plotkin

University of
Pennsylvania

Rabies vaccine

Koprowski

Wistar Institute/
University of
Pennsylvania

Rotavirus vaccine

Bernstein and Ward

Cincinnati Children’s
Hospital

Papillomavirus
vaccine

Fraser

University of
Queensland

Rotavirus vaccine

Clark, Offit, and
Plotkin

Children’s Hospital
of Philadelphia

Papillomavirus
vaccine

Reichman, Bonnez,
and Rose

University of
Rochester

of recombinant hepatitis B virus (HBV) vaccines
(Zahradnik et al., 1987; Kuwert et al., 1985), which
replaced a HBV vaccine derived from purification
of particles from individuals infected with the virus.
The HBV vaccine consists of the viral S protein produced by yeast genetically engineered to express
the viral gene encoding the S protein. Examples of
other licensed or experimental recombinant vaccines
include the human papillomavirus vaccines (Koutsky
et al., 2002; Harper et al., 2004), herpes simplex virus
(HSV) vaccines (Corey et al., 1999; Stanberry et al.,
2002), a malaria vaccine (Polhemus et al., 2007), and
a cytomegalovirus vaccine (Bernstein et al., 2002).
Advances in genetic engineering, including reverse
genetics (see Chapters 6 and 7), have permitted the
development of genetically attenuated experimental viral vaccines including vaccines against HSV
(de Bruyn et al., 2006), influenza (Leroux-Roels et al.,
2007), dengue (Edelman et al., 2003), and chimeric
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vaccines such as ChimeriVax-Den where dengue
genes are incorporated into the yellow fever 17D vaccine virus backbone (Guirakhoo et al., 2006). Genetic
engineering also permitted the development of vector
systems, including vaccinia virus (Smith et al., 1984),
canarypox (Taylor et al., 1994), adenovirus (Graham,
1990), yellow fever virus (Galler et al., 1997), and salmonella (Schödel and Curtiss, 1995; Kwon et al., 2007).
These vector platforms are being used in a variety of
new experimental vaccines against influenza, human
immunodeficiency virus (HIV), Japanese encephalitis, and tuberculosis (Russell et al., 2007; Goonetilleke
et al., 2006; Van Kampen et al., 2005; Monath et al.,
2003; Xing and Lichty, 2006).
The discovery that the intramuscular injection
of a DNA plasmid coding for an immunogenic protein could elicit an immune response to the encoded
protein (the so-called genetic immunization) led to
the development of DNA vaccines (Tang et al., 1992;
Ulmer et al., 1993). The application of the DNA vaccine platform to the development of vaccines for
biodefense and emerging and neglected diseases is
reviewed by Lu and colleagues in Chapter 8. The
extension of the discovery of genetic immunization
has permitted antigen discovery through immunization with expression libraries of pathogen DNA (Barry
et al., 1995).
An early recognition (Avery and Goebel, 1929) that
linking a poorly immunogenic carbohydrate antigen to
a more potent protein antigen increased the immunogenicity of the carbohydrate antigen formed the basis
of conjugate vaccines (Rappuoli, 2001). Application of
this discovery has led to the development of vaccines
that protect against infections caused by Haemophilus
influenzae type B (Heath, 1998) and selected serotypes
of Streptococcus pneumonia (Oosterhuis-Kafeja et al.,
2007) and Neisseria meningitides (Keyserling et al., 2006).
Recent discoveries in the area of basic immunology
concerning toll-like receptors and control of innate
immunity (Kopp and Medzhitov, 1999) is providing a
framework for understanding adjuvant mechanisms
of action (Kwissa et al., 2007) and rational adjuvant
discovery programs (Hauguel and Hackett, 2008),
which will ultimately lead to vaccines with improved
immunogenicity.

CONCEPT DEVELOPMENT
Concept development is a complex and iterative
process that examines the technical and marketing
issues relevant to a proposed new product. In general,
the process should produce a product profile, identify

essential technology with assessment of intellectual
property issues and evidence supporting feasibility,
address manufacturing issues, and examine market
need. In general, organizations involved in product
development have somewhat different approaches
to the process of concept development. This phase of
the vaccine development pathway has been described
by some as the “Fuzzy Front End,” the stage of the
development process between when an idea is first
considered and when it is determined to be ready for
development (Koen et al., 2001).

CREATE PROTOTYPE PRODUCT
The creation of the prototype vaccine is a critical step in the development pathway. This stage not
only demonstrates the technical feasibility of producing the product but should also lay the groundwork
for meeting the regulatory requirements that will later
be required for a U.S. investigational new drug (IND)
or European clinical trial application (CTA), and ultimately licensure. Elements considered in prototype
development include production of vaccine components and formulation with an eye toward eventual
scale-up and manufacturing, and use of components
that will meet regulatory requirements such as those
outlined in U.S. FDA guidance documents such as,
“Characterization and Qualification of Cell Substrates
and Other Biological Starting Materials Used in the
Production of Viral Vaccines for the Prevention and
Treatment of Infectious Diseases” or “Considerations
for Plasmid DNA Vaccines for Infectious Disease
Indications” (see Chapters 13 and 14). Industry is well
attuned to addressing early the regulatory requirements that will delay or derail the downstream product development; academic scientists, however, are
generally less aware of the requirements to get a vaccine to licensure and prototype vaccines developed in
a research laboratory may lack detailed information
on the derivation and passage history of cell cultures,
media used, use of materials from bovine sources,
testing for adventitious agents, and origin and history
of viral or bacterial agents used in the development
of the prototype vaccine. Lack of attention to meeting
downstream regulatory requirements can be costly
both in terms of time and money. Sufficient quantities
of the prototype vaccine are prepared, ideally under
conditions that meet good laboratory practices (GLP)
(US Food and Drug Administration, http://www.fda.
gov/ora/compliance_ref/bimo/glp/default.htm) (see
Chapter 10), and the prototype vaccine then moves to
the preclinical assessment phase.
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PRECLINICAL ASSESSMENT
Before entering clinical trials, prototype vaccines are
tested to evaluate safety (toxicology), immunogenicity, and, when possible, efficacy. Toxicology testing
must be conducted in a GLP-compliant laboratory and
ideally the immunogenicity and animal efficacy studies also conducted under GLP. Nonclinical safety
assessment includes tests to determine the direct toxicity of the product, the lack of contaminants, impurities, and adventitious agents, and the potential of
the vaccine to trigger preexisting conditions (Verdier,
2002). In general, vaccine toxicology is assessed in
single- and repeat-dose studies in two mammalian
species, typically one rodent and one non-rodent
(often a nonhuman primate). The vaccine is usually
given by the route of administration planned for clinical use and tested at the maximum proposed human
dose. The repeat dose studies typically include one
dose more than anticipated for use in humans, e.g.,
if a three-dose regimen is planned for human studies then animal studies would examine the safety of
a four-dose regimen. The repeat-dose studies are
aimed at determining a no-observed-adverse-effectlevel (NOAEL). The toxicology assessments generally
include mortality, clinical signs, food consumption,
body weight, clinical chemistry, hematology, gross
pathology, and histopathology. Vaccines intended
for pregnant women require genetic and reproductive toxicology studies (Verdier et al., 2003). The
other product-specific tests may be required such as
potential of a live viral vaccine to establish a persistent infection or of a DNA vaccine to integrate into the
host genome. With the development of new vaccine
platforms, novel adjuvant systems, and unique delivery systems it is likely that expanded safety testing
will be required (Brennan and Dougan, 2005). As one
might expect, the more detailed the studies, the longer
it takes for a vaccine to reach licensure.
Preclinical immunogenicity testing determines the
ability of the experimental vaccine to induce humoral
and/or cellular immune responses, and this will be
developed into correlate(s) of protection. In the case
of most vaccines developed to date, this has revolved
around neutralizing antibodies. The types of assays
to be used may include well-established tests previously used in the development of licensed vaccines
or new, yet-to-be validated assays. Ultimately, this
will become a surrogate of protection. In general, the
animal immunogenicity testing should use the same
assays that will be used in the clinical trials.
Demonstration of efficacy in relevant animal models lends strong support for advancing a vaccine to

49

evaluation in humans. Ideally the animal model utilizes the human pathogen and appropriate routes of
challenge, e.g., intravaginal or ocular inoculation with
HSV rather than injection of the virus into the footpad.
It is also preferable that the pathogenesis and outcome
measures should reflect what is observed in humans
(Stanberry, 1991). Under some specific circumstances,
animal studies may substitute for human studies in
demonstrating vaccine effectiveness. The FDA Animal
Efficacy Rule (the so-called Animal Rule), finalized in
May 2002, allows for the development and licensure of
products where human efficacy trials are not feasible
or ethical. Such circumstances exist for many biothreat
agents and emerging and neglected infectious diseases
where there are insufficient numbers of cases of the
disease to undertake efficacy studies. The rule permits
the FDA to rely on evidence from animal studies to
provide substantial evidence of vaccine effectiveness
when the effect is demonstrated in either more than
one animal species expected to react with a response
predictive for humans, or one well-characterized
animal species model (adequately evaluated for its
responsiveness in humans) for predicting the response
in humans, and when the animal study endpoint is
clearly related to the desired benefit in humans (Food
and Drug Administration, 2005). To date, no vaccine
has been approved under the Animal Rule but there
is optimism that this pathway will facilitate the development of products needed for biodefense and for the
control of emerging and neglected infectious diseases
(Rosenthal and Clifford, 2002; Gronvall et al., 2007).

MANUFACTURING SCALE-UP AND
CURRENT GOOD MANUFACTURING
PRACTICES (cGMP)
The small quantities of vaccine material required
for preclinical studies are generally produced under
GLP conditions in research laboratories or pilot plants.
Such materials are currently acceptable for clinical
trials, although it is probable that in the future vaccine materials intended for use in clinical studies
will be produced according to current good manufacturing practices (cGMP). Transitioning from the
production of small lots in the laboratory or pilot
facilities to large-scale production in manufacturing
plants requires extensive planning and specialized
expertise, and is resource intense (see Chapter 11).
Also, the large-scale commercial production of vaccines must comply with increasingly complex cGMP
regulations (Milstien, 2004). In the United States the
Food and Drug Administration has the responsibility
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for developing and promulgating the regulations, currently detailed in Sections 210 and 211 and applicable
parts of Sections 600–680 of the U.S. Code of Federal
Regulations (CFR); in Australia, regulations are developed by the Therapeutic Goods Administration; in
Canada, by Health Canada; and in Europe, by the
European Medicines Evaluation Agency (EMEA). In
general, cGMP regulations require the manufacturer to
define and follow the conditions and controls required
throughout the production process to consistently produce a safe, pure, and potent product that is free of any
environmental contamination. Each step of the production process must be documented and validated. Areas
included in cGMP regulations include personnel education and training; facility design and maintenance;
equipment design, calibration, maintenance, and operation; raw material sources and specifications; aseptic
processing; segregation of pre- and post-inactivation
steps; safety/purity assessment; potency assessment;
analytical laboratory procedures including instrument
calibration and maintenance; packaging procedures;
and storage and shipping procedures. Because of the
global nature of the vaccine industry, the multiple
regulatory bodies and rules present increasing challenges to the development and use of new vaccines.
To address this growing problem regulatory agencies
and manufacturers in the United States, Europe, and
Japan established the International Conference on
Harmonization (ICH) (Milstien et al., 2006).

TABLE 4.2 Elements of an investigational new drug
application
The background and discovery of the vaccine
The chemistry, manufacturing, and controls of the vaccine and
information on the final product formulation
Documentation of controlled and validated assay results
supporting the product characterization including safety,
consistency, stability, potency, and lot release criteria for the vaccine
The results of the preclinical (animal) toxicology and
immunogenicity studies to support safety and animal efficacy data
if available
Any human experience with either the experimental vaccine or
similar products
Detailed clinical trial protocols
An investigators’ brochure
Any additional information necessary to facilitate review and
evaluation
Source: Adapted from http://www3.niaid.nih.gov/daids/vaccine/
Science/VRTT/08_Pre-IND.htm.

As part of the IND process all clinical trials are monitored by the FDA and IRB to ensure safety. If safety
concerns develop during a study the FDA can put the
trial on hold until the concerns are thoroughly investigated and the issues resolved (Miller and Ross, 2005).

CLINICAL ASSESSMENT (PHASE
1, 2, AND 3 TESTING)
INVESTIGATIONAL NEW DRUG (IND)
APPLICATION
In the United States in order to initiate clinical studies of a new experimental vaccine the FDA’s Center
for Biologics Evaluation and Research (CBER) must
review and approve an IND application (see Chapter
14 and 13) (Code of Federal Regulations, 2005; Stehlin,
1996; National Institute of Allergy and Infectious
Diseases, 2003; Davenport, 1995). The application must
contain detailed information regarding the vaccine
including the rationale for the vaccine, its production,
characterization, purity, safety, animal immunogenicity and efficacy data and any human experience, clinical trial protocols, an investigators’ brochure, and any
other data relevant to the review (Table 4.2). Upon
receipt, the FDA has 30 days to review the IND application. Under the IND the clinical trial protocols must
undergo an ethics review and receive approval from
an Institutional Review Board (IRB). In the clinical
development pathway the candidate vaccine advances
through increasingly complex phase 1, 2, and 3 trials.

The pre-licensure evaluation of vaccines in humans
proceeds in a stepwise manner through an increasingly complex series of clinical trials (see Chapters 12
and 14). The first studies, referred to as phase 1 trials,
are safety and immunogenicity studies performed
in a small number of closely monitored healthy volunteers. These are generally short-term studies that
may examine a range of vaccine dosages. The study
design may be uncontrolled open label or more often
are randomized, double blind, and placebo controlled.
Inclusion of a placebo group is important in assessing adverse events that may occur during the trial.
Phase 2 studies involve larger numbers of healthy
volunteers, possibly volunteers at risk for the target
disease. The design may examine optimum dosage
and dosing regimen, and focus on safety and immunogenicity, although depending on the prevalence of
the target disease some efficacy data may be collected.
These larger sample sizes provide greater power to
detect less common adverse events. Phase 2 trials are
randomized, blinded, and placebo controlled. Phase 3
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trials may enroll hundreds to thousands of individuals depending on the prevalence of the target disease. Generally, thousands of volunteers are included
in phase 3 trials in order to assess for rare adverse
events. The phase 3 trials must be randomized, double
blinded, and placebo controlled. Two large studies, or
under some circumstances a single, large, multicenter
phase 3 field trial designed to demonstrate the efficacy
of the vaccine against the target disease is pivotal for
licensure. As was discussed earlier, for target diseases
that are rare, or where clinical trials cannot be ethically
conducted, the FDA has promulgated an alternative
pathway that substitutes efficacy data from relevant
animal models but still requires extensive human
safety data (Food and Drug Administration, 2005).
Throughout the world, regulatory agencies require
that clinical trials be conducted to meet good clinical
practice (GCP) standards promulgated by the ICH.
GCP is an ethical and scientific quality standard for
designing, conducting, recording, and reporting trials
that involve the participation of human subjects. The
standard was developed to provide the public assurance that the rights, safety, and well-being of subjects
participating in clinical trials are protected and that
the clinical trial data are credible (FDA (CBER), 1996).

BLA-LICENSURE
Following successful completion of the clinical
trial program, the next step in the vaccine development pathway is submission of a Biologics License
Application (BLA) (FDA (CBER), 2007). The applications are expected to contain all the information necessary for the FDA’s multidisciplinary review team
to evaluate the product safety and efficacy so as to
make determination of the vaccine’s risks and benefits. According to the U.S. federal regulations licensure requires that vaccines demonstrate safety, purity,
and potency (see Chapter 14). During the BLA review
process, the FDA conducts a pre-approval inspection
of the planned manufacturing facility with detailed
examination of the manufacturing processes and GLP
compliance. In considering the application, the FDA
may also conduct audits of the IND clinical studies,
including site visits, to evaluate the conduct of studies and to ensure satisfactory record keeping. During
the licensure process advice regarding the safety and
efficacy of the vaccine for the proposed indication
may be sought from the FDA’s Vaccines and Related
Biological Products Advisory Committee (VRBPAC),
an independent panel of 12 experts. Adequate product labeling is a requirement for vaccine licensure. The
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labeling should permit health care providers to understand the vaccine’s proper use, its potential risks and
benefits, information to be conveyed to patients and
parents, and how to safely deliver the vaccine.
Because the safety of a vaccine may not be apparent until it is used widely in the population, FDA
approval of the new product may be contingent upon
the conduct of phase 4 studies, also referred to as postmarketing studies.

IMMUNIZATION RECOMMENDATIONS/
IMPLEMENTATION
In the United States, after the FDA has licensed a
new vaccine several committees of experts make recommendations to health care providers and public
health programs for use of the vaccine. The committees of experts include the Advisory Committee on
Immunization Practices (ACIP) of the Centers for
Disease Control and Prevention, the Committee on
Infectious Diseases (COID) of the American Academy
of Pediatrics (AAP), and the American Academy of
Family Physicians (AAFP) Commission on Clinical
Policies and Research (CCPR). These committees independently assess the evidence to recommend what
populations should receive the vaccine, at what ages,
the number of doses and dosing interval, and precautions and contraindications (National Network for
Immunization Information, www.immunizationinfo.
org/immunization_policy_detail.cfv?id ⫽ 41#3).
The ACIP consists of 15 experts in immunizationrelated fields. Members are appointed by the Secretary
of the U.S. Department of Health and Human Services.
Their role is to provide advice and guidance to the
Secretary, the Assistant Secretary for Health, and the
Centers for Disease Control and Prevention (CDC) on
the control of vaccine-preventable diseases. The ACIP
is the only entity in the federal government that makes
immunization recommendations (Centers for Disease
Control and Prevention, www.cdc.gov/vaccines/
recs/ACIP/default.htm). The Director of CDC (and/or
the Secretary of Health and Human Services) makes
immunization recommendations after consideration
of the advice provided by the ACIP. These are then
published in the CDC publication MMWR. Individual
states consider the ACIP recommendations when setting their vaccine policies.
The AAP’s COID (also called the “Redbook
Committee”) develops and reviews policy recommendations on the use of vaccines. Members of the
committee are pediatricians selected by the AAP leadership for their knowledge of infectious diseases and
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expertise in vaccines. The recommendations by the
COID are approved by the AAP leadership before
publication in the Report of the COID (also known as
“The Red Book” of the AAP).
The AAFP CCPR is a commission whose members
are selected by the AAFP leadership for their scientific
knowledge of conditions seen in family medicine. The
CCPR meeting includes a liaison from AAP’s COID.
Recommendations by the CCPR are approved by the
AAFP leadership before publication and promotion to
AAFP’s members.
Similar groups of experts advise and assist in the
development of recommendations in other counties
and for the World Health Organization.

POST-MARKETING SURVEILLANCE
Until a vaccine has been widely used in the general population rare or uncommon adverse events
may be unrecognized. In many countries surveillance
programs have been developed in order to identify
problems that may develop following licensure and
marketing. In the United States, the FDA may mandate specific post-marketing studies as part of the
licensure agreement. In addition, the U.S. government
has developed the vaccine adverse event reporting
system (VAERS) and the vaccine safety datalink to
identify problems after marketing has begun (Jacobson
et al., 2001; National Network for Immunization
Information,
www.immunizationinfo.org/vaccine_
safety_detail.cfv?id ⫽ 106; National Network for
Immunization Information, www.immunizationinfo.
org/vaccine_safety_detail.cfv?id ⫽ 35). The effectiveness of the VAERS system is illustrated by its success
in detecting unexpected cases of intussusception associated with rhesus rotavirus vaccine, Rotashield®,
which were eventually determined to have occurred
at a rate of less than 1 in 10,000, and which in turn
quickly led to the withdrawal of the vaccine (Centers
for Disease Control and Prevention (CDC), 2004).
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O U T L I N E
Introduction

Neonatal Responses to Vaccination: Lessons from
Animal Models

ABSTRACT
The use of vaccination as a strategy to reduce the impact of disease on society has a long-standing history
of success, particularly for viral and bacterial-mediated diseases. The demand for safe and effective vaccine
products is increasing due to the potential use of biothreat agents, and the emergence and reemergence of various
pathogens. The implementation and use of vaccines in immunologically naive recipients in outbreak settings
places extraordinary demands on the timing of the onset of immunity in a relatively broad population base,
including those populations which may not always be ideal for delivery of vaccines (e.g., neonates, pregnant
women, and the elderly). Each of these populations has its own unique demands for the induction of protective
immunity and safety. For example, changes in immune function are present as the immune system matures or
declines in neonates and the elderly, respectively. In addition, alterations in hormonal status and to functional
changes necessary to accommodate the developing fetus are factors in the scheme used to promote immediate
development of effector cells plus the capacity to induce long-term memory pools in pregnant women.
The development of immunologic memory is the standard for disease prophylaxis and the basis for most
protective vaccines with the induction of both T-cell responses (CD4 and/or CD8 responses) and the production of
neutralizing antibody. The kinetics of induction of primary adaptive immune responses in immunologically naive
subjects is dictated by many factors including cell cycle transit time to increase the frequency of antigen-reactive
cells and the relative rate at which effector cells acquire partial or full functional activities. Memory responses in
B- and T-cell compartments are influenced by the phenotype, frequency, and persistence of cells over time
(Robinson and Amara, 2005). Generation of effector and memory T cells, which contribute to both humoral and
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cell-mediated immune responses, requires antigen processing and presentation by cells of the innate immune
system on class I or class II major histocompatibility molecules (MHC). In addition, the production of essential
cytokines, crucial for early steps in the differentiation of lymphocytes is necessary for the generation of effector
and memory T cells. An understanding of how the immune response status is altered from the “normal state”
during different physiological states (e.g., pregnancy, lactation, growth), stages of maturity, and nutritional levels
is necessary in order to develop effective and safe memory responses.

INTRODUCTION
Vaccination is a low-cost and effective strategy for
the prevention and therapeutic reduction of infectious
diseases. Protective host responses encompass the
spectrum from adaptive humoral and cell-mediated
immune responses in concert with a robust innate
immune response (Table 5.1). The generation of secondary antibody responses as a result of natural
exposure or vaccination can be attributed primarily to distinct populations of cells, short- and longlived antibody-secreting plasma cells, and memory B
cells (McHeyzer-Williams and McHeyzer-Williams,
2005; McHeyzer-Williams and Ahmed, 1999). Both
T-dependent (T-D) and T-independent (T-I) pathways
may be operational depending on the vaccine type
(Table 5.2). T-I responses are generated via B-1, marginal zone cells, and dendritic cells (DC) (Vos et al.,
2000; Mond et al., 1995a, b). B-1 responses generate
rapid antibody responses and are partially dependent
on innate-derived factors such as cytokines and pathogen-associated molecular pattern receptors (PAMPs)
(Baumgarth et al., 2005). B-1 cells develop relatively
low affinity responses (Herzenberg et al., 2000). Recent
studies in mice suggest that B-1a cells account for much
of the natural antibody produced as a component of
innate defense, and B-1b cells are capable of generating
anamnestic responses to vaccination with Streptococcus
pneumonia (Haas et al., 2005). A linkage between DC
and T-I B cell responses reinforces the need to enhance

TABLE 5.1

Examples of protective host responses to
vaccination

Humoral immune responses
Neutralizing antibody to viruses, bacterial toxins
Nonneutralizing antibodies which may interfere with uptake
through steric hindrance and other mechanisms
Complement-dependent and independent mechanism
Cell-mediated responses
T-dependent help provided via cognate and noncognate
interactions with helper T cells
Lytic and soluble factor activities derived from CD8⫹ and other
T-cell populations including γδ TCR-bearing cells

DC targeting for both T-I and T-D antibody responses
(Austin et al., 2003; He et al., 2007; Litinskiy et al.,
2002). T-I responses in neonates have also been shown
to be less robust relative to adults (Adkins et al., 2004).
Developments in our understanding of T-I immunity
and the potential to generate vaccines that can generate
rapid serum neutralizing antibody responses in addition to anticarbohydrate responses would represent
major advances in the development of vaccines for biodefense applications and for several pediatric diseases.
T-D responses rely on the coordinated interaction of T
helper cells and B-2 cells at specific sites within lymphoid tissues (Randolph et al., 1999; Vinuesa et al., 2005;
Cyster, 1999, 2003). Human neonates exhibit delayed
T-D responses that are both qualitatively (isotype) and
quantitatively different relative to adults (Adkins et al.,
2004; Elliott et al., 2000; MacLennan et al., 1997; Gray
et al., 1994; Inaba et al., 1983).
Studies in the T-cell compartment have shown that
the memory population of CD4⫹ and CD8⫹ T cells can
be subdivided into two populations: (1) effector memory T cells (TEM) and (2) central memory T cells (TCM)
(Northrop and Shen, 2004). CD4⫹ T cells can be subsetted based on surface phenotype, anatomical distribution,
TABLE 5.2 Examples of different types of potential
immune responses as a result of vaccination with
various vaccine platforms
TI Ab
responsea

TD Ab
responseb

CMIc

Live attenuated viral
vaccines

⫹

⫹

⫹

Inactivated whole virus
vaccines

⫹

⫹

⫾

Protein subunit antigens
with adjuvant

⫹

⫹

⫾

Bacterial capsular
polysaccharides

⫹
⫹

⫹

⫹

⫹

Live intracellular bacterial
vaccines
DNA vaccines

⫹

a

T-independent antibody response.
T-dependent antibody response.
c
cell-mediated immune response conferred by cytolytic T cells.
b
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and immune function. TEM express low levels of CD62L,
CCR7, and CD27, and are primarily found in the peripheral tissues such as the lung and liver. TCM express high
levels of CD62L, CCR7, and CD27, and are found in secondary lymphatic organs. TEM are capable of producing
effector cytokines immediately upon antigen recognition,
whereas TCM have greater proliferative potential upon
restimulation. It has been hypothesized that TEM confer
immediate protection, whereas TCM are a reservoir for
generating a large pool of secondary effectors upon a second encounter with the pathogen. As recently reviewed
by Reiner et al. (2007), the outcome of T-cell differentiation is dictated by many factors including costimulation,
cytokines, antigen concentration, the relative frequency
of antigen-specific T cells, and antigen presenting cells
(DCs). T effector cells needed for an immediate response
post vaccination can also be heterogeneous in terms of
their activities, including cytokine production (e.g., Th1,
Th2, Th17, or T regulatory cells). Additional cell populations have been defined, including follicular Th cells that
produce IL-10 and IL-21 (Vinuesa et al., 2005), and IFN-γ
and IL-10 (O’Garra and Vieira, 2007) or IFN-γ and IL-17
(Ivanov et al., 2006).

NEONATAL RESPONSES TO
VACCINATION: LESSONS FROM
ANIMAL MODELS
It is generally assumed that the immaturity of the
neonatal immune system contributes to an increased
susceptibility of the young host to infectious disease,
limiting its capacity to develop a protective response to
vaccination. Several differences between the neonatal
and adult immune response have been identified. The
mechanisms governing these differences, however, are
not yet fully understood. Certain differences that have
thus far been characterized include the observation
that the neonatal T-cell population is abundant with
a greater proportion of naïve T cells that can suppress
immunoglobulin (Ig) production (Clement et al., 1990).
Neonates also have higher proportions of antigenpresenting cells with defective costimulatory activity
(Ridge et al., 1996). Importantly, the neonatal immune
compartment is lymphopenic at birth. Lymphocyte
development is a relatively late event in murine fetal
development. At birth, the murine neonate has substantially fewer T cells in peripheral lymphoid organs
including the lymph node and the spleen, and adult
percentages of CD4⫹ T cells are not reached in these
organs until day 7 and 15 of age, respectively (Garcia
et al., 2000). It has been shown recently that the
neonatal environment supports lymphopenia-driven
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proliferation of CD4⫹ T cells, resulting in an expansion of CD4⫹ T cells with memory phenotypic and
functional characteristics by the 17th day of life (Min
et al., 2003). This lymphopenia-driven proliferation
may equip the neonate with a large repertoire of memory cells (Min et al., 2003).
Although maternally derived immune factors, such
as immunoglobulin, provide early protection to the
neonate, they may interfere with postnatal activation
of the neonate’s immune system and its capacity to
mount a protective response to vaccination or infection (Barrington and Parish, 2001; Endsley et al., 2003;
Glezen, 2003; Siegrist, 2003). In humans, inhibition of
the infant’s responses to vaccination by maternal antibody is B-cell-specific, depends on antibody titer and
dose of vaccine antigen, and does not appear to influence T-cell responses (reviewed by Siegrist, 2003). For
example, neonatal calves fail to develop Ig responses to
Brucella abortus if antigen-specific maternal Ig is present
at the time of vaccination (Husband and Lascelles,
1975). Colostrum-deprived calves, however, produce
relatively robust antibody responses to B. abortus. In
addition, neonatal calves sensitized to ovalbumin
(OVA) (an antigen to which there was no maternal Ig) at
birth mount humoral responses similar to older cattle,
regardless of colostral status (Husband and Lascelles,
1975). In addition, calves given a bovine viral diarrhea
virus vaccine fail to develop a primary humoral
response, but do generate memory B cells, in the presence of maternal Ig (Endsley et al., 2003). Likewise, neonatal calves vaccinated with M. bovis BCG fail to mount
antigen-specific humoral responses, but calves do generate certain in vitro B cell responses to BCG following
vaccination (Foote et al., 2007). These results suggest
that although maternal Ig may block endogenous Ig
production, B cells retain other functional capacities
(i.e., differentiation into memory B cells.).
The altered immune reactivity of the neonate may
reflect the demands of in utero conditions and the
need to avoid unwanted reactivity in this environment (Levy, 2005; Levy et al., 2004). This idea is supported by observations indicating that neonatal
immune cells frequently have a reduced ability to produce proinflammatory cytokines. For example, neonatal immune cells produce less TNF-α and IFN-γ in
response to lipopolysaccharide (LPS) relative to adult
PBMC (Levy et al., 2004; Yan et al., 2004).
Protective adaptive immunity requires an appropriate balance between Th1 and Th2 responses. Th1
cells secrete inflammatory cytokines (e.g., IFN-γ, lymphotoxin, and TNF-α) that activate components of
the innate and adaptive immune system to defend
against intracellular pathogens. In contrast, Th2
cells secrete cytokines (e.g., IL-4, IL-5, IL-13) that are
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generally antiinflammatory in nature and are important for evoking potent humoral (i.e., antibody)
immune responses. Neonates are capable of developing mature inflammatory responses characterized by
adult-level Th1 and CTL functions following antigenic
exposure under potent Th1-driving conditions, such as
complete Freund’s adjuvant (reviewed in Adkins et al.,
2004). More often, however, neonates develop strong
Th2 responses to antigenic stimulation (reviewed
in Min et al., 2003; Siegrist, 2000; Adkins, 2000). For
example, neonatal mice immunized with the protein
antigen KLH develop responses characterized with
enhanced in vitro production of IL-4 and in vivo production of IgG1 (Adkins et al., 2003b; Adkins and Du,
1998). This phenomenon has been well established for
recall responses. Mice initially immunized as neonates
mount Th2-dominant memory recall responses as
adults. Early development of Th2-dominant primary
responses by CD4⫹ cells likely contributes to observed
Th2-dominant memory responses (Adkins et al.,
2003a). The mechanisms governing the neonatal Th2
bias are now coming to light. Studies suggest that IL-4
production by neonatal T cells drives apoptosis of Th1
cells, thus skewing the neonatal recall or secondary
response to Th2 (Li et al., 2004). In addition, new data
suggest that developmental-specific epigenetic phenomena occurring at the Th2 locus contribute to the
Th2 bias (Rose et al., 2007). The Th2 regulatory region
CNS-1 preexists in a hypomethylated state in neonatal
naïve CD4⫹ T cells and CD4⫹ thymocytes, suggesting
that neonatal T cells are poised for rapid Th2 effector
function (Rose et al., 2007).
Data in support of a Th2 bias in human neonates,
indicate that human-cord-blood-derived DC, essential for priming and differentiation of naïve T cells
into Th1 cells, have a profound defect in the expression of the Th1 cytokine, IL-12 (Goriely et al., 2001).
Responses of human infants to viral vaccines are also
characterized by reduced IFN-γ secretion and elevated
serum antibody titers (Ota et al., 2004; Vekemans et al.,
2002). Consequences of a Th2-biased response may
include a reduced capacity of the neonate to respond
effectively to vaccines that rely on a Th1 response for
their efficacy. In contrast, vaccination of human newborns with M. bovis BCG, a potent Th1-driving stimulant, induces a potent Th1 response characterized by
adult-like IFN-γ responses and reduced secretion of
IL-4 and IL-5 by CD4⫹ lymphocytes (Marchant et al.,
1999; Vekemans et al., 2001). Similarly, studies indicate
that the dairy calf, like the human infant, can generate an adult-like Th1 response when vaccinated during the first week of life with M. bovis BCG (Buddle et
al., 2003; Nonnecke et al., 2005). In addition, vaccination of the neonatal calf with M. bovis BCG provides

protection upon subsequent challenge (Buddle et al.,
2003). M. bovis BCG is routinely administered to newborns for the prevention of tuberculosis, and human
trials will ultimately be conducted in this population.
It is therefore essential to determine safety and efficacy of candidate vaccines in this target population.
Importantly, the neonatal bovine may provide a useful
model for the development of efficacious tuberculosis
vaccines.
Studies carried out in newborn mice demonstrate
that DNA vaccines induce adult-like, protective
CD8⫹ T-cell responses to LCMV (Zhang et al., 2002).
Likewise, DNA vaccination of nonhuman primates
induces significant humoral and cellular immunity to
influenza (Bot et al., 2001). Thus, genetic immunization is an appealing strategy to both prime and boost
immune responses against pathogens in the neonate.
A more developed understanding of the immunomodulatory properties of genetic immunization are
needed to enhance the prospects of effective vaccines
based on this platform in nonrodent species.
Protein-energy malnutrition (PEM) is the major
cause of immunodeficiency worldwide (Delafuente,
1991), and is still a major concern in developing
countries, particularly in young children. It has negative effects on both innate and adaptive immunity
(reviewed by Woodward et al., 1999). Substantial
evidence supports the negative effects of PEM on
adaptive immune responses. The lymphoid involution (decrease in size and cellularity of secondary
lymphoid organs) that occurs in wasting PEM is considered contributory to PEM-associated immunodepression (Woodward et al., 1999; Lee and Woodward,
1996). Lymphoid involution associated with PEM is
characterized by drastic decreases in mononuclear
cell numbers in blood, spleen, and mesenteric lymph
nodes (Lee and Woodward, 1996). A low CD4⫹/CD8⫹
T-cell ratio in the blood has been commonly associated
with PEM in humans and weanling mice (Chandra,
2001, 2002). However, imbalances within, rather
than between, the two main T-cell subsets may be of
greater importance. In mice, wasting PEM is associated with an overabundance of CD4⫹CD45RA⫹ T cells
(CD4⫹ naïve phenotype) and CD8⫹CD45RA⫹CD62L⫹
T cells (CD8⫹ naïve phenotype) that are quiescent compared with CD45⫺ effector and memory phenotypes
(Woodward et al., 1999; ten Bruggencate et al., 2001).
In addition, wasting because of severe protein deficiency decreases proliferation and expression of IFN-γ,
IL-2, and IL-2 receptor mRNA by splenic mononuclear
cells (Mengheri et al., 1992). PEM also affects humoral
responses negatively. Mucosal secretory IgA antibody
responses are more sensitive to wasting than systemic
humoral immunity, leading to the hypotheses that
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PEM affects epithelial IgA transport (Chandra, 1991,
1993; Chandra and Sarchielli, 1993).
Obesity also has been associated with decreased
immune function. In developed countries, the United
States in particular, obesity has become an epidemic, affecting even children. Thirty-eight percent
of obese children and adolescents show impairment
of cell-mediated immune (CMI) responses including decreased DTH, abnormal lymphoproliferative
responses to mitogens, and decreases in bacterial killing by neutrophils (Chandra and Scrimshaw, 1980).
Obesity also has been related to elevated leukocyte and
lymphocyte subsets (excluding NK and cytotoxic/suppressor T cells), lower T- and B-cell mitogen-induced
lymphocyte proliferation, but increased phagocytosis
and oxidative burst activity by monocytes and neutrophils (Nieman et al., 1999). An additive negative
effect of obesity and old-age on immune function has
also been reported (Moriguchi, 1995, p. 169).
Immune responses to vaccination with M. bovis
BCG have been characterized well in the bovine
(Nonnecke et al., 2005; Maue et al., 2004). Sensitization
to M. bovis BCG and elicitation of recall responses
(i.e., IFN-γ and NO) by mycobacterial antigen (i.e.,
PPD) have been used to model CMI responses in cattle (Fiske and Adams, 1985; Nickerson and Nonnecke,
1986; Nonnecke et al., 1986). Recent studies have
investigated the effects of protein and energy status
on adaptive immune responses in neonates using this
BCG/PPD model in cattle (Foote et al., 2005, 2007).
Neonatal life is a unique period with regard to
immune function and development. Additional studies are needed to elucidate what specific immunerelated deficiencies exist as the neonate develops, and
when each of these components is fully functional.
The neonatal bovine may provide a useful model, particularly with regard to development of efficacious
tuberculosis vaccines. Vaccination strategies that are
designed to boost immunity of neonates must consider that the immune system is continuously changing during development. Strategies to enhance the
immune response to vaccination must not only be
properly targeted, but also be appropriate for the stage
of immune development in order to avoid unwanted
effects, such as the generation of an ineffective or negative response (i.e., the potential for development of
tolerance or induction of self-reactivity).

References
Adkins, B. Development of neonatal Th1/Th2 function. Int. Rev.
Immunol. 2000; 19(2–3):157–171.
Adkins, B., Bu, Y., Vincek, V. and Guevara, P. The primary responses
of murine neonatal lymph node CD4⫹ cells are Th2-skewed and

59

are sufficient for the development of Th2-biased memory. Clin.
Dev. Immunol. 2003a; 10(1):43–51.
Adkins, B. and Du, R.Q. Newborn mice develop balanced Th1/Th2
primary effector responses in vivo but are biased to Th2 secondary responses. J. Immunol. 1998; 160(9):4217–4224.
Adkins, B., Leclerc, C. and Marshall-Clarke, S. Neonatal adaptive
immunity comes of age. Nat. Rev. Immunol. 2004; 4(7):553–564.
Adkins, B., Williamson, T., Guevara, P. and Bu, Y. Murine neonatal
lymphocytes show rapid early cell cycle entry and cell division.
J. Immunol. 2003b; 170(9):4548–4556.
Austin, A.S., Haas, K.M., Naugler, S.M., Bajer, A.A., Garcia-Tapia, D.
and Estes, D.M. Identification and characterization of a novel
regulatory factor: IgA-inducing protein. J. Immunol. 2003;
171(3):1336–1342.
Barrington, G.M. and Parish, S.M. Bovine neonatal immunology.
Vet. Clin. North Am. Food Anim. Pract. 2001; 17(3):463–476.
Baumgarth, N., Tung, J.W. and Herzenberg, L.A. Inherent specificities in natural antibodies: a key to immune defense against
pathogen invasion. Springer Semin. Immunopathol. 2005;
26(4):347–362.
Bot, A., Shearer, M., Bot, S., Avriette, M., Garcia-Sastre, A., White, G. et al.
Induction of immunological memory in baboons primed with DNA
vaccine as neonates. Vaccine 2001; 19(15–16):1960–1967.
Buddle, B.M., Wedlock, D.N., Parlane, N.A., Corner, L.A.L., De
Lisle, G.W. and Skinner, M.A. Revaccination of neonatal calves
with Mycobacterium bovis BCG reduces the level of protection
against bovine tuberculosis induced by a single vaccination.
Infect. Immun. 2003; 71(11):6411–6419.
Chandra, R.K. Interactions between early nutrition and the immune
system. Ciba Found. Symp. 1991; 156:77–89, discussion 89–92.
Chandra, R.K. Nutrition and the immune system. Proc. Nutr. Soc.
1993; 52(1):77–84.
Chandra, R.K. Effect of vitamin and trace-element supplementation
on cognitive function in elderly subjects. Nutrition 2001; 17(9):
709–712. [retraction in Meguid M.M. Nutrition 2005; 21(2):
286, PMID: 15793927]
Chandra, R.K. Nutrition and the immune system from birth to old
age. Eur. J. Clin. Nutr. 2002; 56(Suppl. 3):S73–S76.
Chandra, R.K. and Sarchielli, P. Nutritional status and immune
responses. Clin. Lab. Med. 1993; 13(2):455–461.
Chandra, R.K. and Scrimshaw, N.S. Immunocompetence in nutritional assessment. Am. J. Clin. Nutr. 1980; 33(12):2694–2697.
Clement, L.T., Vink, P.E. and Bradley, G.E. Novel immunoregulatory
functions of phenotypically distinct subpopulations of CD4⫹
cells in the human neonate. J. Immunol. 1990; 145(1):102–108.
Cyster, J.G. Chemokines and cell migration in secondary lymphoid
organs. Science 1999; 286(5447):2098–2102.
Cyster, J.G. Homing of antibody secreting cells. Immunol. Rev. 2003;
194:48–60.
Delafuente, J.C. Nutrients and immune responses. Rheum. Dis.
Clin. North Am. 1991; 17(2):203–212.
Elliott, S.R., Roberton, D.M., Zola, H. and Macardle, P.J. Expression
of the costimulator molecules, CD40 and CD154, on lymphocytes from neonates and young children. Hum. Immunol.
2000; 61(4):378–388.
Endsley, J.J., Roth, J.A., Ridpath, J. and Neill, J. Maternal antibody
blocks humoral but not T cell responses to BVDV. Biologicals
2003; 31(2):123–125.
Fiske, R.A. and Adams, L.G. Immune responsiveness and lymphoreticular morphology in cattle fed hypo- and hyperalimentative diets. Vet. Immunol. Immunopathol. 1985; 8(3):225–244.
Foote, M.R., Nonnecke, B.J., Beitz, D.C. and Waters, W.R. Antigenspecific B-cell responses by neonatal calves after early vaccination. J. Dairy Sci. 2007; 90:5208–5217.

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

09_P369408_Ch05.indd 59

11/5/2008 10:24:43 AM

60

IMMUNOLOGY OF VACCINES: CONSIDERATION OF THE NEONATE AS A TARGET FOR VACCINATION

Foote, M.R., Nonnecke, B.J., Waters, W.R., Palmer, M.V., Beitz, D.C.,
Fowler, M.A. et al. Effects of increased dietary protein and
energy on composition and functional capacities of blood mononuclear cells from vaccinated, neonatal calves. Int. J. Vitam.
Nutr. Res. 2005; 75(5):357–368.
Garcia, A.M., Fadel, S.A., Cao, S. and Sarzotti, M. T cell immunity in
neonates. Immunol. Res. 2000; 22(2–3):177–190.
Glezen, W.P. Effect of maternal antibodies on the infant immune
response. Vaccine 2003; 21(24):3389–3392.
Goriely, S., Vincart, B., Stordeur, P., Vekemans, J., Willems, F.,
Goldman, M. et al. Deficient IL-12(p35) gene expression by dendritic cells derived from neonatal monocytes. J. Immunol. 2001;
166(3):2141–2146.
Gray, D., Siepmann, K. and Wohlleben, G. CD40 ligation in B cell
activation, isotype switching and memory development. Semin.
Immunol. 1994; 6(5):303–310.
Haas, K.M., Poe, J.C., Steeber, D.A. and Tedder, T.F. B-1a and B-1b
cells exhibit distinct developmental requirements and have
unique functional roles in innate and adaptive immunity to S.
pneumoniae. Immunity 2005; 23(1):7–18.
He, B., Xu, W., Santini, P.A., Polydorides, A.D., Chiu, A., Estrella, J.
et al. Intestinal bacteria trigger T cell-independent immunoglobulin A(2) class switching by inducing epithelial-cell secretion of
the cytokine APRIL. Immunity 2007; 26(6):812–826.
Herzenberg, L.A., Baumgarth, N. and Wilshire, J.A. B-1 cell origins and VH repertoire determination. Curr. Top. Microbiol.
Immunol. 2000; 252:3–13.
Husband, A.J. and Lascelles, A.K. Antibody responses to neonatal
immunisation in calves. Res. Vet. Sci. 1975; 18(2):201–207.
Inaba, K., Steinman, R.M., Van Voorhis, W.C. and Muramatsu, S.
Dendritic cells are critical accessory cells for thymus-dependent
antibody responses in mouse and in man. Proc. Natl. Acad. Sci.
USA 1983; 80(19):6041–6045.
Ivanov, I.I., McKenzie, B.S., Zhou, L., Tadokoro, C.E., Lepelley, A.,
Lafaille, J.J. et al. The orphan nuclear receptor RORgammat
directs the differentiation program of proinflammatory IL-17⫹ T
helper cells. Cell 2006; 126(6):1121–1133.
Lee, W.H. and Woodward, B.D. The CD4/CD8 ratio in the blood
does not reflect the response of this index in secondary lymphoid organs of weanling mice in models of protein-energy
malnutrition known to depress thymus-dependent immunity.
J. Nutr. 1996; 126(4):849–859.
Levy, O. Innate immunity of the human newborn: distinct
cytokine responses to LPS and other Toll-like receptor agonists.
J. Endotoxin Res. 2005; 11(2):113–116.
Levy, O., Zarember, K.A., Roy, R.M., Cywes, C., Godowski, P.J. and
Wessels, M.R. Selective impairment of TLR-mediated innate
immunity in human newborns: neonatal blood plasma reduces
monocyte TNF-alpha induction by bacterial lipopeptides,
lipopolysaccharide, and imiquimod, but preserves the response
to R-848. J. Immunol. 2004; 173(7):4627–4634.
Li, L., Lee, H.-H., Bell, J.J., Gregg, R.K., Ellis, J.S., Gessner, A. et al.
IL-4 utilizes an alternative receptor to drive apoptosis of Th1
cells and skews neonatal immunity toward Th2. Immunity 2004;
20(4):429–440.
Litinskiy, M.B., Nardelli, B., Hilbert, D.M., He, B., Schaffer, A.,
Casali, P. et al. DCs induce CD40-independent immunoglobulin
class switching through BLyS and APRIL. Nat. Immunol. 2002;
3(9):822–829.
MacLennan, I.C., Gulbranson-Judge, A., Toellner, K.M., CasamayorPalleja, M., Chan, E., Sze, D.M. et al. The changing preference
of T and B cells for partners as T-dependent antibody responses
develop. Immunol. Rev. 1997; 156:53–66.
Marchant, A., Goetghebuer, T., Ota, M.O., Wolfe, I., Ceesay, S.J.,
De Groote, D. et al. Newborns develop a Th1-type immune

response to Mycobacterium bovis bacillus Calmette-Guerin vaccination. J. Immunol. 1999; 163(4):2249–2255.
Maue, A.C., Waters, W.R., Palmer, M.V., Whipple, D.L., Minion, F.C.,
Brown, W.C. et al. CD80 and CD86, but not CD154, augment
DNA vaccine-induced protection in experimental bovine tuberculosis. Vaccine 2004; 23(6):769–779.
McHeyzer-Williams, L.J. and McHeyzer-Williams, M.G. Antigenspecific memory B cell development. Annu. Rev. Immunol. 2005;
23:487–513.
McHeyzer-Williams, M.G. and Ahmed, R. B cell memory and
the long-lived plasma cell. Curr. Opin. Immunol. 1999;
11(2):172–179.
Mengheri, E., Nobili, F., Crocchioni, G. and Lewis, J.A. Protein starvation impairs the ability of activated lymphocytes to produce
interferon-gamma. J. Interferon Res. 1992; 12(1):17–21.
Min, B., McHugh, R., Sempowski, G.D., Mackall, C., Foucras, G.
and Paul, W.E. Neonates support lymphopenia-induced proliferation. Immunity 2003; 18(1):131–140.
Mond, J.J., Lees, A. and Snapper, C.M. T cell-independent antigens
type 2. Annu. Rev. Immunol. 1995a; 13:655–692.
Moriguchi, S., Oonishi, K., Kato, M. and Kishino, Y. Obesity is a risk
factor for deteriorating cellular immune functions with aging.
Nutr. Res. 1995; 15:151–160.
Mond, J.J., Vos, Q., Lees, A. and Snapper, C.M. T cell independent
antigens. Curr. Opin. Immunol. 1995b; 7(3):349–354.
Nickerson, S.C. and Nonnecke, B.J. Tuberculin elicited cellular
immune response in the lactating bovine mammary gland vaccinated intramammarily with Mycobacterium bovis. Vet. Immunol.
Immunopathol. 1986; 13(1–2):39–50.
Nieman, D.C., Henson, D.A., Nehlsen-Cannarella, S.L., Ekkens, M.,
Utter, A.C., Butterworth, D.E. et al. Influence of obesity on
immune function. J. Am. Diet. Assoc. 1999; 99(3):294–299.
Nonnecke, B.J., Elsken, L.A. and Kehrli, M.E., Jr. Local and systemic immune response in the cow after intramammary vaccination during lactation. Vet. Immunol. Immunopathol. 1986;
11(1):31–44.
Nonnecke, B.J., Waters, W.R., Foote, M.R., Palmer, M.V., Miller, B.L.,
Johnson, T.E. et al. Development of an adult-like cell-mediated
immune response in calves after early vaccination with
Mycobacterium bovis bacillus Calmette-Guerin. J. Dairy Sci. 2005;
88(1):195–210.
Northrop, J.K. and Shen, H. CD8⫹ T-cell memory: only the good
ones last. Curr. Opin. Immunol. 2004; 16(4):451–455.
O’Garra, A. and Vieira, P. T(H)1 cells control themselves by producing interleukin-10. Nat. Rev. Immunol. 2007; 7(6):425–428.
Ota, M.O.C., Vekemans, J., Schlegel-Haueter, S.E., Fielding, K.,
Whittle, H., Lambert, P.H. et al. Hepatitis B immunisation
induces higher antibody and memory Th2 responses in newborns than in adults. Vaccine 2004; 22(3–4):511–519.
Randolph, D.A., Huang, G., Carruthers, C.J., Bromley, L.E. and Chaplin,
D.D. The role of CCR7 in TH1 and TH2 cell localization and delivery of B cell help in vivo. Science 1999; 286(5447):2159–2162.
Reiner, S.L., Sallusto, F. and Lanzavecchia, A. Division of labor with
a workforce of one: challenges in specifying effector and memory T cell fate. Science 2007; 317(5838):622–625.
Ridge, J.P., Fuchs, E.J. and Matzinger, P. Neonatal tolerance revisited: turning on newborn T cells with dendritic cells. Science
1996; 271(5256):1723–1726.
Robinson, H.L. and Amara, R.R. T cell vaccines for microbial infections. Nat. Med. 2005; 11(Suppl. 4):S25–S32.
Rose, S., Lichtenheld, M., Foote, M.R. and Adkins, B. Murine neonatal
CD4⫹ cells are poised for rapid Th2 effector-like function.
J. Immunol. 2007; 178(5):2667–2678.
Siegrist, C.A. Vaccination in the neonatal period and early infancy.
Int. Rev. Immunol. 2000; 19(2–3):195–219.

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

09_P369408_Ch05.indd 60

11/5/2008 10:24:43 AM

NEONATAL RESPONSES TO VACCINATION: LESSONS FROM ANIMAL MODELS

Siegrist, C.A. Mechanisms by which maternal antibodies influence
infant vaccine responses: review of hypotheses and definition of
main determinants. Vaccine 2003; 21(24):3406–3412.
ten Bruggencate, S.J., Hillyer, L.M. and Woodward, B.D. The proportion of CD45RA(⫹)CD62L(⫹) (quiescent-phenotype) T cells
within the CD8(⫹) subset increases in advanced weight loss in
the protein- or energy-deficient weanling mouse. J. Nutr. 2001;
131(12):3266–3269.
Vekemans, J., Amedei, A., Ota, M.O., D’Elios, M.M., Goetghebuer, T.,
Ismaili, J. et al. Neonatal bacillus Calmette-Guerin vaccination
induces adult-like IFN-gamma production by CD4⫹ T lymphocytes. Eur. J. Immunol. 2001; 31(5):1531–1535.
Vekemans, J., Ota, M.O.C., Wang, E.C.Y., Kidd, M., Borysiewicz, L.K.,
Whittle, H. et al. T cell responses to vaccines in infants: defective
IFN gamma production after oral polio vaccination. Clin. Exp.
Immunol. 2002; 127(3):495–498.
Vinuesa, C.G., Tangye, S.G., Moser, B. and Mackay, C.R. Follicular
B helper T cells in antibody responses and autoimmunity. Nat.
Rev. Immunol. 2005; 5(11):853–865.

61

Vos, Q., Lees, A., Wu, Z.Q., Snapper, C.M. and Mond, J.J. B-cell activation by T-cell-independent type 2 antigens as an integral part
of the humoral immune response to pathogenic microorganisms.
Immunol. Rev. 2000; 176:154–170.
Woodward, B., Hillyer, L. and Hunt, K. T cells with a quiescent
phenotype (CD45RA⫹) are overabundant in the blood and involuted lymphoid tissues in wasting protein and energy deficiencies. Immunology 1999; 96(2):246–253.
Yan, S.R., Qing, G., Byers, D.M., Stadnyk, A.W., Al-Hertani, W. and
Bortolussi, R. Role of MyD88 in diminished tumor necrosis factor alpha production by newborn mononuclear cells in response
to lipopolysaccharide. Infect. Immun. 2004; 72(3):1223–1229.
Zhang, J., Silvestri, N., Whitton, J.L. and Hassett, D.E. Neonates
mount robust and protective adult-like CD8(⫹)-T-cell responses
to DNA vaccines. J. Virol. 2002; 76(23):11911–11919.

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

09_P369408_Ch05.indd 61

11/5/2008 10:24:43 AM

C H A P T E R

6
Molecular Approaches to Bacterial Vaccines
Vladimir L. Motin and Alfredo G. Torres
Departments of Pathology and Microbiology and Immunology,
Sealy Center for Vaccine Development, University of Texas Medical Branch,
Galveston, TX, USA

O U T L I N E
Reverse Vaccinology

Identification of essential genes: nontransposon- and
transposon-based methods
Functional inhibition of genes: STM, GAMBIT, TraSH
Gene expression in vivo: IVET, RIVET, DFI
Capturing transcribed bacterial genes during in vitro
infection: SCOTS
Antigenomics: antigenome technology, IVIAT, ELI
Stability of protective antigen expression for recombinant
bacterial vaccines

Functional Genomics and Proteomics
Bacterial Cell Surface Display Systems
Gram-negative display systems
Gram-positive display systems
Novel Delivery Systems
Listeriolysin O (LLO)
Genetic vaccination
Bacterial ghost system
Inverted pathogenicity

Conclusions

Genetic Approaches

ABSTRACT
Recent advances in molecular techniques provided a whole-genome perspective in designing novel and improving
existing vaccines against bacterial infections. However, a tremendous amount of information derived from genome
sequencing, comparative genomics, microarrays, proteomics, and other large-scale technologies is still not completely
utilized to provide a systematic mining of new virulence determinants and prospective vaccine candidates. Therefore,
the major task in coming years will be to develop cross-interacting databases which can quickly translate the
functional genomic information into potential vaccines. Yet, in many cases, these approaches have already allowed
identification of more promising targets than conventional approaches did in the past decades. The bottleneck for
moving forward with vaccine technologies resides in the development of high-throughput systems for testing the
properties of selected candidate vaccines. However, the more highly developed systems such as bacterial cell surface
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display are continuing to be improved. Together with the traditionally used outer membrane protein, fimbriae and
flagella displays, novel platforms using autotransporters and lipoproteins have brought additional capabilities
for the carriers to expose foreign molecules on the cell surface. Particularly important has been the creation of
“second generation” vaccine delivery vehicles for mucosal immunization by the addition of codisplayed adhesins
for targeting cells to specific immunoreactive sites. Bacterial peptide display has successfully competed with other
epitope mapping techniques and, in combination with protein arrays, proven useful in identification of the entire
set of antigens of the pathogen targeted by the immune system. In addition, the development of novel delivery
systems has significantly advanced by using intracellular pathogens for genetic immunization. Delivery of DNA
vaccine plasmid and even translation-competent mRNA directly to the cytosol of the antigen-presenting cells can be
efficiently achieved by self-destructing live bacterial carriers. A bacterial ghost delivery system has become popular
for heterologous antigen presentation, and also has been tested for DNA vaccination. Yet another technique, the use
of protein secretion systems such as types I, III, and IV, had opened new horizons of using “inverted pathogenicity”
for vaccine purposes. Further, genetic approaches have improved the area of identification of essential genes,
characterization of functions required for growth under certain conditions (e.g., in vivo–induced), and importantly,
in screening methods of direct selection of protective candidates. Finally, several novel stabilization systems for the
foreign genes expressed in bacterial carriers have been generated and tested with different vaccine carriers.

REVERSE VACCINOLOGY
The term “reverse vaccinology” was proposed
by Rappuoli (2000) and represents a genome-based
approach to vaccine development. In comparison with
the conventional approach, which requires a laborious process of selection of individual components
important for immunity, reverse vaccinology offers
the possibility of using genomic information derived
from in silico analysis of sequenced organisms. This
approach can significantly reduce the time necessary
for the identification of candidate vaccines, and enables systematic identification of all potential antigens
of pathogens, including those which are difficult or
currently impossible to culture. Of course, in limiting
analysis to predicted open reading frames (ORFs) of
the microorganism, one has to assume that the pathogen can express any of them at a given time. In reality, the knowledge of whether the antigen is expressed
in vivo during infection, its abundance and immunogenicity is crucial for determining the feasibility of
using this antigen as a vaccine candidate. Moreover,
this approach is limited to the identification of protein
antigens, omitting such important vaccine components
as polysaccharides and glycolipids. Nevertheless,
reverse vaccinology can enable us to systemically
classify the potential protective antigens, thereby
helping to improve existing vaccines and develop efficient preparations virtually against any pathogen that
has had its genome sequence determined. With the
number of sequenced genomes progressively increasing every year, this approach, combined with recent
advances in bioinformatics, comparative and functional genomics and proteomics, will be the method of
choice for vaccinology studies at the beginning of the
21st century. The main limitation of this approach is

the lack of a high-throughput system to estimate protective immunity of selected candidates.
According to Rappuoli (2000), reverse vaccinology was first successfully applied in the identification
of vaccine candidates against serogroup B meningococcus (MenB). For this study, the entire genome
sequence of Neisseria meningitidis was available, having been computer-analyzed, and in silico-selected
vaccine candidates were expressed in E. coli followed
by immunization of mice and testing of sera for bactericidal activity in vitro (complement-mediated in vitro
killing of bacteria). A total of 600 novel genes were
predicted to code for surface-exposed or exported
proteins, and 350 of them were successfully expressed,
purified, and used for immunization. Finally, 25
novel, surface-exposed proteins were shown to induce
bactericidal antibodies, and most of these vaccine
candidates had not been discovered by all previously used techniques. The foregoing approach has
identified more potential vaccine candidates, including lipoproteins or other types of surface-associated
proteins without membrane-spanning domains, than
conventional approaches did for the past 40 years.
A recent review by a group of scientists from Chiron
Vaccine, Italy (Scarselli et al., 2005) contains additional examples of successfully applied reverse vaccinology techniques for Bacillus anthracis, Streptococcus
pneumonia, Staphylococcus aureus, Chlamydia pneumoniae, Porphyromonas gingivalis, Edwardsiella tarda, and
Mycobacterium tuberculosis. The most recent publication on this topic described identification of a universal Group B Streptococcus (GBS) vaccine by multiple
genome screens. Eight sequenced genomes of GBS
strains belonging to different serotypes were analyzed to find the genes shared by all strains (“core”
genome), as well as genes that were not present in all
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strains (“variable” genome). Then the genes encoding
the putative surface-associated and secreted proteins
were uncovered within two subgenomes (589 total
genes). Of these identified genes, 312 were successfully expressed in E. coli, and the antigens were purified in a soluble form and used to immunize animals.
Four proteins elicited protection in mice, and their
combination was highly protective against 12 virulent
strains, which represented the major pathogenic GBS
serotypes (Maione et al., 2005). In addition to using
such newly discovered antigens for vaccine purpose,
it is important to characterize these proteins in terms
of their biological function. Therefore, the reverse
vaccinology approach provides a powerful tool to
discover previously unknown proteins that have a
significant role in the biology of the microorganism.
The reverse vaccinology approach is hard to imagine
without comparative genomics and structural biology
of bacterial pathogens. By comparing whole genomes
of pathogens with their less-virulent variants, nonpathogenic relatives, unrelated pathogens, and even
commensals, it is possible to identify either unique,
disease-related genes or conserved vaccine targets.
Comparative genomics also provides crucial insight into
the evolution of bacterial pathogenesis, and therefore,
the vaccine candidates that are selected could be properly evaluated with respect to their antigenic appearance, e.g., in terms of criteria such as phase variation,
gene duplication, and tendency to loss rudimentary
functions (Scarselli et al., 2005). Comparison of the threedimensional structures of the proteins implicated in bacterial pathogenesis can provide additional information
on the motifs involved in adhesion and host recognition,
as well as the mode of action of enzymatic virulence factors, including toxins (Waksman et al., 2005).

FUNCTIONAL GENOMICS AND
PROTEOMICS
Recently developed DNA microarrays (or microchips) provided a powerful tool for understanding the
complex regulation of the virulence network and selection of vaccine candidates. Ideally, transcriptome (the
complete series of mRNA transcripts of an organism)
of both pathogen and host should be determined during the course of natural infection. In reality, researchers use a set of in vitro growth conditions that mimic,
to some extent, the environment pathogens encounter
in the host, the appropriate in vivo models (cell cultures and/or animals), or expression analysis in clinical samples. Meinke et al., recently provided several
examples describing the successful identification of

65

new vaccine targets as a result of the use of transcriptional profiling. Among them were previously unconsidered components required for the hyperinfectious
state and dissemination of Vibrio cholerae, genes of
Streptococcus pyogenes encoding proteins that mediate
invasion of innate defense mechanisms, and genes of
M. tuberculosis that were differently expressed under
acidic conditions resembling a phagosome environment (Meinke et al., 2004). Another review described
the use of gene array technology to search for vaccine
candidates and new virulence genes after interaction
of N. meningitidis to human epithelial cells. A wide
range of surface proteins were induced under the
experimental conditions, and this approach, in combination with reverse vaccinology, could provide novel
candidates for a meningococcal vaccine. This review
also contains many other examples of the application
of functional genomics to bacterial pathogens, including the interactions between intestinal epithelial cells
and Salmonella, human promyelocytic cells and Listeria
monocytogenes, bronchial epithelial cells and Bordetella
pertussis, epithelial cells and Pseudomonas aeruginosa,
mouse gastric epithelial cells and Helicobacter pylori,
HeLa cells infected with Chlamydia trachomatis, human
macrophage response to infection with M. tuberculosis,
and the response of human intestinal epithelial cells to
Shigella flexneri invasion (Serruto et al., 2004).
Recently, DNA gene arrays were used to characterize temporal global regulatory changes occurring in the Yersinia pestis genome after a temperature
shift from 26 to 37°C. Plague bacilli exist in nature
at ambient temperature within the flea vector or in
the mammalian host at 37°C, and thermoregulated
changes likely reflect introduction into these niches.
In addition to numerous global regulators, transport
systems, and metabolic genes, modulators of innate
immunity (e.g., invasins, adhesins, cytotoxins, and
inhibitors of proinflammatory cytokines) were found
to be thermoregulated. Therefore, differential transcription during temperature shift identified a useful
list of putative virulence-associated genes to examine
as novel candidates for future research on the control
of this pathogen (Motin et al., 2004). Besides identification of novel vaccine targets, microarray technology could be instrumental in understanding which
pattern of host response is correlated with protective
immunity. Using gene expression profiling in combination with immunohistochemical analysis, the mechanism of protection of a whole-cell sonicate vaccine of
Helicobacter felis was unraveled (Mueller et al., 2003).
Although transcriptional profiling can shed light
on host-pathogen interaction which occurs during the
infection state, there is no direct correlation between
the level of the transcript and corresponding amount of
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synthesized protein. Therefore, a gene array expression
study should be, if possible, accompanied by analysis
at the protein level. Recent achievements in combining two-dimensional gel electrophoresis and mass
spectrometry made feasible the separation and identification of the proteome, a full set of proteins expressed
by a genome (Nilsson, 2002). In addition to the use of
proteomics in complementation with gene expression profiling, the combination of proteome analysis
with serology have already provided the first vaccine
candidate antigens. The significant limitation of such
proteome analysis is the production of the complete
proteome itself, since not all proteins are expressed at
given experimental conditions. This bottleneck might
be possible to overcome by using recently developed
proteome microarray technology which relies on highthroughput amplification of each predicted ORF by
using gene-specific primers, expression in an E. coli–
based, cell-free in vitro transcription/translation system, followed by direct printing of the crude reactions
on the microarray slide. Then the protein microarrays
could be probed with the sera derived from vaccinated/infected humans and animals to determine a
complete antigen-specific profile (Davies et al., 2005).
A novel approach for the identification of bacterial vaccine candidate antigens called antigenome technology
was recently applied to several bacterial pathogens of
the genera Staphylococcus and Streptococcus. In order
to select immunoreactive proteins, peptides of different sizes derived from the bacterial genome were displayed on the surface of E. coli via outer membrane
proteins and were followed by screening with serum
samples against the target pathogen (Meinke et al.,
2005). The typical size of antigenome described in these
experiments consisted of approximately 100 antigens,
most of them surface and secreted proteins (Meinke
et al., 2004). Similarly, another in vitro protein selection
method, ribosome display, was employed to comprehensively identify and map the immunologically relevant proteins of S. aureus (Weichhart et al., 2003). Thus,
together with protein arrays and protein display techniques, serological proteomics will allow identification of the entire set of antigens and epitopes (i.e., the
immunome) targeted by the immune system and sufficient for protection ( Klade, 2002; De Groot, 2004).

BACTERIAL CELL SURFACE
DISPLAY SYSTEMS
Surface display of protein structures has two main
applications in vaccine development. First, the use of
cell surface–exposed heterologous antigens has been

always considered beneficial for the eliciting antigenspecific immune response. Although this may not be
an absolute truth, live bacterial delivery systems are
traditionally used to fulfill this goal. Live vaccines
could be loaded simultaneously with different antigens or their epitopes, receptor-specific ligands to
change vaccine-targeting sites, and codisplayed adhesins that may increase the efficiency of the immune
response. In general, either attenuated pathogens or
nonpathogenic commensal or food-grade bacteria are
used as live vaccine carriers. The display of different colonization factors on the surface of nonpathogens could be particularly advantageous for mucosal
immunization, since these vaccine vehicles do not
invade the host. Therefore, the codisplay of adhesins
can increase colonization of mucosal epithelium, leading to better stimulation of the local immune response.
Second, bacterial surface display expressing various
polypeptide libraries has been utilized for mapping
of epitope sequences for the antibodies elicited to the
particular antigen(s). The use of these systems represents the frequent alternative/complement approach
to phage display of random peptide libraries and
synthetic peptide-based techniques traditionally
employed for epitope mapping. The most common
systems for bacterial cell surface display described in
two recent reviews on the topic will be listed below
(Samuelson et al., 2002; Wernerus and Stahl, 2004).

Gram-Negative Display Systems
Both Gram-negative and Gram-positive bacteria
are used to present foreign molecules on their surface. The systems based on former microorganisms
appeared earlier and employed outer membrane
proteins as carriers for the heterologous peptides or
proteins to be displayed. Since integral outer membrane proteins besides membrane-spanning regions
contain surface-exposed loops, the task was to identify the “permissive” sites within these loops that can
tolerate insertions without the loss of all biological
functions. Therefore, there are limitations both with
respect to the size and nature of the foreign part (passenger domain) used to modify the carrier protein.
The examples of carrier outer membrane proteins
which were used to display the passenger amino acid
(aa) sequence of different sizes are OmpA (15–514 aa),
OprF (17–43 aa), LamB (11–232 aa), OmpS (38–115 aa),
and PhoE (8–32 aa). Most of these carrier proteins
were expressed in enteric bacteria, and successfully
used to elicit a strong immune response to the foreign
part, followed by delivery as a live vaccine.
In addition to the outer membrane protein-based
constructs tolerating insertions within an internal
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permissive site of the surface loop, a more advanced
system termed Lpp’OmpA has been developed. This
system utilized the N-terminal part of the major
E. coli lipoprotein (Lpp) and transmembrane region
of OmpA to allow delivery of C-terminal fusions on
the surface of microbial cell. The Lpp’OmpA construct
could display relatively large inserts (up to 40 kDa),
while remaining sensitive to secondary and tertiary
structures of the passenger. Another example of outer
membrane proteins employed for the bacterial display
is invasin of Yersinia pseudotuberculosis. A decamer random peptide library expressed as a fusion hybrid with
the N-terminal part of invasin residing in the outer
membrane was screened against human cultured
cells. Several clones were identified for their human
cell binding ability to human cells, which was mediated by the surface-displayed peptides. This approach
could be applied to select antiadhesion agents to use
in antiadhesion therapy of bacterial diseases (Ofek
et al., 2003). In addition to outer membrane proteins,
surface-exposed lipoproteins were tested as bacterial
display. Among them were plasmid-encoded lipoprotein TraT involved in conjugation, the peptidoglycan-associated lipoprotein (PAL) from E. coli, and
ice-nucleation protein Inp of Pseudomonas syringae
which is attached to the membrane via the glycosylphosphatidylinositol anchor sequence. The mentioned
systems have some advantages such as a very high
number of copies (10,000 for TraT), or ability to display enzymes, single-chain antibodies, and intact antigens (Inp system).
Recently, autotransporters have been employed
for surface display. Since the autotransporter is an
autonomous structure promoting its own transport
by assembling a channel in the outer membrane, the
system is capable of translocating relatively large segments. The examples of autotransporters that were
used for display of heterologous antigens are the IgA1
protease from Neisseria gonorrhoeae, VirG of Shigella,
and AIDA-I adhesin of E. coli. Moreover, the foreign
protein expressed on the surface by an autotransporter could be released by autoproteolytic cleavage,
if necessary. In addition, other systems have been
developed which allow cell surface–bound antigens to
be subsequently released extracellularly. One example
of such a system is pullulanase from Klebsiella pneumoniae, which is released to the medium at the stationary
growth phase. Finally, filamentous surface structures,
such as flagella (major flagellin subunit, FliC) and fimbriae (P fimbrillin of uropathogenic E. coli and subunits of Type 1 fimbriae of E. coli), have been used for
surface display. The common feature of these systems
is that the insertion of foreign antigens should not disrupt the biogenesis of the filamentous structures that

put significant limitations on the size and conformation of the passenger domains.

Gram-Positive Display Systems
Gram-positive microorganisms have several advantages for surface display applications, since their cells
have only a single membrane, there is a common
mechanism for surface anchoring, and bacteria can
withstand rigorous manipulation conditions due to
the thicker cell wall. The display systems of Grampositive bacteria may be classified into three groups:
cell wall–bound, cell membrane–anchored, and cell
surface–associated proteins. The examples of the
first group (most commonly used) are protein A of
S. aureus, which has provided the surface exposure of
heterologous proteins of various lengths (15–397 aa)
in Staphylococcus and Lactococcus lactis; M6 protein of
S. pyogenes successfully used for display of 15–438 aa
epitopes in Streptococcus gordonii and Lactobacillus; the
surface protein antigen P1 from Streptococcus mutans
that expresses surface-located 179 aa antigen in
S. gordonii; and extracellular cell wall–bound proteinase
PrtP of L. lactis which tolerates the display of 52 kDa
tetanus toxin fragment. The representatives of the
second group are lipoprotein DppE of Bacillus subtilis, which can express a 192 kDa antigen which, however, was not surface-accessible unless the bacterial
cell wall was stripped out; autolysin modifier protein
CwbA of B. subtilis, exposing large 192–497 aa antigen; and M. tuberculosis lipoprotein Mtb19 fused with
⬃31 kDa outer surface protein A (OspA) of Borrelia burgdorferi and expressed on the surface of the Mycobacterium
bovis strain bacilli Calmette-Guerin (BCG). Examples
of the third group are the beta-D-fructosyltransferase
Ffts of Streptococcus salivarius, which has been
expressed as a carrier of heterologous proteins in
S. gordonii and subsequently released from the surface
when desired; and S-layer proteins EA1 and Sap of
B. anthracis containing S-layer homology motifs (SLH)
and stably expressing SLH-fused ⬃50 kDa antigen on
the surface of B. anthracis.

NOVEL DELIVERY SYSTEMS
Listeriolysin O (LLO)
A novel approach for eliciting a cytotoxic T-cell
response has been developed using L. monocytogenes
(LLO). LLO is a pore-forming hemolysin which allows
L. monocytogenes to escape from the phagolysosomal
environment into the host cell cytosol by lysis of the
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phagosomal membrane. Therefore, the incorporation
of LLO into vaccine formulations provides access to
the cytosol of professional antigen-presenting cells
(APC) by vaccine components, an activity that is crucial for MHC class I presentation of antigen. LLO was
tested in combination with purified protein antigens,
attenuated bacterial vaccine strains, DNA vaccines,
and the contents of liposomes. Coadministration
of LLO with the model antigen chicken ovalbumin
resulted in efficient presentation of epitopes of
this antigen, together with MHC class I molecules.
Similarly, LLO introduced the nucleoprotein of influenza virus and beta-galactosidase directly into the host
cell cytosol. Introduction of secreted LLO in attenuated live vaccine carriers such as Salmonella, mycobacteria (BCG), vaccinal strain of B. anthracis, and E. coli
expressing recombinant antigen stimulated a class
I–restricted CD8 T-cell response (Dietrich et al., 2001).

Genetic Vaccination
Genetic vaccination is a promising new technology that has emerged in recent years. In general, DNA
vaccines are composed of bacterial plasmids encoding antigens under the control of strong eukaryotic
promoters. Typically DNA vaccines are injected intramuscularly or intradermally in their naked form and
induce antigen-specific humoral and cellular immune
responses. However, delivery of DNA vaccine plasmids into mammalian cells by intracellular bacteria
(bactofection) might allow more specific targeting of
a variety of host cells, including professional APCs.
In most cases, bacteria used as DNA vaccine carriers
are attenuated pathogens which can be classified into
three categories: extracellular pathogens (some strains
of E. coli, Yersinia spp.); intraphagosomal pathogens
(Salmonella spp.); and intracytosolic pathogens (Shigella
spp., L. monocytogenes). Y. enterocolitica is an extracellular enteropathogen multiplying in abdominal
lymphoid tissue. Normally, the pathogen is resistant to
phagocytosis due to the presence of a virulence plasmid-encoding type III secretion system. Nevertheless,
a virulence plasmid-cured variant could be phagocytosed by APC, thus providing a basis for the DNA
vaccine delivery. Salmonella cells can promote their
own uptake into phagocytes and avoid the killing
mechanism of phagocytes following internalization.
Virulent strains will multiply in the phagosomal compartment. However, attenuated live vaccine carriers
of Salmonella die there, resulting in release of the DNA
vaccine vectors into the phagosome and consecutively from the phagosome via phagosomal leakage
into the cytosol. Upon invasion of APC, Shigella spp.,

unlike Salmonella spp., can rapidly escape from endocytic vacuoles to the cytosol of the mammalian cell.
Therefore, attenuated vaccine carriers, which are lysed
in the cytosol, can deliver the plasmids directly to this
intracellular compartment. L. monocytogenes, the only
Gram-positive carrier for bacterial DNA vaccine, can
multiply within the cytosol and disseminate through
tissue by intercellular spread. Like the Shigella-based
vaccine delivery platform, Listeria carriers deliver DNA
vaccine to the cytosol of a broad spectrum of host cell
types. The nonpathogenic bacterium Bifidobacterium
longum (found in the lower small intestine of humans)
and Agrobacterium tumefaciens (soil plant pathogen)
are also tested as DNA vaccine delivery systems. It is
important to mention that both effective invasion of
host cells and escape of the bacterial carrier from the
phagosome are crucial for efficient DNA vaccination.
When a noninvasive laboratory strain of E. coli used
for DNA vaccination was modified to express the inv
gene (invasin) of Y. pseudotuberculosis, DNA transfer
occurred more efficiently. Likewise, inactivation of
L. monocytogenes genes involved in invasion led to a
reduced ability of the L. monocytogenes–based carrier to
deliver DNA vaccine. To promote phagosomal escape,
Salmonella carrier strains were created, either to secrete
LLO or to produce a pore-forming hemolysin from
E. coli, and this alteration improved gene transfer
efficacy. Moreover, most of the bacterial carriers for
DNA vaccination were designed to lyse when bacteria
entered the host cell. The impaired cell wall synthesis (Shigella, Salmonella, invasive E. coli carriers) and
production of a phage lysin (Listeria) are the common
ways to achieve specific autolysis of the bacteria into
the cytosol compartment (Loessner and Weiss, 2004;
Schoen et al., 2004).
One of the major limiting factors in using bacterial
carriers for DNA vaccination is the import of plasmid DNA from the cytosol into the nucleus where the
expression takes place. The nuclear membrane represents a significant barrier for efficient gene transfer.
Recently, a self-destructing L. monocytogenes carrier was
used to release translation-competent messenger RNA
(mRNA) directly into the cytosol of epithelial cells,
macrophages, and human dendritic cells. The transfer
of functional mRNA into mammalian cells using a bacterial carrier represents a totally novel delivery system
for vaccine development (Schoen et al., 2005).

Bacterial Ghost System
The bacterial ghost (BG) system is another example
of a recently developed antigen delivery vehicle. To
produce BG of Gram-negative bacteria, the controlled
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nondenaturing method of lysis by the PhiX174 bacteriophage protein E was used. Protein E can form a
specific lysis tunnel spanning the whole cell wall complex through which the cytoplasmic content of the cell
is expelled. The resulting BG is generally free from
nucleic acids, ribosomes, and other intracellular components; however, outer and inner membranes largely
remain intact. In contrast to heat, irradiation, or chemical inactivation of pathogens for vaccine purposes,
BG preserves its native antigenic structure, and LPS
and peptidoglycan retain their immunostimulatory
activity, while production and storage of BG can be
achieved at low cost. This attractive platform has been
adapted for antigen delivery by insertion of the antigens into the BG envelope. The BG system has been
applied for envelope and/or heterologous antigen
presentation of many medically important bacterial
agents such as V. cholerae, pathogenic E. coli, Salmonella
spp., Actinobacillus pleuropneumoniae, Francisella tularensis, Brucella melitensis, Bordetella bronchiseptica, etc.
(Mayr et al., 2005). BG has also been successfully
tested as a platform technology for DNA delivery
following the loading of lyophilized BG in the DNAcontaining buffer or by developing a procedure for
the targeted immobilization of plasmid DNA in the
cytoplasmic membrane of the carrier (Mayrhofer
et al., 2005; Paukner et al., 2005).

Inverted Pathogenicity
The “inverted pathogenicity” concept means the
use of virulence mechanisms for prevention or therapy of disease. With respect to the development of
new bacterial delivery systems, the classical example
of inverted pathogenicity is the employment of a type
III secretion system (T3SS) for vaccination. T3SS has
been identified in a number of Gram-negative mammalian and plant pathogens; its structure resembles
the basal body of flagella and forms a “needle complex.” This system not only provides efficient secretion
of virulence factors by the pathogen but also delivers them directly into the cytosol of eukaryotic cells
by the contact-mediated translocation (Hueck, 1998;
Cornelis, 2002). Therefore, the ability to inject virulence
factors (effectors) could be utilized for the cytosolic
delivery of heterologous antigens and their immunorelevant fragments. For this purpose, TTSS of Salmonella
pathogenicity island 1 (SPI-1) was employed that
promotes uptake of the pathogen and formation of a
membrane-bound compartment (macropinosome) in
which Salmonella cells further multiply. Importantly,
Salmonella continues to translocate type III effectors into
cytosol of the host, as it resides in the macropinosome.

Insertion of immunodominant heterologous CD8
epitopes into one of the effectors indeed led to the
strong induction of specific MHC class I–restricted
immune response, followed by immunization with
attenuated Salmonella live carrier. The T3SS-based delivery system was further improved by using the Yersinia
effector’s YopE secretion and translocation N-terminal
sequence, which is functional in Salmonella as well, thus
allowing the cytosolic injection of significantly larger
antigens. Recently, attenuated Yersinia and its T3SS
were also used for live vaccine delivery which led to
efficient antigen-specific CD4 and CD8 T-cell responses
(Russmann, 2004). Similarly, the type IV bacterial secretion system of A. tumefaciens, which is capable of mediating DNA transfer into human cells, could be used for
genetic vaccination (Loessner and Weiss, 2004). Finally,
a type I secretion system can be an effective delivery
system in virulence-attenuated, Gram-negative bacteria. For example, the use of the alpha-hemolysin
secretion pathway provided an export of heterologous
antigens from the cytoplasm of bacterial carrier into
either the phagosome or the cytosol of infected cells
(Gentschev et al., 2002).

GENETIC APPROACHES
The availability of genome-scale sequence data, the
development of new tools for high-throughput gene
expression monitoring, and improvements in the ability to analyze large data sets have revolutionized the
field of vaccine development. In this section, we discuss several high-throughput genomics approaches
that have been developed to discover genes whose
expression takes place specifically when the bacteria
infect their host and which encoded those antigens
with potential applications as vaccine candidates.

Identification of Essential Genes:
Nontransposon- and Transposon-Based
Methods
Nontransposon Methods
A simple way to define an essential gene is derived
from the functional analysis of the protein product.
While a mutation (transposon-based or not) within
a nonessential gene would not be expected to affect
the growth rate of the cell, the mutation within an
essential gene would probably result in a measurably diminished growth rate or fitness of the mutant
compared to the wild-type bacterium (Lehoux et al.,
2001). There are several methods to identify essential
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genes that do not rely on transposons, including
comparative genomics and the directed knockout of
genes. More traditional analysis uses the generation
of conditional mutations that affect growth, such as
temperature-sensitive (TS) mutations (Judson and
Mekalanos, 2000). TS mutations are generated by
chemical mutagenesis and result in unmarked point
mutations that allow the identification of essential
genes by growth at a permissive temperature, but
not at a nonpermissive temperature. The location
of the mutation is determined by a mapping and/or
complementation cloning strategy. Another approach
that builds on comparative genomics involves the targeted knockout of specific genes after bioinformatics
analysis. This approach uses the premise that genes of
unknown function that are conserved between organisms are more likely to be essential than nonconserved
genes. Gene-by-gene PCR-product design, cloning,
and attempted knockout of the gene in question are
used to determine if the gene is essential (Judson and
Mekalanos, 2000).
Transposon-Based Methods
There are a number of different transposon-based
approaches available for defining essential genes
(Lehoux et al., 2001). The utility of each approach
varies, depending on the type of information one is
interested in obtaining and the genetic systems available in the organism of interest. There are two ways
to identify essential genes or regions of the bacterial chromosome which can be based on the location
of the transposon insertion: the “negative” and the
“positive” approaches (Judson and Mekalanos, 2000).
A problem in trying to identify essential genes is that
a knockout of an essential gene is lethal. Therefore,
the use of the negative approach will help with the
identification of many regions that are not essential
and enable one to say with some certainty that regions
in which transposon insertions are not observed are
likely to be essential. These types of approaches that
allow saturating in vitro transposon mutagenesis of
PCR-amplified chromosomal segments of naturally
competent organisms, uptake of these mutagenized
fragments, and homologous recombination into the
chromosome have being used to identify essential
genes in Haemophilus influenzae, Mycoplasma, and
S. pneumoniae (Judson and Mekalanos, 2000).
The positive approach defines genes that are essential instead of defining genes or regions of the chromosome that are nonessential by generating a conditional
mutation and showing that it has a lethal phenotype.
This approach defines essential genes by replacing
the gene’s natural promoter with an inducible one.

Transposition with a transposon that has an outwardfacing inducible promoter at one end of the transposon
into the promoter region of a gene creates a gene in
which the function of the natural promoter is replaced
by an inducible promoter. If the gene is essential, the
bacterial strain is now dependent on the inducer for
growth or survival. This approach was first used with
Tn5tac1, a derivative of transposon Tn5 that generates
conditional mutations, and modified methods have
subsequently been used to identify a number of genes
with conditional growth phenotypes (Judson and
Mekalanos, 2000; Lehoux et al., 2001).

Functional Inhibition of Genes:
STM, GAMBIT, TraSH
Signature-Tagged Mutagenesis (STM)
STM is a functional genomics technique that identifies microbial genes required for infection within an
animal host, or within host cells, using extensive collections of mutants generated by insertional mutagenesis. DNA tags are usually incorporated into the
mutagenesis vector (transposon or insertional mutagenesis plasmid) to label each mutant with a unique
identifying DNA “signature-tag.” Pools of mutants
are then screened through an animal model or cell
culture to identify clones in which a mutation has
impaired multiplication. Mutants that fail to be recovered after the screen are likely to be attenuated and
therefore altered within virulence genes. The presence or absence of individual mutations within a
pool of mutants can then be detected by PCR amplification and detection of the signature-tags, and their
identification enables negative selection screens to be
performed. STM was originally used in the enteric
pathogen Salmonella enterica serovar Typhimurium,
in which the investigators identified known virulence determinants, thus demonstrating the utility of
the technique, as well as the identification of a pathogenicity island (Salmonella pathogenicity island 2,
SPI-2) containing a type III secretion system (Hensel
et al., 1995). Since then, STM has been applied so far
to a variety of pathogens, including M. tuberculosis,
S. aureus, V. cholerae, Y. enterocolitica, S. pneumoniae,
and N. meningitidis (Mecsas, 2002).
Genomic Analysis and Mapping by
In Vitro Transposition (GAMBIT)
This method is a variation of the transposon-based
approaches which use the transposon TnAraOut
to perform high-density mutagenesis of restricted
regions of the genome (Akerley and Lampe, 2002).
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Using this technique, the complete set of genes
required by H. influenzae for growth and viability in
vitro has been identified. Further, genes essential for
growth in Mycoplasma were defined using the same
approach (Hutchison et al., 1999).
Transposon Site Hybridization (TraSH)
The combined use of high-density transposon
mutagenesis and microarray hybridization mapping of pools of mutants resulted in the development
of TraSH, a method suitable for the rapid functional characterization of bacterial genes required
for growth under different conditions (Sassetti et al.,
2001). In TraSH, each mutant contains a single transposon insertion, and the bacterial library contains
mutations in each gene in the genome. After a growth
phase, mutants harboring insertions in genes that are
required for survival are lost from the library. The
TraSH probe is generated from the selected library,
and this “insertion probe” consists only of sequences
complementary to genes that contain insertions in
the selected library. Randomly labeled chromosomal
DNA (genomic probe) will hybridize to every gene
represented on the array. Spots that hybridize to the
genomic probe, but not the insertion probe represent
genes that are required for growth. TraSH has been
applied to identify conditionally essential genes in
M. bovis BCG which represent promising targets for
rational attenuation (Sassetti et al., 2003).

Gene Expression In Vivo: IVET, RIVET, DFI
In Vitro Expression Technology (IVET)
IVET is designed to identify bacterial genes that are
induced when a pathogen infects its host. A subset of
these induced genes should include those that encode
virulence factors. The system is based on complementation of a mutation in a biosynthetic gene (auxotrophic mutation) by gene fusion, and is designed to
be used in a wide variety of pathogenic organisms
(Slauch et al., 1994). The positively selected fusions
are then sequenced to identify in vivo–induced genes.
The original IVET made use of a S. typhimurium
library consisting of a promoterless, two-reporter
operon fused randomly in the bacterial chromosome
(Mahan et al., 1993). One of the two reporters encoded
an enzyme whose expression was necessary for survival in mice. In this study, a mouse was infected
with the library, and only bacteria containing in vivo–
induced fusions survived, since only they expressed
the reporter enzyme. Bacteria were then harvested
from the animal and grown on laboratory media.
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At this step, the second reporter gene, e.g., lacZ,
became important. When the lacZ activity of bacteria
grown on indicator media is determined, only those
fusions with low lacZ activity (those with promoters
active in the mouse but inactive in vitro) are kept for
further study. As indicated, this method requires the
existence of an attenuating and complementable auxotrophy, which might not be available in all microbial
systems. Variations to the original IVET method have
been developed using different reporting systems
(e.g., gene fusions to green fluorescent protein and
the use of flow cytometry to screen for the promoters;
Valdivia and Ramakrishnan, 2000).
Recombination-Based In Vivo
Expression Technology (RIVET)
This is a new version of the IVET method, which
enables the detection of genes that are transiently
turned on during adaptation to a new environment.
The RIVET system is based on recombinase gene
fusions, which, on induction during infection, mediate
a site-specific recombination, the product of which can
be screened for after recovery of bacteria from host
tissues. RIVET is very sensitive to low or transient
expression of in vivo–induced (ivi) genes during infection and is therefore capable of identifying members
of this potentially interesting class of genes. RIVET is
also uniquely designed for the postidentification analysis of ivi genes; e.g., it has been used to analyze the
temporal and spatial patterns of virulence gene induction during infection and to dissect the regulatory
requirements of in vivo induction with respect to both
bacterial regulatory factors and host-inducing environments (Slauch and Camilli, 2000). RIVET was first
successfully used with V. cholerae to identify genes
that are induced transcriptionally during infection
of the gastrointestinal tract of infant mice. A recent
improvement in this technology has allowed the same
investigators to increase the efficiency of the screening
method and to reduce the frequency of false positives
(Osorio et al., 2005).
Differential Fluorescence Induction (DFI)
DFI utilized a fluorescence-enhanced green fluorescent protein (GFP) and fluorescence activated cell
sorter (FACS) to separate bacteria or infected cells
on the basis of GFP fluorescence (Valdivia and
Ramakrishnan, 2000). In the original application, the
technique was used to screen a S. typhimurium library
for promoters that are upregulated at pH 4.5 (Valdivia
et al., 1996). Macrophage-like cell lines were also
infected with the same library of S. typhimurium-bearing
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random gene fusions. Using this approach, cells that
become fluorescent, due to their association with a
gfp-expressing S. typhimurium, are collected by FACS.
Then, bacteria cells are recovered, grown again in the
absence of cells, and sampled by FACS. Bacteria that
are no longer fluorescent in the extracellular environment are sorted and used for a second round of macrophage infection. S. typhimurium present within these
fluorescent macrophages contained gfp fusions that
were upregulated in the host’s cell intracellular environment (Valdivia et al., 1996; Valdivia and Falkow,
1997). One of the advantages of DFI is that there is
available automation for initial screening compared
to manual screening. Another advantage is that DFI
allows the study of upregulation, as opposed to on-off
types of gene induction.

Capturing Transcribed Bacterial Genes
During In Vitro Infection: SCOTS
Selective Capture of Transcribed
Sequences (SCOTS)
The differential gene expression in bacteria within
infected host cells or tissues has been limited by the
low number of bacteria in these systems and the instability of bacterial mRNA. There are also difficulties
involved in separating bacterial mRNA from ribosomal RNA and host RNA. Development of SCOTS
has allowed identification of bacterial genes that are
expressed within macrophages (Graham and ClarkCurtiss, 1999; Morrow et al., 1999). SCOTS allows the
selective capture of bacterial cDNAs from total cDNA,
prepared from infected cells or tissues, using hybridization to biotinylated, bacterial, genomic DNA.
The cDNA mixtures obtained are then enriched for
sequences that are transcribed preferentially during
growth in the host, using additional hybridizations to
bacterial genomic DNA in the presence of cDNA similarly prepared from bacteria grown in vitro.

Antigenomics: Antigenome Technology,
IVIAT, ELI
Evaluation of the immune response against any
candidate antigen is a crucial validation task and cannot be circumvented. Therefore, techniques using
human immunogenicity as their primary screening and selecting parameter on a genome-wide basis
seems to be particularly valuable in vaccine development. Moreover, the antibodies that are induced in the
host are molecular proofs of the in vivo expression of
the corresponding antigenic proteins.

Antigenome Technology
Combining the advantages of full genome coverage and serological antigen identification, antigenome
technology is an approach for identification of antigenic protein epitopes from bacterial pathogens. This
approach defines the most-relevant antigenic proteins that are targeted by the human immune system,
including their antibody-binding sites (Etz et al., 2002),
through the use of comprehensive small-fragment
genomic-surface display libraries and antibodies from
human serum. Antigenome technology offers an integrated approach for antigen validation to select the
most-promising candidates for the development of
subunit vaccines against targeted bacterial diseases, as
selected clones can be used directly for the generation
of specific immune sera for surface localization and in
vitro functional assays, without the demanding task of
high-throughput recombinant protein production.
In Vivo–Induced Antigen Technology (IVIAT)
This antibody-based selection method has been
developed to identify those gene products targeted
by the host immune system (Handfield et al., 2000).
Sera from patients are first pre-adsorbed with cells of
the pathogen grown in vitro, to select antibodies recognizing antigens specifically expressed in vitro, then
used to probe expression libraries of the DNA of the
pathogen to identify antigens expressed specifically
during infection, but not during growth in standard
laboratory media. Reactive clones are purified and the
cloned DNA sequenced to identify the corresponding
gene products. This technique does not require direct
genetic manipulation of the pathogen or an animal
model, but it is necessary that a gene product is immunogenic to be identified. IVIAT has been applied, e.g.,
for the identification of Vibrio, E. coli O157:H7, and
Mycobacterium antigens that are uniquely expressed
during human infection (Rollins et al., 2005).
Expression Library Immunization
Technology (ELI)
Another major challenge in the development of
efficient screening methods is direct selection for protective candidates. The ELI technology is designed
to discover vaccine candidate genes, by using the
immune system to identify protective antigens from
complex organisms such as fungi, protozoa, and ticks
(Barry et al., 2004). However, this technology has also
been applied, in combination with in vitro assays, to
select immunogenic and protective antigens from bacterial pathogens, such as M. tuberculosis (Delcayre et al.,
2003), Mycoplasma (Barry et al., 1995), and recently,

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

10_P369408_Ch06.indd 72

10/31/2008 8:47:52 AM

GENETIC APPROACHES

Chlamydia abortus (Stemke-Hale et al., 2005). ELI is
based on the idea that pools of genes from a given
pathogen could be introduced into the test animal by
genetic immunization and then screened for whether
they contained one or more protective antigens by
directly challenging the host with the pathogen.
Although the method represents the most straightforward approach to select protective candidates, it is
limited to the study of genes that can be expressed in
eukaryotic cells, and necessitates animal models that
are suitable for screening purposes.

Stability of Protective Antigen Expression for
Recombinant Bacterial Vaccines
Eliciting the desired immune response against a
heterologous antigen is influenced by the appropriate levels of antigen expression; insufficient expression
levels will abrogate the immune response, but expression levels that are too high might result in increased
metabolic load and toxicity problems. One method
of avoiding inappropriate high expression levels is
chromosomal integration of heterologous antigens
(Galen and Levine, 2001). Although this approach has
proven successful for some antigens, in other cases
it failed to provide the expected protective immune
responses. Since in vivo stability of protective antigen expression is important for recombinant bacterial
vaccine efficacy, the optimization of carrier strains by
using stabilized and antibiotic-resistant free-expression
plasmids, capable of expressing high levels of heterologous antigen, is one of most common approaches
when developing new bacterial live vaccines (Spreng
and Viret, 2005). Further, the use of in vivo–inducible
promoters to limit heterologous gene expression has
been shown to enhance the stable expression and immunogenicity of foreign antigens, while reducing metabolic
load during in vivo propagation (Galen and Levine,
2001). In addition, the plasmid-based expression of heterologous genes provides the flexibility of introducing
heterologous expression cassettes into a variety of existing live vectors efficiently, without the need for cumbersome chromosomal integrations for each live vector.
In the following sections, we will discuss some of the
most popular plasmid maintenance systems used for
the stabilization of plasmids in vivo.
Plasmid Maintenance Systems Based on
Auxotrophies in DNA and Cell Wall Synthesis
In plasmid-based balanced lethal systems, plasmids express an essential protein required for the bacteria to grow and replicate. The loss of such plasmids
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destroys the ability of the bacterium to express this
protein and results in cell death. This process of segregational plasmid loss is known as “postsegregational
killing” (Spreng and Viret, 2005).
One of the first balanced lethal plasmid systems
which rely on the ability to complement a mutation in an essential gene (auxotrophic mutation) was
developed by Curtiss et al. (1990) and successfully
employed in S. typhimurium. This system is based on
expression of the asd gene encoding aspartate betasemialdehyde dehydrogenase (Asd), which is involved
in the biosynthesis of diaminopimelic acid (DAP) from
aspartate. Asd is a critical enzyme involved in the synthesis of structural components essential for the formation of the cell wall in Gram-negative bacteria, so
that asd mutants lyse in a growth medium deprived of
DAP. However, cells deleted for the chromosomal asd
gene, but harboring a complementing Asd plasmid
are restored to normal growth, and loss of the plasmid during segregation leads to cell lysis. Since DAP
is not prevalent in the animal host, essentially 100% of
the surviving avirulent Salmonella recovered from an
immunized animal host still contains the recombinant
plasmid and expresses the foreign antigen (Curtiss
et al., 1990). Asd-stabilized plasmid systems encoding
heterologous antigens have been widely evaluated in
S. typhimurium and S. typhi vaccine strains (Spreng and
Viret, 2005). One drawback from this system is that
toxicity has been observed due to the expression of
some foreign proteins in live bacterial vaccine carriers,
which generally leads to the overgrowth of a plasmidfree bacterial population. This toxicity is believed to
be caused by a vastly increased metabolic burden on
the cell, and can be exacerbated by the use of plasmids
that have high copy numbers. Therefore, attempts to
reduce the level of Asd protein and obtain a more balanced expression have been made, e.g., depleting the
asd 35 and 10 promoter region on the multicopy
Asd plasmids still harboring the Shine–Dalgarno
sequence for ribosome recognition, which results in
a significant reduction in expression of Asd protein
and enhance immunogenicity of the foreign antigen
(Spreng and Viret, 2005).
Another plasmid system uses the thymidylate synthase (thyA), which is an essential gene involved in
the de novo synthesis of the DNA precursor thymidine monophosphate from uridine monophosphate.
Isogenic thyA auxotrophic mutants are incapable of
intracellular growth and survival in vitro and undergo
so-called thymidineless death. The thyA lethal balanced system is a very efficient method to achieve
stable plasmid inheritance both in vitro and in vivo,
and this plasmid system can easily be adapted to any
host–vector combinations, since thyA chromosomal
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mutations can readily be selected by trimethoprim
selection (Morona et al., 1991). Such a stabilization
system has been used, e.g., to generate a candidate
carrier strain against cholera (Spreng and Viret, 2005).
A third balanced lethal plasmid system, based on
the purB gene, has been developed for Salmonella spp.
for the heterologous expression of H. pylori urease.
The purB coding for adenylosuccinate lyase catalyzes
an essential step in the de novo synthesis of adenosine
monophosphate involved in the purine biosynthetic
pathway. Using this system, it was found that despite
an almost equal protein expression, the in vitro stability of the urease-encoding plasmid differed markedly
between carrier strains, and the level of the immune
response induced against the heterologous antigen
seems to be conditioned by a stable antigen expression in vivo (Spreng and Viret, 2005).
Plasmid Maintenance Systems Based on
Auxotrophies in Biosynthetic Pathways
Genes involved in amino acid and protein synthesis
steps have also been employed for the design of balanced lethal plasmid stabilization systems. Glutamine
synthetase, encoded by glnA, is required for glutamine
synthesis, which serves together with glutamate as a
primary nitrogen source in bacterial metabolism. For
example, a V. cholerae glnA mutant was complemented
in trans with a plasmid coding for the heterologous S.
typhimurium glnA gene, and then the strain was used
for oral inoculation of germ-free mice. Bacteria were
recoverable for 10–12 days from the stools. However,
a problem with this approach was that plasmid-free
carrier bacteria could be recovered for 8 days after primary inoculation (Ryan et al., 2000).
Other example is the suicide L. monocytogenes carrier system developed for bactofection DNA delivery
into mammalian cells and which takes advantage of
a phage lysin which is specifically expressed once the
bacteria enter the host cell cytosol. This results in the
complete lysis of the bacteria and in the consequential release of plasmids encoding for heterologous
antigens under the control of a eukaryotic promoter
(Dietrich et al., 1998). This balanced lethal plasmid
system was shown to efficiently stabilize the recombinant plasmid both in vitro and in vivo.
A third plasmid stabilization system has been
described for E. coli based on the infA gene coding for
translation initiation factor 1 (IF1), a small intracellular protein essential for cell viability. By deleting the
chromosomal infA gene and placing it instead on a
plasmid, the latter could be kept totally stable for at
least 120 generations of growth in the absence of antibiotics. Although developed for large-scale cultures

that are usually applied in bioreactors for microbial
production of bio-molecules, this system does not
seem to be limited to E. coli, and further evaluation in
attenuated live bacterial carriers may clarify its use for
vaccine development (Hägg et al., 2004).
Plasmid Maintenance Systems Based
on Toxin–Antitoxin Modules
Toxin–antitoxin systems also known as “postsegregational cell killing” and “addiction” systems ensure
plasmid maintenance during replication by conferring an advantage on plasmid-retaining cells due to
reduced competitiveness of their plasmid-free counterparts. The best-characterized toxin–antitoxin module is the hok-sok locus of E. coli plasmid R1. hok-sok is
a two-component system in which hok encodes a lethal
pore-forming Hok protein. Hok translation is blocked
by binding of the sok transcript that is complementary
to the 5 end of the hok mRNA. However, sok mRNA
is highly susceptible to degradation by nucleases, and
its protective intracellular concentration must be maintained at a critical level by constitutive transcription
from a resident plasmid carrying the hok-sok locus.
Therefore, the absence of a renewable source of the sok
antitoxin RNA in bacteria that spontaneously lose such
plasmids results in the accumulation of the more stable hok mRNA and thereby to the sustained synthesis
of the Hok protein and subsequent cell death by cell
membrane depolarization (Gerdes et al., 1997). The
noncatalytic, postsegregation killing function of the
hok-sok module has been incorporated in attenuated
strains of S. typhi and S. flexneri, causing an enhanced
inheritance of plasmids, but was not sufficient to maintain plasmids coding for toxic proteins (Galen and
Levine, 2001). Therefore, plasmid maintenance systems
combining a postsegregational system and partition
functions significantly enhance plasmid segregational
stability and minimize plasmid loss in a population of
actively growing bacteria, and are becoming the next
generation of plasmid maintenance systems used in
bacterial-based vaccine development.

CONCLUSIONS
From the foundation for modern vaccinology established by Edward Jenner in the late 1700s, the field of
bacterial vaccines has seen dramatic changes, particularly in recent years, due to tremendous advances in
molecular biology, immunology, cell biology, biochemistry, and the use of innovative scientific approaches.
The emergence of multidrug resistance of many
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clinically relevant bacterial pathogens has renewed
an interest in the development of efficient, safe, and
affordable vaccines. As presented in this chapter, to
date, weakened microbes, killed microbes, inactivated toxins, and purified proteins or polysaccharides
derived from microbes, represent some of the most
common components used in vaccine development
strategies. However, advances in biotechnology linked
to the progress in genome sequencing of pathogens
and high-throughput screening technologies are aiding the development of a new generation of vaccines,
capable of activating the immune system, including
eliciting both humoral and cell-mediated immunity
against a variety of disease-producing organisms.
Despite the progress, bacterial infections are still killing millions of people worldwide. Therefore, there is a
need for the development of new and innovative vaccines to prevent the most challenging of diseases and
to respond to the threat of bioterrorism.
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ABSTRACT
Traditional vaccine development platforms such as live-attenuated virus, killed virus, or recombinant subunitbased vaccines are often effective in eliciting long-term immunity to a number of infectious human pathogens.
However, for many human pathogens, vaccine platforms such as these are unsuitable for human use due to safety
concerns, poor efficacy, or simple impracticality. As a result, much work has focused on the use of recombinant
virus vectors as a means for vaccination against human pathogens. Viral vectors can express foreign proteins
at high levels in host cells, resulting in strong, long-lasting immune responses against the target proteins. This
chapter describes the use of virus vectors in the context of vaccination against human pathogens. Various vector
platforms are discussed, compared, and contrasted.
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INTRODUCTION
Traditional vaccination platforms such as liveattenuated or killed virus vaccines have been used
successfully for decades. This approach is applied to
many different human diseases including smallpox,
polio, measles, mumps, yellow fever, rubella, influenza, varicella, and hepatitis A. This form of vaccine
development can be very effective, with particular
support demonstrated by the eradication of smallpox
and near eradication of polio through global vaccination efforts.
Compared to inactivated/killed virus vaccines, liveattenuated vaccines are generally thought to provide
longer-lasting immunity without the need for repeated
booster immunizations, and are an economical and
simple means for high efficacy vaccine production.
However, development of live-attenuated virus vaccines for some human pathogens can encounter safety
concerns due to under-attenuation of the virus or even
a reversion to its pathogenic state. For example, in
efforts to develop HIV vaccines, researchers have investigated live-attenuated simian immunodeficiency virus
(SIV) vaccines as proof of principle and found strong
levels of protection in nonhuman primates (Johnson
and Desrosiers, 1998). Unfortunately, live-attenuated
SIV vaccines can also cause AIDS in vaccinated monkeys due to reversion to pathogenic form (Baba et al.,
1999; Berkhout et al., 1999), which is a frequent source
of controversy for those in the field (Murphey-Corb,
1997). Similar findings are noted for other experimental
live-attenuated vaccines. For example, live-attenuated
dengue virus vaccines also show protective immunity in animal models (Blaney et al., 2005). However,
a Phase I clinical trial involving a live-attenuated dengue virus vaccine formulation was halted due to side
effects caused by under-attenuation of the vaccine
virus strain (Kitchener et al., 2006). Obviously, there is
a fine balance between developing a safe, attenuated
virus strain and developing one that maintains a high
level of immunogenicity. Unfortunately, the immunogenicity of live-attenuated vaccines is often gained at
the cost of clinical safety, and vice versa.
Even licensed live-attenuated vaccines that have
been approved and used for decades are not without
a risk of vaccine-mediated disease. A classical example of this is smallpox vaccination. In the 19th–20th
century, variola vaccinations were traditionally performed using the related but less pathogenic poxvirus,
vaccinia virus. However, the early vaccine strains of
vaccinia are well known for inducing significant side
effects in vaccine recipients, some of which can even
be life-threatening (Parrino and Graham, 2006). With the

increased threat of bioterrorism, many recent research
efforts have focused on developing new vaccine strains
of vaccinia with more favorable safety profiles or even
alternative vaccine platforms for smallpox vaccination
(see Chapter 22). Global efforts for polio vaccinations,
either as a live-attenuated oral vaccine (oral polio vaccine, OPV) or an inactivated parenteral vaccine (inactivated polio vaccine, IPV), have nearly eradicated this
disease from the planet. Yet, despite the high levels of
efficacy, the live-attenuated OPV formulation has been
shown to cause paralytic poliomyelitis in some cases
(Blume and Geesink, 2000; Henderson et al., 1964).
Some human pathogens, such as the Ebola and
Marburg viruses of the Filoviridae family, are so deadly
that live-attenuated vaccines are not even considered
a possibility, since they would pose too great a risk if
the vaccine strain of virus were under-attenuated or
reverted to pathogenic state. As a result of constant
pressure to find newer, more effective, and safer vaccine platforms, investigators have sought alternative
approaches to vaccine development, such as recombinant protein subunit vaccines, DNA vaccines (see
Chapter 8), and viral vectored vaccines.
Protein subunit vaccines can be an effective means
for generating strong immune responses, such as in
the recent anthrax vaccines (Miller et al., 1998) or the
traditional hepatitis B vaccines produced by GlaxoSmithKline (Engerix-B®) or Merck (Recombivax HB®).
However, subunit vaccines often require inclusion of
an adjuvant to increase the immunogenicity (Berthold
et al., 2005; Jendrek et al., 2003; Putnak et al., 2005;
Qin et al., 2007). Often, the recombinant proteins are
synthesized in insect or bacteria cells prior to purification, which can result in different levels of glycosylation, protein folding, and other tertiary modifications
that would occur during protein expression in a natural infection. These differences can alter the antigenicity of the recombinant protein so that it differs from
the natural wild-type protein. Even recombinant proteins synthesized in mammalian cells, which may be
processed correctly, can be damaged during the subsequent purification processes. Thus, when delivered as
a vaccine, the immune responses generated against the
recombinant proteins can be quite different from those
that would be generated against the natural protein of
the target pathogen. Finally, the recombinant proteins
can be degraded by the host immune system soon
after injection into the vaccine recipient, which results
in only a brief period of antigen presentation to the
immune system. Therefore, while protein subunit vaccines are promising in certain areas of vaccine development, they may not be ideal for all vaccine applications.
DNA vaccines entail delivery of naked plasmid DNA
that contains selected gene(s) of the target pathogen.
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Upon vaccination, the plasmid DNA is taken up by local
cells at the injection site, and the gene(s) are expressed
to produce the pathogen’s proteins. This form of de
novo protein expression eliminates the need for purification of large amounts of the protein, since the actual
protein is expressed from the cells in vivo. The potential efficacy of this vaccine platform has been successfully demonstrated for numerous pathogens, including
Ebola virus (Vanderzanden et al., 1998; Xu et al., 1998),
avian influenza (Kodihalli et al., 1999; Tompkins et al.,
2007), dengue virus (Apt et al., 2006), West Nile virus
(Bunning et al., 2007), and HIV (Cherpelis et al., 2001).
A major limitation of DNA vaccines is the level of
expression of the gene(s) of interest. Compared to other
means of gene expression, such as that from viral vectors, expression from DNA vaccines is notoriously weak
in vivo, resulting in lower immunogenicity of the vaccine. Thus, many DNA vaccine studies in animal models employ a system of DNA vaccine priming followed
by a viral vector or protein subunit booster immunization (Kong et al., 2005; Shu et al., 2007; Sullivan et al.,
2000; Wu et al., 2005; Zanin et al., 2007).
One of the most promising recombinant vaccine
technology platforms is the viral vector. The premise
behind using viral vectors as a means for vaccination
is to present the naturally occurring form of the target pathogen antigens to the immune system in the
absence of the infectious pathogen itself. This process
induces an immune response against the target pathogen’s antigens, similar to a natural infection, however
in the absence of disease. One of the earliest demonstrations of this was in 1984, when scientists at the
Wistar Institute engineered a vaccinia virus vector to
express the rabies virus glycoprotein, and successfully
protected mice and rabbits from lethal rabies virus
challenge (Wiktor et al., 1984). This vaccine has since
been licensed and marketed as a veterinary vaccine by
Merial (Raboral VR-G®), which is commonly used for
mass vaccination of certain species of wildlife in order
to curtail the spread of rabies in the wild (Mackowiak
et al., 1999) (see Chapter 33). As technology advances,
so does the list of viral vectors used in experimental
vaccines. Vectors based on adenovirus, adeno-associated virus (AAV), vesicular stomatitis virus (VSV),
and alphavirus have all been studied on numerous
fronts as vaccine tools (Brave et al., 2007). These and
others will be discussed in this chapter.

ADENOVIRUS
Perhaps the most widely studied viral vector for vaccines and gene therapy applications is the adenovirus
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(Goncalves and de Vries, 2006). Adenoviruses (Ad)
belong to the family, Adenoviridae, and are doublestranded DNA viruses with a genome size of approximately 36 kbp. Ad infect a wide range of species, but
maintain a high level of species specificity. Of the
human Ad, there are at least 51 different serotypes
identified (Shenk, 2001), of which, the most studied
in terms of viral vectors are serotypes 2 and 5 (Ad2
and Ad5, respectively). Ad are common, have wellcharacterized genomes that are easy to manipulate,
can be grown and purified to high titers in cell culture,
are able to infect a wide variety of dividing and nondividing cell types, express high levels of recombinant
transgene in infected cells, and have a favorable safety
profile. These properties have all culminated in the
use of Ad vectors in hundreds of human clinical trials
around the world for a variety of medical applications,
including cancer gene therapy and vaccine vectors.
Early work in Ad molecular biology found that the
viruses were able to package genomes with sizes up to
105% of the wild-type genome length into infectious
viral particles. This equated to approximately 1.8 kb
of exogenous DNA (transgene) that could be inserted
into a wild-type Ad genome (Ghosh-Choudhury et al.,
1987; Graham et al., 1977). However, increasing the
genome length beyond 105% of the wild-type genome
length can result in genetic instability and loss of the
transgene (Bett et al., 1993). Researchers quickly discovered that more genome space could be created
for larger transgenes by specific deletions of the Ad
genome. The first of these deletions were directed
toward the Ad early genes E1a and E1b, which also
created a replication-incompetent vector as loss of E1
subsequently inhibits downstream transcription of
other Ad genes necessary for replication (Jones and
Shenk, 1979). E1-deleted replication-incompetent vectors only replicate in permissive cell lines, such as the
human embryonic kidney cell line HEK293 (Graham
et al., 1977), which provides the missing E1 gene function for the Ad vector in trans. By additionally deleting the E3 region of the Ad genome, ample space
exists for inserting foreign DNA sequences. E1/E3
deleted Ad vectors are referred to as first-generation
vectors, and usually have 4–5 kb of genome space
available for a transgene insert (Ghosh-Choudhury
et al., 1987; Graham, 1984). First-generation Ad vectors
are effective tools for gene delivery, but the duration
of transgene expression is fairly limited due to host
immune response against the Ad proteins expressed
by the vector (such as E2 and E4 proteins). Therefore,
efforts were made to reduce the amount of Ad protein
expressed from the vector, while maintaining high
levels of transgene expression. This was achieved
through partial deletions in the E2 region (Hodges
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et al., 2000; Lusky et al., 1998; Moorhead et al., 1999)
or the E4 region (Dedieu et al., 1997; Gao et al., 1996)
of the Ad genome, which reduced or eliminated the
expression of E2 or E4 proteins. These types of Ad
vectors are referred to as second-generation vectors,
and have an increased transgene insert capacity of
approximately 6–7 kb. The transgene capacity can be
increased even further in advanced Ad vectors with
deletions in E1, E3, and most of E4 (excluding open
reading frame 6) (Wang et al., 2006b). Ad vectors with
the highest capacity for exogenous DNA are called
“gutless” vectors, and consist solely of the exogenous transgene DNA flanked by the Ad inverted
terminal repeat (ITR) sequences and the Ad packaging signal. These vectors can accommodate 30–35 kb
of foreign DNA (Table 7.1), although they must be
propagated using a helper virus to provide the missing Ad genes necessary for replication in the packaging cell line (Kochanek et al., 2001; Kumar-Singh and
Chamberlain, 1996; Parks et al., 1996).
Ad vectors have been studied on numerous fronts,
such as avian influenza (Gao et al., 2006), Ebola and
Marburg viruses (Sullivan et al., 2000, 2003; Wang et al.,
2006a, 2006b), West Nile virus (Schepp-Berglind et al.,
2007), dengue virus (Holman et al., 2007; Jaiswal
et al., 2003; Raja et al., 2007), SARS-CoV (Ma et al.,
2006), HIV (Barouch and Nabel, 2005; Catanzaro
et al., 2006), and anthrax (McConnell et al., 2007).
Additionally, Ad vectors have been studied as potential gene therapy vectors for many types of cancer and
other diseases in hundreds of human clinical trials
(www.clinicaltrials.gov).
One of the primary criticisms of Ad vector use
in humans is the issue of pre-existing immunity.
Ad infections are quite common in humans, resulting in 35–55% of the population having neutralizing

TABLE 7.1
Virusa

Family

antibodies, in particular against the common serotype
used in experimental Ad vectors, Ad5 (Chirmule et al.,
1999; Nwanegbo et al., 2004). It is thought that these
circulating Ad-neutralizing antibodies might limit any
Ad-based vaccine vector’s efficacy by neutralization
of the vector prior to efficient transgene expression.
Experimentally, this has been shown in various animal
models of Ad5 immunity. Most of these studies establish an Ad5-immune animal by inoculating the animals multiple times with high doses of wild-type Ad5
or an unrelated Ad5-based vector. This is followed
by vaccination with the experimental Ad5-based vector, which invariably fails due to pre-existing antiAd5 immunity (Capone et al., 2006; Hashimoto et al.,
2005; Kobinger et al., 2006; Xiang et al., 2003). Most of
these studies demonstrate the feasibility of overcoming Ad5 pre-existing immunity by using Ad vectors
based on alternate serotypes that are antigenically
distinct and thus are not neutralized by the anti-Ad5
immune response. However, conflicting data have
been generated from human clinical trials. Phase I/II
clinical trials involving Merck’s Ad-based HIV vaccine found that while pre-existing Ad5 immunity did
limit the vaccine’s efficacy at lower vaccine doses, this
limitation could be completely overcome by increasing the dose of vaccine (Cohen, 2006). Further support was produced from a clinical trial studying an
Ad-based influenza vaccine, which showed no correlation between the levels of Ad5-neutralizing antibodies and the immunogenicity of the vaccine (Van
Kampen et al., 2005). Finally, it is suggested that vaccination by alternate routes of administration (such as
oral or intranasal) rather than injection can overcome
pre-existing vector immunity (Appaiahgari et al.,
2006; Xiang et al., 2003), which is supported by data
from a human clinical trial (Van Kampen et al., 2005).

Common viral vectors in recombinant vaccine development
Species

Ad

Adenoviridae

Human, chimp

AAV

Parvoviridae

Human

Genome (kb)

Transgene capacity (kb)b

PEIa,b

36

7–35

⫹⫹⫹

5

5

⫹⫹⫹

5

⫹

Alphavirus

Togaviridae

Zoonotic/mammals

11.8

NDV

Paramyxoviridae

Zoonotic/birds

15

3.2–4.5

⫺

Vaccinia

Poxviridae

Zoonotic…bovine?

192

25

⫹⫹⫹

Avipox

Poxviridae

Zoonotic/birds

260

25

⫺

VSV

Rhabdoviridae

Zoonotic/mammals

4.5

⫹

11.1

a

Abbreviations: Ad, adenovirus; AAV, adeno-associated virus; NDV, Newcastle disease virus; VSV, vesicular stomatitis virus; PEI,
pre-existing immunity.
b
Based on references cited in this chapter.
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Pre-existing Ad vector immunity is a source of frequent debate, and is a significant factor for Ad-based
vaccine vectors under certain conditions. However,
experimental data exist for support on both sides of the
argument, and it remains to be seen if the difficulties
demonstrated by pre-existing immunity in animal models will translate to actual scenarios of human vaccination. As more data are produced from clinical trials, we
will have a better understanding of the true significance
of pre-existing immunity for Ad-based vaccine vectors.

ADENO-ASSOCIATED VIRUS
AAV belong to the family, Parvoviridae, and are
small, single-stranded DNA viruses with a genome
size of approximately 5 kb. There are eight known
AAV serotypes, with AAV-2 being the most commonly
studied (Chiorini et al., 1999, 1997; Gao et al., 2002;
Muramatsu et al., 1996; Rutledge et al., 1998; Xiao
et al., 1999). AAV are quite unique in that in order to
replicate, they require the co-infection of a helper
virus, such as Ad (Atchison et al., 1965) or herpes virus
(Buller et al., 1981). In the absence of helper virus,
AAV infection becomes latent and does not produce
progeny virus. However, a productive infection can
be achieved if latently infected cells are subsequently
infected with Ad or herpes helper viruses (Berns and
Linden, 1995). Wild-type AAV do not cause human
disease, giving them an excellent safety profile as a
potential therapeutic or vaccine vector. AAV have a
broad host range, persistent transgene expression in
host cells, and generate very weak antivector immune
responses. These qualities have led to the intense
study of AAV as tools for human gene therapy and
recombinant vaccines vectors. Recombinant AAV vectors have been studied as vaccine vectors against herpes simplex virus type 2 (Manning et al., 1997), human
papilloma virus (Liu et al., 2000), HIV (Xin et al., 2001),
and cytomegalovirus (Gallez-Hawkins et al., 2004).
Each of these studies found the recombinant AAV
(rAAV) platform to be an effective means for inducing
potent immune responses against the target pathogen.
Due to the small size of the AAV genome, rAAV
vectors can only accommodate approximately 5 kb of
exogenous DNA. This is usually done by removal of
all viral genes between the 5⬘ and 3⬘ terminal repeat
(TR) sequences and replacing them with the desired
transgene(s) (Dong et al., 1996). Since the only viral
DNA sequences the rAAV vectors retain are the TRs,
the vectors must be propagated in a special packaging
cell lines that express the AAV Rep and Cap proteins, in
addition to the helper virus co-infection (Vincent et al.,

1997). This has both advantages and disadvantages.
An advantage of a recombinant viral vector completely
void of parent virus genes is the lack of AAV protein
expression upon transduction of host cells. This results
in low levels of antivector immunity generated after
vaccination. However, the disadvantages are the small
genome size and requirement for helper virus during
propagation. Additionally, AAV infections occurring
in the absence of helper virus become latent by integrating the viral genome into host DNA, on specific
sites of human chromosome 19 (Cheung et al., 1980;
Samulski et al., 1991). Any virus that integrates its
DNA into the host genome raises safety concerns as to
the genetic consequences of the integration. Integration
of viral DNA can be beneficial if the desired transgene
is persistently expressed (the desired outcome for gene
therapy studies); however, it may also be detrimental
to the host if the integration results in mutations or
deletions to host DNA (McCarty et al., 2004).
Similar to Ad vectors, a potential pitfall for rAAV
vectors is the issue of pre-existing vector immunity.
It was initially thought that AAV was nonpathogenic
and only weakly immunogenic, thus creating the
perfect gene transfer vehicle that is immunologically
invisible. These initial suggestions spearheaded the
movement for using rAAV vectors in gene therapy
and vaccine vector development. However, it is now
known that over 90% of humans do indeed have circulating antibodies that cross-react with AAV, and over
30% are seropositive for AAV neutralizing antibodies
(Chirmule et al., 1999; Kotin, 1994). Furthermore, the
highest level of human AAV antibodies are directed
toward the capsid protein of the AAV-2 serotype,
which is the most common serotype used as a backbone for vaccine vectors. However, as there are eight
different AAV serotypes, using an alternate serotype
as the vector backbone may be a means of overcoming the pre-existing immunity hurdle (Davidoff et al.,
2005). More human clinical trials data are needed in
order to better gauge the significance of pre-existing
vector immunity in using rAAV as vaccine vectors.
It should be noted that on July 26, 2007, the U.S.
Food and Drug Administration announced the death of
a clinical trial participant involving an AAV-based rheumatoid arthritis treatment (FDA, 2007). As of the date of
this chapter review, the details of this tragedy have yet
to be released by the FDA or the clinical trial sponsor.

ALPHAVIRUSES
The alphaviruses belong to the family, Togaviridae,
and are small, enveloped viruses with a single-stranded
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positive RNA genome of approximately 11.8 kb.
Alphaviruses, which are arthropod-borne viruses
(arboviruses), are grouped into six clades based on
antigenic homology of the E1 glycoprotein: Barmah
Forest (BF), Ndumu (NDU), Semliki Forest (SF), western equine encephalitis (WEE), eastern equine encephalitis (EEE), and Venezuelan equine encephalitis (VEE)
(Griffin, 2001). The three primary alphaviruses used
as backbones for recombinant vaccine vectors are SF,
Sindbis virus (SIN), and VEE (Liljestrom and Garoff,
1991; Pushko et al., 1997; Xiong et al., 1989).
Alphaviruses are known to have a broad host
range, and can infect a variety of cell types, including
dendritic cells, which are major antigen-presenting
cells (Gardner et al., 2000; MacDonald and Johnston,
2000). This is thought to be an important advantage
of using alphaviruses as vaccine vectors in that they
can directly target dendritic cells in vivo and induce
rapid and strong immune responses. The primary
method of using alphaviruses as vaccine vectors is to
create what are known as replicons. This entails deleting the alphavirus structural genes from the virus
genome and replacing them with the transgene(s)
of interest. The recombinant RNA molecule must
then be co-expressed in packaging cell lines with
helper RNA containing the missing structural genes
in order to effectively package the recombinant RNA
into infectious viral particles (Bredenbeek et al., 1993;
Liljestrom and Garoff, 1991). Thus, the replicons are
enveloped viral particles containing the recombinant
genome that, in transduced cells, expresses the transgene at high levels. Since the recombinant genome
lacks the alphavirus structural genes, no progeny
virus is produced from the replicon transduction. One
pitfall noticed early on in alphavirus replicon development was recombination between the helper RNA
(containing the structural genes) and the recombinant
RNA (lacking the structural genes but containing the
packaging signal) in the packaging cell line, which
produced replication-competent alphavirus particles
(Berglund et al., 1993). The generation of contaminating replication-competent virus is a serious safety
concern for this vaccine vector platform. However,
endeavors have been made in designing newer and
more advanced helper RNA molecules and packaging
cell lines to reduce the possibility of producing replication-competent alphavirus particle contaminants
(Polo et al., 1999; Smerdou and Liljestrom, 1999). An
additional shortcoming of the alphavirus vaccine
vector is the genome capacity for a transgene insert.
Despite complete removal of the alphavirus structural
genes from the vector genome, a recombinant replicon can only accommodate transgene inserts of up to
approximately 5 kb (Smerdou and Liljestrom, 1999).

Alphavirus vaccine vectors have been studied as
vaccines for avian influenza (Schultz-Cherry et al.,
2000), Ebola virus (Olinger et al., 2005; Pushko
et al., 2000), Marburg virus (Hevey et al., 1998; Lee et al.,
2006), HIV (Megede et al., 2006), cytomegalovirus
(Reap et al., 2007), SARS-CoV (Deming et al., 2006),
anthrax, and botulinum toxin (Lee et al., 2006).
Additionally, VEE replicons containing HIV genes
were tested in Phase I clinical trials and were well
tolerated in vaccine recipients, although the immunogenicity was only moderate (Chulay et al., 2006).
Other Phase I studies of alphavirus replicons for
HIV and cytomegalovirus vaccinations are currently
recruiting subjects (www.clinicaltrials.gov).
Alphavirus vaccine vectors must also face the issue
of pre-existing immunity, although it is not likely to
be as significant a hurdle as for other vectors, such as
adenovirus described above. This is largely because
the alphaviruses are zoonotic mosquito-borne viruses
that are endemic only in certain geographical regions
of the world. Furthermore, human alphavirus epidemics occur very infrequently. This suggests that the
general population will have little pre-existing vector
immunity against an alphavirus-based vaccine vector. However, it was suggested early on that in horses,
pre-existing antibodies against one strain of alphavirus can interfere with infection from other alphavirus
strains (Calisher et al., 1973). This could pose problems
for repeated vaccination in humans using alphavirus
replicons. For example, antivector immunity generated after vaccination with a VEE replicon could subsequently impede booster vaccination with the same
or even a different alphavirus replicon. Indeed, there
is evidence in humans that the immune response
generated from vaccination with one alphavirus can
interfere with the immune response generated from
subsequent vaccinations with different alphaviruses
(McClain et al., 1998).

NEWCASTLE DISEASE VIRUS
Newcastle disease virus (NDV) belongs to the family, Paramyxoviridae, and is a zoonotic virus that naturally infects all species of birds. The NDV genome is
a nonsegmented single strand of negative-sense RNA
of approximately 15 kb in length. NDV is antigenically
distinct from any of the human paramyxoviruses,
such as human parainfluenza viruses, which has led
to interest in its use as a vaccine vector in humans.
NDV are categorized into three groups based on their
levels of pathogenicity in chickens: the avirulent lentogenic strains, the moderately pathogenic mesogenic
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strains, and the highly pathogenic velogenic strains.
Lentogenic strains are widely used for NDV liveattenuated virus vaccines in the poultry industry. An
outbreak of Newcastle disease can be quite severe in
poultry, and is a constant threat to the industry worldwide. However, NDV are nonpathogenic in primates
(Bukreyev et al., 2005), which has led to their study as
vaccine vectors.
Construction of recombinant NDV vaccine vectors
generally entails first modifying packaging cells in
culture, either through stable expression techniques
(Romer-Oberdorfer et al., 1999) or infection with a
helper virus (Huang et al., 2003; Nakaya et al., 2001),
to express T7 DNA-dependent-RNA polymerase.
These cells are then transfected with a full-length
NDV reverse sense cDNA that contains an exogenous
transgene, as well as several DNA support plasmids
carrying the genes of the NDV transcriptase complex:
nucleocapsid protein (NP), phosphoprotein (P), and
RNA-dependent-RNA polymerase protein (L) (Huang
et al., 2003, 2001; Nakaya et al., 2001). After incubation, the produced recombinant virus is “rescued” and
propagated in embryonated chicken eggs. NDV have
been studied as recombinant vaccine vectors against
SARS-CoV (DiNapoli et al., 2007), respiratory syncytial virus (Martinez-Sobrido et al., 2006), SIV (Nakaya
et al., 2004), and influenza virus (Nakaya et al., 2001).
Despite the dangers of NDV in poultry, these viruses
have a favorable safety profile for use in humans. This
is supported by the high levels of attenuation seen
in nonhuman primate animal models of vaccination
(Bukreyev et al., 2005), as well as the safe administration of oncolytic NDV (PV701) in human Phase I
clinical trials (Lorence et al., 2003, 2007). Other paramyxoviruses have also been studied as experimental
vaccine vectors, such as Sendai virus (Griesenbach
et al., 2005; Takimoto et al., 2005), and simian virus 5
(Parks and Alexander-Miller, 2002).
Since NDV is an avian paramyxovirus, the issue of
antivector pre-existing immunity is not considered a
significant factor for this vaccine platform, which is a
major advantage. Additionally, several NDV strains
are licensed for use as veterinary vaccines, making
them well characterized and readily available. Most
recombinant NDV vectors can be propagated to high
titers in chicken eggs and even in some cell lines,
although inclusion of even small exogenous transgenes
can significantly lower the yield of recombinant virus
(Krishnamurthy et al., 2000). Also, the “rule of six,”
according to Sendai virus studies, indicates that the
total viral genome length (transgene included) must
be divisible by six in order for proper NP function
in the transcriptase complex (Calain and Roux, 1993;
Nakaya et al., 2001). This may complicate strategies

for vaccine vector construction. Furthermore, NDV
vectors may be somewhat limited in their capacity for
large transgene inserts. Early studies of Sendai virus
indicated a maximum insert size of 3.2 kb without significant genetic instability or reduction of viral yield
(Sakai et al., 1999), although more recently Sendai
virus vectors have been shown to accommodate 4.5 kb
of exogenous DNA (Ferrari et al., 2007).

POXVIRUSES
Poxviruses are large, double-stranded DNA viruses
of the family, Poxviridae. Compared to the other
viruses mentioned in this chapter, the poxviruses are
by far the largest in viron size (350 ⫻ 270 nm) as well
as genome length, which can reach up to 300 kb in
some types of poxviruses. The most notorious (and
most virulent) of all poxviruses is variola virus, of
the Orthopoxvirus genus, which is an obligate human
pathogen that causes smallpox. The three other notable orthopoxviruses, vaccinia, monkeypox, and cowpox viruses, are zoonotic viruses and cause less severe
disease in humans compared to variola. Vaccinia virus
is often considered the prototype poxvirus, as it is
heavily investigated in a number of research endeavors, and has thus been well characterized. Much of
vaccinia’s fame stems from its use as a live-attenuated
smallpox vaccine, which, through global vaccination
efforts, ultimately led to the eradication of smallpox
in 1977.
Poxviruses of the genus, Avipoxvirus, receive a great
deal of research attention as potential vaccine vectors.
These viruses are zoonotic arboviruses that naturally
infect birds, and are nonpathogenic in humans. This
quality, in addition to their large 260 kb genomes,
make avipox viruses attractive research tools. For
example, fowlpox and canarypox viruses have been
tested in animal models as a vaccine vectors for
rabies (Taylor et al., 1991, 1988), H5N1 avian influenza (Steensels et al., 2007), nipah virus (Weingartl
et al., 2006), and HIV (Gilbert et al., 2003; Radaelli et
al., 2007; Zhang et al., 2007). The safety of avipox virus
vectors in humans has been demonstrated in clinical
trials as vaccine vectors for HIV (Emery et al., 2005;
Russell et al., 2007) and malaria (Walther et al., 2006),
as well as numerous cancer gene therapy clinical trials
(www.clinicaltrials.gov).
Vaccinia virus has been used for decades as a
smallpox vaccine in humans, and while earlier strains
of vaccinia were known for significant side effects in
vaccine recipients, newer strains have been developed or modified from previously existing vaccine
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strains with more favorable safety profiles for human
use (Parrino and Graham, 2006) (see Chapter 22). The
improved safety profiles of vaccinia virus strains has
led to study of their use as vaccine vectors for other
diseases. For example, the replication defective vaccinia strain, modified vaccinia Ankara (MVA), has
been genetically modified to express genes from
HIV (Zhang et al., 2007), herpes simplex virus type 2
(Meseda et al., 2006), rabies virus (Weyer et al., 2007),
and cytomegalovirus (Wang et al., 2007). A significant
difference between vaccinia and the avipox viruses
is the possibility for pre-existing vector immunity.
Since the avipox viruses are zoonotic and only naturally infect birds, the general population has little to
no pre-existing immunity to these viruses. Like the
avipox viruses, vaccinia is also considered a zoonotic
virus, possibly distantly related to cowpox or buffalopox viruses (the exact origin is unknown). In contrast
to the avipox viruses, however, much of the adult
population today is seropositive for vaccinia due to
childhood smallpox vaccinations. Data suggest that
a vaccinia-based vaccine vector would be ineffective in these individuals due to antivector immunity
(Belyakov et al., 1999). It is suggested that vaccination
through mucosal routes of administration may be an
effective means to overcome vaccinia-directed vector
immunity (Belyakov et al., 1999; Naito et al., 2007).
The large genome size of the poxviruses is somewhat of a double-edged sword for vector development. On one hand, there is ample capacity for large
transgene inserts, with sizes reaching to at least 25 kb
for recombinant vaccinia virus (Smith and Moss, 1983).
On the other hand, these vectors express hundreds of
native virus proteins in addition to the transgene(s) of
interest. This induces a very strong immune response
against the vector proteins, which subsequently
reduces the capacity for a strong immune response
against the transgene product(s) due to an “immune
dilution” effect. This could be an explanation for the
poor performance of poxvirus vectors in human clinical trials. For example, fowlpox, canarypox, and vaccinia virus vectors have all been tested in humans and
found to be safe. However, fowlpox and canarypox
vectors containing HIV genes have induced little to
no anti-HIV cellular immune responses in humans
(Emery et al., 2005; Russell et al., 2007). Similar results
were reported for a fowlpox-based malaria vaccine
that induced moderate immune responses but showed
extremely poor efficacy (Walther et al., 2006). Vaccinia
virus vectors have also been documented as inducing
weak cellular immune responses. In a direct comparison, a recombinant Ad vector expressing the nucleoprotein gene from Sin Nombre virus (a member of
the Hantavirus genus) induced much stronger cellular

immune responses in mice than a vaccinia virus vector expressing the same transgene (Maeda et al., 2005).

VESICULAR STOMATITIS VIRUS
VSV is a zoonotic arbovirus that belongs to the
family, Rhabdoviridae, the same family as the rabies
viruses. VSV has an 11 kb genome that consists of a single strand of negative-sense RNA. VSV transmission
in animals occurs through insect bites, and can cause
severe disease in cattle, horses, and swine with symptoms similar to foot and mouth disease (Rodriguez,
2002). Human VSV infections do occur, although
much less frequently than in animals and with much
less severe disease symptoms (usually a mild flu-like
illness). Many human infections even go unnoticed,
as they are completely asymptomatic; however, in
rare cases, severe disease has been reported (Quiroz
et al., 1988). Recombinant VSV can accommodate a
40% increase in genome size (approximately a 4.5 kb
transgene insert) with only a slight reduction in infectivity titer (Haglund et al., 2000). In addition to ease
of genome modifications, VSV vectors have an added
advantage in that the virus can efficiently incorporate
and express foreign transmembrane proteins on the
surface of recombinant viral particles (Schubert et al.,
1992). This, coupled with its relatively safe background
and rare seroprevalance in humans, makes VSV an
attractive platform for vaccine vector development.
Concerns for VSV vector safety are related to the
possibility of severe human disease (Quiroz et al.,
1988) as well as the neurovirulence and 50% mortality rate from experimental intranasal mouse infections (Reiss et al., 1998). Additionally, asymptomatic
brain infections have been noted in cotton rats after
intransal delivery of a recombinant VSV vector
(Schlereth et al., 2003). However, more recent studies
have shown that intranasal delivery of VSV did not
spread to CNS tissues in nonhuman primates, indicating that these vectors may be safer than initially suggested (Johnson et al., 2007). Thus, recombinant VSV
vectors have been studied as vaccines against H5N1
avian influenza virus (Schwartz et al., 2007), Ebola
and Marburg viruses (Daddario-DiCaprio et al., 2006;
Feldmann et al., 2007; Jones et al., 2005), plague (Palin
et al., 2007), hepatitis C virus (Ezelle et al., 2002), and
HIV (Haglund et al., 2000, 2002). While VSV vaccine
vectors have yet to be tested in humans, results from
these and other animal models of vaccination are
encouraging.
Pre-existing vector immunity is not thought to be
a significant factor for use of VSV vaccine vectors in
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humans. Since VSV is a zoonotic virus, human infections are generally limited to isolated geographical
regions of the world or to individuals having close
contact with infected animals. Thus, the global seroprevalance for VSV is considered to be low. However,
animal models show that vaccination with a recombinant VSV vector induces neutralizing antibodies against the VSV envelope protein (Roberts et al.,
1999). Therefore, in all likelihood, humans receiving
a VSV-based vaccine vector will develop neutralizing
immune responses against the viral envelope protein,
which would reduce the efficacy of subsequent VSVbased booster vaccinations. Similar to the Ad and
AAV vector strategies described above, a serotype
rotation of different VSV glycoproteins is reported to
bypass any level of antivector immunity induced after
the primary vaccination (Rose et al., 2000).

OTHER VIRUSES
In addition to the viral vectors described above,
there are several others being investigated for utility
in gene therapy and vaccination applications. Herpes
simplex viruses (HSV) are double-stranded DNA
viruses of the family, Herpesviridae. HSV subtypes
HSV-1 and HSV-2 are well known for causing human
herpes infections, but have also been studied as vaccine vectors for SIV (Kaur et al., 2007), HIV (Santos
et al., 2007), and intracellular bacterial pathogens
(Lauterbach et al., 2004).
Measles virus (MV), of the Paramyxoviridae family, is a well-known childhood pathogen that, despite
availability of effective vaccines, still causes significant mortality in children of developing countries.
By using rescue techniques similar to those described
above for construction of NDV vectors, MV vectors
have been developed as a number of vaccine candidates. An advantage to MV vectors is thought to be
the possibility of multivalence. Vaccination of children
with a MV vector expressing genes from other pathogens, such as hepatitis B virus (Reyes Del Valle et al.,
2007), West Nile virus (Despres et al., 2005), or HIV
(Lorin et al., 2004) could serve as a bivalent vaccine
against both MV and the other pathogen. However,
much like vaccinia vectors, a major portion of the
adult population will be immune to a recombinant
measles vector due to childhood measles infections or
measles vaccinations.
Polioviruses are members of the Picornaviridae
family, the same family containing foot and mouth disease and hepatitis A viruses. Poliovirus is well known
for causing paralytic poliomyelitis, which has nearly

been eradicated due to development of successful and
safe inactivated and live-attenuated poliovirus vaccines. Since the attenuated virus strains are safe for use
in humans, researchers have studied possibly using
poliovirus as a vector for other pathogens (Andino
et al., 1994), such as hepatitis B virus (Yim et al., 1996)
or SIV (Tang et al., 1997). However, the vast majority
of the world’s population has immunity to poliovirus from childhood vaccination, making a poliovirusvectored vaccine somewhat impractical for adults.

CONCLUSIONS
In conclusion, viral vectors can be very useful for
the presentation of naturally formed viral antigens to
the immune system. Generally speaking, viral vectors
have a more favorable safety profile than many liveattenuated virus vaccines and are more immunogenic
than inactivated/killed virus vaccines. Furthermore,
viral vectored vaccines present the desired antigens in
the natural, correct conformation to the immune system, a process very poorly achieved by recombinant
protein subunit vaccines. Finally, viral vectored vaccines express higher levels of foreign genes in vivo
and for a longer duration when compared to DNA
vaccines.
Three major considerations exist for the use of viral
vectored vaccines in humans, the first of which is
safety. Some platforms, such as Ad vectors, have been
tested extensively in human clinical trials for many
years and are accepted as being safe for human use.
Other platforms, such as VSV, are still in their infancy
and human safety remains an unknown factor. As
more clinical trials take place, we will gain a better
understanding of these vectors and their performance
in humans. The second consideration is pre-existing
vector immunity, which varies in significance depending on the vector of choice. For Ad or vaccinia vectors,
this may have a serious impact on vaccine vector efficacy in humans; for the zoonotic virus vectors, such
as avipox viruses or NDV, pre-existing immunity is
not likely to play as significant a role in developmental and clinical applications. Finally, the third consideration for vaccine vector development is the vector’s
genomic capacity for a transgene insert. Depending on
the vector, these exogenous DNA sequences can range
in length from less than 1 kb to 35 kb. However, with
increased transgene size often comes genetic instability and decreased virus yield in production. These
must all be factored together to determine the ideal
virus vaccine vector that is suitable for use in humans,
but also maintaining a high level of efficacy.
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The viral vectors mentioned in this chapter represent a portion of the ever-growing field of viral vector
research. Some of these vectors are well characterized
from the basic virology of the vector to the complexity of the immune responses elicited after vaccination.
Others are still incompletely understood. The study
and use of viral vectors has advanced the fields of
human gene therapy for genetic diseases, cancer gene
therapy, and vaccine development, and will continue
to expand the scientific horizon.
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ABSTRACT
Continued improvements in vaccination technologies have led to remarkable progress in the control of human
infectious diseases. Our fundamental view of the nature of a vaccine was changed with the discovery of DNA
immunization in the early 1990s when it was determined that the genetic material that encodes for antigens, rather
than the actual antigens themselves, can be effective in eliciting an immune response. Given the ever increasing
threat of emerging and reemerging infectious diseases and a renewed concern regarding the use of biological
agents for bioterrorism purposes, the opportunities that DNA vaccine technology provides could not have come
at a more critical time in history. Since its inception, DNA vaccination technology has undergone significant
advancements and many candidate human vaccine formulations have already been developed. Improved modes
of administration, the use of codon and antigen gene optimization, and the implementation of vaccination DNA
prime/boost regimens have led to the quick progression of DNA vaccines from research laboratory benches to
human clinical trials. Significant progress has been made in developing DNA vaccines against various biodefense
and emerging infectious disease targets, such as HIV-1, influenza, severe acute respiratory syndrome associated
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coronavirus (SARS-CoV), Ebola, the viral encephalitides, anthrax, plague, and botulism, among others with some
already moving into early phase clinical trials with promising results. Having the ability to respond to a potential
bioterrorism threat or to some other emerging infectious disease outbreak is crucial and the advancements
associated with DNA vaccination technology will allow us to do so in a prompt and rational matter.

INTRODUCTION
In the early 1990s, several research groups discovered, independently, that the direct inoculation of a
DNA plasmid coding for a specific protein antigen
could elicit an immune response against that antigen (Tang et al., 1992; Robinson et al., 1993; Ulmer
et al., 1993; Wang et al., 1993; Lu et al., 1995). DNA or
nucleic acid vaccination is now considered to be the
fourth generation of vaccines after live attenuated vaccines, inactivated vaccines, and recombinant proteinbased vaccines. This new vaccine technology could not
have come at a more important time in history given
the increasing threat of emerging and reemerging
infectious diseases and a renewed concern regarding
the use of biological agents for bioterrorism purposes.
The need for immunological protection for large populations would require the production or stockpiling of
large quantities of vaccines. Future vaccines need to be
effective while maintaining a high safety profile. The
designs of vaccines have to be flexible to counter antigen alterations and to protect people from more than
one type of pathogen. DNA vaccines are an ideal vaccine system to employ in the face of such challenges.
DNA vaccines utilize a eukaryotic expression vector to express a gene product or multiple gene products in vivo. It is this expression system that serves
as a delivery system to produce either secreted or
cell-associated antigens with the goal of eliciting optimized antigen-specific humoral and cell-mediated
immune responses in the host. Over the past 15 years,
DNA vaccine technology has gone through significant improvements. The focus of research has gradually shifted from proof-of-concept studies in animal
models to the demonstration of immunogenicity in
humans. DNA vaccine technology provided researchers with a unique platform that is effective in achieving three important objectives in the development
of the next generation of vaccines against emerging infectious diseases and pathogens that have the
potential to be used as bioterrorism agents. First, DNA
vaccines are a simple alternative option against those
pathogens to which there were effective vaccines in
the past but the original manufacturing process is no
longer considered safe. Second, DNA vaccines are able
to elicit improved cell-mediated immune responses
in addition to protective antibody responses, which

dominate the design of previous generations of vaccines. Finally, DNA vaccines are an ideal tool to screen
for new or optimal protective antigens (PA) to formulate new or improved vaccines against emerging and
neglected infectious diseases or bioterrorism.

ADVANCEMENTS IN DNA VACCINE
TECHNOLOGY
Since the discovery of DNA vaccines in the early
1990s, it is well recognized that this novel immunization technology possesses the following key strengths:
(1) the ease of construction and production of the
constructs; (2) the native conformation of in vivo
expressed protein antigens including any associated
post-translational processing of newly synthesized
proteins, such as glycosylation; (3) the flexibility of
modifying antigen sequences to match with mutated
pathogen genes or to produce optimized “designer’s
antigens”; (4) the ability to elicit both cell-mediated
and humoral immune responses; (5) overall good
safety profile; and (6) the potential to deliver multiple
antigen genes in one construct or as a mixture of multiple plasmids.
Over the past 15 years, the immunogenicity of
DNA vaccines has been further improved through the
utilization of several key technological advancements
including antigen gene codon and coding sequence
optimizations, various DNA delivery methods, and
the adoption of “prime-boost” regimens.

Codon and Antigen Gene Optimizations
The critical step for DNA vaccination is to establish a high level of gene expression in a mammalian
host. One way to improve the immunogenicity of
DNA vaccines is to alter the nucleic acid sequences
of the viral DNA so that they better complement the
genetic makeup of the mammalian host while keeping the same amino acid—a process called codon optimization. The basis for using codon optimization in
DNA vaccine design stems from the idea that many
amino acids can be coded by more than one codon
and that the frequency by which a mammalian host
may use a particular codon may differ from usage by
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a virus. Various studies have used this knowledge in
order to improve the ability of mammalian cells to
express viral proteins (Haas et al., 1996; Andre et al.,
1998; Kotsopoulou et al., 2000; Liu et al., 2004; Apt
et al., 2006; Wang et al., 2006a, 2006c). It is this method
of altering the genetic sequence that has proven to be
effective in increasing the immunogenicity of various DNA vaccines against human immunodeficiency
virus (HIV) (Haas et al., 1996; Andre et al., 1998;
Kotsopoulou et al., 2000; Liu et al., 2004; Wang et al.,
2006a), influenza virus (Wang et al., 2006c), and dengue virus (Apt et al., 2006) due to increased overall
antigen production as a result of enhanced mRNA
stability (Wang et al., 2006a) and better utilization of
host-cell tRNAs (Haas et al., 1996). Due to the adaptation of codon optimization, an otherwise low efficient
DNA expression vector can achieve high-level antigen
expression (Wang et al., 2006a).
The efficacy of DNA vaccines can be further optimized if the antigen genes are modified. The full-length
gene sequences of some candidate antigens cannot be
directly used as the antigen gene inserts of the DNA
vaccine and may require modification in order to
achieve a high-level expression of functional antigenic
proteins. For example, an HIV DNA vaccine is not efficient in expressing the full-length glycoenvelope protein (Env) of HIV-1, a gp160 kDa protein; however, two
truncated versions of Env, the gp120 and gp140 proteins, that only express the extracellular portion of Env
are capable of producing large amounts of Env antigens and eliciting high Env-specific antibody responses
(Lu et al., 1998). Sometimes a signal peptide sequence
different from the natural leader sequence may also
improve antigen expression and immunogenicity of
DNA vaccines (Wang et al., 2006a). This process of
modifying the original antigen coding sequence is
called “antigen engineering” (Lu et al., 1999).

Mode of Administration
The route of DNA vaccine inoculation can greatly
alter the immunogenicity of DNA vaccines. Various
methods to deliver DNA into the hosts have been
developed, using various administration methods,
with or without adjuvants. The delivery methodology for DNA vaccines started with the intramuscular injection of so-called “naked DNA” into the host
allowing for the uncoated DNA to be taken up into
the cells, transcribed, the antigen produced and
finally, an immune response elicited. Further development of DNA vaccine technology include facilitated
DNA vaccines that employ the use of carriers made of
various chemical materials (e.g., lipid polymers and
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cationic poly(lactide-coglycolide) [PLG] microparticles) (Felgner and Ringold 1989; Wheeler et al., 1996;
Stopeck et al., 1998; Herrmann et al., 1999; Klavinskis
et al., 1999; O’Hagan et al., 2001; Otten et al., 2005).
DNA vaccines, naked or formulated with the above carriers, can be delivered intradermally, intramuscularly,
and subcutaneously by a conventional needle injection.
Mucosal delivery of DNA vaccines has also been tested
including intranasal route; however, in some studies,
an emulsion-mediated technique was required in order
to induce immunity (Kim et al., 2006).
Other physical delivery methods (such as “gene
gun” and electroporation) can improve the efficiency
of DNA vaccine uptake by cells and/or increase activation of the immune system. While significant immune
responses have been observed in small mammals using
the more traditional routes of administration (i.e., intramuscular or intradermal needle injections), these inoculation methods have proven less successful in larger
animals and in human studies. On the other hand,
the physical delivery approach using particle mediated epidermal delivery (PMED) device has proven to
be effective in eliciting immune responses in humans
against hepatitis B virus (Tacket et al., 1999; Roy et al.,
2000; Rottinghaus et al., 2003), influenza (Drape et al.,
2006), and malaria (McConkey et al., 2003).

Prime and Boost Approach
Since the most successful DNA vaccine inoculation method (PMED) for eliciting immune responses
in nonhuman primates and in humans is not commercially available for clinical use, it has become
important to utilize other techniques and methods to
increase the immunogenicity of DNA vaccines that
are currently in development. One such method is the
prime-boost approach. The rationale underlying this
strategy is that gene-based vaccines, presented by a
recombinant viral vector or as DNA plasmids, elicit
immune responses by producing antigens in vivo;
however, these immune responses have not been
strong, particularly in humans. In order to increase
the levels of immune responses, in particular the cellmediated immune responses, strategies have been
developed to prime the immune system with the
DNA vaccine and boost with a recombinant viral vector (Pancholi et al., 2000; Ramshaw and Ramsay, 2000;
McShane et al., 2001; Schneider et al., 2001; Gonzalo
et al., 2002; Mellquist-Riemenschneider et al., 2003;
Woodland, 2004; Seaman et al., 2005; Wu et al., 2005;
Perkins et al., 2006), or an attenuated virus (Yuan et al.,
2005). This DNA–viral vector combination has proven
effective in eliciting high-level cell-mediated immune
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responses in nonhuman primate studies (Letvin et al.,
2004; Boyer et al., 2005) and even in humans (Mwau
et al., 2004; Vuola et al., 2005; Goonetilleke et al., 2006;
Hanke et al., 2007).
Alternatively, recombinant protein can also be used
to boost the immune system that has been primed
with DNA vaccines (Barnett et al., 1997; Letvin
et al., 1997; Richmond et al., 1998; Pal et al., 2005, 2006;
Wang et al., 2005b, 2006b; Lu, 2006; Law et al., 2007).
The DNA prime-protein boost combination has been
proven effective in eliciting balanced humoral and
cell-mediated immune responses even in human studies (Wang et al., 2008a). The DNA prime or protein
boost components when used alone have been shown
to be less effective in inducing immune responses
when compared to prime plus boost approach (Wang
et al., 2005b, 2006b).

REPRESENTATIVE DNA VACCINES
FOR BIODEFENSE AND EMERGING
INFECTIOUS DISEASES
A large number of studies, using various animal
models, have been conducted over the past 15 years
to examine DNA vaccine immunogenicity against a
wide range of pathogens including viruses, bacteria,
and parasites. Contrary to the popular belief, DNA
vaccines are more complicated than simply inserting a
randomly selected pathogen gene into a DNA vaccine
vector. The process of developing a successful DNA
vaccine is no different from any scientific discovery:
trial and error. In the following sections, results from
selected DNA vaccine studies are presented to illustrate various aspects of the development of DNA vaccines against many important biodefense and emerging
infectious disease targets over the past decade.

DNA Vaccines against Viral Agents
Human Immunodeficiency Virus Type 1 (HIV-1)
Acquired immunodeficiency syndrome (AIDS) is
the number one emerging infectious disease in the
20th century. It continues to be a worldwide pandemic
in the new millennium. The development of an effective AIDS vaccine has been proven more challenging than initially anticipated. There does not appear
to be natural adaptive immune protection against
HIV-1 infection; hence, the correlate of protection to
be induced by a vaccine is uncertain. As a retrovirus,
HIV-1 integrates into the genome of host dividing
cells, which in turn becomes the source of continuing

infection. Its proteins go through constant mutations
due to the lack of proofreading function of retroviral
polymerases. The structure of envelope glycoprotein
(Env), the immunodominant antigen of HIV-1, is very
complicated and highly variable to escape from antibody responses.
The recombinant protein HIV-1 vaccines in the
form of gp120 antigens have failed to protect a highrisk population in two phase III efficacy trials (Flynn
et al., 2005; Gilbert et al., 2005; Pitisuttithum et al.,
2006). While the live attenuated vaccination approach
was successful in simian immunodeficiency virus
(SIV) studies in nonhuman primates (Desrosiers et al.,
1989; Daniel et al., 1990), due to safety concerns this
approach has little hope of being tested in humans.
HIV was among the first pathogens for which the
DNA vaccine approach was explored (Wang et al.,
1993; Lu et al., 1995) and the HIV vaccine field quickly
became the major testing ground for the optimization
and application of DNA vaccines. DNA vaccines have
been used to express many key HIV-1 antigens including Env, Gag, Pol, Nef, Rev, and Tat for the induction of both antibody- and cell-mediated immune
responses. Currently, DNA vaccines are one of the key
components in almost every major HIV vaccine development program. DNA vaccines are used mainly as
priming immunizations and are typically combined
with either a viral vector boost (Mwau et al., 2004;
Graham et al., 2006; Tavel et al., 2007) or a protein
boost (Wang et al., 2008a). More human studies have
been planned or are ongoing. The results from these
studies will provide important guidance for the future
development of DNA vaccines for other emerging
infectious disease and biodefense applications.
Influenza Viruses
Influenza virus infection remains a major health
threat to both humans and animals. Influenza A
viruses infects both humans and other animal species, including swine, horses, and avian. The predominant human influenza virus vaccine is the trivalent
inactivated influenza vaccine (TIV), which incorporates the predominant viruses that are predicted to
circulate during the next influenza season. The vaccine typically includes an H1 subtype and an H3
subtype from influenza A plus an influenza B virus.
The immunogenicity of these vaccines is relatively
low and requires annual booster immunizations to
maintain the levels of protective immune responses
and to develop new protective antibodies against
mutated viral antigens that occasionally emerge.
A newly developed cold-adapted live influenza virus
vaccine has much improved immunogenicity but it
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cannot be used for young children and older populations due to a lack of safety data in these groups. This
restriction greatly reduces the utility of this new vaccine because young children and older people are particularly vulnerable to influenza infection.
The emerging threat of avian influenza as a potential cause of a future pandemic has raised issues of
vaccine efficacy, production, and stockpiling. The old
influenza vaccine technologies may not be sufficient
in facing new challenges.
Influenza DNA vaccine development was another
early key area for the field. Studies demonstrated the
immunogenicity of DNA vaccines using either nucleocapsid (NP) or hemagglutinin (HA) antigens ( Ulmer
et al., 1993; Robinson et al., 1993; Fynan et al., 1993).
A landmark study in the early 1990s showed that a
DNA vaccine expressing NP was effective in eliciting
NP-specific CTL and protection in mice from a subsequent challenge with a heterologous strain of influenza A virus, as measured by decreased viral lung
titers, inhibition of mass loss, and increased survival
(Ulmer et al., 1993). Subsequent studies from this
and other groups confirmed the protective immune
responses induced by NP DNA vaccines (Ulmer et
al., 1998; Cox et al., 2002) or by the combination of
DNA prime-adenoviral vector boost vaccines (Epstein
et al., 2005), but there were also reports showing that
NP DNA vaccine alone was not effective in protecting pigs against challenges with homologous virus
(Macklin et al., 1998). However, later studies in ferrets
and non-human primates demonstrated the efficacy of
a DNA vaccine encoding three proteins, NP, HA, and
M1 antigens (Donnelly et al., 1995, 1997). DNA vaccine
expressing other influenza viral antigens have also
been reported including the co-expression of both M1
and M2 antigens (Okuda et al., 2001), the co-delivery
of NP and M2 DNA vaccines plus a low dose of
HA-expressing DNA vaccines (Jimenez et al., 2007),
and the use of NA-expressing DNA vaccines (Chen
et al., 1998, 2000). Various levels of protection with
these influenza DNA vaccines were achieved in mouse
models. Protection against influenza B virus infection
was also achieved with DNA vaccines expressing HA
or NA antigens but not with NB or NP DNA vaccines
(Chen et al., 2001).
The HA-expressing DNA vaccines appear to be the
most protective influenza DNA vaccine and protection elicited by HA DNA vaccines correlates with titers of neutralizing antibody (Robinson et al., 1997).
However, recent studies suggested that the HA antigens from H1 and H3 serotypes of influenza A viruses
require different antigen designs for the induction of
optimal protective antibody responses (Wang et al.,
2006c). This may further affect the selection of HA
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antigens from avian influenza viruses. Until now, HA
DNA vaccines have successfully elicited antibody
responses and protection against several avian influenza viruses including H5N1 (Kodihalli et al., 1999),
H5N2 (Kodihalli et al., 1997; Jiang et al., 2007), and
H9N2 (Qiu et al., 2006). The H5 HA DNA vaccine has
been shown to induce immune protection against not
only a homologous, lethal H5 virus but also two antigenic variants in chickens (Kodihalli et al., 1997). The
level of protection may vary in different animal models. Despite the success of inducing protective immunity against heterologous viral challenge in chickens,
an HA DNA vaccine encoding for heterologous
viruses did not prevent infection in mice. However,
this HA DNA vaccine did prevent death associated
with infection (Kodihalli et al., 1999).
New DNA vaccine technologies have also been
incorporated into the design of improved influenza DNA vaccine designs. Codon optimization was
shown to improve the immunogenicity and protective antibody responses (both HI and microneutralization antibodies) of HA DNA vaccines (Wang et al.,
2006c; Jiang et al., 2007). Consensus-based DNA vaccines against H5N1 avian influenza viruses have been
produced with initial results showing the possibility
of inducing cross-reactive cellular immunity (Laddy
et al., 2007). However, whether such consensus antigens can induce protective immune responses against
different H5N1 viruses remains unconfirmed.
One of the key contributions of influenza DNA vaccine research was the demonstration that an HA DNA
vaccine could induce HA-specific antibody responses
induced in humans. Using a particle-mediated epidermal delivery (PMED) device, 3 groups of 12 healthy
adult subjects received a single dose of 1, 2, or 4 μg of
an HA DNA vaccine. The PMED influenza DNA vaccine elicited serum hemagglutination-inhibition antibody responses at all three dose levels with the highest
and most consistent responses in subjects vaccinated
with the highest dose. On day 56, sera HA-specific
antibody responses in both 2 and 4 μg groups reached
the levels required for influenza vaccine approval
established by the Committee for Proprietary Medical
Products (CPMP) in the European Union (Drape
et al., 2006). This result was important because it demonstrated that a DNA vaccine was capable of eliciting
protective immune response levels. One notable factor
in this study was the use of the “gene gun” delivery
method, which has proven to be more effective than
needle injection of DNA vaccines in inducing immune
responses in humans. The availability of the gene gun
or other epidermal delivery methods will be important
in the successful development of DNA vaccines for
biodefense and emerging and neglected diseases.
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Smallpox
The original smallpox vaccine, based on the vaccinia virus (VACV), facilitated the worldwide eradication of smallpox with the last case of natural smallpox
infection reported in Somalia in 1977 (WHO, 1980).
Despite the elimination of naturally occurring smallpox infection, the threat of its use as a biological
weapon is compelling enough to develop a vaccine
strategy to protect the large percentage of the population that no longer has immunity against this disease. Poxviruses are large viruses with a genome
that encodes about 200 proteins. The size of the virus
has complicated efforts to delineate the major PAs.
Furthermore, the relative importance of humoral
and cellular immunity in vaccine-induced protective
immunity is uncertain.
In well-designed animal studies a DNA vaccination
approach has recently identified several protective pox
antigens. There are two forms of infectious poxvirus:
the intracellular mature virus (IMV) and the extracellular enveloped virus (EEV). Studies have shown that
vaccinia virus IMV-specific antigens, A27, L1, and D8,
and EEV-specific antigens, A33 and B5, are immunogenic and protective, albeit variably, against VACV
infection in animal models (Galmiche et al., 1999;
Hooper et al., 2000, 2004; Fogg et al., 2004; Pulford
et al., 2004; Sakhatskyy et al., 2006, 2008; Xiao et al.,
2007). These antigens induced high-titer serum antibodies and/or neutralizing antibodies against the vaccinia virus (Galmiche et al., 1999; Hooper et al., 2000,
2003, 2004, 2007; Heraud et al., 2006; Sakhatskyy et al.,
2006, 2008). A four-gene combination DNA vaccine
that encodes two IMV (A27 and L1) and two EEV (A33
and B5) antigens was protective against VACV challenge in mice and against monkeypox virus challenge
in nonhuman primates (Hooper et al., 2003). In a separate study, IMV antigen D8 was shown to be a highly
immunogenic antigen that induced high-level protection, alone or in combination with the other pox antigens (Sakhatskyy et al., 2006, 2008). However, these
pox DNA vaccines, as well as the recombinant proteinbased pox subunit vaccines, were not as protective as
the live-attenuated vaccinia virus vaccine unless polyvalent formulations and/or multiple immunizations
are used (Hooper et al., 2000, 2003; Fogg et al., 2004;
Pulford et al., 2004; Sakhatskyy et al., 2006, 2008).
Only limited studies have measured cell-mediated
immune responses following immunization with various DNA vaccines against VACV challenge (Otero
et al., 2006). A recent study demonstrated that mice
immunized with the DNA plasmid encoding for the
B5R antigen of VACV elicited strong EEV-induced
IFN-γ responses (Pulford et al., 2004). Interestingly,

contrary to previous studies, this study did not
observe increased antibody responses in vaccinated
mice but rather found that cell-mediated responses
correlated with protection. In a DNA prime-protein
boost study, rhesus macaques were immunized with a
four-antigen formulation (L1R, A27L, A33R, and B5R)
in the form of either DNA vaccines alone, Escherichia
coli produced recombinant protein vaccines alone, or
a combination of both vaccines. Animals that received
the prime-boost immunization achieved the best protection (Heraud et al., 2006).
The DNA vaccination approach also provides a
unique technical advantage in developing vaccines
that are more closely related to smallpox antigens.
It can permit the direct cloning and expression of
antigen from variola major (Sakhatskyy et al., 2008;
Aldaz-Carroll et al., 2007) since the protective antigen genes can be chemically synthesized, even codon
optimized, without directly working with the highly
pathogenic variola major viruses, which are no longer
available for research applications. In summary, DNA
vaccination is particularly useful for the next generation of smallpox vaccines based on subunit antigens.
It can deliver multiple protective antigens in one
mixed formulation, elicit both antibody- and cellmediated immune responses, and optimize the antigen sequences and designs for the protective antigens.
Optimized genes can also be used to produce recombinant protein-based subunit vaccines.
Severe Acute Respiratory Syndrome Associated
Coronavirus (SARS-CoV)
Severe acute respiratory syndrome (SARS), an
acute respiratory disease cause by a newly recognized
human coronavirus (SARS-CoV), was first reported in
Asia in 2003. During the 2003 outbreak, approximately
8000 people worldwide became ill with 774 fatalities before the outbreak was finally contained (CDC,
2005). SARS is the first major emerging infectious disease in the 21st century. Although no final human vaccine has been developed, several candidate antigens
have been discovered and some have been tested as
DNA vaccines against SARS infection. Both the nucleocapsid protein (N) and the envelope spike protein (S)
have been examined for their ability to induce protective immunity against SARS-CoV in mice.
DNA plasmids, encoding the N protein, have been
shown effective in eliciting both humoral and cellular
immunity in mice after two or three immunizations
(Zhu et al., 2004; Zhao et al., 2005). Since the N antigen is not known to be a target for antibody-mediated
protection, the majority of SARS-CoV DNA vaccines
have incorporated the S protein as the key protective
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antigen. No matter whether the entire S protein or
fragments of the S protein are incorporated into the
DNA vector for immunization, significant levels of
S-specific immune responses were elicited including high-titer binding antibody (Yang et al., 2004;
Kong et al., 2005; Zakhartchouk et al., 2005; Huang
et al., 2006; Zhao et al., 2006; Hu et al., 2007; Wang
et al., 2005b) or neutralizing antibody responses
(Yang et al., 2004; Woo et al., 2005; Zakhartchouk et al.,
2005; Wang et al., 2005b). In addition, S-specific cellular immune responses including both CD4⫹ and
CD8⫹ T cell responses were detected with S DNA
vaccines (Yang et al., 2004; Huang et al., 2006; Zhao
et al., 2006; Hu et al., 2007). Even greater levels of
immunity were observed when these S DNA vaccines
were included as part of a prime-boost regimen (Kong
et al., 2005; Woo et al., 2005; Zakhartchouk et al., 2005)
or when a cytokine (IL-2) was included as the molecular adjuvant (Hu et al., 2007).
Although it has not been possible to determine the
efficacy of most SARS DNA vaccines due to the limited availability of animal testing facilities capable of
working with the SARS-CoV, it has been shown that
some S DNA vaccines (i.e., deleted transmembrane
domain or a truncated cytoplasmic domain) were
effective in significantly reducing the viral load in the
lungs of infected mice (Yang et al., 2004). However, a
limitation of the SARS-CoV mouse model is its lack of
clinical endpoints (e.g., disease or death) and the field
is further limited by the lack of a generally accepted
nonhuman primate model.
Results have been promising in the development
of a DNA vaccine against SARS-CoV. However, more
studies are needed, using better animal models that
can assess the ability of the experimental vaccines to
protect against infection and disease. It is important
to note that use of the DNA vaccine platform proved
to be nimble in facilitating the rapid development of
highly immunogenic candidate vaccines against the
sudden emergence of a new human infectious disease.
The Filoviruses: Ebola and Marburg
Infection with either Ebola or Marburg typically
results in severe hemorrhagic fever in both humans
and nonhuman primates. Four species of Ebola have
been identified (i.e., Zaire, Sudan, Reston, and Ivory
Coast) with the first known case occurring in Zaire in
1976. Marburg virus was identified in 1967 and named
after the site where the infection occurred, Marburg,
Germany. There is no effective prophylaxis or treatment for infection with either virus. While filoviruses
are uncommon causes of human infection, the development of filovirus vaccines are warranted based on

99

their remarkable lethality with mortality rates ranging from 23% (Marburg) to 90% (Ebola). There has
been limited work on the development of live attenuated Ebola virus vaccines, but safety issues make this
approach somewhat problematic.
Significant progress has been made in the development of DNA vaccines for both Ebola and Marburg
viruses including the completion of a recent phase I
human trial for an Ebola DNA vaccine. These vaccine
strategies have targeted various viral proteins including
both the secreted (sGP) and transmembrane (GP) forms
of the glycoprotein and the nucleoprotein (NP). These
DNA vaccines were tested in various animal models
including mice, guinea pigs, and nonhuman primates,
and in humans with promising immunogenicity results.
In an early study, all three viral proteins were tested to
determine their immunogenicity in mice and their protective efficacy in guinea pigs (Xu et al., 1998). Three
50 μg injections of the NP and sGP DNA plasmids were
effective, although to varying levels, in eliciting an antibody response while the GP DNA did not elicit a neutralizing response. However, the NP construct induced
only minimal CTL responses, whereas the sGP and GP
plasmids induced strong CTL responses. Furthermore,
guinea pigs challenged approximately 2 months after
the first immunization showed nearly complete protection: GP (6/6), sGP (5/6), and NP (4/4). Similar results
were observed in mouse protection studies with the GP
protein although as many as four immunizations were
required (Vanderzanden et al., 1998; Riemenschneider
et al., 2003). Likewise a GP DNA prime-recombinant
baculovirus-derived GP protein boost regimen afforded
guinea pigs good protection. A separate study showed
that DNA immunization and subsequent boost with
adenovirus vectors that encoded either GP, NP, or a
combination of the two conferred 100% protection in
guinea pigs (Sullivan et al., 2000). Furthermore, antibody titers were increased in mice that received the
GP DNA prime plus adenovirus vector boost when
compared to DNA alone. Since the Ebola virus has to
be modified in order to produce disease in rodents, primate models of infection would more closely emulate
infection in humans. After three injections of naked GP
DNA vaccines, several months of rest, and recombinant
adenovirus based vaccine boost, antibody titers were
increased 10- to 20-fold when compared to DNA immunization alone and there was 9- to 20-fold increase in
cellular immune responses that appear to be driven
by CD4⫹ T cells. This vaccination regimen was able to
confer protection in four out of four monkeys and sterilizing immunity was observed in three out of four.
Recently, a phase I clinical trial was conducted to
determine the safety and immunogenicity of a DNA
vaccine for the Ebola virus in healthy volunteers
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(Martin et al., 2006). The DNA vaccine contained three
plasmids in equal concentrations for the NP (Zaire
strain), and two GP (one from the Zaire strain and
the other from the Sudan/Gulu strain). This vaccine
formulation was safe and well tolerated. DNA vaccine formulation elicited antigen-specific antibody
responses to at least one of the three antigens in 100%
of vaccinees and 19 out of 20 vaccines showed an antibody response to either GP antigen at one or more
time points during the vaccination schedule. Similar
to what was observed for monkey (Sullivan et al.,
2000), CD4⫹ T cell responses were more robust than
CD8⫹ responses with the GP antigens producing the
greatest response when compared to NP.
The DNA vaccine platform has also been used to
develop a vaccine against the Marburg virus although
few studies have been conducted to date. Marburg
virus GP-expressing DNA vaccine was administered
to guinea pigs and serum antibodies were detected
after three immunizations. This vaccine prevented
death in 8 out of 10 animals that exhibited a 10-fold or
higher increase in anti-Marburg virus antibodies 1
month after infection. However, a combination DNA
prime plus baculovirus-expressed recombinant GP
boost in adjuvant (one DNA prime and two protein
boosts) conferred complete protection whereas neither
vaccine modality did so when administered alone
(Hevey et al., 2001). A second study observed complete protection in guinea pigs and protection in two
of three monkeys vaccinated with a Marburg virus GP
DNA plasmid (Riemenschneider et al., 2003). The antibody responses observed in the two monkeys that survived challenge were not significantly different from
those in the monkey that did not survive, indicating
that antibody levels alone do not necessarily predict
protection against Marburg infection.
Results from the filovirus vaccine studies are promising in that they all indicate that vaccination with
related DNA vaccines which encode for various Ebola
or Marburg antigens can induce both cellular and
humoral immune responses and that these vaccines
can confer some level of protection from infection.
More human trials will determine the efficacy of these
vaccines.
Flaviviruses: West Nile Virus, Japanese and TickBorne Encephalitis Viruses, Dengue Virus
West Nile Virus At the end of the summer of 1999,
there was an outbreak of viral encephalitis in the New
York City and surrounding areas, which was later
determined to be caused by West Nile virus (WNV).
This outbreak continued in the subsequent years in
the United States in humans and in horses. No human

or veterinary vaccines existed for WNV at the time
of the initial outbreak. Different versions of DNA
vaccines were developed and they all showed good
immunogenicity. One version expresses the WNV
capsid protein, and in vivo study in mice showed
Th1 type immune responses in immunized animals
(Yang et al., 2001). Another used a novel approach
to express a full-length infectious Kunjin virus RNA.
Kunjin virus is a genetically stable Australian flavivirus originally shown to be genetically and antigenically very closely related to several WNV strains,
which later was reclassified as a WNV (Heinz et al.,
2000). Sequence analysis revealed 98–99% amino acid
homology between Kunjin and NY99, the WNV causing the initial 1999 New York outbreak. By using a
further modified molecular clone with mutated NS1
gene, an attenuated Kunjin strain was produced and
used as a vaccine. The use of DNA vaccine directing
in vivo transcription of the full-length attenuated but
infectious KUN viral RNA in mice led to full protection against the WNV NY strain (Hall et al., 2003).
Scientists at US CDC and Fort Dodge Laboratories,
Inc., a division of Wyeth, developed the pCBWN
DNA vaccine that expresses the WNV prM and E
proteins (Davis et al., 2001). A single intramuscular
injection of pCBWN DNA vaccine induced protective immunity, preventing WNV infection in both
mice and horses (Davis et al., 2001). This vaccine was
licensed by the US Department of Agriculture on July
18, 2005, becoming the first DNA vaccine approved by
a regulatory agency. In granting full licensure, USDA’s
Center for Veterinary Biologics determined that the
vaccine’s safety and efficacy have been satisfactorily
demonstrated.
In April of 2006, a DNA vaccine targeting WNV,
developed by scientists at the NIH’s Vaccine Research
Center (VRC) in collaboration with Vical, Inc., entered
into a phase I clinical trial with a targeted completion
date of October of 2007 (NIH, 2007). This experimental
vaccine encodes two key WNV surface proteins, the
precursor transmembrane (prM) protein and the envelope (E) protein. The vaccine was administered via a
Biojector 2000 device. Participants received three injections (i.m., 1 ml of vaccine per immunization for a total
of 3 ml) at study days 0, 28, and 56. The primary study
endpoint is vaccine safety, and secondary immunogenicity endpoints include ELISA and neutralizing antibody responses and ELISPOT and ICS staining assays
for WNV-specific T cell responses. Results of the phase I
clinical trial are not yet available (Martin et al., in press).
Japanese and Tick-Borne Encephalitis The viral
encephalitides, in particular, Japanese encephalitis (JE)
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and Tick-borne encephalitis (TBE), are transmitted to
humans and animals by infected mosquitoes or ticks.
Infection with these viruses results in various symptoms ranging from fever to encephalitis. While there
are inactivated vaccines against these infections, the
immunization regimens require multiple doses without producing long-term immunity. Repeated immunizations increase the cost of vaccination campaigns
in the developing countries. Some of these inactivated
vaccines are not licensed in the United States. Efforts
have been made to utilize DNA vaccine technology
in order to produce a vaccine against these encephalitides with improved efficacy, greater ease, and lower
cost of production and administration.
JE, a virus widely distributed throughout Asia,
causes disease in the human central nervous system.
Three viral proteins have been reported to provide
protective immunity: prM, E, and NS1. DNA vaccines
encoding for these viral proteins have been successful in inducing antibodies and protection against JE in
mouse models. In one report an NS1 DNA vaccine was
shown to afford greater protection from JE challenge
and to induce a higher level of antibodies compared
to a DNA vaccine encoding the E and prM proteins
(Lin et al., 1998). Another study found that a construct
encoding prM and E produced neutralizing antibodies and protected mice against JE challenge while constructs encoding capsid (C) or non-structural proteins,
NS1, NS2A, NS2B, NS3, or NS5 induced cytotoxic T
lymphocyte responses but afforded only partial protection against JE challenge (Konishi et al., 2003a).
These results were interpreted to indicate the relative
importance of antibody vis-à-vis T cells in vaccineinduced protection. Other investigators reported that
a DNA vaccine encoding both the E and prM proteins
was as effective or elicited better responses when compared to the commercially available JE vaccine, JEVAX
(Chang et al., 2000). Additional studies have shown
that needle-free injector administration of DNA vaccines encoding E and prM proteins elicited increased
neutralizing antibodies earlier when compared to
intramuscular administration in monkey (Tanabayashi
et al., 2003) and mouse (Konishi et al., 2003b, 2003c).
Prime-boost regimens have proven to be superior to
other methods of maximizing vaccine immunogenicity. Two studies showed that boosting an E/prM DNA
vaccine formulation with either sub-viral extracellular particles (Imoto and Konishi, 2005) or inactivated
commercially available JEVAX (Konishi et al., 2003b,
2003c) was superior to either vaccine modality alone
in inducing neutralizing antibody. The DNA primeJEVAX boost regimen induced long-lasting immunity,
as titers were still 1:80 to 1:160, as of 21 weeks following the last immunization (Imoto and Konishi, 2005).
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Furthermore, DNA vaccines encoding for prM/E viral
proteins afforded greater cross protection against heterologous JE viral strains when compared to inactivated virus vaccines (Wu et al., 2003a).
TBE is most frequently caused by Russian spring
summer encephalitis (RSSE) and Central European
encephalitis (CEE). DNA vaccines developed against
TBE have been successful in animal models in eliciting
protective immune responses against viral challenge.
As with the other flaviviruses, the most effective
vaccines have encoded the prM and E genes. DNA
vaccines expressing the prM and E genes of RSSE and
CEE, delivered by a gene gun, have been shown to
protect both mice (Schmaljohn et al., 1997) and monkeys (Schmaljohn et al., 1999) against homologous
and heterologous viral challenge while inducing longlasting neutralizing antibody responses. Protection
appears to be mediated by neutralizing antibody
based on passive transfer studies in mice using high
neutralizing titer antibodies generated in monkeys by
RSSE or CEE DNA immunization (Schmaljohn et al.,
1999).
Dengue Viruses Currently, there is no approved
vaccine against dengue viruses (DEN). These viruses,
spread by the Aedes aegypti mosquito, are endemic
throughout tropical and sub-tropical regions of the
world. There are approximately 100 million infections per year, resulting in both dengue fever and
the more serious, dengue hemorrhagic fever (DHF).
Although various vaccine approaches including live
attenuated, inactivated whole virion and recombinant
protein-based subunit vaccines have been tested, the
presence of four serotypes of DEN and complicated
immunopathologic mechanisms involved in DHF
have greatly reduced the speed of developing an
effective DEN vaccine. Several DNA vaccine formulations have been developed against all four serotypes
(DEN-1, DEN-2, DEN-3, and DEN-4), and in some
cases, a tetravalent formulation has induced memory
immune responses against both homologous and heterologous viral challenges (Konishi et al., 2006). Typically,
the DNA vaccines that most effectively elicit both
humoral and cell-mediated immune responses contain
the DEN premembrane/membrane (prM) and envelope (E) genes. Immunization with plasmids encoding
these genes have been shown to engender antigenspecific antibody and neutralizing antibody responses
and protection against DEN-1 in mice (Raviprakash
et al., 2000a; Konishi et al., 2003b, 2003c) and nonhuman primates (Kochel et al., 2000; Raviprakash
et al., 2000b) and against DEN-2 in mice (Konishi et al.,
2000, 2003b, 2003c; Putnak et al., 2003) and nonhuman
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primates (Putnak et al., 2003). Additional studies have
examined the ability of a tetravalent DNA vaccine formulation, encoding the prM and E genes of all four
dengue serotypes, to induce immune responses and
found that antibodies specific for each serotype could
be induced following immunization (Mota et al., 2005;
Apt et al., 2006; Konishi et al., 2006; Raviprakash et al.,
2006). Furthermore, immunization with such a tetravalent DNA vaccine was able to elicit neutralizing antibody responses 4 days following the viral challenge
against both the homologous virus used for the challenge assay and against the heterologous viruses (i.e.,
not used for challenge) (Konishi et al., 2006).
The ability of the dengue virus nonstructural protein 1 (NS1) to elicit immune response has also been
examined with contradictory results. In one study, a
DNA vaccine encoding for the NS1 failed to induce
antigen-specific antibodies after one to three immunizations; however, greater responses were observed following challenge with DEN-2 in vaccinated mice when
compared to the unvaccinated group (Wu et al., 2003b).
In contrast, mice vaccinated with a DNA vaccine based
on the NS1 protein from DEN-2 displayed high levels of antibodies (Costa et al., 2006). While it appears
as though these two DNA vaccines encoded the same
antigen from the DEN-2 virus, slight differences in
immunization schedule and/or dosing may have led
to the different results. Despite the fact that antibodies were not detected after one to three immunizations
with the NS-1 from DEN-2 (Wu et al., 2003b), the NS-1
DNA vaccine conferred protection against lethal challenge in both studies. Furthermore, newborn mice born
to dams that were either infected with the DEN-2 virus
(100% of litters) or immunized with the NS-1 DNA
vaccine (75% of litters) were also protected against the
dengue virus following challenge (Wu et al., 2003b).
Alphaviruses: The Equine Encephalitides
The equine encephalitides, including Venezuelan
equine encephalitis (VEE) and western equine encephalitis (WEE), are mosquito-borne viruses that can be
transmitted to birds, horses, and humans. The clinical findings of these infections range from mild flulike symptoms to encephalitis, coma, and death. While
equine vaccines against some of these viruses have
been developed, no human vaccines are currently
available. DNA vaccine technology has been used to
develop vaccines against VEE and WEE, which is of
particular importance as these viruses have the potential to be used as biological warfare agents. In a first
study, DNA immunization with a plasmid encoding
the major structural proteins of WEE (capsid, E3, E2,
6K, and E1) afforded protection to 50–100% of mice

challenged with a lethal dose of one of three strains of
WEE. Furthermore, immunized mice showed a strong
T-cell proliferation response to purified E2 protein
and a partial response to E1 when compared to controls (Nagata et al., 2005). A DNA vaccine has also been
developed against VEE. In this study, a replicationdefective adenovirus (Ad5) was used to boost the
immune responses following the delivery of the DNA
vaccine that expressed a region encoding for the E3, E2,
and 6K structural proteins (Perkins et al., 2006). Following
DNA immunization, no difference was observed in
VEE virus-specific IgG response; however, following
one intranasal boost with a homologous Ad-based vaccine a significant increase in VEE virus-specific IgG was
observed. The prime-boost strategy also significantly
enhanced protection against aerosol VEE challenge.
Rabies
Infection with the rabies virus causes acute
encephalitis with an extremely high fatality rate. Both
inactivated and live-attenuated human rabies vaccines
exist but each has its own limitations. DNA vaccination has proven successful against rabies infection in
various animal models. In a first series of studies, mice
immunized with the rabies glycoprotein displayed
rabies virus glycoprotein-specific cell-mediated and
humoral immune responses, in addition to complete
protection against viral challenge (Xiang et al., 1994,
1995). Subsequent studies showed that a DNA vaccine encoding for a rabies glycoprotein induced a
176-fold increase in geometric mean neutralizing antibody titers following a boost 190 days after the primary immunization in nonhuman primates (Lodmell
et al., 1998a, 1998b). Additional studies by this group
showed that gene gun administration afforded mice
protection against rabies virus challenge and that protective levels of antibodies persisted for over 300 days
(Lodmell et al., 1998a, 1998b). They also showed that
different prime-boost regimens elicited varying levels of neutralizing antibody responses: priming with
a DNA vaccine, a recombinant vaccinia virus vaccine
(RVV), or the commercially available inactivated rabies
vaccine followed by boosting with either the DNA or
inactivated vaccines resulted in rapid and long-lasting
antibody responses (Lodmell and Ewalt, 2000). This
group also demonstrated that DNA vaccination could
be used as an effective post-exposure vaccine (Lodmell
and Ewalt, 2001; Lodmell et al., 2002).
Arenaviruses
The arenaviruses are a family of viruses that are
usually transmitted from rodents to humans and
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include viruses such as lymphocytic choriomeningitis
(LCM), Lassa virus, Junin virus, and Machupo virus.
Infection with these viruses presents as a wide range
of symptoms including fever and flu-like symptoms,
meningitis, encephalitis and severe, fatal hemorrhagic
fever. Few studies have been conducted in the development of DNA vaccines against these viral agents. In
one study, a single immunization with a DNA plasmid
encoding the full-length Lassa nucleoprotein was able
to induce CD8⫹ T cell responses in mice and afforded
protection against two arenaviruses, LCMV and
the Pichinde virus (Rodriguez-Carreno et al., 2005).
Unfortunately, DNA immunization against LCMV in
another study did not show favorable results following intracranial viral challenge. Not only were some
vaccinated mice not afforded protection against viral
challenge but they also displayed greater immunopathology instead as evidenced by clinical symptoms
of encephalitis and eventual death (Zarozinski et al.,
1995). This study represented a rare example of where
a DNA vaccine may worsen the outcome of viral
infection. Although it is believed that such unexpected
results are part of the unique immunopathogenesis of
LCMV infection, careful selection of PAs may also be
important for the development of DNA vaccines.

DNA Vaccines against Bacterial Agents
Anthrax
Anthrax is one of the early model pathogens used
to assess the feasibility of applying DNA vaccine technology to the development of a vaccine against bacterial infection. During the early days of DNA vaccine
research, many considered DNA vaccine as a useful tool for the induction of cell-mediated immune
responses but did not appreciate the potential of DNA
vaccine to induce high-quality protective antibody
responses. Because antibody plays a central role in
the control of most of the bacterial infections, initially
there were only limited DNA vaccine studies for bacterial agents, and the detailed analysis of DNA vaccine against anthrax provided an important milestone
in this area.
Anthrax infection, caused by Baccillus anthracis, is a
disease with high mortality. It attracted great attention
in the United States following intentional release of
the agent in 2001. Although a licensed vaccine against
anthrax has been developed (Bioport Corporation,
Lansing, MI), multiple immunizations are required in
order to maintain protective levels of immunity, and
safety of previous manufacturing process has been
an issue. In a first study to establish the possibility of
using a DNA vaccine to induce a protective immune
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response against anthrax, Gu et al. (1999) developed
a DNA vaccine that contained a portion of the protective antigen (PA), the protein responsible for initial
binding of the bacteria to the target cell. Antibodies
against the PA have been confirmed to protect guinea
pigs and rabbits against anthrax challenge (Little
et al., 1997; Kobiler et al., 2002; Riemenschneider et al.,
2003; Mohamed et al., 2005). After multiple inoculations with the PA-expressing DNA plasmid, anti-PA
IgG antibodies were observed in all immunized mice,
levels of which increased with subsequent boosting. Using an in vitro neutralization assay, this study
showed that pooled serum from twice-boosted immunized mice was 100% protective against anthrax at a
1:20 dilution while 50% protection was observed at
a 1:100 dilution. In an in vivo protection assay, the
authors found that mice immunized with the plasmid
PA DNA were completely protected against challenge
while no control mice survived. Subsequent studies
showed that plasmid DNA prime encoding for the
PA antigen followed by a recombinant protein (rPA)
boost significantly increased antibody levels and protective efficacy against anthrax challenge in both mice
(Williamson et al., 2002) and rabbits (Galloway et al.,
2004). However, increases in antibody titers and protective efficacy were also observed in rabbits without
the recombinant protein boost (DNA alone) and these
effects were long-lasting (Hermanson et al., 2004). In
an examination of passive immunotherapy of anthrax
infection, rabbits were immunized with a codonoptimized plasmid DNA vaccine encoding PA, with
the most effective immunization strategy being the
twice DNA prime ⫹ one time protein boost regimen.
Immune rabbit sera, shown to contain ELISA and
neutralization antibodies, were transferred to mice
either 1 h prior to or 1 h after lethal anthrax challenge.
All mice that received the hyperimmune rabbit sera
1 h prior to anthrax challenge survived 14 days after
challenge (end of observation period), while in mice
that received the sera 1 h after challenge, only one out
of 5 mice died (2 days after challenge), indicating that
protection against anthrax could be achieved through
passive administration of antibodies that resulted
from DNA immunization (Herrmann et al., 2006).
Together, these studies indicate that DNA immunization was effective in producing high-titer antibody
responses, which conferred protection against aerosolized anthrax challenge in both mice and rabbits.
Plague
While Yersinia pestis (Y. pestis), the causative agent
of plague, is endemic in many rodent populations
throughout the world, it is of great concern due to
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its potential as a biological weapon. Plague can be
transmitted by flea bite causing bubonic plague or
through aerosolization to cause pneumonic plague. It
is pneumonic plague that is the greatest concern for
biodefense as this form of the disease progresses very
rapidly, is highly transmissible, and requires therapy
shortly after infection. Without early intervention,
pneumonic plague infection is most certainly fatal.
These features of pneumonic plague along with its
possible use as a biological weapon present a strong
argument for the development of an effective vaccine.
Currently, there is no known effective clinical vaccine against pneumonic plague. While a variety of
whole-cell, killed plague vaccines were developed,
their efficacy in protection against pneumonic plague
is limited in small animal models (Williamson et al.,
1997, 2000). DNA vaccine technology offers advantages
in establishing a safe and effective platform by which
protection against a variety of plague antigens can be
achieved. A first study compared two DNA vaccine
delivery methods (i.e., gene gun delivery of 0.6 or 4 μg
plasmid DNA versus intramuscular or intradermal
delivery of 50 μg plasmid DNA) for the administration of a plasmid DNA encoding for the V antigen of
Y. pestis. Antibody responses, obtained at 21 days post
vaccination, were observed in all vaccinated groups.
However, the highest geometric mean titers were
observed in mice that were vaccinated with 4 μg DNA
via gene gun, with the least effective being intradermal
administration of 50 μg DNA (Bennett et al., 1999). Very
little protection was afforded in mice inoculated (i.m. or
gene gun) with this “optimized” V antigen-expressing
DNA vaccine (addition of a CMV promoter) as only
two out of six mice (gene gun) survived a subcutaneous challenge with Y. pestis (Garmory et al., 2004).
Greater success was achieved when mice were
administered a DNA vaccine with a modified V antigen (LcrV) using a human tissue plasminogen activator
(tPA) signal sequence (Wang et al., 2004b). In this study,
not only were strong V antigen-specific antibodies elicited but mice were also protected against an intranasal
challenge with Y. pestis. This is of particular importance
as this model reflects infection with the more deadly
mucosal challenge of plague. The tPA-V DNA vaccine
was able to induce excellent secreted V antigens in
oligomeric form, which has been hypothesized to be
important in eliciting protective antibody responses.
In addition to the V antigen, immunity to the F1
capsular protein has been shown to afford protection
against plague and F1-expressing DNA vaccines have
been reported effective in eliciting protection. Grosfeld
et al. (2003) compared three F1 DNA vaccines that carried different signals for cellular localization for their
ability to induce antibodies and protection against

Y. pestis. Results showed that although the full-length
form of the F1 antigen was a poor immunogen, one
altered plasmid in particular (deF1, containing the
coding sequence of the F1 protein but a 21-amino acid
long sequence that codes for a putative bacterial signal
peptide is missing) induced substantial antibody titers
and protective immunity (38 out of 39 mice) against
a subcutaneous Y. pestis challenge. It was determined
that mice that received a gene gun inoculation of deF1
were protected against 4000 LD50 Y. pestis challenge
and 10 out of 10 animals survived this challenge.
By using the DNA vaccine technology, a group of
“2nd line” antigens from Y. pestis have been studied for
their ability in eliciting protective antibody responses
(Wang et al., 2008b). Y. pestis outer proteins (YopB,
YopD, and YopO), plasminogen activator protease
(Pla), and Yop secretion protein F (YscF) are necessary
for the full virulence of Y. pestis. They have been proposed as potential PAs for vaccines. DNA immunization was used as a tool to study the relative protective
immunity of these individual antigens with a standardized intranasal challenge system in BALB/c mice.
The natural full-length gene sequences for most of
these Y. pestis proteins did not display a good level of
protein expression in vitro when delivered by a DNA
vaccine vector into mammalian cells. As a result, the
overall immunogenicity of these wild-type gene DNA
vaccines was low in eliciting antigen-specific antibody
responses. However, gene sequence modifications,
including the removal of hydrophobic regions and
the addition of signal peptide sequences with high
secretion potential, significantly improved the level of
protein expression, as well as the immunogenicity of
these antigens in eliciting high-level antigen-specific
antibody responses in mice. Modified YopD, YopO,
and YscF antigens were able to protect immunized
mice, to varying degrees, against the lethal challenge
of Y. pestis Kim strain (5000 cfu) by intranasal inoculation while no protection was observed with either
the YopB or Pla antigens (Wang et al., 2008b). Results
of this study demonstrate that DNA immunization is
useful in screening, optimizing, and comparing the
antigen design and immunogenicity of candidate antigens for the development of a subunit-based plague
vaccine. This approach will be useful to expand the
search for additional protective antigens against
highly virulent Y. pestis infection.
Results from these studies indicate that protection
against both subcutaneous and intranasal plague,
indicative of bubonic and pneumonic plague, respectively, can be conferred through administration of
DNA vaccines encoding different Y. pestis antigens.
The development of broadly active vaccines against
plague is important to defend against any ill use of this
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pathogen as a biological weapon, with or without any
intentional modification of the antigens to escape from
the protection elicited by the original vaccination.
Botulism
Botulism is a very rare but serious paralytic disease caused by the bacterium, Clostridium botulinum.
Historically, three natural forms of botulism existed:
food-borne, wound, and infant. However, there also
exits a man-made, inhalation form of botulism that
is lethal in the microgram dose range and hence represents a highly dangerous potential biothreat. Seven
types of non-cross-reactive botulinum neurotoxin
exist (A through G) and a licensed trivalent antitoxin,
available from the CDC, contains neutralizing antibodies against types A, B, and E, for treatment against
botulism toxin poisoning (CDC, 2007). An additional
investigational heptavalent antitoxin has been shown
to be effective against all known strains of botulism.
It is this heptavalent formulation that has been contracted into the Strategic National Stockpile beginning
in 2007 (HHS, 2006). However, it has been shown that
some strains of botulism are capable of producing
mixtures of two toxin types (Cordoba et al., 1995). It
is also now known that there are subtypes under each
of the serotypes, indicating that the understanding of
cross protection and the development of appropriate
vaccine strategies will remain a great challenge.
Few studies have examined the feasibility of using
DNA vaccines to protect against botulism. In an early
study, mice were immunized with a DNA vaccine
expressing the carboxyl terminal 50 kDa fragment of
the type A toxin, which was placed in two designs:
pJT-1, a construct that leads to MHC I presentation, or
pJT-2 that leads to MHC II presentation (Clayton and
Middlebrook, 2000). After challenge with botulinum
serotype A (or in a cross-protection study serotypes B
or E), it was observed that the pJT-1 construct was ineffective in inducing protection against challenge with
botulism (serotype A 25 LD50). However, mice that
received the pJT-2 construct (at least 10 μg DNA) were
afforded some level of protection when challenged at
week 11. While 50 μg of DNA increased the rate of survival (9 out of 10 challenged with serotype A 25 LD50), a
minimum of 11 weeks had to pass prior to challenge as
no protection was afforded if challenge was presented
at 4 or 7 weeks after immunization. Furthermore, these
results showed that no cross protection was afforded
by pJT-2 DNA immunization against serotypes B or E,
as none of the 10 animals survived the challenge.
Additional studies showed that a DNA vaccine
against botulinium subtype F, which is a very rare form
of botulism, was found to protect mice against lethal
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challenge with the same serotype (Bennett et al., 2003;
Jathoul et al., 2004). In the first study by this group, a
minimum of three i.m. injections of the F subtypespecific DNA vaccine, pABFHc2, which contained
a signal sequence after the Hc domain, given over a
4-week period, was sufficient to protect 100% of mice
(10 out of 10) against 104 MLD of botulinium toxin subtype F, and a single dose protected 60% of mice when
they were challenged no less than 28 days after vaccination (Bennett et al., 2003). Additional results from this
study indicated that a relationship may exist between
FHc-specific antibody levels and survival in the challenge assay, and that a DNA prime-protein boost regimen induced greater levels of serum antibodies when
compared to both DNA alone and protein alone. Based
on these findings, DNA vaccine appears useful for the
design and optimization of a future botulinum vaccine
that can protect from multiple serotype toxins.
Helicobacter pylori
Gastritis, peptic ulcers and gastric cancer have all
been linked to infection with the Helicobacter pylori
bacterium. While only two studies have examined the
possibility of using DNA vaccine technology to induce
antibodies and protection against H. pylori infection,
the studies were successful (Todoroki et al., 2000;
Miyashita et al., 2002). The difference between studies
was the DNA vaccine encoding antigen, the enzyme
catalase, or the heat shock protein A or B (HspA and
HspB, respectively). Both DNA vaccine formulations
induced high-titer serum antibodies when compared
to the empty DNA vector control. For the DNA vaccine encoding catalase, serum antibody levels were
detected beginning 4 weeks after the final immunization with peak levels by 3 months post immunization. Additional analyses included measurement of
bacterial colonization in stomach after challenge with
H. pylori, and all three DNA vaccine formulations (catalase, HspA, and HspB) afforded protection against H.
pylori replication. The results support the potential use
of a DNA vaccine to protect against H. pylori infection.
As more antibiotic-resistant strains of this bacterium
develop, there will be a greater need for the development of an H. pylori vaccine.
Tuberculosis
The Mycobacterium tuberculosis (TB) vaccine Bacille
Calmette-Guerin (BCG) is widely used outside the
United States in settings of high TB prevalence.
Unfortunately, BCG is not completely effective in preventing TB infection, it can complicate interpretation
of the tuberculin skin test, and it has not prevented
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the emergence of extensively drug-resistant TB strains.
Despite its shortcomings, BCG will likely continue to
be used in afflicted countries as it does reduce the mortality rates against the more serious forms of childhood
TB (e.g., disseminated and meningeal TB) (ACET, 1998).
It is clear that more effective TB vaccines are needed
and numerous studies have explored the potential of
using DNA vaccination technology to facilitate the
development of new and more effective vaccines.
The majority of TB DNA vaccine studies have
focused on a family of three protein complexes of the
Ag complex: Ag85A, Ag85B, and Ag85C. These antigens are prime targets because they are both found on
the cell surface and are also secreted from the bacterium (Wiker and Harboe, 1992). An initial study examined the immunogenicity of a DNA vaccine encoding
all three forms of the Ag85 complex (Ag85A, B, and C)
and observed high-titer antibody responses in immunized mice (Ulmer et al., 1997). A subsequent study
showed that the secreted form of Ag85A induced
higher levels of serum antibodies at lower DNA doses
and conferred protection against a highly virulent
strain of M. tuberculosis when compared to the mature
form of the protein (Baldwin et al., 1999). DNA vaccines encoding the Ag85A and Ag85B proteins but
not Ag85C induced strong Th1-like responses (e.g.,
increased levels of IL-2, IFN-γ, and TNF-α) towards
native Ag85 protein (Lozes et al., 1997), a broader
T cell response than observed with natural M. tuberculosis infection and increased CD8 ⫹ -mediated cytotoxicity (Denis et al., 1998). In addition to these cellular
immune responses, protection against challenge was
conferred by DNA vaccines encoding the Ag85A protein in mice (Lozes et al., 1997; Denis et al., 1998) and
guinea pigs by intramuscular injection (Baldwin et al.,
1998) and gene gun inoculation (Sugawara et al., 2003)
and for the Ag85B protein in mice (Lozes et al., 1997).
Additional studies have utilized various “primeboost” strategies to increase both the immunogenicity
and protective efficacy of Ag85-encoded DNA vaccines. One such study primed with a DNA vaccine
encoding the Ag85 protein and subsequently boosted
with purified Ag85 protein. This “prime-boost” strategy increased IL-2 and IFN-γ responses, increased
IFN-γ producing CD4⫹ cells, increased IgG2a isotype
antibody responses, and increased the efficacy of the
DNA vaccine against M. tuberculosis challenge (Tanghe
et al., 2001). A second study examined the effects of
DNA prime and subsequent boost with the current TB
vaccine, BCG, and found that the DNA ⫹ BCG regimen was more effective than BCG alone in protecting
against TB challenge (Feng et al., 2001; Ferraz et al.,
2004) and that CD8⫹ T cell depletion attenuated this
protection (Feng et al., 2001).

DNA vaccines have also been developed to target other TB antigens including hsp65 (Tascon et al.,
1996; Ferraz et al., 2004), hsp70 (Lowrie et al., 1999;
Ferraz et al., 2004), the alanine–proline-rich antigen
(Apa) (Ferraz et al., 2004), and MPT-63, MPT-64, MPT83, ESAT-6, KatG, and other antigens, either alone or
in various combinations (Morris et al., 2000; Repique
et al., 2002; Cai et al., 2005a, 2005b). High levels of specific IgG antibodies were observed against Ag85A,
MTP-64, and MPT-83 and mice immunized with individual DNA vaccines (Cai et al., 2005b) or a construct
encoding all the antigens (Cai et al., 2005a) were protected against TB challenge. While individual DNA
vaccines encoding the MPT-63 and MPT-83 antigens
provided only partial protection against TB challenge,
the multivalent MPT-63, MPT-83, ESAT-6, and KatG
DNA vaccine produced antigen-specific cell-mediated
and humoral immune responses and a stronger protective response against TB challenge when compared to
the current BCG vaccine (Morris et al., 2000). Studies
examining the efficacy of DNA vaccines that encode
for the heat shock proteins of M. tuberculosis found that
these proteins were able to decrease the numbers of live
bacteria in both the spleen and the lungs of infected
mice after only one dose of the hsp65 DNA vaccine,
with lower effects observed with the hsp70 and ESAT6
DNA vaccine formulations (Lowrie et al., 1999).

DNA Vaccines against Parasites
Malaria
Malaria is transmitted through mosquitoes and
remains a major global public health problem. Each
year 350–500 million new cases of malaria occur
throughout the world with approximately 1 million
deaths occurring mostly in children in sub-Saharan
Africa. Although antimalarial drugs are effective in
the prevention and treatment of malaria infections, the
development of vaccines continues to be the ultimate
goal for malaria control.
Significant developments have been made through
clinical trials that have tested various designs of DNA
vaccines against malaria. In the first set of human
DNA vaccine studies, a plasmid DNA vaccine encoding the Plasmodium falciparum circumsporozoite protein (PfCSP) produced low CMI responses in human
volunteers even with the use of a PMED (Wang et al.,
1998, 2001). High DNA dose (2500 μg per immunization) was effective in increasing positive responses,
and antigen-specific CTL responses were observed
(Wang et al., 1998). Measurable antibody responses
were not detected in any of the volunteers who had
received this safe and well-tolerated malaria DNA
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vaccine. In later studies, a DNA prime-recombinant
vaccinia virus Ankara (MVA) boost approach was
developed to further enhance the immunogenicity of
malaria DNA vaccines [for recent review, see (Gilbert
et al., 2006)]. A unique chimeric antigen, ME-TRAP,
was produced to express the thrombospondin related
adhesion protein (TRAP) coupled with a string of
multiple epitopes (ME) (18 T-cell epitopes and 2 B-cell
epitopes from various pre-erythrocytic P. falciparum
antigens) (Moorthy et al., 2003). DNA immunization
elicited low-level T-cell responses that were amplified
by a boost with MVA ME-TRAP. More significantly,
intramuscular DNA priming was more effective than
gene gun-mediated priming when combined with
a MVA boost. The combination immunization regimen produced partial protection, which manifested
as delayed parasitemia after sporozoite challenge
with a different strain of P. falciparum. Recent studies
have further demonstrated that the DNA prime-MVA
boost vaccine encoding TRAP produced stronger
ex vivo IFN-γ ELISPOT responses than did a similar
DNA prime-MVA boost vaccine encoding the circumsporozoite (CS) antigen. Importantly, the latter vaccine
could not protect healthy malaria-naïve adults against
P. falciparum sporozoite challenge as did the TRAPexpressing DNA prime-MVA boost vaccine (Dunachie
et al., 2006).
A different type of malaria vaccine prime-boost
approach was tested in humans. The combination
of a PfCSP DNA vaccine prime with the boost of a
known protective recombinant protein RTS,S, which
is a fusion protein of the P. falciparum PfCSP protein
and the hepatitis B virus surface antigen (HBsAg).
This construct encodes several CD4⫹ and CD8⫹
T-cell epitopes. It was administered to volunteers who
had received the DNA vaccine (prime) in an earlier
trial (Le et al., 2000) or naïve volunteers. Volunteers
who were primed with PfCSP DNA vaccine had protective CD4⫹ T-cell and antibody responses (effects of
protein boost) in addition to the previously observed
CD8⫹ CTL and IFN-γ responses (effects of DNA
prime). The naïve volunteer group exhibited only
antibody and CD4⫹ T-cell responses, and not CD8⫹
T-cell responses (Epstein et al., 2004; Wang et al.,
2004a). This finding suggested that the PfCSP DNA
vaccine was not effective for the induction of antibody
responses, either alone or as a priming vaccine.
In an attempt to expand the breadth of protective immune responses, volunteers were immunized
with a mixture of five malaria DNA vaccines expressing different P. falciparum pre-erythrocyte stage antigens in conjunction with an “adjuvant” plasmid
encoding human granulocyte–macrophage colonystimulating factor (hGM-GSF) (Wang et al., 2005a). IFN-γ

responses were detected to multiple class I and/or
class II restricted T-cell epitopes from all five antigens
(CSP, EXP-1, LSA-1, SSP2, and LSA-3) with no statistical difference between the groups. Additional analyses revealed that in volunteers who received DNA
alone (i.e. without hGM-CSF) IFN-γ responses to both
class I and class II peptides were boosted after challenge with P. falciparum parasites while only responses
to class II peptides were boosted in volunteers who
were vaccinated with DNA and hGM-GSF. Volunteers
who received hGM-CSF actually had a reduced frequency of IFN-γ responses to class I peptides. More
importantly, none were protected against malaria challenge, further raising the issue of antigen selection,
since previous studies have demonstrated that only a
DNA prime-MVA boost vaccine expressing ME-TRAP
antigen was able to induce partial protection (Gilbert
et al., 2006).

CONCLUSIONS
Tremendous strides have been made in the last two
centuries in the control of human infectious diseases
through the development of continuously improved
vaccination technologies. The discovery of DNA immunization in 1992–1993 fundamentally changed our view
of the nature of a vaccine: genetic material that encodes
for antigens, rather than the actual antigens themselves,
as the effective components of DNA vaccines. This new
vaccine technology could not come at a more important
time in history given the increasing threat of emerging
and reemerging infectious diseases and a renewed concern regarding the use of biological agents for purposes
of bioterrorism. Since its inception, DNA vaccination
technology has undergone significant advancements
and many candidate human vaccine formulations
have already been developed. Improved modes of
administration, the use of codon and antigen gene
optimization, and the implementation of vaccination
DNA prime/boost regimens have led to the quick
progression of DNA vaccines from research laboratory benches to human clinical trials. Biodefense and
emerging infectious disease targets have made a significant contribution to this important process.
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O U T L I N E
The Requirement for Vaccine Adjuvants
Two examples of how adjuvants can affect the qualitative
type of immune response

Additional Adjuvant Characteristics and Mechanisms
Separation of toxicity and adjuvanticity
Specific targeting mechanisms
Carriers that present the antigen in a form that emulates
the natural state of the antigen
Phage display as a nanocarrier strategy for antigen
delivery and presentation

Freund’s Adjuvant and Aluminum Salts
Freund’s adjuvant
Aluminum salts
Adjuvant Mechanisms
Depot effects
Innate immunity

Side Effects of Widely Used Human Adjuvants

ABSTRACT
It is widely believed that adjuvants are important, and in some cases critical, for the success of most modern
vaccines, particularly for new types of vaccines that have highly purified or synthetic antigens. Although
aluminum salts are the most commonly used type of adjuvant for human vaccines, they are weak adjuvants
that have complex mechanisms that favor induction of antibodies rather than cellular immunity. Aluminum
salts do have a long record of relative safety, but they are also often responsible for local reactions at the site of
injection, particularly for reactions that are associated with subcutaneous administration. Adjuvant selection for
human vaccines still relies strongly on direct empirical testing of candidate adjuvants for safety and efficacy in
humans. However, principles of innate immunity have been developed that provide some guidance for rational
selection of adjuvants. New forms of vaccine adjuvants that have been proposed for various vaccines feature
oil-based emulsions; bacterial products, such as lipid A, heat-labile E. coli enterotoxin, or CpG nucleotides; viral
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products, such as virus-like particles; plant products, such as saponin derivatives; biodegradable particles, such as
liposomes; molecular adjuvants; and synthetic adjuvants. Adjuvant mechanisms include depot effects, recruitment
of innate immunity mechanisms, specific targeting mechanisms, and carrier functions that hold the antigen in an
appropriate conformation. The safety of proposed adjuvants is a primary consideration, and for this purpose it is
often necessary to devise methods to reduce or eliminate the reactogenic effects of an adjuvant while preserving
the efficacy. The most effective use of adjuvants for certain types of vaccines, particularly for stimulating
mucosal immunity, may be to combine the adjuvant with a particular mode of delivery, such as oral, intranasal,
or transcutaneous immunization. Carriers that carry and combine both the adjuvant and the antigen in a single
formulation can serve as the basis for creation of important formulations for improved vaccines.

THE REQUIREMENT FOR VACCINE
ADJUVANTS
A common observation in the process of recruiting
the immune system to produce specific or nonspecific immunity is that the antigen by itself may not
be adequate as a stimulating agent. Many potential
antigens may even have no apparent immunizing
activity at all when tested alone. This is particularly
true for most small peptides that serve as antigens
(Alving et al., 1995), but it can also be true for virtually any antigen. Because of this, the immunologist
is often forced to reach into a bag of tricks to find an
adjuvant, or an adjuvant strategy, to optimize the
immune response. In the context of this chapter, a
vaccine adjuvant is defined as any substance or strategy that improves the adaptive immune response or
that stimulates the innate immune system to induce
desired effectors or mediators.
Because of the need for potent adjuvants that are
required for vaccines against highly purified antigens and for vaccines to chronic diseases that are difficult to control, such as HIV, parasitic diseases, and
cancer, there has been considerable recent research
directed toward the discovery and development of
new adjuvants that are safer and stronger. Much
of this recent scientific discovery activity has been
stimulated both by new understanding of molecular mechanisms underlying certain types of innate
immunity (Pulendran, 2004), and by the introduction
of DNA that can code both for the adjuvant (sometimes referred to as a “molecular adjuvant”), and for
the antigen, as components of DNA-based vaccines
(Calarota and Weiner, 2004).
The definition of the term “adjuvant” that is used
in the context of this chapter is quite broad and
encompasses numerous mechanisms. The heterogeneity of potential adjuvants and adjuvant mechanisms
has stimulated many attempts to organize and classify groups of adjuvants, often according to perceived
mechanism of action, so that rational selection of
adjuvants can be made from adjuvant groups. This is

a useful exercise that serves to identify huge numbers
of candidate adjuvants (Edelman and Tacket, 1990;
Cox and Coulter, 1997; Schijns, 2000; Kenney et al.,
2002; Vogel and Alving, 2002). One example of such a
listing is given in Table 9.1. However, such classifications are inherently limited because individual adjuvants often have more than one mechanism or more
than one dominant characteristic, and therefore, may
not lend themselves easily to overarching principles
of selection. Commercial considerations, such as ease
of manufacture, cost, or toxic side effects are often
the deciding factors for an individual adjuvant in a
given vaccine. From a practical standpoint, for vaccine development there would seem to be an obvious
benefit to utilizing multiple adjuvant mechanisms to
either cause additive effects, or reduce the amount of
expensive antigens required, or lower the side effects
and enhance the safety of individual adjuvants.
In past years, and even to the present, an adjuvant
function has been accomplished with human vaccines
mainly through adsorption of the antigen to an aluminum salt (Glenny et al, 1926; Aprile and Wardlaw,
1966; Gupta, 1998; Lindblad, 2004). However, it should
be noted that aluminum salts generally perform only
weakly as adjuvants, particularly for booster immunizations, even though they do have a relatively good
record of safety (Aprile and Wardlaw, 1966; Gupta
et al., 1993; Baylor et al., 2002; Lindblad, 2004). Studies
in which aluminum salts have been directly compared
with modern experimental adjuvants in humans have
shown that the aluminum adjuvants by themselves
usually have lower levels of potency than many newer
adjuvants (Gordon, 1993; McElrath, 1995). It may be
important for certain vaccines, particularly those that
address difficult diseases, such as malaria or HIV
infection, to include modern adjuvants that are much
stronger than the weak adjuvant activity obtained
from simple adsorption of antigen to aluminum salts.
It should not be surprising that adjuvants may be
required for optimization of vaccines when one considers that most elements of the immune system
rely on various amplification systems as key strategies, and a highly purified antigen may lack the
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TABLE 9.1
Type of adjuvant

Types of immunological adjuvants (modified from Vogel and Alving, 2002)
General type

Specific examples

Gel-type

Aluminum salts (“alum adjuvants”)
Calcium salts

Aluminum hydroxide, aluminum phosphate
Calcium phosphate

Microbial

Muramyl dipeptide (MDP) derivatives
Bacterial endotoxin
Bacterial DNA
Bacterial exotoxins

Murabutide, threonyl-MDP
Monophosphoryl lipid A
CpG
Cholera toxin (CT), Escherichia coli heat-labile
enterotoxin (LT)

Particulate

Biodegradable polymer microspheres, immuno
stimulatory complexes (ISCOMs), liposomes

Virosomes

Oil emulsions and surfactants

Freund’s incomplete adjuvant
Microfluidized emulsions
Saponins

Montanide ISA 720
MF59, AS02A
QS-21

Synthetic

Nonionic block copolymers, polyphosphazene
(PCPP), synthetic polynucleotides

Poly A:U, Poly A:C

Cytokines

Genetic

Interleukin (IL)-2; IL-12; granulocyte-macrophage
colony-stimulating factor (GM-CSF); interferon gamma
(IFN-γ)
Cytokine genes or genes encoding costimulatory
molecules delivered as plasmid DNA

ability to activate some or all of the important or most
useful amplification systems. However, the older
belief that adjuvants are materials that simply increase
the potency of, and serve to enhance, the specific
immune characteristics embodied in the vaccine antigen itself is often probably wrong. When antigens are
taken out of the complex environment in which they
exist in nature, whether they are normally present on
bacteria, viruses, or cancer cells, the purified antigens
often have a reduced ability to stimulate the immune
system in the desired manner. Foreign invaders,
such as bacteria, viruses, and parasites not only have
antigens against which the host immune system
reacts, but they also contain built-in adjuvants that
carry and present the antigen in an appropriate manner and channel the immune response in an effective
direction. When purified antigens are used it is often
necessary to utilize adjuvants or adjuvant strategies to
achieve the most efficacious presentation and amplification mechanisms.
Examples of current vaccines containing crude
antigen preparations that have built-in adjuvant properties include parenterally injected killed inactivated
whole cell bacterial vaccines, such as inactivated
whole cell Bordetella pertussis, Salmonella typhi, or Vibrio
cholera vaccines, which may be contaminated with
bacterial endotoxin (Gupta et al., 1993). Endotoxin is
a compound that can have strong natural adjuvant
activity, and all of the adjuvant activity of endotoxin
is due to the lipid A moiety of the bacterial surface
lipopolysaccharide (LPS) (Alving and Rao, 2008).

IL-12, IL-2, IFN-γ

There are, however, some unusual examples in
which purified antigens themselves also have adjuvant activity. Three examples, all involving bacterial
toxins, are as follows. Cholera toxin (CT) from V. cholera and heat-labile enterotoxin (LT) from Escherichia
coli are examples of antigens that can exhibit both
antigenic and adjuvant activity (Elson and Ealding,
1984; Snider, 1995; Glenn et al., 1998, 1999; Lavelle
et al., 2004a, 2004b), and CT directly activates dendritic cells (Kawamura et al., 2003). Recombinant protective antigen, a component of the toxin of Bacillus
anthracis, exhibited apparent adjuvant activity for
inducing antibodies to itself by transcutaneous immunization, a process that normally requires an adjuvant
in order to be effective (Matyas et al., 2004).
But if amplification is required beyond that supplied by the antigen itself, then the direction of amplification may also be critical. For creation of vaccines,
amplification of T regulatory lymphocytes that suppress the desired immune response presumably would
be an unwanted outcome (Pulendran, 2004; Pennington
et al., 2005). Certain adjuvants may have complex immunomodulatory activities (Lavelle et al., 2004a, 2004b).
Likewise, enhancement of IgE production by adjuvants such as by aluminum salts (Baylor et al., 2002),
or by ADP-ribosylating toxins (Freytag and Clements,
2005), could be viewed as unfavorable adjuvant effects.
Furthermore, in some instances the turning on of the
amplification mechanisms in the host can result in
unintended attacks on the host itself, and the side
effects and toxicities of adjuvants are important factors

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

13_P369408_Ch09.indd 117

10/31/2008 9:08:13 AM

118

VACCINE ADJUVANTS

in balancing the usefulness of an adjuvant. The engine
of amplification not only has to be turned on, but it
also has to be harnessed and tuned to guide it in the
appropriate direction.
It is also important to remember that the initiation,
quality, and magnitude of the immune response to a
vaccine antigen can be influenced by numerous nonspecific factors. These factors include the type and dose of
the antigen, the timing of immunization and boosting,
the route of immunization, and even the age and general health of the vaccinee. In some instances, the utilization of these other factors may be considered to be types
of adjuvant strategies. For example, delivery of antigens by needle-free methods, such as transcutaneous
immunization (Glenn et al., 2000), or oral delivery (e.g.,
plant-derived vaccines), or vaccines delivered by intranasal routes (McGhee et al., 1992; González et al., 2004;
Freytag and Clements, 2005; Rimoldi and Rescigno,
2005) can result in the induction of mucosal immunity,
an effect that directs the course of the immune response
simply by the route of vaccine delivery. However,
additional adjuvants may also be required for induction
of mucosal immunity (Eriksson and Holmgren, 2002).

Two Examples of How Adjuvants can Affect
the Qualitative Type of Immune Response
Example 1
Differences in protection against Mycobacterium
tuberculosis challenge in mice were induced by different adjuvant formulations (Lima et al., 2004). In
this study, it was found that injection of recombinant
mycobacterial 65 kDa heat shock protein (hsp65) as an
antigen by itself was unable to protect mice, even with
Freund’s incomplete adjuvant. However, when the
antigen was administered as a DNA vaccine or as a
recombinant protein entrapped in cationic liposomes,
protection was observed. In contrast, when hsp65 was
encapsulated in polymeric microspheres for sustained
release of antigen, high levels of specific antibody
were observed but the mice were not protected after
challenge. As the authors stated, the vaccine adjuvant
“makes the difference.”
Example 2
Cytokines are often cited as important adjuvants,
but it has been found that mixtures of cytokines can
direct the immune responses in various, perhaps
even unanticipated, directions. Interleukin-12 (IL12) together with granulocyte-macrophage colonystimulating factor (GM-CSF) or tumor necrosis factoralpha emulsified in Freund’s adjuvant was used to
steer immune responses to induction of cytotoxic

T lymphocytes in BALB/c mice (i.e., toward a Th1
response) (Ahlers et al., 1997). However, GM-CSF
alone gave mixed Th1 and Th2 responses, while GMCSF plus IL-7 gave predominantly a Th2 response.

FREUND’S ADJUVANT AND
ALUMINUM SALTS
Freund’s Adjuvant
Starting in the 1930s, Jules Freund provided evidence that antigens emulsified in water-in-oil emulsions often had a marked enhancing effect on the
immune response (Freund, 1956; Hilleman, 1966).
Because of Freund’s interest in tuberculosis, his vaccines are referred to as either complete (containing
whole-killed mycobacteria) or incomplete (lacking
mycobacteria). Although complete Freund’s adjuvant
is universally regarded as too toxic for use in humans,
incomplete Freund’s has been used as a potent adjuvant formulation for a diversity of vaccines in more
than a million people (Davenport, 1968; Stuart-Harris,
1969; Alving, 2002). Research and commercial applications continue to fuel an interest in Freund’s adjuvant, and it is currently being developed for certain
human and veterinary vaccines (Chang et al., 1998;
Miles et al., 2005; Saul et al., 2005). Although incomplete Freund’s adjuvant has a widespread reputation
for toxicity in humans (Davenport, 1968; Chang et al.,
1998), this is probably largely undeserved because it
is based mainly on faulty animal models that do not
reflect or translate to expression of human toxicity
(Stuart-Harris, 1969; Alving, 2002)

Aluminum Salts
The early introduction of aluminum salts as adjuvants (Glenny et al., 1926) and their endurance as
components of numerous types of current human vaccines (Baylor et al., 2002) has led to a huge literature
addressing the chemical, physical, and immunostimulatory characteristics and behavior of this class of compounds (Aprile and Wardlaw, 1966; Gupta et al., 1995;
Gupta, 1998; Lindblad, 2004). The adjuvant activity of
an aluminum salt is often relatively weak, so much so
that even with certain established vaccines the presence of enhanced immunological potency provided
by aluminum has sometimes been inconsistent (Aprile
and Wardlaw, 1966). However, because of long experience with hundreds of millions of doses in human
vaccines, and the lack of parenteral side effects, and
relatively benign, albeit irritating, local side effects at
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the site of injection, observed with aluminum salts,
this class of adjuvants has occupied a favored place as
a frequent first choice for many vaccines.
The commonly used aluminum salt adjuvants
include various physical forms of aluminum phosphate (AlPO4), aluminum hydroxide [(Al(OH)3],
and aluminum-precipitates of protein (Shirodkar
et al., 1990). These compounds are currently so widely
referred to informally as a group by the term “alum”
that this term has become an accepted generic shorthand in the vaccine field for aluminum salt adjuvants
even though the name “alum” was originally given to
potassium aluminum sulfate [KAl(SO4)2], a chemical
entity that apparently might be used in the formulation of certain vaccines in the United States (Baylor
et al., 2002), but is not a favored entity (Gupta, 1998).
The dose of aluminum adjuvant is an important
consideration. It is important to understand that there
may be an optimal level of aluminum for a given vaccine antigen, with decreased immune response at
higher levels of aluminum (Gupta, 1998). Although
it has been stated that aluminum remains at the site
of injection for a long period (Gupta, 1998), small particles of aluminum salts can be internalized by dendritic cells (Morefield et al., 2005), and are known to
be removed from the body with time (Hem, 2002). The
acceptable dose of aluminum in adjuvants ranges up
to 1.25 mg both by US and by WHO regulations, but
currently licensed US vaccines have a range of only
0.125–0.85 mg (Baylor et al., 2002). The latter reference
can also be consulted for a relatively current list of all
licensed US vaccines containing aluminum and the
aluminum content of each.
The most common current method of using
aluminum is by simple adsorption, and this is accomplished by mixing of antigen with preformed aluminum gel. As deceptively simple as this may seem,
considerable difficulty in adjuvant reproducibility
may be encountered because of the huge complexity of aluminum–protein interactions. For example, it
has been noted that different lots or different brands
of the same type of aluminum salt can be inconsistent
in adsorptive capacity (Wassef et al., 1994). The physiochemical complexity of interactions of aluminum
salts with antigens extends not only to the adsorption of antigen during vaccine manufacture, but also
to potential exchange of protein antigen with interstitial proteins and other constituents of interstitial
fluids after injection (Seeber et al., 1991b; Heimlich
et al., 1999; Iyer et al., 2003).
One of the major benefits of adsorption of antigen
to aluminum salts is that combination vaccines can
be formulated on a particulate adjuvant. Such vaccines include diphtheria–pertussis–tetanus (DPT),

DPT–hemophilis influenzae, or hepatitis B–hemophilus
influenzae vaccines (Baylor et al., 2002). It has been
shown that cycles of deaggregation and reaggregation
of aluminum hydroxide adjuvant lead to homogeneous
mixing of multiple antigens on aluminum salt particles
in vaccines containing more that one antigen (Morefield
et al., 2004). Adsorption to alum salt might also have
the interesting benefit of stabilizing and retarding the
degradation of an antigen that degrades with a
pH-dependent mechanism (Wittayanukulluk et al.,
2004).
The adsorptive binding of proteins to aluminum is
often due to electrostatic interactions, and adsorption
can be strongly affected by the age of the gel (Burrell,
et al., 2000), the charge of the gel, the charge of the
adsorbed protein, the physical structure of the aluminum compound, and the pH and other characteristics
of the buffer that is used (Wittayanukulluk et al., 2004;
Seeber et al., 1991a; Callahan et al., 1991; Feldkamp
et al., 1981; reviewed by Gupta, 1998). It is possible
to manipulate the electrostatic adsorption in certain
cases. Aluminum hydroxide gel is positively charged
at pH 7.4 and it adsorbs negatively charged proteins.
However, pretreatment of aluminum hydroxide with
buffer containing phosphate can lower, or even reverse,
the positive charge, even allowing the electrostatic
adsorption of cationic protein (Rinella et al., 1996).
Many other mechanisms also play a role in the
adsorptive process, including hydrophobic interactions, van der Waals forces, and hydrogen bonding
(reviewed by Gupta, 1998). Recently it was suggested
that ligand exchange between the phosphate groups
of phospholipids in the hepatitis B surface antigen
(HBsAg) with the hydroxyl groups of aluminum
hydroxide provides a mechanism of high affinity
binding (Iyer et al., 2004) and that ligand exchange is a
stronger force than electrostatic attraction for adsorption of antigens to aluminum hydroxide (Jiang et al.,
2006). Presumably this mechanism could also account
for the binding of phospholipid liposomes containing monophosphoryl lipid A to aluminum hydroxide
adjuvant (Wassef et al., 1994; Alving et al., 1993).

ADJUVANT MECHANISMS
Depot Effects
This strategy encompasses numerous potential
formulations including aluminum salts (see above),
complex emulsions (Muderhwa et al., 1999; Podda,
2001; Matyas et al., 2003; Richards et al., 2004), various microparticles (O’Hagan et al., 2004; Peyre
et al., 2004; Rydell and Sjöholm, 2005; Mossman, et al.,
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2005; Westwood et al., 2005; Cai et al., 2005), and
other similar materials. A strong argument has been
made that one of the major mechanisms of adjuvant
activity of oil-based emulsions (although by no
means the only mechanism) is through the formation of a depot at the site of subcutaneous (SC) injection that gradually releases small amounts of antigen
over a very long time. In one study, after injection of
ovalbumin emulsified with IFA, ovalbumin was
detectable in the SC IFA emulsion recovered from
injected mice for up to 544 days after inoculation and
the half-life of ovalbumin within the emulsion was
found to be about 90 days (Herbert, 1968). Neither the
oil, nor the emulsifier, nor the emulsion itself when
injected at a separate site from the antigen, served as
an adjuvant for inducing high antibody titers.
Emulsion science, as it relates to oil-based
adjuvants, relies heavily on theoretical mechanisms
that control the effects of altering the relative amounts
of oil and emulsifier compounds in the formulation (Hunter et al., 1981; Woodard, 1990). Variation in
the ratio of the oil and emulsifier provide a mechanism for allowing different amounts of stability of the
emulsion prior to slow breakup of the emulsion and
gradual release of antigen. A common experimental
mistake in the formulation of emulsions, such as IFA
or other types of oil-based emulsions, is to ignore the
emulsifying properties of individual protein antigens
that are present in the emulsion. Protein constituents
that are present at certain concentrations in emulsions
can sometimes cause breakdown of the emulsion. The
stability of an emulsion is related to relative chemical
(A)

properties of emulsifying agents that are known as the
“hydrophile-lipophile balance” (HLB), and the adjuvant
effects of emulsions were proposed to be related to the
HLB (Hunter et al., 1981; Woodard, 1990). Figure 9.1
illustrates a complex emulsion in which different
amounts of liposomes containing lipid A were used
as an emulsifier for creating oil-in-water emulsions
having different degrees of stability. The adjuvant goals
in the depot approach can be several. There might be
a need to protect the antigen from degradation until
it gains access to an antigen-presenting cell (APC).
Particles might be able to enter an APC and direct the
antigen into an appropriate antigen presentation pathway (Rock, 1996). The material might also act either
as an extracellular depot that attracts APCs to the site
of the depot, or as an intracellular depot that protects
the antigen until it can reach the intracellular location
required to generate an immune response. In the case
of aluminum salts, which can be taken up by dendritic
cells (Morefield et al., 2005), but do not deliver antigen
to an intracellular MHC class I pathway for promotion
of Th1-type immunity, it would seem more likely that
the antigen is either being held as a depot for ingestion by APCs to induce Th2-type immunity, or is being
released for uptake by APCs (Jiang et al., 2006), and is
promoting the proliferation of B-cell clones for secretion of antibodies.
Recent work has suggested that immunostimulatory effects of emulsions can be partly or wholly
independent of both the HLB and the relative stability
of the emulsion (Yang et al., 2005). There are controversies in the adjuvant field as to whether one or another
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FIGURE 9.1 Time course of the degree of stability of emulsions formulated with 42.5% (v/v) of mineral oil and liposomes containing different concentrations of phospholipid and either (A) lacking or (B) containing prostate-specific antigen. Modified from Muderhwa et al. (1999)
(with permission).
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2004; Beutler, 2004; Miller et al., 2005). The existence of
such innate stimulatory materials from pathogens in the
environment is consistent with the “danger theory”
of immune activation (Matzinger, 1994). Adjuvant
developers often seek to utilize these materials to harness
the power of innate immunity to channel the immune
response in a desired direction. This is a growing field
that will undoubtedly lead to interesting adjuvant
combinations. Scores of adjuvants utilize initiation
mechanisms that involve complex interactions of
intracellular signaling pathways that are the cause of,
or the consequences of, initiation of the innate immune
system. TLR recognition causes activation of transcription factors that drive cytokine expression, proliferation,
survival, and inflammatory mediator expression. A recent
summary of TLRs and PRRs and associated intracellular
signaling mechanisms is illustrated in Fig. 9.2.
Gram-negative bacterial LPSs, of which the lipid A
moiety is the region primarily recognized by the innate
immune system, reacts mainly with TLR4 (Miller et al.,
2005). Unmethylated CpG DNA dinucleotide sequences
derived from bacteria reacts with TLR9 (Klinman et
al., 2004). Thus, lipid A from LPS and CpG are two
examples of materials from pathogens that interact with
PRRs, and both of these substances are being developed

function of a given adjuvant represents the dominant mechanism, but it does seem unlikely that an
emulsion, or a deposited particle, could simply sit as
an inert material at the site of injection and still exhibit
substantial adjuvant effects. As with many adjuvants,
including aluminum salts (Carroll, 1998; Ulanova
et al., 2001; HogenEsch, 2002), the depot may also
stimulate complex innate immunity functions, such
as the complement cascade, cytokines, and other factors that would recruit diverse cellular elements of
the immune system to the site of antigen deposit. A
depot microparticle can even exhibit complex direct
stimulatory effects on dendritic cells (Westwood et al.,
2005).

Innate Immunity
A major factor in the mechanism that is commonly
used as the basis in the selection or creation of many
different types of adjuvants involves the initiation,
activation, or enhancement of innate immunity. This
would include engagement of Toll-like receptors (TLRs)
and other pathogen-recognition receptors (PRRs) and
the co-receptors and intracellular adaptor signaling
proteins with which they are associated (Pulendran,
TLRs
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as potential vaccine adjuvants. Lipid A and LPS can
also cause strong complement activation (Carroll,
1998). Activation of complement, which can occur by
numerous mechanisms, is a major mediator of B-cell
enhancement, and activation of complement represents
an important factor in the efficacy of numerous adjuvants
(Carroll, 1998).
The emergence of detailed information regarding the
existence and mechanisms of TLRs and PRRs has led to
a new interest in the possibility of devising a rational
means for selection of combinations of vaccine adjuvants that might have complementary, additive, or synergistic immunostimulatory effects (Pulendran, 2004).
This is potentially a powerful and useful direction for
expanding the future of adjuvant discovery, but it must
also be placed in the context that there are many adjuvant mechanisms that are not necessarily related only
to signaling pathways.
Secretion of cytokines is often a prominent consequence of initiation or activation of the innate
immune system, and cytokines, or DNA that codes
for cytokines, is also a focus of adjuvant development
(Chen et al., 2001; Sasaki et al., 2003; Hoffman et al.,
2003; Calarota and Weiner, 2004; Chattergoon et al.,
2004; Ansari et al., 2004; Toka et al., 2004; Melchionda
et al., 2005). When utilizing cytokines for enhancement of vaccine efficacy, it is important to understand
which immunological parameters are important since
the effects of cytokines on certain parts of the immune
system can be highly focused and may not necessarily result in the desired effective immune response
(Koopman et al., 2005).
Despite the possible importance of TLRs for various adjuvants, considerable caution must also be
maintained in believing that adjuvant effects are
driven only by recognition of TLRs. The role of
TLRs as a necessary adjuvant mechanism in the
generation of maximal B-cell responses to foreign
proteins has been called into question (Gavin et al.,
2006). Mice genetically deficient in both MYD88
and TRIF (Myd88⫺/⫺; Trif Lps2/Lps2 mice) have a complete lack of known TLR signaling, and because of
this they were used to evaluate the role of TLRs in
the mechanisms of several well-known adjuvants
for enhancing the generation of induced antibodies. When T-cell dependent antigen was tested with
four adjuvants: aluminum salt, Freund’s complete
adjuvant, Freund’s incomplete adjuvant, and the
“Ribi Adjuvant System” (monophosphoryl lipid A/
trehalose dicorynomycolate adjuvant), robust antibody responses were observed (Gavin et al, 2006).
It was thus suggested that the TLR system is not
required for adjuvant effects with many classical
adjuvants in the generation of adaptive immunity. If

this is true, it raises the possibility that the cytokine
production that is associated with TLRs may be more
responsible for side effects than for adjuvant activity.
The role of TLRs in the generation of adaptive immunity is an important question that has not yet been
completely resolved. It should be emphasized that the
exact role of TLRs as part of adjuvant mechanisms for
B-cell immunology is the subject of investigations in
which controversial areas still exist (Wickelgren, 2006;
Nemazee et al., 2006; Pasare and Medzhitov, 2006).
An example of the complexity of adjuvant effects
related to innate immunity is given by the role of
apoptotic cell death induced by certain adjuvants
(Dupuis et al., 2001; Yang et al., 2004). It appears that
certain surfactant adjuvants, such as MF59 (an oilin-water emulsion), or other types of emulsions, can
exert their adjuvant effects at least partly by inducing
apoptosis and necrosis of macrophages, dendritic cells,
and perhaps other cells. It has been suggested that an
emulsion can lead to apoptosis, and that phagocytosis
of apoptotic bodies (e.g., from macrophages serving as
first responders) can induce dendritic cells to mature
and stimulate immunity (Dupuis et al., 2001). It has
also been suggested that adjuvant-induced apoptosis
can occur via a “nonclassical” caspase-independent
pathway (Yang et al., 2004).

ADDITIONAL ADJUVANT
CHARACTERISTICS AND MECHANISMS
Separation of Toxicity and Adjuvanticity
Substances that have the capacity to attach to
membranes to induce nonspecific irritation, inflammation, or other types of stimulation can sometimes
serve as adjuvants. However, as understanding in the
adjuvant field of the underlying mechanisms of adjuvant effects has evolved, such as the realization of the
potential roles of TLRs and PRRs, and dendritic cells,
the importance of nonspecific irritation as a mechanism has given way to more sophisticated concepts,
two examples of which are described below.
Lipid A
Native lipid A (diphosphoryl), and even monophosphoryl lipid A (Fig. 9.3), have varying degrees of toxic
effect, a characteristic that is summarized by their
well-known association with pyrogenicity. However,
it was shown that although liposomes containing
native lipid A or monophosphoryl lipid A completely
lacked toxicity, both in animals (Richards et al., 1989;
Alving, 1993) and humans (Fries et al., 1992), the lipid
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FIGURE 9.3 Synthetic monophosphoryl lipid A. Structure and chemical analysis kindly supplied by Dr. Walter Shaw, Avanti Polar Lipids,
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A in the liposomes still expressed potent adjuvant
activity. Most of the toxicity of lipid A thus resides in
the fatty acid portions of the molecule, and the fatty
acyl groups are hidden in the hydrophobic region
of the lipid bilayers of liposomes. This observation,
therefore, led to the realization that toxicity could be
separated from adjuvanticity. As noted earlier, it is
now known that lipid A is a potent activator of TLR4 and most, or perhaps all of the toxic effects of lipid
A and monophosphoryl lipid are due to activation of
TLR-4, and it is possible that the adjuvant effects has
other mechanisms, such as increase of antigen presentation from inside APCs (Verma et al., 1992).
Monophosphoryl lipid A at nontoxic doses
adsorbed to aluminum salt served as an effective
adjuvant for inducing Th1-type immunity that led to
apparent effective effectiveness of a Herpes simplex
vaccine in a phase III clinical trial (Stanberry et al.,
2002). It is interesting that the adjuvant appeared to be
the pivotal factor in the latter study in that a previous
study with a similar antigen, but with MF59 emulsion
as an adjuvant, failed to exhibit significant efficacy in
a phase III trial (Corey et al., 1999).
Saponins
Saponins are complex glycosides, containing a ring
structure and carbohydrates, derived from tree bark

and other plants that bind specifically to cholesterol
and result in membrane pore formation (Bomford
et al., 1992). Although the mechanisms of adjuvant activities compared to toxic effects has not been
well-worked out, saponin-based materials presumably would have to balance potential toxicity (such
as hemolysis of erythrocytes caused by saponin) with
beneficial adjuvant effects. One material derived from
saponin, termed Quil-A, is the basis for creation of
so-called immunostimulating complexes (ISCOMs)
(Morein, 1988; Sjölander et al., 1998). The adjuvant
mechanism of Quil-A has been postulated to represent
an interaction of an amphipathic antigen with the QuilA/cholesterol complex (Sjölander et al., 1998), and it is
effective for stimulating induction of cytotoxic T lymphocytes (Takahashi et al., 1990). Another prominent
adjuvant in this category is QS-21, a defined structure
derived from crude triterpene glycoside saponin that
exhibits greatly reduced toxicity (Kensil et al., 1991).
QS-21 has been very successfully used as an adjuvant in humans, particularly when given in combination with monophosphoryl lipid A in an oil-in-water
emulsion known as AS02A (Stoute et al., 1997; Bojang
et al., 2005). Recent research aimed at dissociating toxic
effects and adjuvant effects of saponin has resulted in
a new semisynthetic saponin that has reduced toxicity
and enhanced adjuvant activity compared to QS-21 in
humans (Slovin et al., 2005).
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Specific Targeting Mechanisms
Antibodies, lectins, or toxins that carry antigens to
APCs can promote adjuvant activities according to the
definition of an adjuvant as used in this chapter. CT
or LT from E. coli, and nontoxic analogues that bind
to ganglioside GM1, which serve as adjuvants both
for mucosal vaccines and also for transcutaneous
immunization through binding to Langerhans cells in
the skin (Glenn et al., 2000) would be prime examples
adjuvant targeting, as would a tetanus toxin epitope
that binds to ganglioside and also provides T-cell help
(Boucher et al., 1994). Transcutaneous immunization
using LT as an adjuvant has proven to be a promising preclinical modality in the development of new
generations of vaccines to anthrax (Matyas et al., 2004;
Peachman et al., 2006). An interesting twist is to attach
a targeting molecule, such as a lectin, on the surface of
the particle to direct an oral mucosal vaccine to intestinal M cells in the intestine (Roth-Walter et al., 2005).

Carriers that Present the Antigen in a Form
that Emulates the Natural State of the Antigen
Virus-like particles (VLPs) are self-assembling particles derived from a major viral protein. They are
DNA-free particles that display the antigen on their
surfaces in an immunogenic form and, in keeping
with the concepts in this chapter, they are therefore a
type of antigen/adjuvant combination. Development
of a pan-filovirus vaccine based on VLPs has been proposed (Swenson et al., 2005). A recent example of the
potential of VLPs as a vaccine formulation in humans
is given by the success of VLPs from human papilloma virus in a vaccine (known as Gardasil™, Merck)
designed to target cervical cancer (Stanley, 2003; Stern,
2005; Villa et al, 2005). The papilloma virus VLPs,
while effective by themselves, were greatly improved
by adding aluminum salt as an additional adjuvant.
Certain other types of particles can be used to
reconstitute an antigen in a form that exhibits the
conformation that would be expected to be found
in nature. Examples of this would include cells that
express a surface antigen (Harshyne et al., 2001), or
liposomes (such as virosomes) (Glück and Metcalfe,
2003; de Bruijn, et al., 2005) or proteosome particles
(Jones et al., 2003; Treanor et al., 2006) that have antigen embedded in their surfaces. The HBsAg is an antigenic enveloped virus structure that is liposome-like
in that it carries antigen in its lipid bilayer (Gavilanes
et al., 1982). Recombinant HBsAg expressed in yeast
has been used as the basis for creating a unique carrier
in an emulsion containing two adjuvants (ASA02A)
for proper conformation of unrelated recombinant

antigens (Bojang et al., 2005). Although the HBsAg
carrier does serve as a useful carrier/adjuvant, the
adjuvant activity was greatly increased by utilizing
a larger adjuvant formulation that contained MPL
and QS-21 formulated in a squalene oil-in-water
emulsion (Stoute et al., 1997; Bojang et al., 2005). It
should be remembered that combinations of adjuvants and adjuvant strategies can often be the most
effective, and the safest, method to achieve practical
immunostimulation.

Phage Display as a Nanocarrier Strategy for
Antigen Delivery and Presentation
Preclinical studies have suggested that T4 bacteriophage can be a useful nanocarrier for delivery and
presentation of certain types antigens (Sathaliyawala
et al., 2006). These particles are particularly useful for
antigens that can be expressed in E. coli, and effectiveness has been reported in preclinical studies on anthrax
and HIV vaccines (Shivachandra et al., 2006, 2007;
Sathaliyawala et al., 2006). One potential benefit of a
nanocarrier is that it might be used in conjunction with
molecular adjuvants that are co-displayed on the T4,
or with transcutaneous immunization using LT as an
adjuvant.

SIDE EFFECTS OF WIDELY USED
HUMAN ADJUVANTS
It is well-known that immunostimulators in
general, and adjuvants in particular, can sometimes
be double-edged swords. Side effects and toxicities of
adjuvants can be widespread and commonplace and
the toxicity and reactogenicity of a given adjuvant
is often cited as having equal or greater importance
than the potency as a criterion to be considered in the
selection of an adjuvant (Gupta et al., 1993; Gupta and
Siber, 1995). It is the fear of introduction of side effects
or toxicities in otherwise healthy persons that is the
most troubling aspect of potential vaccine side effects,
and this is particularly true for pediatric vaccines.
However, the risk of not using a vaccine, including
one that contains an adjuvant, is always much higher
than any possible vaccine or adjuvant-related side
effect.
Some local effects, such as local ulceration induced
by live Vaccinia organisms that are used for smallpox
or the Bacille Calmette-Guérin (BCG) organism that
is widely used around the world as a tuberculosis
vaccine, and the familiar local redness and swelling at the site of injection induced by aluminum salts
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(Jefferson et al., 2004), are usually tolerated as levels
of toxicity that are generally not so stressful as to preclude the use of the offending materials. It is generally
believed that the local inflammation associated with
intramuscular injection of aluminum salts is due to
the escape of adjuvant along the injection track into
the SC space (Edelman, 1980). Pain after injection
and the occurrence of painless nodules after multiple
injections of aluminum-adjuvanted vaccines are associated with the SC route of injection (Frost et al., 1985;
Pittman, 2002).
Systemic effects of various adjuvant materials
sometimes can be more serious, and these can include:
nausea and vomiting that are associated with a small
fraction of vaccinated cohorts; pyrogenic effects due
to endotoxin that are almost universally found with
crude vaccines containing endotoxin; or even uveitis,
a rare occurrence that may be associated with certain
adjuvants (Goldenthal et al., 1993).
Sometimes the adjuvant can produce a set of symptoms that partly mimics the disease against which the
vaccine is directed. Such is the case of orally administered CT or LT, each of which can induce diarrhea
similar to that found in cholera or in E. coli diarrhea.
However, a much more dramatic and dangerous
example of toxicity of LT was recently discovered in
a licensed Swiss vaccine that was administered intranasally (Mutsch et al., 2004; Couch, 2004). When LT
was included in a liposomal (virosome) vaccine containing hemagglutinin and neuraminidase surface
antigens of influenza virus, intranasal administration
of the vaccine resulted in a strong association with an
increased risk of facial nerve paralysis (Bell’s palsy).
The increased risk was highest at 31–60 days after vaccination and the toxic effect resulted in withdrawal of
the vaccine from the market.
It is known that ganglioside GM1 serves as a
high affinity receptor for LT and CT and, although
the natural targets for CT and LT are the cells of the
intestine, GM1 is widely distributed in many other
tissues, including neural tissues (Eidels et al., 1983).
Thus, although the mechanism of the induction of
Bell’s palsy was not yet completely clear, it would
seem likely that the interaction of LT with GM1 on
the olfactory nerve played an important role (Couch,
2004). This unfortunate neurological toxicity involving
the facial nerve was probably uniquely related to the
intranasal administration of enterotoxin. Fear of facial
nerve toxicity should not have a negative impact on
the use of native or modified enterotoxin vaccine adjuvants when given by other routes for immunomodulation and adjuvant effects. Furthermore, there is no
reason to suspect that the virosome itself exhibited
any toxicity independent of its role as a carrier of LT.
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Although the safety of vaccine adjuvants is a primary
concern because adjuvants are often applied to healthy
individuals, it is important to understand that toxicity
is not required in order to achieve beneficial adjuvant
effects with many formulations. As noted earlier, the
mediators generated by binding to TLRs do not contribute to the adjuvant effects of many commonly used
adjuvants (Gavin et al., 2006). In addition, pronounced
adjuvant effects have also been described in humans,
without toxicity, by using liposomes containing lipid A
as an adjuvant (Fries et al., 1992), or by transcutaneous
immunization using LT adjuvant (Glenn et al., 2000).
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ABSTRACT
The recent surge in awareness of biodefense-related and emerging infectious disease agents has created a demand
for development and subsequent evaluation and testing of vaccines as well as therapeutic and diagnostic products
for pathogens that require high (biosafety level 3) and maximum (biosafety level 4) biocontainment. For many
of these products, human clinical trials may never be practical, so significant emphasis has also been placed on
the potential for their approval by the US Food and Drug Administration using new mechanisms such as the
“Animal Rule” and Emergency Use Authorization. As a result, preclinical in vitro and animal testing performed
in compliance with the Good Laboratory Practice (GLP) regulations may be the sole source of data to support
licensure of these products. This chapter aims to provide a background to the scope, intentions, and requirements
of the US GLP regulations, as defined by 21 CFR Part 58, and provide some practical considerations for
establishing the necessary policies and procedures to conduct GLP-compliant studies under high and maximum
biocontainment.

INTRODUCTION
The past decade has seen a considerable surge in
public and political concern regarding the potential for rapid emergence or deliberate release of
infectious disease agents. This has led to significant
investment by governments in research focused on
“biodefense and emerging infectious diseases.” In the
United States, the National Institute of Allergy and
Infectious Diseases (NIAID) of the National Institutes
of Health (NIH) developed a Priority Pathogen list as
a focus for these research activities, and both the U.S.
Department of Health and Human Services and the
U.S. Department of Agriculture designated many of
the same agents and others as “Select Agents,” with
significant restrictions on their use and distribution.
While the advanced stages of product development
have historically been conducted by pharmaceutical
companies and contract research organizations, the eminent need for the development of vaccines, therapeutics,
and diagnostics to counter diseases due to emerging
and potentially weaponized pathogens has necessitated that the United States Government increasingly

look at the academic sector for solutions. In 2002,
Dr. Elias A. Zerhouni, Director, NIH, announced the
NIH Roadmap, which seeks to transform discoveries
arising from basic research to clinical application in
a more streamlined and timely approach. As NIH set
out to “reengineer” the clinical research enterprise, it
sought to leverage its prior success of funding medical research and focus on translational research as the
“most challenging, but critically important” theme of
the roadmap. Dr. Zerhouni noted that at the center of
this vision is “the need to develop new partnerships
of research with organized patient communities, community-based health care providers, and academic
researchers” and “to build better integrated networks
of academic centers linked to a qualified body of community-based health care providers who care for sufficiently large groups of patients interested in working
with researchers to quickly develop, test, and deliver
new interventions” (US DHHS NIH, 2006).
Additionally in 2002, the US Food and Drug
Administration (FDA) amended the new drug and
biological product regulations to allow, in certain
cases, appropriate animal studies to provide substantial evidence of the effectiveness of new drug
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and biological products used to reduce or prevent
the toxicity of chemical, biological, radiological, or
nuclear substances (FDA, DHHS 21 CFR 314 and 601:
New Drug and Biological Drug Products, Evidence
Needed to Demonstrate Effectiveness of New Drugs
When Human Efficacy Studies are not Ethical or
Feasible. Federal Register 67: 37995–37998, May 31,
2002). Whereas historically the FDA required products for use in humans to have been proven both safe
and effective in clinical trials involving humans as a
condition for approval by the FDA, under this
amended “animal rule,” the FDA can rely on data
from animal studies to provide substantial evidence
of product efficacy.
The US FDA also has authority to issue an
Emergency Use Authorization (EUA) for the use of
unapproved medical products, or for unapproved
uses of approved products, in treatment of lifethreatening disease or conditions caused by chemical,
biological, radiological, or nuclear agents. Issuance
of an EUA requires that an emergency has been
declared by the Secretary of the Department of Health
and Human Services, according to specific criteria.
Candidate products may then be evaluated, and data
supporting an EUA application should indicate that
the product may be effective in diagnosing, treating,
or preventing the life-threatening condition or disease. Recommended safety and efficacy data for an
EUA submission includes preclinical testing data for
in vitro and animal toxicity, in vitro and animal data
from at least one species for effectiveness in treating
the subject disease, data to support the proposed dosage, along with any clinical data demonstrating safety
and efficacy in humans. Any submission for consideration for an EUA should indicate whether nonclinical
laboratory studies were conducted in compliance with
the US FDA Good Laboratory Practice (GLP) regulations (21 CFR Part 58 Good Laboratory Practice for
Nonclinical Laboratory Studies).
These new pathways for product development are
well suited for products intended for the prevention
or treatment of many of the emerging infectious disease and biological threat agents, including many of
the NIAID Priority Pathogens. The GLP regulations
for preclinical research studies will most probably be
the quality system required for much of the development and critical testing work that is to be performed
in support of these products. Results from developmental and preclinical studies may be the only data
available to evaluate a new product under the Animal
Rule or EUA. As work with many of these Priority
Pathogens and Select Agents requires high or maximum biocontainment (biosafety level [BSL] 3 or 4),
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critical development, and testing work of new vaccines and therapeutics must occur in those facilities
and must be done with appropriate quality systems
in place to ensure the quality and integrity of the data
that is generated.
This chapter provides an overview of the requirements of GLP, with emphasis on the US FDA regulations, and identifies some specific considerations
related to studies requiring high biocontainment
(BSL3/BSL4). The information presented here is the
authors’ opinion and reflects both the specific requirements set out in the GLP regulations and our experiences during the planning and implementation of a
GLP program to support biodefense and emerging
infectious disease research activities at the University
of Texas Medical Branch. At the time of writing, this
program remains a work in progress.

HISTORY, INTENT, AND
PENALTIES—WHY REGULATE?
In the mid-1970s, the FDA began investigating the
conduct of preclinical research in response to allegations of impropriety. Since product licensure is granted
based on the review of data submitted to the Agency,
the investigation focused on the integrity of the data.
FDA Officials investigated studies performed at G.D.
Searle & Co. and Hazleton Laboratories; both produced data in support of Searle products. The initial
investigation included review of over 20 completed
and ongoing studies supporting new submissions,
marketed drug products, an approved food additive, a
pending new drug application, and a veterinary drug.
Agency in-house reviews preceded the lengthy on-site
investigation, which started in early October of 1975
and concluded in mid-December of 1975.
An employee of G.D. Searle & Co. wrote of his
experience: “At times, there were more than 20 FDA
employees present at Searle during this massive and
unprecedented investigation. The FDA investigators
were divided into five teams, with each team looking
at the studies supporting different compounds. Searle,
on its part, had as many as 300 individuals collecting
and organizing documents on all its drug products
in preparation for the FDA investigation…Over 200
interviews were conducted of Searle employees…”
(Thies, 1978).
U.S. Senate subcommittees were formed to hear
testimony from the FDA task force members who
investigated Searle. The hearings raised serious questions about the testing of new drugs on animals.

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

14_P369408_Ch10.indd 133

11/5/2008 10:25:17 AM

134

PRECLINICAL VACCINE DEVELOPMENT

At the center was the concern over the quality and
the integrity of the data used to support applications. Based on the findings from the investigation,
FDA Commissioner Alexander M. Schmidt prepared
statements that included evidence of data omission,
discrepancies between the protocol and reports submitted to the FDA, dosing errors, solubility problems,
incomplete records, lack of animal identification, lack
of established written procedures, high animal mortality rates, lack of trained personnel, improper data
management, lack of management oversight, and significant quality control problems. His report included
the Agency’s action plan for additional inspections, the promulgation of standards for GLPs, and a
method to monitor preclinical studies.
Additional investigations in the late 1970s involving
the US Environmental Protection Agency (EPA) and
the National Cancer Institute focused on Industrial
Bio-Test Laboratories (IBT), an independent contract
research organization. At the time approximately
22,000 toxicology studies in support of product licensure had been performed by this company, including
studies for the Pentagon (Marshall, 1983). This number
represented approximately 40% of all such studies that had been carried out (Novak, 2001). Results
of the investigations revealed numerous findings of
fraud and poor animal housing facilities including an
improperly working automatic watering system that
drenched some animals while allowing others to die
of thirst; the animal facility was in such poor condition that it was referred to as “the swamp.” After the
investigation at IBT, millions of dollars were spent on
the retesting of thousands of industrial chemicals and
three IBT company officials were found guilty of mail
fraud and making false statements to the government
and were sentenced to jail time (Baldeshwiler, 2003).
The result of these findings was that the U.S.
Congress proposed and then enacted the GLP
Regulations for FDA as part of the Federal Food, Drug,
and Cosmetic Act. The proposed regulations for GLP
were published in the Code of Federal Regulations
(21 CFR Part 58) on November 19, 1976 and the Final
Rule was published on December 22, 1978. The latter
includes preambles documenting the Agency’s intent
of the GLP regulations. Only two minor revisions
have been made since the original enactment.
Subsequently, Congress proposed and eventually
enacted (in 1983) the GLP Regulations for EPA. Two
sets of EPA GLP regulations exist: 40 CFR Part 160
Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA) and 40 CFR Part 792 Toxic Substances Control
Act (TSCA). FIFRA governs pesticides, whereas TSCA
governs most other toxic chemicals. Based on the U.S.
FDA GLP regulations, the Organization for Economic

Co-operation and Development (OECD), an international organization, published a policy series on
the Principles of GLP and Compliance Monitoring. To
date, there are 15 documents in the OECD series on
GLP. The directives apply to safety testing of chemicals and allow for the mutual acceptance of data by
member countries.
The FDA GLP regulations define a quality system
that aims to ensure the quality and integrity of study
data. They set the minimum standards for study personnel, facility management, animal and laboratory
facilities, equipment, animal care, administration of
the test agent, recording and handling of data, record
retention, standard operating procedures (SOPs), reagents, quality assurance (QA), inspections, and provide a mechanism for facility disqualification. The
standards outlined in the regulations are process oriented, as opposed to product oriented, and provide
a mechanism of documentation that allows for reconstruction of the study. Each of these specific areas will
be addressed in the remainder of this chapter.

APPLICATION AND SCOPE—WHEN
AND WHY SHOULD COMPLIANCE
WITH THE GLP REGULATIONS
BE IMPLEMENTED?
There are common misconceptions that “GLP”
refers to a simple principle of scientific performance and integrity that is applicable to all researchers, or perhaps represents a basic checklist of things
to do above and beyond the activities of a “normal”
research laboratory to improve the quality of the
data generated: prepare some SOPs, buy the right
GLP-compliant equipment, make sure you use carbon
notebooks and ink pens, and start work.
In reality, the FDA GLP regulations define a complex quality system, with specific requirements for
performance, documentation, oversight and review
of preclinical research, and include penalties for noncompliance. All of the GLP regulations apply to data
submitted to an official governing body that will
determine if the candidate product is safe for use. The
US FDA GLP regulations are also the quality system
of choice for developmental and preclinical testing
data that may be submitted in support of animal rule
and EUA applications. While the intent of the respective regulations/principles is to assure the reliability
of the data, the defined scope for the U.S. regulations
mandates the type of data that must be submitted to
the Agency in compliance with the law. The defined
scope of the FDA, EPA (TSCA) regulations, and the
OECD Principles are listed below.
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U.S. FDA GLP (safety data for nonclinical laboratory studies in support of product licensure):
(a) This part prescribes GLPs for conducting nonclinical
laboratory studies that support or are intended to support applications for research or marketing permits
for products regulated by the FDA, including food and
color additives, animal food additives, human and animal drugs, medical devices for human use, biological
products, and electronic products. Compliance with this
part is intended to assure the quality and integrity of the
safety data filed pursuant to sections 406, 408, 409, 502,
503, 505, 506, 507, 510, 512–516, 518–520, 706, and 801 of
the Federal Food, Drug, and Cosmetic Act and sections
351 and 354–360F of the Public Health Service Act (US
DHHS FDA, 1987).

U.S. EPA-TSCA (toxic chemicals):
(a) This part prescribes GLPs for conducting studies relating to
health effects, environmental effects, and chemical fate testing. This part is intended to ensure the quality and integrity
of data submitted pursuant to testing consent agreements
and test rules issued under section 4 of the TSCA.
(b) This part applies to any study described by paragraph
“a” of this section which any person conducts, initiates,
or supports on or after September 18, 1989.
(c) It is EPA’s policy that all data developed under section 5
of TSCA is in accordance with provisions of this part. If
data are not developed in accordance with provisions of
this part, EPA will consider such data insufficient to evaluate the health and environmental effects of the chemical substances unless the submitter provides additional
information demonstrating that the data are reliable and
adequate (US EPA, 1989).

OECD (safety testing of chemicals):
These Principles of GLP should be applied to the nonclinical safety testing of test items contained in pharmaceutical
products, pesticide products, cosmetic products, veterinary
drugs as well as food additives, feed additives, and industrial chemicals. These test items are frequently synthetic
chemicals, but may be of natural or biological origin and, in
some circumstances, may be living organisms. The purpose
of testing these test items is to obtain data on their properties
and/or their safety with respect to human health and/or the
environment.
Nonclinical health and environmental safety studies covered
by the Principles of GLP include work conducted in the laboratory, in greenhouses, and in the field.
Unless specifically exempted by national legislation, these
Principles of GLP apply to all nonclinical health and environmental safety studies required by regulations for the purpose
of registering or licensing pharmaceuticals, pesticides, food
and feed additives, cosmetic products, veterinary drug products and similar products, and for the regulation of industrial
chemicals (OECD, 1997).

However, many areas that are identified in the
regulations as requiring compliance do not include
specific benchmarks but rather employ terms such as
“appropriate,” “adequate,” or “suitable.” This lack of
specific definition means that there is no one-size-fitsall answer to GLP compliance. The specific policies
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and procedures must be defined by facility management and study staff to ensure they are appropriate
to and compatible with the requirements of the study
and the limitations of the facility. This becomes particularly apparent when considering performance of
GLP-compliant research under high biocontainment
conditions. Furthermore, unlike some other quality
systems, such as certification of clinical laboratories or
ISO certification of manufacturing and testing facilities, there is no GLP certification process. In many
cases, the first test of compliance will be an FDA audit
following submission of a completed study. At the
simplest level, the GLP regulations represent a standard for performance and documentation of research
studies to ensure the quality and integrity of the data
generated, and to capture all information and key reagents that would be necessary to allow the study to be
reproduced. The mantra of many GLP consultants is,
“If it wasn’t documented, it didn’t happen.”
Clearly there are a number of additional activities
required to conduct GLP-compliant studies in a biocontainment environment and these should be given
careful consideration from the moment a study is conceptualized. From a biological safety perspective, one
must take into account the increased time and effort
necessary to obtain security clearances, health status verifications, and vaccinations as well as training
that may be necessary to allow individuals to work in
BSL3/BSL4 laboratories. From a regulatory perspective, standardizing all routine procedures, validating
and maintaining equipment, training study personnel,
maintaining proper documentation, participating in
and responding to QA inspections/audits, and compiling reports also add substantial time to the length
of the study. Study schedules should, therefore, be
scrutinized to assure that sufficient time is allowed for
completing these tasks. One should also consider the
possible need for additional personnel to assist with
the increased workload associated with performing
regulated studies.
While the U.S. GLP regulations mandate that the
study sponsor must notify contracted laboratories of
their intent to submit data to the Agency, the contract
laboratory must not be negligent of the scope of the
regulations/principles. If a facility is performing any
type of testing that generates data for submission to
the FDA in support of product licensure, the work
must be done in compliance with the applicable regulations. In addition to regulatory mandates, there
may be contractual obligations that apply the GLP
regulations to what would otherwise be nonregulated
studies. In order to promote the quality and integrity of data derived from studies that would not normally require compliance with the GLP regulations,
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a sponsor may contractually require a testing facility to comply with the regulations. The sponsor
may argue that this compliance will expedite market approval reviews by the governing agency and
decrease the possibility of repeat studies.

Inspections by Regulatory Authorities
Testing facilities that perform studies meeting the
scope of the GLP regulations/principles are subject to
inspection by the Agency or the appropriate country’s
compliance monitoring program. Inspection of a testing facility is performed by FDA, EPA, or by National
Monitoring Program officials, each of which has published procedures for conducting inspections. The
OECD published procedures are mutually accepted
by its membership countries in order to assure harmonization and promote the mutual acceptance of data.
Testing facilities that perform regulated work must
accommodate inspections by Agency officials. Failure
to comply with an Agency inspection will disallow
the review of an application for a research or marketing permit that relies on data generated as part of the
regulated work.
During inspections, Agency officials can request or
make copies of documents; therefore, the testing facility should have a standardized operating procedure
for the copy and release of restricted or regulated documents associated with select agents and select agent
facilities to ensure appropriate compliance with Select
Agent regulations. Furthermore, access to high containment areas by Agency officials may be impossible
due to security restrictions, facility training requirements, vaccination requirements, etc. This potential
inability to access an area by an Agency inspector
may result in a request to inspect similar space at a
lower containment level. In response to the limitation
of inspecting the facility directly, the inspector may
scrutinize the study protocol, procedures, and data in
greater detail in order to reconstruct the processes that
occur in these areas.

Definitions and Terms—The Same Words
Don’t Always Mean the Same to Different
Regulatory Authorities and Study Sponsors
In the study planning phases, it is essential to align
the country of the intended marketing permit submission with the appropriate set of GLP regulations/
principles. The subsequent development of study documents should include common language and terminology. Before creating any documents, the definition

of terms that are included in the applicable set of the
GLP regulations/principles must be reviewed. Each
document begins with these definitions, and they are
crucial for effective communication between the governing agencies, the sponsor, and the testing sites or
contracted laboratories. The terms should be used
appropriately and consistently in all written documentation such as the protocol/study plan, SOPs, and the
final report.
Some definitions are unique to a particular set of
the GLP regulations/principles. For example, one difference is in the terminology used to define the compound or product being tested during the preclinical
phase. This test compound is referred to as the test
article (FDA GLP), test substance (EPA GLP), or the
test item (OECD). Another definition difference is
that the OECD Principles of GLP include a definition
of principal investigator (PI)—an individual who acts
on behalf of the study director in a multisite study.
Neither the FDA nor EPA regulations include a definition that equates to a PI. Another variance applies to
the definition of study start dates. While all the GLP
regulations/principles define the study initiation date
as the date the Study Director signs the Protocol/
Study Plan, the EPA GLP regulations, and the OECD
Principles of GLP include definitions for the experimental start and stop dates. The EPA GLP regulations define the experimental start date as the first
date that the test substance is applied to the test system, whereas the OECD Principles of GLP define the
experimental start date as the date on which the first
study-specific data are collected.
Standardized terminology will facilitate communication between the Agency, the sponsor, and the testing facility. Utilize the respective definitions sections
when negotiating contracts, during study planning,
and in all study documentation for the duration of the
study.

ORGANIZATION AND PERSONNEL—
WHO DOES WHAT AND HOW DO WE
KNOW THEY CAN DO THAT JOB?
Reducing variables that may affect study data is
critical and consideration must be given to the human
element in this regard. Proper training, education,
and/or experience of study personnel combined with
SOPs can reduce risks while streamlining efficiency
and improving staff proficiency. Standardization and
identification of personnel roles and responsibilities, along with proper personnel organization and
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appropriate training of study personnel, are key
components of the GLP regulations/principles.
Defined roles and responsibilities for study personnel must be recorded and the completion of training
necessary to perform these roles and responsibilities
must be documented. This information should be
organized in such a manner that an auditor can match
training records to the assigned tasks for any given
GLP study. Suggestions for organizing this documentation include the establishment of standardized training files for all GLP personnel and the creation of an
organization chart that identifies the roles and illustrates the interactive relationships. GLP study personnel include any individuals who have impact on the
study data such as GLP management, study directors,
PIs, laboratory managers, research technicians, graduate students, veterinarians, animal handlers, statisticians (data handlers), and QA auditors. Training of
study personnel should include any necessary technical training, biocontainment training, SOP training,
and GLP training relevant to the job responsibilities.
For studies in high biocontainment facilities, the
issues of appropriate training are significant. Not only
must all laboratory and biocontainment engineering staff be appropriately trained to work safely in
that environment, they must also be trained to meet
the requirements of the GLP regulations. Likewise,
GLP management and QA staff may require specialized training for access to those laboratory facilities
to ensure appropriate oversight and review of the
research activities. Consideration must also be given
to the requirements placed on all individuals by other
relevant regulations, such as those governing the use
of Select Agents. Training of new staff for a GLP study
in a high biocontainment laboratory is a process that
requires significant investment of time, effort, and
resources.
For any GLP study, there must be a defined testing facility management, a study director, and an
independent quality assurance unit (QAU)/program.
Further, the GLP regulations/principles specifically
define the minimum responsibilities for study personnel, including GLP management, the study director, the QAU/program, and the PI (OECD only).
SOPs should define how each role functions within
the overall business structure of the testing facility along with the mechanisms followed to perform
their responsibilities. These procedures should also
address sanitation and health precautions that personnel must follow in order to decrease the potential of
contaminating the test and control articles and test systems, including the reporting of any illness that may
adversely affect the data. For many biocontainment
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laboratories, these issues overlap with precautions
and reporting required from an employee health and
safety perspective. Procedures governing these issues
may also be addressed in facility policies that are
not specific to the GLP program, as employee health
records are subject to other regulatory requirements
that maintain the privacy of medical records.

GLP Management
It is crucial for a facility to define their management
structure prior to performance of GLP-compliant studies. Testing facilities that function primarily as contract
research organizations may have a business hierarchy
that directly aligns with the GLP management structure, whereas academic and other large institutions
may need to have a separately defined infrastructure
in place to support GLP studies. Effective GLP management structures in large institutions should possess
the capacity to bridge multiple departments as studies
may require cooperation from animal resource facilities,
environmental monitoring and facilities maintenance
departments, information technology groups, statisticians, and veterinary pathology laboratories. While
appropriate allocation of management roles is a business decision, it is imperative to identify GLP management and equally important for GLP management
to understand their roles and responsibilities. Failure
to identify a functioning GLP management structure
and failure of proper training of GLP management is
a violation of the GLP regulations.
GLP management is responsible for providing the
appropriate resources (facilities, equipment, procedures,
and personnel) necessary to perform a regulated study
and must be capable of appointing and/or replacing
the study director. The latter may not necessarily transpire from poor performance, but may be necessary
if the study director has insufficient time to devote to
a GLP study, or may be unavailable for a significant
portion of the study. Management must also assure
that a sufficient number of personnel are available to
conduct the study in accordance with the protocol.
Furthermore, management is tasked with assuring
that the QAU/program is completely independent
of the study conduct and that QA inspection/audit
findings are communicated to the study director.

The Study Director
The study director serves as the central point of
contact for a GLP study and is responsible for the
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technical conduct of the study, including assuring
that the GLP regulations are followed. Since the study
director serves as the central point of contact for a
GLP study, only one study director is allowed for each
study; however, the OECD Principles of GLP allow for
PIs to serve, under the direction of the study director,
as points of contact for multisite studies. It is important to note that the OECD defined role and responsibility of the PI does not necessarily align with the U.S.
terminology used to annotate the PI for grants and
contracts. Care should be taken to identify which GLP
regulations/principles are applicable to the study
when defining the responsibilities of an individual
serving in the role as a PI.
Since study directors serve as the central point of
contact for the study, they must be knowledgeable in
the GLP regulations, familiar with the science of the
project, and possess skills in project management.
However, it is acceptable to delegate tasks during a
study and often the appointment of a laboratory manager or supervisor can assist in study organization.
Care should be taken to clearly delineate these task
assignments and, while delegating tasks can streamline efficiency, it must be remembered that the ultimate responsibility of the study conduct lies with the
individual designated as the study director.
The study director is also responsible for all experimental data including any deviations from procedures or unforeseen circumstances that occur during
the study. As documentation should allow for the
reconstruction of the study, it is imperative that the
study director assess all study circumstances for possible effects on the data. Facility or study-specific
SOPs should describe how the study director reviews
study documentation and how deviations from SOPs
and/or the study protocol are managed. Furthermore,
the study director determines the study initiation and
closing dates by signing and dating the protocol and
final report respectively, and is responsible for assuring that all records and specimens are transferred to
archives during or at the close of the study.

as QA auditors and, in order to remain unbiased, the
QA auditor(s) for a specific study may not be involved
in the conduct of that study. The frequency and type of
inspections depend on the length of the study and the
critical phases of the study; communication between
the study director and the QA auditor facilitates the
process. Inspections and data audit findings are compiled in a QA report that is distributed to the GLP testing facility management and the study director. The
content of these reports is not subject to inspection by
a government agency representative during a routine
Agency audit; however, QA must keep a log of these
inspections/audits as documentation of their occurrence. In order to properly manage the performance
of inspections and audits, the QAU maintains copies
of study protocols and a copy of the master schedule.
The latter is a log of all GLP studies performed at the
facility and is used by the Agency representatives to
organize their facility inspections and to assess study
director workload.
QA of GLP studies differs from the QA requirements included in the Good Manufacturing Practice
(GMP) regulations. Significant findings during a GMP
QA inspection/audit can halt production. The intent
of the GLP regulations is to have an internal QA process that allows for correction during the study, thereby
decreasing the possibility of repeat testing or validation, or study rejection. The QA auditor reports any
gaps and/or deviations from the regulations, protocol,
and approved SOPs to the study director and management. It is then the responsibility of management and
the study director to correct any applicable issues as
stated in the QA findings. In a high biocontainment
laboratory environment, where physical access to
study areas for audits by sponsors or regulatory agencies is likely to be limited, it is reasonable to expect
that QAU personnel should be trained for access to
the laboratories to ensure that they can adequately
fulfill their oversight responsibilities.

Archivist
Quality Assurance
The GLP regulations/principles also delineate a
QA requirement. While individual studies may plan
for appropriate quality control of procedures and data
management, the QAU assesses the overall conduct of
a GLP study and adherence to the regulations, study
protocol/plan, and approved SOPs. This function
involves facility and study-specific inspections and/or
audits performed by an independent unit or program.
Members of the QAU or QA program are referred to

Another important role in a GLP program is that
of the archivist since study records will be transferred from the supervision of the study director to an
archive facility. The latest document from OECD actually includes a definition of an archivist, stating that
an archivist is “an individual designated by test facility or test site management to be responsible for the
management of the archive, i.e., for the operations and
procedures for archiving” (OECD, 2007). Although
the archive facility is discussed in the “records and
reports” section of this chapter, study planning should
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include the identification of the individual who will
be responsible for the archive.

FACILITIES—WHAT MAKES A
LABORATORY SUITABLE FOR GLP?
Unlike other regulations governing laboratory or
manufacturing facilities, the GLP regulations place
relatively few specific requirements on the physical infrastructure of the laboratory. Testing facilities
should be of “suitable size and construction” and
designed to prevent any “adverse effect” on the study
(21 CFR Subpart 58.41). In general, the intent is to separate various components of the study to reduce or
eliminate risks of contamination.
Facilities for animal care, laboratory procedures,
supply storage, and specimen and data storage must
operate under standardized procedures and must
be properly managed and maintained in order to
decrease the risk of contamination of the study data.
In high biocontainment laboratories, where available
space and laboratory design may not permit physical
separation of study components of different research
activities, study design should consider methods to
decrease contamination risks when establishing the
workflow. Methods can include the use of separate
rooms, biosafety cabinets, ventilated cage rack systems, procedures for decontamination, and appropriate personal protective equipment for study staff.
Additionally, supplies such as feed, bedding, and
animal enrichments should be stored separately from
the animal housing rooms. Workflow should address
all aspects of the study including animal quarantine
prior to study placement, requirements and location
of animal isolation, disposal of waste, and operation
of shared areas in order to prevent study mix-ups and
cross contamination. A facility floor plan can be used
as a diagram to illustrate the workflow; however, floor
plans for areas used for Select Agent studies should
have SOPs established for their secured distribution
since they may be considered sensitive documents
under Select Agent regulations.
Facility design should also address isolation of areas
used to prepare test/control articles in order to prevent mistakes and cross contamination. Care should be
taken to separate areas for the receipt, handling, mixing, and storage of the test article. The storage areas
must be separate from the test system and must meet
the environmental specifications needed in order to
maintain the integrity of the compound.
Biocontainment laboratories are complex facilities,
often having sophisticated building automation systems
(BAS) for control and monitoring of the biocontainment

environment and facility security. Careful consideration
must be given to the operation of these systems and
their potential use in primary monitoring of laboratory
spaces used for GLP-compliant studies. This will be discussed further in the following section.
In addition to laboratory and animal facilities necessary to perform GLP studies, space needs to be
identified for specimen and data retention. Specimen
and data retention during a study can be in proximity to the study location or can be in a central location;
however, an archiving facility (or facilities) is required
for long-term retention of study data and specimens.
Archive facilities can be located at the sponsor facility,
at an external facility, or internally at the testing site,
but must be under the control of an archivist in order
to expedite retrieval of the records. During the study,
the data and specimen integrity is the responsibility
of the study director; however, once transferred to the
archive, the archivist is tasked with maintaining the
integrity by assuring that the data and/or specimens
are secure and stored in the appropriate environmental conditions necessary to prevent degradation.
The indexing and operation of the archive should be
defined in SOPs and retrieval of items should occur in
a timely manner during the course of an inspection.
If an off-site facility is utilized as a GLP archive, it is
recommended that a QA inspection be performed in
order for management and the study director to determine if the archive facility is adequate.

EQUIPMENT
Despite the common perception that performance
of GLP-compliant studies requires certain specialized
equipment, the US FDA regulations specify only that
equipment used in the “generation, measurement, or
assessment of data” and equipment for facility environmental control be of “appropriate design and adequate capacity to function according to the protocol”
(21 CFR Part 58). As with planning for many other
areas of GLP compliance, selection, and operation of
equipment should be driven by the requirements of
the study, within the limitations of the particular laboratory environment.
In order to increase data integrity, equipment
should be designed to meet the needs of the study,
and should be calibrated and maintained throughout the study. Equipment documentation is generally maintained from the point of acquisition until the
point of retirement—i.e., throughout the equipment
life cycle. Acquisition can be procurement of a new
piece of equipment or the assessment of an existing
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piece of equipment. The process of documenting that
a piece of equipment meets the needs of the study,
and is operating and performing correctly, is generally
referred to as equipment validation or equipment
qualification. For purposes of discussion, this chapter
will discuss the validation of equipment using a fourstep process utilizing the terms design, installation,
operational, and performance qualification (PQ).
Generally, a facility should develop high level policies governing the approach for equipment acquisition,
validation, and operation for GLP-compliant studies. Before purchasing or using a piece of equipment
during a GLP study, the system should be assessed to
see if it meets the needs of the study. Documentation
should align the manufacturer’s specifications with the
study needs. This process is referred to as design qualification (DQ). Next, the equipment must be installed
and shown to be correctly functioning in its environment; this is called installation qualification (IQ). Once
working, the equipment should be tested to see if it is
operating according to the manufacturer’s specifications (operational qualification, or OQ). If there are
any special performance requirements specific to the
needs of the study, these must also be tested and documented (performance qualification, or PQ). For simple
pieces of equipment that do not collect data, a simplified validation/qualification process that combines
these processes may be employed. This is sometimes
referred to as equipment verification. As mentioned
above, the requirements of and processes to be used
for equipment validation or verification should ideally
be defined at a facility or institutional level.
Planning for the equipment validation process
should also include the preparation of specific SOPs
for calibrating and maintaining equipment in a validated state. The type and frequency of the calibration,
preventive maintenance, and general cleaning will
be determined based on the use of the equipment,
the requirements of the study, and the specific limitations of the operating environment. In a high biocontainment environment, equipment maintenance, and
calibration schedules and procedures may be largely
dictated by broader facility operational requirements
and the limited access to laboratory spaces. The specific maintenance and calibration that is performed on
the same piece of equipment will likely differ between
BSL2, BSL3, and BSL4 laboratories within the same
facility due to the unique nature of each laboratory
environment. In any case, documentation of the performance of these functions should be retained with
the study data. Finally, procedures should be in place
addressing the retirement of equipment. Before retiring, assess the impact of the retirement on current
studies, and determine if electronic data was generated.

Plans for data storage and future data migration
should be developed prior to the retirement of computerized equipment.
Validation of complicated systems can be a lengthy
process. When procuring new pieces of equipment,
requests can be made for validation documents and
support from the manufacturer. Often the IQ and OQ
portions may be completed by a vendor representative, but the supporting documentation may need
to be evaluated to assure that sufficient documentation is obtained according to the facility’s validation
policies. Complicated systems that are critical to the
study data collection may need to be validated under
the direction of an experienced validation team or
outside consultant. The length of time necessary to
validate equipment should be considered in study
planning and contract negotiations with the sponsor. Furthermore, retrospective evaluation of existing equipment for DQ prior to the start of the study
may indicate that the equipment is not suitable for the
needs of the study and a new piece of equipment may
need to be purchased and validated before the study
can begin.
Selection and validation of systems or equipment
used for environmental monitoring will also depend
upon the specific requirements of the facility and the
studies that require GLP compliance. In a large biocontainment facility where only a subset of laboratories or rooms may be set aside for GLP-compliant
research, validation of the BAS used for control and
monitoring of the entire building may be impractical
or deemed to be cost ineffective. In those cases, local
monitoring using stand-alone devices or networked
supervisory control and data acquisition (SCADA)
systems may be a more practical solution for appropriate monitoring of laboratories used in performance
of GLP-compliant studies.
If an area also contains equipment not used for
GLP studies, which is likely to be the case in many
BSL3 and BSL4 laboratories, it is recommended that
some type of labeling process be established and
documented to differentiate the equipment. This will
clearly define to an Agency inspection official what
supportive documentation should (and should not)
be audited. In areas of high containment, it is recommended that annual or semiannual schedules for
equipment calibration and preventive maintenance are
coordinated with area/unit decontamination and shutdown times. This will increase efficiency of space utilization and allow for more accurate study timelines.
Another consideration for equipment in high biocontainment laboratories is the collection and storage of raw data. In many cases, a solely paper-based
data collection system will be impractical due to the
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difficulty in transferring materials out of the laboratory. Capturing raw data in an electronic format may
simplify the transfer and storage of that data, but
requires that all components of the network and electronic systems be appropriately validated and function in compliance with 21 CFR Part 11 Electronic
Records; Electronic Signatures. Suitable systems and
processes for storage and backup of raw data must
also be established to eliminate or otherwise minimize
the risk of data loss.

TESTING FACILITIES OPERATION—
HOW DO WE DO WHAT WE DO?
All routine methods and processes for GLP studies
and critical supporting activities must follow standardized procedures that are approved by GLP management. Decisions on the extent of documentation
required for supporting activities should be based
on risk assessments that determine which functions
may directly impact the performance and outcome of
a study. SOPs govern day-to-day practices, whereas
the protocol/study plan (discussed later) serves as the
overall blueprint for the study. Each set of GLP regulations/principles list the minimum required SOPs to
support a GLP study, but the list is not all-inclusive.
Standard business policies should exist for facility
operation and are subject to inspection; however, they
should be reviewed prior to the start of a GLP study
to assure that they are compliant with the regulations
and appropriate to the requirements of the study. The
QAU/program audit schedule should include a general facility inspection in addition to one or several
study-specific inspections and/or audits. SOPs must
ultimately be approved by management and implementation of subsequent changes made to an SOP
should follow a standardized procedure that also
includes management approval. Historical files of all
SOPs and their respective versions should be retained
and are subject to Agency inspections. Business definitions should identify if there is a difference between
an SOP approval date and the actual effective date of
the SOP. The latter date should be established after
consideration of the length of time necessary to train
appropriate personnel on the SOP or the new version
of the SOP.
Current versions of the SOPs must be available in
the area where the procedure is performed. While it is
appropriate for a study director to maintain copies of
all approved SOPs for his/her study, copies of applicable SOPs need only be present where the procedure
occurs. Care should be taken in high containment
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areas and SOPs should be in place to handle contaminated paper documentation, including raw data or
SOPs. An SOP may be available in a printed form with
an expiration date or an SOP may be viewable from
a computer screen. The handling and distribution of
the SOPs should be addressed in an approved administrative or document-handling SOP. No expired or
outdated versions of SOPs should be located in areas
where procedures are performed. A paper-based system for preparation and distribution of SOPs may be
impractical for high biocontainment laboratories, and
even for GLP programs that support multiple concurrent studies. Suitable electronic document management systems are available that can be configured and
validated for compliance with 21 CFR Part 11 and that
will coordinate and control the processes for preparation, approval, distribution, and archiving of SOPs, as
well as documenting SOP training.
Facility SOPs should include the operation of the
animal care facility as well as the specific animal husbandry and handling that occurs within the biocontainment laboratory environment. It should be clear
how a facility handles cage cleaning and change-outs,
animal feeding and handling, animal isolation, animal treatment, finding of moribund animals, storage
of feed and bedding, and use of any pest controls.
Documentation of activities is necessary for study
reconstruction and calibration, maintenance and quality control procedures need to be established not only
for equipment that will generate study data, but also
for other key equipment that supports an animal
study (e.g., cage washing and sterilizing equipment).
For instance, scales that are used to determine animal
weights should be validated, cleaned, maintained,
and calibrated if the data they generate will be used to
calculate dosing concentrations.
Study planning should also include the type of
feed, water, and bedding to be used. The study director, along with the sponsor, should evaluate these
items for the presence of any interfering substances
that should not be present in the feed, water, or bedding and should maintain documentation that demonstrates the absence of these interfering substances.
Vendors may be able to provide documentation of
testing for certified feed and bedding. Animal facility
SOPs should state the frequency and types of testing
performed on potable water. If additional testing is
required to support a regulated study, communication
with animal care facility management is critical and
these issues should also be addressed in the budgeting and planning phases of project development.
Reagents used during a GLP study must be
labeled with the identity, titer or concentration, storage requirements, and expiration date. Use of expired
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reagents is a violation of the regulations/principles;
however, SOPs can be in place that allow for extension
of the expiration date based on scientific evaluation
or analysis. The OECD Principles of GLP also require
that the source, preparation date, and stability information be accessible. Reagent preparations that
include dilutions or mixing with other reagents must
also be appropriately labeled. Generally, the expiration
date of mixed reagents is the earliest expiration date
of any one of the combined chemicals. Documentation
of reagent lot numbers, reagent volumes, and identification of personnel preparing reagents may be critical
pieces of information depending on the nature of the
study and use of the reagent.

TEST AND CONTROL ARTICLES—
WHAT ARE WE TESTING AND HOW
DO WE HANDLE IT?
Since data obtained during the study will be used
to support the product licensure of the test article,
characterization and handling of the compound is critical. SOPs should describe the labeling and handling
of the test and control articles from receipt to final discard or retention. Documentation should include the
condition upon receipt as well as the storage location,
and the storage location should align with the storage
requirements and provide appropriate environmental conditions in order to retain the compound integrity. Storage of the test and control articles must be in
a secured location and procedures should be established that allow complete accountability of handling
and volume depletions and/or distributions.
Analysis of the test and control articles prior to
study initiation includes identification of the compound along with its strength, purity, and composition.
This analysis must be conducted for each batch that is
manufactured. Sample derivation is also required; such
documentation can be provided by the sponsor or, in
the case of a marketed compound, be identified by the
label (FDA only). The above characteristics must be
identified prior to the initiation of the study; however,
compound stability can be determined either prior
to or concomitantly with the study. The responsibility for characterization of test and control articles (i.e.,
provided by the sponsor, or carried out by the testing
laboratory) should be clearly established during contract negotiations and study planning. SOPs should
exist to describe how compounds are mixed with carriers, and the mixtures must be tested in order to determine the uniformity and subsequent concentration.
Care should be taken when handling or mixing the

compounds with carriers to ensure that no contamination is introduced during the process. Preparation of
test and control articles should occur in separate areas
as appropriate to decrease the introduction of contaminants during the process, and to prevent any inadvertent mixing or substitution of test and control articles.
Standard decontamination practices performed prior
to compound preparation should be documented in
order to demonstrate that the SOPs are being followed.
For high biocontainment facilities, storage and even
preparation of test and control articles should generally occur at BSL2. However, the specific requirements
of the study and the characteristics of the test and control articles may require that final reagent preparation
occur in the BSL3/BSL4 laboratory.
In addition to proper receipt, handling, and mixing
of test and control articles, the storage containers must
be labeled by name, chemical abstract number or code
number, batch number, expiration date (if known),
and storage conditions. Test and control article storage containers should be kept for the duration of the
study (FDA, EPA) and an aliquot of the test/control
compounds must be retained for long-term studies
(defined as longer than 4 weeks by FDA, EPA). The
Agency has the authority to transport a test compound and the SOPs in order to reproduce the study
in their laboratories if that is deemed necessary and if
appropriate facilities are available.

STUDY CONDUCT—THE
EXPERIMENTAL PLAN
The document that states the overall plan for the
study is called the protocol (FDA, EPA) or the study
plan (OECD). All of the GLP regulations/principles
state the minimum requirements for the information that must be included in the protocol/study
plan. In general, the protocol/study plan should
include the identification of the sponsor and the testing facility, key personnel involved in the study, the
test system, the test and control articles, the study
methods, the data collection methods, and the statistical manipulations. This document often serves as
a contract between the sponsor and the testing facility and should serve as a communication tool stating
the agreed parameters of the study to the sponsor,
study director, testing facility management, QAU, and
study personnel. Study director signature (FDA, EPA,
and OECD) is required on the document as is the signature of the sponsor (FDA, EPA). For OECD studies, the signature of the sponsor and testing facility
management is a requirement that varies by national
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regulation or legislation. Failure to perform the study
in accordance with the protocol is a violation of the
GLP regulations/principles.
As outlined earlier in this Chapter, under the
FDA GLP regulations the date that the study director signs the protocol/study plan is the study initiation date. Any changes made to the protocol/study
plan after this time must be made in the form of an
amendment that also requires the dated signature of
the study director. In general, the protocol/study plan
along with any amendments outline the study objectives, the SOPs describe in greater detail the methods used to accomplish the study objectives, and the
final report summarizes the study data and findings. During the study, any contradicting statements
between the protocol/study plan and an SOP are
decided by the protocol/study plan as the statements
contained within a protocol/study plan supersede
the SOPs. Writing effective protocols/study plans,
SOPs, and final reports can lengthen the time needed
to complete contract negotiations and study timelines.
Training on SOP writing can be beneficial for individuals who possess minimal experience writing these
types of documents.
Failure to perform the study in compliance with
the protocol is a regulatory violation. While deviations from protocols/study plans or SOPs can happen,
these deviations must be properly documented. SOP
deviations must also be documented and the study
director should assess whether or not the deviation
impacted the study. The study director should also
review the deviations for trends. If the same deviation is occurring frequently, it is possible that an SOP
needs to be revised or the personnel are not properly
trained to adequately perform their job duties. If SOP
deviations are properly handled and the documentation is included in the study records, then they do not
need to be listed individually in the final report; however, all protocol deviations must be identified in the
final report. If SOP deviations are not appropriately
handled or if the deviation had a direct impact on
the quality and integrity of the data, then the circumstances must be disclosed in the final study report.
Recording data properly during the study is a critical aspect since the data generated will be used to
reconstruct the study and subsequently used to support the application for product licensure. Unless the
initial data is captured via electronic systems, collection of all study data must be documented promptly
and in ink. All data must be accompanied by the signature or initials of the person entering the data and
the date the data was recorded. The first capture of
information is considered the raw data so care must
be taken when observations are recorded. Trained
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study personnel should be aware of the appropriate
places to record study data. The creation of standardized forms can assist in the capturing of raw
data promptly. All original data must be retained.
If changes need to be made to recorded data, the
original data must not be obscured or deleted. The
change must also be accompanied by a reason for
the change, the signature/initials of the person making the change, and the date the change was made.
These rules are applicable to manually recorded data
as well as electronically captured data. As discussed
earlier in this Chapter, paper-based data collection
may not be practical for some studies, particularly in
high biocontainment laboratories. However, the use of
electronic data collection and handling raises compliance issues related to 21 CFR Part 11, and may also be
subject to restrictions related to select agent or other
regulations.
Proper study conduct also includes the correct
labeling of specimens collected during the study.
Specimens collected for studies following the FDA or
EPA GLP regulations must be identified by test system, study nature, and date of collection. This information can be recorded on the specimen container
directly or identified and linked in a manner that
allows for traceability to the information. Specimens
collected for studies following the OECD Principles
on GLP must be labeled with a unique study identifier as well as the specimen origin.

RECORDS AND REPORTS—WHAT DID
WE DO AND WHAT DID WE FIND?
Once the experimental data has been collected,
a final report is written to summarize the study
findings. While the minimum requirements for the
report content are listed in the regulations/principles,
any contributing scientific reports should be included
in their entirety and not changed by the study director or sponsor. After the final report is written, the
regulations require a review of the final report and
experimental data by the QAU/program in order to
determine if the data presented in the final report are
an accurate reflection of the raw data collected during
the study. The QAU will also provide a statement that
specifies the dates study inspections were made and
the dates the findings were reported to management
and to the study director.
All study records must be retained and archived
prior to or at the close of the study. The study director
is responsible for identifying all data, specimens, and
study records that must be transferred to the archives.
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Once the records and specimens are moved to the
archives it is no longer the study director’s responsibility, as the archivist is tasked with the organization,
storage location, and security of the archives. All
study records must be easily retrievable during an
audit. Several archive locations can be identified, but
the organization of materials for expedited retrieval
must be under the direction of one archivist. Off-site
archives are appropriate for use, but due diligence
by management must occur. It is recommended that
off-site archive facilities be inspected by the QAU/
program prior to initial record transfers and periodically, as decided by GLP management. Required duration periods are specified in each regulation/principle;
however, business procedures should be developed
for facility record retention policies. It is also appropriate for some or all of the study records or specimens to be transferred to the sponsor. In this regard,
the final disposition of archival materials should ideally be established during initial contract negotiations
with the sponsor, particularly in situations where
on-site storage is limited or the timetable for product submission (and hence the timeframe for data
retention) is not clear. Documentation of this transfer agreement should be retained with the study
data as location of all records and specimens must be
included.

As an example, in 1999, FDA performed an inspection at the Coulston Foundation, a testing facility in
the state of New Mexico, U.S. The inspection revealed
significant findings that were detailed in a subsequent Warning Letter to the company Chief Executive
Officer. The Coulston Foundation did not provide sufficient proof to the FDA that the findings had been
addressed and a subsequent site visit in 2000 was conducted. During the review process, FDA instructed
Coulston not to initiate any new studies and required
Coulston to request reinspection after the deficiencies
had been corrected. Coulston did not request such a
reinspection and received another Warning Letter
in 2001 stating that if they did not address the violations and correct the deficiencies, action may be taken
to initiate disqualification. By 2003, FDA proceeded
with disqualification and sent notice to Coulston of
their opportunity to request a regulatory hearing; but
by late 2002, the New Mexico Business Weekly was
already reporting that the Coulston Foundation was
shutting down and the animals were being relocated
(Anonymous, 2002).
Once disqualified, the regulations provide a
mechanism for facility reinstatement. The request for
reinstatement must be made in writing to the FDA
Commissioner and must contain proof that the deficiencies have been addressed in order to prevent violation of the regulations.

DISQUALIFICATION OF TESTING
FACILITIES—WHAT HAPPENS IF WE
GET IT WRONG?

CONCLUSIONS

During data review, product marketing applications
can be rejected or approving Agencies can request further validation of studies if there are concerns about
the performance of the study or the quality and integrity of the data. However, disqualification of a testing
facility is a unique part of the FDA GLP regulations.
When a facility is disqualified, the FDA can refuse to
accept any data submitted by the facility in support
of an application for a research or marketing permit.
In addition, any study data historically submitted to
the Agency by the disqualified testing facility can be
rereviewed. Disqualification proceedings occur only
after a facility has failed to comply with the regulations, the noncompliance directly affected study data,
and regulatory warnings have been inadequately
addressed or ignored. The FDA GLP regulations also
address the issue of the sponsor initiating the termination of studies at a testing facility. If a sponsor terminates or suspends a testing facility during a GLP
study, the sponsor must notify the FDA in writing
within 15 working days of the termination.

The intent of the GLP regulations/principles is to
assure the quality and integrity of the data. They are
standards that describe the minimum requirements
necessary to assure integrity of the data and allow for
the reconstruction of a study. The current emphasis of
governments on developing products to protect the
public from emerging infectious disease pathogens or
deliberate release of a biological agent has led to an
increased role in this process for the academic sector
and those institutions with the appropriate facilities to
house these agents.
The implementation of compliant studies in a university setting, where the organization of personnel
may not immediately align with the requirements of
the regulations, may require definition of new organizational structures, and the prospect of carrying out
GLP-compliant studies in BSL3 and/or BSL4 laboratories adds additional hurdles. Among these are the limited amounts of space available in these laboratories
for records retention, the difficulty or impossibility of
transferring certain types of data and specimens out
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of the laboratories, the increased level of scrutiny on
personnel who may access these facilities, and other
regulations governing the conduct of work in these
laboratories (e.g., Select Agent regulations).
All of these factors should be carefully considered
from the moment a GLP study is contemplated and
negotiations with potential study sponsors should take
into account the increased time and resources required
to complete regulated studies in these environments.
In addition, it is imperative that investigators who
consider studies that require compliance with the GLP
regulations fully understand the additional effort that
will be required of them and of their staff.
While the intent of this chapter is to introduce
the reader to the GLP regulations and guidelines
and the potential impact that regulated study planning will have on vaccine development, particularly
in studies requiring high biocontainment, it is also
important to understand that the field of compliance
in the 21st century is changing. Currently, the US FDA
is using enforcement discretion with regards to 21 CFR
Part 11, the OECD continues to publish additional
directorates, modernization of the US FDA regulations is under discussion, and global harmonization
is increasing communication between regulating
bodies. In the meantime, research and testing organizations should make compliance policy decisions utilizing a risk-based approach, keeping in mind that
ignorance of the regulations is not accepted by the
US FDA or other regulating agencies as an excuse for
noncompliance.
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ABSTRACT
The world was struck by surprise when a Severe Acute Respiratory Syndrome (SARS) epidemic started in 2003
in China. This disease had never been observed in man before; the SARS-Coronavirus causing the disease was
unknown. With the uncertainty about the future impact of this epidemic, an important international collaboration
started spontaneously sharing scientific knowledge and reagents. Resources became quickly available, and public and
private efforts were undertaken to develop rapidly a vaccine. We will discuss here the importance of the international
collaboration and the availability of funding. Moreover, we will review the most important and challenging steps
during the industrial development of the SARS vaccine highlighting the difficulties in terms of safety working
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with such a highly pathogenic, unknown virus. We will emphasize the industrial perspectives on inactivation and
decontamination experiments, the selection of the most promising vaccine candidate, the production process and the
choice and use of animal models in such a pressing and difficult situation. Finally, we will briefly review the unique
regulatory environment created during this period for the development of a SARS vaccine.

INTRODUCTION
In late 2002, several hundred cases of a severe
atypical pneumonia were reported in the Guangdong
Province of the People’s Republic of China. By the
first quarter of 2003, similar cases were reported in
Hong Kong and sporadically throughout South-East
Asia and Canada. This severe disease, with a mortality of 5–10%, spread rapidly around the world and in
April 2003, 25 countries on 5 different continents had
reported cases [World Health Organization (WHO),
accumulative SARS cases]. As a result, the WHO
issued on March 2003 a global alert for the illness
that would be known as “Severe Acute Respiratory
Syndrome” (SARS) (WHO SARS alert). Within the
same time frame, secondary cases of SARS were being
identified in health care workers and family members
who had close contact with patients suffering from
this severe respiratory illness.
By the second week of June, using the WHO case
definition (WHO case description), approximately
8000 SARS cases and 774 SARS-related deaths had
been reported to the WHO. While the first wave of the
SARS epidemic seemed to have reached its conclusion,
it was completely unclear how the spread of the virus
would evolve. There was no clear understanding of
the animal reservoir and the impact of virus mutation
and unapparent infections. Different situations could
be envisaged; one scenario was that virulent SARScoronavirus (SARS-CoV) would persist and become
endemic. Another possibility was that other epidemic
waves would occur or, finally, that the virus would
disappear. Taking into account all the uncertainties
and anticipating the worst-case scenario, many laboratories and vaccine manufacturers started working
on a vaccine approach against SARS infection, largely
based on what was known from animal CoVs.
In this chapter, we will discuss the necessity for
international cooperation and the importance of discretionary funding for rapidly developing a prototype
vaccine candidate. We will review the decision-making
process, the strategic choices made in terms of vaccine
candidate, adjuvants, working conditions, and the
safety precautions implemented at the beginning and
throughout the entire production process of the SARS
vaccine. In addition, we will discuss the unique challenges associated with moving a vaccine such as SARS
through the regulatory process.

ROLE OF INTERNATIONAL
COLLABORATION AND U.S. NATIONAL
INSTITUTE OF ALLERGY AND
INFECTIOUS DISEASES (NIAID)—
LESSONS LEARNED
With the uncertainty about the possible extent of
the spread of the SARS outbreak in early 2003, there
was substantial international collaboration first in
the isolation and identification of the CoV, sharing
of sequence data, and eventually the sharing of seed
virus that would be suitable for vaccine development.
In the case of the sanofi pasteur vaccine, the prototype virus was supplied by the Centers for Disease
Control and Prevention (CDC) (Utah Virus P2/Vero
cell P143). Furthermore, in this spirit of collaboration,
sanofi pasteur provided stocks of the Vero cells for the
virus isolation to better ensure that any vaccine made
from these cells would be acceptable from a regulatory perspective. These were the same Vero cells as
are routinely used in the commercial production of
inactivated polio vaccine. In addition, there was rapid
sharing of immunological reagents to ensure that
the plaque-purified prototype seed virus accurately
reflected the circulating epidemic SARS-CoV.
One particular difficulty with rapidly emerging infections such as SARS, of course, is that they
may occur anytime of the year and are unlikely to be
aligned with the annual process for assigning financial and human resources and project prioritization.
In order to circumvent these problems, once it became
clear that the SARS-CoV could grow in Vero cells, the
National Institute for Allergy and Infectious Diseases
(NIAID) in the United States focused their request on
several companies that had experience in large-scale
Vero cell culture and had the experience to work with
viruses at biosafety level 3 (BSL3) containment. Our
first contact with NIAID on the possibility of developing an inactivated vaccine occurred in the first quarter
of 2003. Sanofi pasteur was one of only two companies
that satisfied the NIAID’s eligibility criteria. The solicitation and funding mechanism that NIAID employed
was a directed Request for Proposals (RFP). This is
sometimes called a Letter Contract by virtue of the fact
that NIAID initiated contact with the companies first
by letter outlining the project objectives, infrastructure requirements, and deliverables. The advantage
of this mechanism, for diseases such as SARS, is that

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

15_P369408_Ch11.indd 148

10/31/2008 9:09:13 AM

PRIOR TO THE START OF THE LABORATORY WORK

the absolute eligibility criteria, vaccine characteristics,
and project objectives are clearly defined; the proposal
review cycle is very short; and the necessary financial
resources are immediately available. In this particular
case, the RFP was received by us on May 23, and we
submitted our project plan and budget by June 16.
Preliminary work began in July and August, and by
the third week of September 2003, we had a fully executed contract. By October 2004, our inactivated prototype SARS vaccine was filled and available for clinical
assessment. Another positive aspect of this mechanism
is that involvement of such a large research organization provides the potential to access the expertise of
many different investigators, as technical problems may
arise. Unlike traditional research grants, these types
of contracts have very short duration and, consistent
with the sense of urgency, progress against objectives is
monitored on a weekly basis, perhaps, contributing to
the fact that our project finished almost a month ahead
of schedule. Importantly, this type of mechanism does
not compete with academic researchers for funding but
allows these researchers to develop more basic science
proposals of longer duration that can be reviewed and
funded by other established mechanisms.
Perhaps, among others, there are three important
lessons about responding to emerging threats that can
be learned from the SARS experience. First, information must be shared quickly and transparently. The
somewhat surprising observation that the SARS-CoV
grew well in Vero cells was important in prioritizing
the development of an inactivated, Vero cell–derived
virus. Second, there should be an ongoing dialogue
between the national research organizations and their
potential industrial partners to understand what
capacity and experience could be urgently brought
to bear in a crisis situation. Although there are potential issues with competitive intelligence, it remains
important that information about industrial capability should be shared. Third, funding organizations
should have in place a mechanism for rapid proposal
solicitation, review and monitoring, and also adequate
discretionary funding that could support new vaccine
projects in an urgent manner.

PRIOR TO THE START OF THE
LABORATORY WORK
As early as April 25, 2003, the WHO and the CDC
in the United States (WHO guidelines, CDC) recommended laboratories and vaccine manufacturers to
handle SARS-CoV specimens using Standard BSL3
work practices. It is not exceptional for vaccine manufacturers to work in BSL3 facilities for the production
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of certain vaccines, e.g., rabies, Japanese encephalitits,
or polio viruses. Some of these commercial vaccines
have been made for decades. For these vaccines, robust
production processes and standard operating procedures have been put in place. The experience gained
on the decontamination and inactivation of viral vaccines during the production process and the quality
control (QC) are all important. Moreover, the personnel working at the different stages of such a vaccine
production are typically vaccinated, and revaccination
procedures are in place in case of major accidents (i.e.,
boost after potential rabies contamination).
In case of an emerging virus such as SARS, the
situation is completely different. Although the BSL3
experience will be fully exploited, all processes and
procedures need to be discussed, evaluated, validated,
and implemented. For each emerging virus, this exercise needs to be repeated and specific conditions must
to be adopted according to the unique characteristics
of the new virus.
Consistent with the WHO and CDC recommendations, at sanofi pasteur live SARS-CoV was handled
in a BSL3 facility. Since no treatment or vaccine was
available against SARS, we decided to work in “BSL3
plus” laboratory conditions. Essentially our basic level
of containment was BSL3 incorporating several BSL4
working practices: clothing change before entering
the facilities, shower on exit, and all material decontaminated before exit from the facilities. Also, all steps,
where the product was handled in open phase, were
performed within Class III Biological Safety Cabinets
(CSB). To prevent accidental contamination, the laboratory workers wore a positive pressure personal mask.
These precautions were considered necessary taking
into consideration the large amount of live virus handled (20–50 l) and finally turned out to be valid as the
risk for contamination existed as was shown in the
laboratory accidents in Singapore, Taiwan, and Beijing
in China (Senior, 2003; Normile, 2004; Orellana, 2004).
Furthermore, as described below, the decontamination
experiments demonstrated that the SARS-CoV is an
extremely resistant virus.
For the medical follow-up of the BSL3-trained personal involved in the SARS vaccine development, it
was of critical importance to be able to distinguish
the symptoms of respiratory distress caused by SARS
or other respiratory agents. It was therefore decided
that the BSL3 laboratory workers should be selected
in accordance with their immune status and would be
immunized with Streptococcus pneumoniae and influenza vaccines, if appropriate. In case a worker would
present symptoms, a procedure had been put in place
to isolate the worker using a high-efficiency particulate air (HEPA) filter mask before being transported to
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a nearby hospital where a special, dedicated negative
pressure hospital room had been prepared.

STARTING THE LABORATORY WORK:
FIRST STEPS
Definition of the Vaccine Profile
The very first decision concerned the choice of vaccine immunization strategy. In the intense early days
of the epidemic a variety of approaches were considered. These included inactivated vaccines, subunit
products, DNA (either alone or in combination as part
of a prime-boost strategy), vectored vaccines, and live
attenuated candidates. Similarly, alternative routes of
vaccine administration (inoculation, aerosol, etc.) and
formulation (adjuvants, etc.) were considered. In fact,
several live attenuated and killed vaccines for veterinary CoVs are already marketed: e.g., a live attenuated
and killed vaccine against the chicken infectious bronchitis virus (Ladman et al., 2002), a live modified virus
against canine CoV (Pratelli et al., 2004). Ultimately,
however, the crucial factor in the decision-making
process was likely development timelines. At the time
of this decision, the epidemic was prevalent and there
was a sense of urgency that a prototype vaccine had
to be developed as soon as possible. Embedded in this
decision-making process was the realization that we
were seeking a vaccine candidate that largely used
existing, conventional technology and that could be
made in significant quantities, if necessary.
In the context of the likelihood for rapid development and the possibility for large-scale production,
the decision was taken to produce a monovalent,
whole, inactivated, aluminum-adjuvanted SARS vaccine for intramuscular injection. From our perspective, a whole, inactivated vaccine was a logical first
choice taking into consideration our extensive experience with inactivated vaccines such as inactivated
poliovirus, rabies, and hepatitis A vaccines. We were
also encouraged by the fact that SARS-CoV grew very
well in Vero cells. Sanofi pasteur has a long industrial
experience with these particular cells and developed
cell banks that are validated and registered around
the world. Even for such a direct experience-based
approach, we realized that it would take 12 months to
make a good manufacturing practice (GMP) clinical
lot for Phase 1 and 2 clinical studies.
Killed vaccines need, in many cases, adjuvantation.
In our case, the adjuvant of choice was aluminum
hydroxide. Again, in the situation where a new virus
is emerging, there is no time to evaluate new adjuvants. Our preference was to use aluminum hydroxide

since it is well known, used in many vaccines, and
well accepted by regulatory authorities.

SARS Inactivation and Testing Reagents
When the laboratory work on the SARS-CoV vaccine development started, no data were available on
the inactivation characteristics of the virus. One of
the priorities was to identify the conditions to fully
inactivate the virus for vaccine development, but
also for decontamination of equipment, facilities, and
waste decontamination. The results, as described in
more detail below, were unexpected. The SARS-CoV
is an extremely resistant virus and several of the routine decontamination working practices cannot be
applied for this virus. These results demonstrate how
important it is to immediately perform decontamination testing and adapt decontamination practices and
strategies for each specific (emerging) virus.
At the time the development of a vaccine against
an emerging virus is initiated, it is very unlikely
that routine tests and reagents are available. This
was indeed the case for SARS. Therefore, our first
experiments were dedicated to develop routine tests
that are required for vaccine development and the
analysis of the host response after immunization.
These include neutralization tests, enzyme-linked
immunosorbent assays (ELISA), polymerase chain
reactions (PCRs), and others. Well-validated reagents
are needed as reference standards for essential laboratory tests as polyclonal and monoclonal antibodies,
recombinant proteins, and PCR primer pairs. One of
the most sensitive issues was how to select an appropriate animal model to evaluate the candidate vaccines. For example, we observed that NMRI mice
gave a very heterogeneous response whereas Balb-C
or C57BL/6J mice responded uniformly to immunization with the vaccine candidate. Also, guinea
pigs appeared to be a good model for the evaluation of immune responses. Beyond immunogenicity,
it is important to work with an animal model that is
appropriate for challenge studies, as an assessment
of vaccine efficacy. This is especially important for
emerging infections since efficacy studies in humans
may not be possible. In case of the SARS, the Macaca
fascicularis was identified very early on (Fouchier et
al., 2003) as a likely predictive, challenge model.
All of the work was done in constant communication with the regulatory authorities. Our experience
with SARS reinforces the idea that manufacturers
should be encouraged to open and maintain an active
dialogue with regulatory officials, very early in the
development process.
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Results of the Decontamination Experiments
Viruses can be inactivated by several methods, based
on either physical or chemical mechanisms. We investigated five decontamination methods that are currently
used for equipment, facilities, and waste decontamination: heat, alkaline treatment, sodium hypochlorite
treatment, gaseous formol fumigation, and drying.
It should be stressed that the data presented here
have been obtained under our specific experimental
conditions. Indeed, the virus sensitivity to inactivation depends on the virus environment and concentration. Thus, the methods presented here were validated
with our specific suspensions and experimental conditions, and appropriate precautions should be taken
when manipulating SARS-CoV under other laboratory conditions.
Inactivation experiments using different pH values gave rise to unexpected results. When the pH was
adjusted to pH13 or pH13.5, a strong decrease in the
viral infectivity titer can be observed. However, the
virus is not totally inactivated and even after 6 h of alkaline treatment, infectious particles can still be observed.
Total inactivation is observed only after 24 h of treatment. These data are surprising as enveloped viruses
are usually sensitive to such drastic alkaline conditions.
The results from the experiments performed to
evaluate the viral loss of the SARS-CoV due to drying on glass surface were also surprising: 35–42 days
were necessary to inactivate the virus to the detection
limit of the technique. Other viruses, such as polio
or rabies, can be inactivated by drying durations of
approximately 72 and 144 h, respectively. In our experience, the SARS-CoV is the most resistant virus ever
described in an industrial setting.
The gaseous formaldehyde fumigation is a viral
decontamination technique widely used throughout
the world. We found that formol fumigation is totally
inefficient on dried virus. However, virus in solution is
efficiently inactivated. The two decontamination techniques tested here, drying and formaldehyde fumigation, reinforce the necessity to decontaminate the
working areas in the laboratory, as well as the equipment, very frequently in order to avoid any drying of
viral suspension onto glass or any other surface.
Finally, sodium hypochlorite (2°Cl) and heat treatment were evaluated. The effect of sodium hypochlorite on dried virus is very rapid and efficient, as no
infectious viral particles were recovered after washing the surface with sodium hypochlorite. Thermal
decontamination was shown to be efficient at both 58
and 68°C. To achieve total inactivation of the SARSCoV, 1 h heating at 68°C and 2 h heating at 58°C are
necessary.
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Considering the decontamination data, the following strategy was put in place. All solid waste, as well
as the equipment that could resist such a drastic treatment, was autoclaved. For liquid waste, the solutions
were subjected to alkaline pH treatment for at least 2 h
and then transferred into a tank for thermal decontamination at 105°C for 30 min. The laboratory facilities,
and the equipment that could not be autoclaved, were
decontaminated with 2°Cl sodium hypochlorite solutions, before being fumigated with gaseous formol.
The data on decontamination of the SARS-CoV
presented here show that existing decontamination
strategies cannot be directly extrapolated to emerging
viruses and that these inactivation conditions should
be determined empirically for each virus.

THE PRODUCTION PROCESS
Viral Source and Raw Material
The SARS-CoV seed virus isolate was provided
on August 25, 2003, by the CDC. This isolate (the
so-called UTAH strain) was made from the sputum
from an acutely ill U.S. traveler who had apparently been exposed in Hong Kong. This isolate was
fully sequenced by the CDC and shown to be virtually
identical to the Urbani strain of SARS-CoV.
To obtain an original seed virus, in full accordance
with Food and Drug Administration (FDA) requirements, sanofi pasteur provided certified Vero cells to
the CDC, who performed the isolation of the virus and
made two passages before sending the virus to sanofi
pasteur. Upon receipt, the virus underwent two additional passages, and was plaque purified. This plaque
purification step is of importance to limit the risk of
adventitious agents during the subsequent expansion of the virus. In contrast, there is also a risk that
in selecting a plaque, it may differ significantly from
the uncloned vaccine. To evaluate the latter, it was
decided to compare cloned vs. uncloned virus in terms
of virus sequence and immunogenicity in guinea pigs.
It was demonstrated that the two candidate vaccines
were totally similar.
Following this verification, the selected clone
(VVNFL11) was passaged eight additional times for
adaptation. From our experience with viruses to be
used to prepare an inactivated viral vaccine at industrial scale, there is a need to reach a titer of virus ⬎7.0
log/ml. Indeed, with the SARS-CoV, we obtained
a consistent titer of around 7.3 log10 TCID50/ml. In
Vero cells, distinct cytopathic effect (CPE) is always
observed at day 2 or 3 post-infection. These first
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experiments encouraged us that the prototype vaccine
could be produced in Vero cells using a single harvest
totally compatible with our experience with inactivated poliovirus.
Raw materials used to develop the candidate vaccine (serum and trypsin) were selected in accordance
with current regulation. Calf serum was imported
from Australia, and gamma irradiated prior to
use. The trypsin was from porcine origin and also
gamma irradiated. Extensive evaluation for adventitious agents was performed on the raw material,
which included the search for cytopathogenic agents,
hemadsorbing agents, and specific viral contaminants
as bluetongue, reovirus, rabies, parainfluenza type 3,
specific bovine viruses [adenovirus, parvovirus, respiratory syncytial virus (RSV)], bovine viral diarrhea,
rhinotracheitis virus), and porcine viruses (parvovirus,
adenovirus; transmissible gastroenteritis virus; hepatitis E virus, rabies virus, and porcine pestis virus).

TABLE 11.1 List of viruses for which the crude SARS-CoV
viral suspension was monitored by PCR
Detection of viruses by PCR
Adenovirus
Bovine and porcine circovirus
Bovine herpesvirus—I, IV
Bovine polyoma virus
Cytomegalovirus
Epstein-Barr virus
Hepatitis A virus
Hepatitis B virus
Hepatitis C virus
Human herpes virus (HHV)-6 and HHV-7
HHV-8
Human immunodeficiency virus (HIV)-1 and HIV-2
Human respiratory syncytial virus
Herpes simplex virus
Human T-cell leukemia virus type-1 (HTLV-1)
Human T-cell leukemia virus type-2 (HTLV-2)

Manufacturing of the Viral Seed Lots
The viral seed lots were produced in Vero cells. QC
testing is a major step in the qualification of such a
seed. Of all the different tests performed (identification of the Vero cells, sterility, mycoplasma, titer, and
contaminating viruses), the research of contaminating virus(es), also called adventitious agents, represents the most crucial step. To detect adventitious
agents, sensitive cell culture monolayers of CV-1 cells,
human diploid MRC-5 cells, and chick embryo fibroblasts (CEFs) were inoculated with the crude viral suspension and are observed for induced CPE and/or
hemadsorption. CV-1 cells are used in these tests, as
they are of the same species and the same origin as
the cells used for vaccine manufacturing. MRC-5 cells
are human diploid cells and can potentially reveal
other viruses able to infect human cells. And finally,
taking into consideration the origin of the specimen
(pulmonary syndrome) we added CEF, which are
known to be sensitive to the infection of several respiratory viruses such as influenza virus and RSV. At
the same time, adventitious agent testing was performed on control cells (search for hemagglutining or
hemadsorbant viruses) and on the supernatant of the
control cells (search for adventitious agents) by inoculation of the three cell lines: Vero, MRC-5, and CEF.
Adventitious agent testing was also done in vivo by
inoculation in suckling mice, mice, and guinea pigs,
as well as the allantoïc cavity and yolk sac of embryonated chicken eggs.
Complementary to the conventional methods
to qualify viral seed, as described above, extensive

Human papilloma virus
Human parainfluenza virus—1, 2, 3
Human polyoma virus
Metapneumovirus
Parvovirus B19
Simian spumavirus
Simian immunodeficiency virus
Simian retrovirus—1, 2, 3/SMRV
Simian T-cell lymphotropic virus
Simian virus 40

characterization was performed using PCR testing.
The PCR tests are listed in Table 11.1.
All tests were performed in accordance with international requirements, showing that no adventitious
agents were detected.

Results of the Inactivation Experiments
The difficulty with inactivating viruses remains
the balance between fully validated inactivation and
preservation of immunogenicity or epitopes associated with protection. It is well known that reagents
used to inactivate viruses [betapropiolactone (BPL),
formaldehyde] can change the outer membrane antigens with the risk of a reduced immunogenicity of
the vaccine. For the inactivation of SARS-CoV, we
chose to test BPL. Assays were performed to determine the best BPL concentration for inactivation while
maintaining a good immune response in mice. Virus
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inactivation was performed using three different BPL
concentrations: 1/2000, 1/3000, and 1/4000 (v/v). In
our experience, a 1/4000 dilution of BPL was the optimal concentration for the inactivation of SARS-CoV
based on a balance between total inactivation and
maintenance of antigenic properties. The 1/4000 BPL
dilution is similar to what is used for rabies vaccine
inactivation.
The usual way to measure viral inactivation is by
kinetic studies, i.e., reduction in virus infectivity. This
technique has a detection limit of 1.5 log10 TCID50/
ml. The kinetics of inactivation was performed at 0, 5,
30 min, and 1, 2, 3, 4, 6, 8, and 24 h, and it was shown
that inactivation below the limit of detection was
obtained after 6 h. In order to increase the detection
sensitivity, an amplification test was also performed.
For this amplification, Vero cells are incubated with a
portion of the viral solution following inactivation for
different periods of time. After 7 days of incubation,
the cells are trypsinized and cultivated for additional
14 days. At the different stages of amplification, the
cells were microscopically observed for CPE and at
the end of the incubation (day 21) an immunocolorimetric assay test was performed. Our data demonstrated that the virus is fully inactivated by 12 h, not
6 h of BPL treatment, demonstrating that the amplification test is much more sensitive.
To complete the validation of the amplification test,
the minimum limit of detectable infectious viral particles was determined. This was done by spiking the
inactivated vaccine with different concentrations of
live virus and incubating with Vero cells. Using this
approach, it was possible to establish the minimum
virus detection as 1 pfu.
Based on these data, it was concluded that inactivation with 1/4000 BPL dilution for 12 h fully inactivates
the SARS-CoV batches. To ensure a very large safety
margin, we adopted an inactivation period of 24 h for
the SARS-CoV vaccine production process.

ANIMAL MODELS
Since a direct efficacy trial in humans will be
impossible, because of a lack of naturally circulating
SARS-CoV, the licensure of a SARS-CoV vaccine will
depend on surrogate markers. Recently (as described
below) the FDA adopted the Animal Efficacy Rule
that envisions that under such circumstances, demonstration of efficacy can be performed in two animal
models. For SARS-CoV vaccine development, monkeys and ferrets can be used to evaluate candidate
vaccine. Both animal models show pathology in the
lungs upon autopsy.
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The immunogenicity of the SARS vaccine was evaluated in nonhuman primates, M. fascicularis, and ferrets. Both animal models are susceptible to infection,
do show some signs of disease (lethargy), and show
signs of pulmonary lesions upon histological examination (Fouchier et al., 2003; Martina et al., 2003; ter
Meulen et al., 2004; Rowe et al., 2004; McAuliffe et al.,
2004). Different doses of the SARS vaccine (6 or 7 log10
TCID50/ml) were injected in the presence or absence
of aluminum hydroxide. Two intramuscular injections
were performed at a one month interval.
Regarding the humoral response, sustained levels
of ELISA and serum-neutralizing virus-specific antibodies were elicited in vaccinated monkeys and ferrets. A significant dose–effect relationship could be
demonstrated. Moreover, a strong adjuvant effect of
aluminum hydroxide was evidenced for each vaccine dose and proved in most cases to be highly
significant.
In order to evaluate the efficacy of the SARS vaccine, immunized monkeys and ferrets were challenged intratracheally with a heterologous Hong
Kong SARS-CoV strain (Coronovative, Rotterdam,
The Netherlands). Monkeys immunized with 6 or 7
log10 of inactivated virus were protected as measured
by RT-PCR and viral titration on lung samples five
days post-challenge. The ferrets were protected at the
lower immunization dose of 5 or 6 log10.
Based on our experience to date, the inactivated,
adjuvanted SARS-CoV prototype vaccine seems to
be a good candidate for further evaluation in Phase 1
studies.

REGULATORY APPROVAL PROCESS—
SOME UNIQUE ASPECTS OF SARS AND
OTHER EMERGING DISEASES
As with other vaccines, vaccines for SARS and other
emerging threats need to follow a structured pattern
of regulatory development. The initial stages would
be very similar to those followed for vaccines under
development for conventional infectious diseases. In
the United States, the earliest stages would include
the development of sufficient preclinical information
about the vaccine to allow the preparation of an investigational new drug (IND) application for submission
to the FDA (see Chapter 13). The IND may have information unique to the vaccine candidate but should
include information about the rationale for the vaccine
design, the source of the virus and other components,
the manufacture of the active vaccine component, formulation, preliminary characterization of the vaccine
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including purity and potential contaminants, immunological testing, and animal testing, including toxicology. Even at this early stage, the vaccine should
be made under GMP conditions and other laboratory work conducted under good laboratory practice
(GLP) conditions, as appropriate. The IND application
should also include important information about the
Phase 1 clinical design, focusing on how the safety
will be monitored and a discussion of any potential
adverse reactions based on the experience with vaccines that have similar components or methods of
preparation. There should be an opportunity to outline the vaccine concept and Phase 1 clinical study at a
pre-IND meeting that often provides the opportunity
to receive the input and concerns of the regulatory
agency.
Following approval of the IND, vaccines such
as SARS can progress to a conventionally designed
Phase 1 study. Typically, this Phase 1 clinical study
is descriptive and would include a small number of
healthy young adults with the emphasis on monitoring the safety of the vaccine (local and systemic reactions). Often, the first immunologic assessment is part
of this study. Following successful completion of the
Phase 1, as with other vaccines, a SARS vaccine candidate could move forward to Phase 2. During this
phase, in addition to safety monitoring, dose-ranging
studies are conducted in much larger groups of individuals and the vaccine should meet predefined
primary and secondary endpoints. If the Phase 2 is
successful, following a pre-Phase 3 meeting, clinical
studies are conducted in a greater number of subjects
during which less frequent reactions can be detected
and the efficacy or effectiveness of the vaccine determined. As part of this Phase 3 evaluation, the consistency of sequential lots of the vaccine are typically
compared in order to ensure that the vaccine can be
reproducibly manufactured.
Obviously, as the vaccine progresses clinically from
Phase 1 to Phase 3, the size of the lots of vaccine often
increases and the manufacturing and in-process and
release testing specifications become increasingly well
defined, so as to guarantee that the vaccine can consistently be made at a commercially useful scale. If all
three phases of clinical development are successful,
the manufacturer may then submit a Biologics License
Application (BLA), which is a very extensive compilation of all of the information relating to the development and manufacture of the vaccine.
As suggested in the Animal Models section above,
the unique challenge for SARS and other emerging
threats, whether anthrax or Ebola viruses, is that it
may not be possible to conduct Phase 3 clinical studies

to determine the effectiveness of the vaccine. For these
agents, it would be too dangerous to conduct challenge studies in humans and the prevalence of the
disease is either nonexistent, sporadic, or too small
to allow the development of a reasonable clinical
protocol. In anticipation of this problem, largely in
the face of potential bioterrorist agents, in 2002, the
FDA adapted the so-called Animal Rule [see Federal
Register, May 31, 2002 (Volume 67, Number 105)].
Under this guidance, new drugs or biological products
that are intended to prevent serious or life-threatening
conditions may be approved on evidence of effectiveness derived from appropriate studies in animals and
any additional supporting data, if controlled clinical studies cannot be conducted in human volunteers
and field trials are not possible. In order to satisfy this
alternative mechanism, however, several criteria must
be met. First, there is a reasonably well-understood
pathophysiological mechanism that can be ameliorated or prevented by the product. Second, the effect
is demonstrated in more than one animal species,
unless it is demonstrated in a single species that represents a sufficiently well-characterized animal model.
Third, the animal study endpoint is clearly related to
the desired benefit in humans. And finally, the data
are sufficiently well understood to allow selection of
an effective dose in humans. It is therefore reasonable to expect that the effectiveness of the product in
animal model(s) is a reliable indicator of its effectiveness in humans.
Obviously, it is too early to know whether the SARS
vaccine candidate as described in this chapter will
move forward and be able to meet all of the criteria of
the Animal Rule. In particular, SARS vaccine development is hindered by relatively little information about
human CoVs in general. Until the rapid emergence of
SARS, most of the basic research was focused on animal CoVs and our inactivated SARS vaccine candidate described in this chapter is exclusively based on
experience with vaccines to animal CoVs. Certainly,
it is too early to conclude whether the ferret and/or
M. fascicularis is/are the most appropriate model(s) for
human SARS infections. As a result, except for clinical
cases documented during the outbreak, there is relatively little information about SARS pathogenesis and
correlates of immunity. Another difficult aspect is that
a feline infectious peritonitis (FIP) vaccine was actually harmful to the health of the immunized cats upon
challenge with wild-type FIP virus (Weiss and Scott,
1981). Before moving forward with approval, therefore, it will be very important to determine whether
these adverse outcomes can be prompted or mimicked
by any of the SARS vaccine candidates.
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CONCLUSIONS
What Were the Parameters for the Rapid
Development of the SARS Vaccine?
The production of a GMP clinical lot of a monovalent, whole, inactivated, aluminum hydroxideadjuvanted SARS-CoV vaccine took 12 months. In
terms of vaccine development, this is extremely rapid.
Several factors contributed to these short timelines.
The grants made available by the NIAID for the
development of a SARS vaccine completely changed
the classical environment, allowing vaccine industries
to start almost immediately the development of a new
vaccine. Indeed, the development of a new vaccine
can only be done to the detriment of other vaccine
developments, mobilizing teams and facilities.
From a technical point of view, the choice of a classical vaccine development strategy using conventional
procedures, such as Vero cell culture for viral propagation and BPL inactivation, was a decisive factor to
success. Importantly, we were able to quickly recruit
a volunteer workforce that was both familiar with
the technology and trained to work in a BSL3-plus
environment.
A close collaboration with the reference laboratory,
the CDC’s Influenza Branch, where the SARS-CoV
was isolated, was essential. We provided certified
Vero cells to the CDC, which allowed us, upon receipt
of the purified strain from the CDC, to re-isolate the
SARS-CoV under conditions making the prompt start
of a vaccine development possible.
When initiating vaccine development against a
new emerging infectious agent, the problem of availability of reagents and routine tests to perform biological and molecular studies must be addressed. It is
obvious, that at the beginning of such development,
there are no such reagents or commercial kits available. As a consequence, the first step in the SARS-CoV
project was to prepare the different reagents (antisera
and monoclonal antibodies) and the appropriate tests
(viral titration, PCR, ELISA, immunofluorescence
assay, etc.). Finally, a series of preliminary experiments on monkeys (three months after the start of the
project) had given guidance whether it was appropriate to use an inactivated vaccine, as well as to the
choice of the adjuvant.
Constant communication with regulatory authorities has allowed the validation of this strategy from the
beginning of the project. This communication was also
very important for the qualification of the viral seed
lots. The qualification of the Vero cells was not an issue
as several vaccines are already produced in Vero cells,

but this was obviously not the case for the viral seeds.
Two major obstacles had to be overcome: (1) the realization that the animal testing had to be done in BSL3
facilities by BSL3-trained personnel, and (2) the search
for adventitious agents using general classical tests
(search for adventitious viruses on cells and in animals) and specific tests (PCR). For the latter, there was
no list available and the final testing to be performed
was under the responsibility of health authorities. This
resulted in a rather exhaustive list of PCR testing.

Can We Shorten the Timelines Even More
When Facing an Emerging Pathogen?
It is likely that epidemics will emerge in the future
from unrecognized sources and some of these will be
highly pathogenic for humans. These pathogens will
be categorized as BSL3 or BSL4 pathogens needing
high security level laboratories as well as specialized
personnel. How to manipulate these pathogens that
are highly pathogenic, in large quantities? To face the
emergence of new pathogens, dedicated structures are
needed with the right equipment and trained personnel. From an industrial perspective, this seems not
compatible with the need and use of trained personnel and facilities that do have a constant activity to
assure the production of existing vaccines and the
development of new vaccines. Such emergency structures could be set up and maintained by national reference centers respecting the BSL requirements as well
as the GMP conditions. It would be very beneficial for
industries to collaborate with such reference centers
that provide purified pathogens and reagents allowing a prompt start of a vaccine development.
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ABSTRACT
The development of safe and effective vaccines for the prevention and control of emerging and neglected
infectious diseases is an international priority, as is the development of similar control measures for bioterrorist
threats. International standards have been established to ensure the protection of human subjects and the scientific
integrity of clinical trial study design and data collection. A general overview of the history of the regulatory
guidelines and ethical principles underpinning the vaccine development process is provided, with an emphasis on
clinical trials conducted in the United States.
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CLINICAL TRIALS OF VACCINES FOR BIODEFENSE AND EMERGING AND NEGLECTED DISEASES

The contemporary vaccine development process involves sequential assessment of safety, immunogenicity, and
efficacy in phase1, 2, and 3 clinical trials. The process is not always linear or straightforward, and adaptive flexible
clinical trial designs can increase the likelihood of a successful outcome. Because the efficacy of vaccines for a
number of the diseases discussed in this volume cannot be tested directly in humans, alternative approaches have
been developed to address this challenge. The major elements of typical clinical trial protocol are discussed, and
a checklist of essential documents supporting the trial is provided. As novel vaccine approaches and technologies
emerge, the regulatory and ethical considerations will need to be revisited and adapted to respond to the everchanging landscape.

INTRODUCTION
Vaccines are considered among the most valuable and cost-effective tools for the control of infectious diseases; indeed, universal immunization of
infants and children against a variety of pathogens
was considered one of the top ten achievements of the
20th century (CDC, 1999). Major scientific, technical,
ethical, and regulatory principles and/or processes
underpinning the vaccine development and evaluation process have been defined; however, challenges
posed by the threats of bioterrorism and emerging
infectious diseases, as well as technological advances
in the composition, formulation, and delivery of vaccines, expose gaps in policy and practice that require
ongoing consideration and refinement of approaches
to the evaluation of new vaccines. The purpose of this
chapter is to provide a brief overview of the approach
to the evaluation of candidate vaccines in humans,
with a particular attention to issues related to vaccines
for biodefense and emerging and neglected diseases.
The major focus will be on clinical trials and protocol
development in the US, although many of the principles, regulations, and practices have been harmonized
across the globe. A brief overview of related regulatory issues and preclinical vaccine development is
provided; however, detailed discussions of these topics can be found elsewhere in this volume.

HISTORICAL CONSIDERATIONS
In the US, vaccines are regulated as biologicals,
although vaccines are legally defined as drugs under the
Food, Drug and Cosmetic Act (FDCA). The ethical principles, and the regulatory agencies and requirements
that guide product development and clinical research
in the 21st century evolved progressively over the 20th
century. In many cases, the development of codified
guidelines and the establishment of a regulatory authority were spurred by a tragic accident or a clear ethical
breech (for reviews of Historical Considerations, see
Baylor and Midthun, 2004; Borchers et al., 2007).

Regulatory Issues
In 1901, a number of children became ill and died
after treatment with diphtheria antitoxin contaminated with tetanus toxin. This episode resulted in
the first legislation designed to regulate the purity
and potency of biologicals—the Biologics Control
Act (BCA) of 1902. In 1938, over 100 people died after
ingesting an elixir of sulfanilamide containing diethylene glycol (antifreeze), leading to the enactment of
the FDCA (Ballentine, 1981). Provisions of the FDCA
required manufacturers to submit safety data to the
Food and Drug Administration (FDA) prior to registration. The 1962 Kefauver–Harris Amendments to
the FDCA required that efficacy data also be submitted. The1944 Public Health Service Act incorporated
the BCA into section 351 of the US Code of Federal
Regulations (CFR), which gave the federal government the authority to license biologicals and manufacturing facilities. In 1955, incomplete inactivation of
a poliovirus vaccine resulted in the development of
polio in a number of children (the “Cutter Incident”);
this led to the establishment of the Division of
Biologics Standards (DBS) within the NIH (Offit,
2005). The authority vested in the DBS was transferred
to the FDA in 1972. The organization that is currently
responsible for regulating biologics is the Center for
Biologics Evaluation and Research (CBER) at the FDA.
Title 21 of the CFR contains regulations pertaining to
biologicals, including product standards, manufacturing, labeling, licensing, advertising, investigational
use, and protection of human subjects (informed consent, nonclinical laboratory studies, and Institutional
Review Boards, or IRBs). Part 312 of Title 21 CFR contains regulations related to the Investigational New
Drug Application (IND). The CFR is updated each
year to reflect changes in policies and procedures.
Additional guidance documents related to vaccines
are published by the FDA, as appropriate.
During the 1990s, an international group comprised
of scientists, regulators, ethicists, and pharmaceutical representatives convened to discuss standards for
designing, implementing, documenting and reporting clinical trials. The International Conference on
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Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) established guidelines for the conduct of clinical research
(Good Clinical Practice, or GCP), many of which have
been adopted by the US FDA (FDA, 1996). The ICH
GCP provides a unified standard to ensure the quality
of clinical trial data and the protection of human subjects for the European Union, Japan, and the US for
clinical trials that will support licensure of new vaccines and drugs. For research related to the evaluation
of vaccines for emerging and neglected diseases, implementation of GCP in developing countries may pose
unique challenges. Acosta et al. (2007) conducted a
multinational clinical trial of Vi polysaccharide typhoid
fever vaccine in Asia among 200,000 individuals, during which implementation of GCP required adaptations
in order to comply with the goals of the guidelines.

Ethical Issues
The revelation that Nazi physicians tortured and
experimented on prisoners during World War II culminated in the publication of the Nuremberg Code
in 1947 (Macrae, 2007). The Code is recognized as the
first set of ethical guidelines for human research to be
recognized by the international community. In 1965,
the Declaration of Helsinki articulated additional
responsibilities of investigators to research subjects,
and paved the way for the development of IRBs.
Continued violations of informed consent were
summarized in a New England Journal of Medicine
article written by Dr. Henry Beecher (1966). This
article and the subsequent expose of the ethical violations perpetrated during the Tuskeege Syphilis
Study led to the 1974 National Research Act, which
established IRBs and the National Commission for
the Protection of Human Subjects of Biomedical and
Behavioral Research. After considering the principles
and practices of human research in the US, the commission published the Belmont Report in 1979. This
report defined the three major ethical principles (and
their related clinical trial applications) pertaining to
human research: respect for persons (informed consent); beneficence (risk-benefit assessment); and justice (equitable subject selection). Recommendations of
the National Bioethics Commission from 1981 related
to research involving human subjects were adopted
into federal law in 1991. The so-called Common Rule
(45 CFR 46 Subpart A) articulated the federal policy
for protection of human subjects who are participating in clinical trials. Additional protections for pregnant women and fetuses, prisoners, and children are
outlined in Subparts B, C, and D of 45 CFR 46. The
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Council for International Organizations and Medical
Sciences, formed in 1949, recently published updated
international ethical guidelines for research involving
human subjects (CIOMS, 2002).
It is abundantly clear that the ethical considerations
and regulatory guidelines for the conduct of clinical
research are inextricably intertwined: ethical considerations drive the need to regulate the conduct of clinical trials to ensure the protection of human subjects
and the quality and integrity of the data generated.
Seven ethical requirements that should be fulfilled in
the conduct of clinical research have been proposed
by Emanuel et al. (2000): the research should provide
information that will advance science and knowledge
(value); scientific validity; fair subject selection; favorable risk-benefit ratio; independent review; informed
consent; and respect for enrolled subjects. The increasing complexity and redundancy of the oversight of
contemporary clinical trials reflects the commitment
to accomplish these goals. A simplified prototypical
organizational structure for a vaccine research clinical
trial is shown in Fig. 12.1. Further details regarding
the roles and responsibilities of the participants in the
clinical trials process are provided below.

STAGES OF VACCINE DEVELOPMENT
Overview
The major stages of vaccine development are outlined in Fig. 12.2. The initial stage is referred to as the
pre-IND (investigational new drug) stage. Activities
conducted in this stage culminate in the production
of a vaccine that can be evaluated in humans—the
IND stage. Vaccines that are shown to be safe, pure,
and effective in humans may then be licensed for use
(licensing and postmarketing stage).

Pre-IND Stage
Once a public health need for control of a disease
by means of vaccination has been identified, detailed
studies designed to understand the pathogenesis of
infection and to identify immune responses associated
with protection are conducted. Studies may involve
assessment of infection and immunity in humans if the
disease occurs naturally at a frequency high enough
to permit their evaluation (interpandemic influenza,
malaria, tuberculosis, and others); however, detailed
evaluations of other rare and lethal diseases—particularly those included in the Centers for Disease Control
and Prevention (CDC) Category A biothreat list—must
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FIGURE 12.1 Organizational structure of a typical single-center vaccine clinical trial.
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Overview of the major stages of vaccine development; IND, investigational new drug.

be studied in animal models that might predict the
pathology and immune responses that occur in humans
(smallpox, tularemia, inhalational anthrax, hemorrhagic fever viruses, etc.). Candidate vaccine formulations containing or expressing epitopes that can elicit
immune responses associated with protection are then
designed and evaluated in vitro and in animals, where
their safety and immunogenicity profiles are established. A critical part of the pre-IND stage is the development and validation of a manufacturing process.

IND Stage
Candidate vaccines typically undergo a sequential
series of evaluations in humans. Three major phases
are identified, as summarized in Table 12.1. In practice, the scheme is not so straightforward: phase 1 and
phase 2 clinical trials may overlap or be combined,
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TABLE 12.1 Phases of clinical vaccine development
Clinical trial phase

Major objectives

Typical number of
subjects

Type of subjects

Comments

I

Safety and tolerability;
preliminary
immunogenicity

20–80

Healthy adults

First introduction of a
candidate vaccine into
humans

II

Immunogenicity; safety

Hundreds

Healthy adults, followed
by target populations

Immunization regimen
defined (dosage levels,
number of doses)

III

Efficacy; safety

Hundreds to thousands

At-risk population(s)

May be limited to immune
response determinationsa

IV

Safety; duration of
protection; efficacy in
other groups or for other
indications

Thousands to millions

Vaccine recipients

Postmarketing studies

a

If efficacy cannot be assessed in humans because disease does not occur naturally or at a high enough frequency (smallpox, inhalational
anthrax, etc.), then efficacy may be established in animal models (see text) and correlates of protection identified in humans.

and multiple phase 1 and/or phase 2 evaluations
may be necessary for adjustment of dosage, change
in regimen, and evaluation in other age and/or risk
groups, even after pivotal phase 3 studies have demonstrated efficacy. Close and ongoing communication
between the sponsor, regulatory agencies, investigators, and IRBs is critical throughout the IND stage,
including pre-IND meetings, end-of-phase 2 meeting,
pre-Biologic Licensing Application (BLA), and BLA
meetings to facilitate the timely progression through
the clinical trials process.

Phase 1 Clinical Trials
The first evaluation of a candidate vaccine in humans
is referred to as a phase 1 clinical trial. Typically
less than 100 healthy young adult subjects are enrolled
in phase 1 trials. In fact, the number may be considerably smaller for novel products, in which case investigators may elect to inoculate only a handful of
subjects to exclude the possibility of unexpected reactogenicity or toxicity (Keitel et al., 1993a). The major
goal of the phase 1 trial is to assess safety and tolerability; however, preliminary immunogenicity assessments and dose-ranging information can provide
valuable information regarding dosage selection for
subsequent evaluations. Although the design of phase
1 clinical trials of drugs often is open-label, many contemporary phase 1 clinical trials of candidate vaccines
are randomized, double-blind, placebo-controlled
trials. The phase 1 trial may be performed in stages,
where a small cohort of subjects is vaccinated and
observed for a period of 1–4 or more weeks before the

remainder of the study cohort is vaccinated in stage 2.
This approach reduces the exposure of subjects to the
occurrence of unexpected toxicity. For vaccines that
are produced in the US whose ultimate use will be
in other countries (such as malaria vaccines), the initial evaluation occurs in the US (phase 1a), followed
by phase 1b testing in a healthy population in the target country. Inclusion of placebos in this and other
phases of development reduces bias in the assessment
of adverse events (AEs) and serious AEs (SAEs), and
provides internal controls for laboratory assessments
of immune responses following immunization.
Because the number of subjects enrolled in a phase
1 trial is small, these studies lack statistical power to
detect AEs that occur at a low rate. Nevertheless, small,
carefully monitored phase 1 trials can identify unexpected and/or unacceptable toxicities that require
reformulation or reevaluation of a potential candidate
(Keitel et al., 1999; Edelman et al., 2002). In some circumstances, specific monitoring of subjects in phase 1
or phase 2 trials for evidence of infection after immunization is relevant, particularly if there are concerns that
the vaccine might elicit immunopathologic responses
when the vaccinated subject is naturally infected.
Immunopatholgy resulting in severe atypical infection
and/or death occurred among persons immunized
with an inactivated measles vaccine and in infants
given an inactivated vaccine to prevent respiratory syncytial virus (RSV) vaccine (Polack, 2007). Similar concerns exist regarding the potential for dengue virus and
SARS coronavirus vaccines to elicit immunopathologic
responses (Edelman et al., 2003; Deming et al., 2006).
Although not specifically relevant for this chapter, an exploratory IND study may precede a typical
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phase 1 evaluation for the assessment of drugs and
therapeutic biologicals (FDA, 2006). The exploratory
IND study option is characterized as a small early
phase 1 trial that has no therapeutic or diagnostic
intent; rather, the goal is to assess feasibility for further development of a drug or biological. Goals of this
type of study may include determination of the mechanism of action of a drug in humans; evaluation of the
pharmacokinetic profile of the agent; selection of one
from a group of promising candidates; and exploring
biodistribution characteristics using imaging techniques. Because these studies pose lower potential
risk to subjects, exploratory IND studies require less
or different preclinical support than typical phase 1
studies.

Phase 2 Clinical Trials
Vaccine candidates that have favorable safety
and immunogenicity profiles in phase 1 trials may
progress to expanded phase 2 trials. Several hundred healthy subjects may be enrolled into phase 2
trials. The major goals of phase 2 trials are to assess
safety and to develop optimal regimens for immunization. Typically several dosage levels are evaluated;
different immunization regimens (number of doses
and interval between doses) also may be explored.
Most phase 2 trials are randomized, double-blind,
placebo-controlled trials. Although larger numbers
of subjects are evaluated, phase 2 trials still lack statistical power to detect events that occur in a low
proportion of subjects. Initial phase 2 trials are usually conducted among persons who are at low risk
for acquiring the target disease; therefore, additional
phase 1 and phase 2 trials may be necessary to assess
safety and immunogenicity among populations who
are at high risk for the disease, in which pivotal efficacy trials will be conducted. For several emerging
and neglected diseases, the preliminary efficacy of a
vaccine can be assessed in a human challenge model,
including malaria, influenza, and cholera (Couch
et al., 1971; Epstein et al., 2007; Tacket et al., 1999).
These carefully controlled experimental inoculations
of subjects with the target pathogen can provide proof
of concept that immunization with a vaccine candidate
confers protection prior to large phase 3 clinical trials.
In the pediatric population, rechallenge of vaccinated
subjects with homologous or related live attenuated
influenza virus vaccines (LAIV) provided supportive evidence that intranasal immunization with LAIV
would confer protection against subsequent infection
with wild-type influenza viruses (Belshe et al., 2000).
Phase 2 trials may also incorporate plans to assess the

concomitant administration of other vaccines, biologicals, or medications. For example, administration of
a new vaccine to infants in the context of the increasingly complicated childhood immunization schedule
poses complex problems; evidence that simultaneous
administration of licensed and experimental vaccines
does not interfere with protective responses to components in either product is necessary (Rennels et al.,
2000).

Phase 3 Clinical Trials
Once a vaccine candidate has been shown to be safe
and to possess acceptable reactogenicity and immunogenicity profiles, assessment of the efficacy can be
undertaken in phase 3 clinical trials. The type and
size of the population to be studied will depend on
epidemiology of the target disease (population at risk
for disease and the disease attack rate) and the level
of protection conferred via immunization. A phase 3
clinical trial for prevention of disease that occurs at a
low incidence may require hundreds of thousands of
subjects, such as the US field trial of inactivated poliovirus vaccine in the 1950s (Francis, 1955); whereas
phase 3 trials of vaccines for prevention of high-incidence infections (such as RSV in infants) theoretically
would require no more than hundreds of subjects,
particularly if the vaccine was expected to be highly
efficacious.
The assessment of efficacy of vaccines against agents
of bioterrorism, as well as vaccines for candidate pandemic influenza, may be problematic. For example,
smallpox, inhalational anthrax, hemorrhagic fever
viruses, tularemia, plague, and influenza A/H5N1
do not occur naturally at a frequency high enough to
permit controlled evaluation of clinical vaccine efficacy prior to licensure of vaccines. The FDA final rule
entitled “New Drug and Biological Drug Products:
Evidence Needed to Demonstrate Effectiveness of New
Drugs When Human Efficacy Studies Are Not Ethical or
Feasible” (otherwise referred to as the “Animal Rule”)
was published to address this circumstance (FDA,
2002). The rule permits use of animal efficacy data
when collection of human efficacy data is not feasible.
Safety and immunogenicity data in humans and animal
efficacy data can be used to support licensure when several conditions are met, as follows: (1) the pathophysiology of the infection is reasonably well understood; (2)
the pathogenesis and immune responses in one or two
animal species are expected to predict these responses
in humans; (3) the immunogenicity endpoint(s) correlated with protection in the animal(s) are related to
human immune responses; and (4) immunogenicity
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endpoints in animals and humans are sufficiently well
understood to permit selection of a regimen that would
be expected to predict protection in humans. For other
diseases where correlates of protection are reasonably
well defined (for example, serum HAI antibody level
against influenza viruses), surrogate markers can be
used to support licensure (FDA, 2007a). Finally, in order
to facilitate the approval of vaccines for such severe,
life-threatening illnesses, additional mechanisms for
expedited review and accelerated approval have been
developed by the FDA.

Phase 4 Clinical Trials
Regulatory authorities are increasingly requiring additional studies to be conducted after market approval. Phase 4 studies may also be initiated
by the sponsor for a variety of reasons. While a vaccine appears safe after it has been studied in thousands of individuals, rare adverse events may only
be observed after hundreds of thousands or even
millions of people have been vaccinated, as occurred
with the first-generation live attenuated rotavirus
vaccine (Murphy et al., 2001). The long-term safety
or continued efficacy of a vaccine may be unknown
at the time of licensure, and the benefit of immunization of special populations that may have been underrepresented or not studied in the IND stage may be of
interest. Unfortunately, phase 4 clinical trials typically
are not randomized, and they may be uncontrolled.
Nevertheless, several safety surveillance systems
have been established to facilitate the early detection
of potential rare, serious reactions to vaccines, including the Vaccine Adverse Event Reporting System
(VAERS), the Vaccine Safety Datalink (VSD), and the
American Academy of Pediatrics Practice Research
Office Settings (PROS) (Ellenberg et al., 2005). Design
options for phase 4 studies include case-control studies and cohort studies.

CLINICAL TRIAL PROTOCOL
DEVELOPMENT
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(for Comprehensive discussions, see Chow and Liu,
2004; Meinert, 1986; Wang and Bakhai, 2006).
A brief outline of essential elements for inclusion
in clinical trial protocols is shown in Table 12.2. A
detailed template for protocol development has been
prepared by the National Institute of Allergy and
Infectious Diseases that can be used to guide protocol
development (NIAID, 2006). Novel constructs such as
live, attenuated vaccines may require additional discussion of risks and special facilities for isolation, such
as the evaluation of live attenuated vaccines based on
potential pandemic influenza viruses. Note that the
basic protocol elements are mirrored in the Informed
Consent document.

Background and Rationale
The background and rationale should provide
information regarding the current understanding of
the disease epidemiology, pathogenesis, and immune
responses relevant for protection against infection;
and need for development of control measures. The

TABLE 12.2 Checklist of essential clinical trial protocol
elements
Title page
Statement of compliance
Signature page
Protocol summary
Background and rationale
Purpose and objectives
Study design and endpoints
Study population: Description, inclusion/exclusion criteria;
recruitment and retention
Study agent/interventions
Study procedures/evaluations
Study schedule
Assessment of safety: Safety parameters, reporting requirements,
halting rules
Clinical monitoring structure: Site/safety monitoring plan, and
safety reviews
Statistical consideration: Sample size; data analyses, etc.

The design of protocols for the evaluation of candidate vaccines requires consideration of the pathogen,
the disease pathogenesis and immune response profile, and the characteristics of the vaccine candidate
itself. The success of a clinical trial will depend on
implementation of a well-designed protocol, followed
by careful monitoring and retention of subjects, close
adherence to the protocol, and accurate reporting and
documentation of observations made during the trial

Quality control and quality assurance
Ethics/protection of human subjects: IRB, informed consent;
confidentiality, etc.
Data management
Appendices: Personnel roster; table of procedures; lab processing
flow sheet, etc.
Source: Adapted from NIAID protocol template guidance (NIAID,
2006).
Courtesy: NIAID.
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scientific rationale for selection of the vaccine candidate should be discussed. A concise description of the
study agent should be provided, including summaries of preclinical studies and relevant clinical studies.
Finally, potential risks and benefits of immunization
with the investigational agent should be delineated.

Objectives and Purpose
The objectives and purpose of the trial should be
clearly and explicitly stated. For phase 1 trials, the
primary objectives will be to assess the safety, tolerability, and reactogenicity of a vaccine, whereas assessment of immunogenicity is a secondary objective. For
combined phase 1/2 and phase 2 clinical trials, safety
and immunogenicity may be coprimary endpoints.
Exploratory endpoints may also be included, such as
the effect of age, race, or gender on immune responses
(Keitel et al., 2006). Combined phase 1/2 trials may
be proposed when the vaccine candidate represents
a variant of a previously licensed construct, such as
a subvirion influenza vaccine for prevention of avian
influenza (Treanor et al., 2006). Efficacy and safety
typically are the primary endpoints for phase 3 trial.

Study Design
The study design then should be described. For
clinical trials of candidate vaccines, the study design
typically is a randomized, double-blind, controlled clinical trial—one example of a parallel group
design. Phase 1 safety and tolerability studies often
utilize a titration design, where ascending dosages
of the experimental agent are sequentially administered to new cohorts of subjects (Gorse et al., 2006).
Cluster-randomized clinical trial design is occasionally employed to assess vaccine efficacy. In this circumstance, larger groups of individuals (such as
nursing homes or schools) are randomized to an intervention, rather than individual subjects, and the clinical endpoints are ascertained for vaccinated subjects
(Rodrigues et al., 2005), or for a subset of the cluster,
such as the contacts of healthcare workers in a closed
setting (Hayward et al., 2006). Phase 1 clinical trials
historically were open-label; however, in recent years
most phase 1 clinical trials of vaccines have been randomized and blinded. The value of a placebo control in
clinical trials has been described; however, a licensed
control vaccine may be used rather than a placebo,
particularly for phase 3 clinical trials in children. In a
recent phase 3 clinical trial of pneumococcal conjugate
vaccine in infants, a meningococcal type C vaccine

served as the control vaccine (Black et al., 2000). In
this case, the meningococcal control vaccine provided
potential benefits to the study participants. Flexible
adaptive design methods frequently are employed in
the development of vaccines; these incorporate plans
for modifications of the clinical trial design that are
made before or during the conduct of the research
(Chow and Chang, 2007). Adaptations to ongoing
trials may include prospective adaptations, such as
interim analysis, stopping rules for early termination
due to futility/safety concerns/efficacy, or sample size
re-estimation; ad hoc adaptations such as changes in
inclusion and exclusion criteria, dosage or regimen
alteration, and trial duration; or retrospective adaptations at the end of the study but before unblinding,
including changing the study endpoint or altering the
statistical hypothesis (superiority to noninferiority).
The goal of this approach is to permit modification
based on accumulated evidence to alter trial design to
increase the probability of success without undermining the validity of the trial (Gallo et al., 2006). Such
adaptations may require modifications of the study
hypotheses, protocol amendments, and sample size
recalculations.
Clinical trials are also classified as single-center or
multicenter studies. Phase 1 studies often are singlecenter studies; however, multicenter trial design may
be used for any phase of clinical vaccine development.
Multicenter study design provides several advantages:
enrollment of subjects is expedited, and the results of
the trial are likely to be more generalizable.
Study endpoints need to be clearly identified. For
phase 1 trials, safety, tolerability, and reactogenicity
primary endpoints may include the frequencies and
severities of injection site reactions (pain, tenderness,
redness, and swelling) and systemic reactions (fever,
chills, headache, myalgia, arthralgia, etc.), as well a
laboratory evidence of adverse reactions (hematologic,
biochemical, and other). For phase 2 clinical trials,
specific immune responses at defined time points after
immunization typically characterize the primary endpoints; safety and reactogenicity may be primary or
secondary endpoints. For phase 3 clinical trials, protection against laboratory-confirmed infection and/or
disease is the primary endpoint, and the major safety
assessment may be the frequency of SAEs associated
with administration of the investigational agent.

Study Population
A detailed description of the proposed study population and the number of subjects to be studied must
be provided; specifically, characteristics (age range,
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health status, ability to provide informed consent,
etc.) of potentially eligible persons (Inclusion Criteria)
and factors that would render an individual ineligible
(Exclusion Criteria) should be explicitly enumerated.
For some phase 1 trials, screening for eligibility may
include medical history, physical examination, and
laboratory screening for evidence of good health (normal hematologic and biochemical parameters, and
no evidence of active hepatitis B, hepatitis C, or HIV
infection). Information regarding serosusceptibility to
the candidate pathogen may be necessary. For example, a phase 1 clinical trial of a dengue virus vaccine
may require evidence of no prior infections caused by
these viruses (Edelman et al., 2003), and a phase 1 or
2 clinical trial assessing the immunogenicity of LAIV
may focus on persons with low or absent levels of
preexisting immunity to the candidate vaccine (Keitel
et al., 1993b). For phase 3 clinical trials, it is necessary
to identify a population in which the infection or disease occurs at a high enough frequency to assess the
ability of a vaccine to protect. For example, pivotal
phase 3 trials of an inactivated hepatitis A vaccine
were conducted in specific US communities where
the rate of hepatitis A infections in children was high
(Werzberger et al., 1992).
Human subjects considerations may include a
description of certain behaviors and/or concomitant
medications that would exclude a subject. For most
clinical trials of vaccines, women who are capable of
bearing children must consent to certain birth control
measures. The US Department of Health and Human
Services (DHHS) has published a guidance regarding
research in pregnant women: for research conducted
in this population, there must be direct benefit to the
woman or her fetus or there must be only minimal
risk to the fetus, and information cannot be obtained
any other way. For many phase 1 clinical trials, use
of prescription medications is not permitted. Clinical
trials of vaccines that potentially could be transmitted to others in the community raise special concerns.
Recent reevaluations of smallpox vaccines posed concerns with regard to transmission of the vaccine virus
from subjects to their contacts (Frey et al., 2002). In
this case, persons who had household or other significant contacts with young infants, people with eczema,
pregnant women, and immunocompromised individuals were excluded from participation.
The methods for test article allocation should also
be described. For most phase 1 and phase 2 clinical trials of vaccines, the subjects are randomized to receive
one of several dosage levels of vaccine or placebo.
Ideally, randomization should not occur until the subjects have been qualified for participation. Typically
the randomization occurs in blocks of a prespecified
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number that represents a multiple of the number of
test articles. For example, if there were four dosage
levels of vaccine and a placebo, then the block size
might be 5, 10, or 15. If the block size chosen were
5, then the subjects would be randomized 1:1:1:1:1.
Block randomization can reduce the risk of unequal
group sizes. In some circumstances the probability of
receiving one product differs from the probability of
receiving another. For example, in an efficacy study to
be conducted in children, an investigator may wish to
reduce the number of subjects randomized to receive
the placebo, and the randomization scheme selected
may be 2:1 (vaccine:placebo). The vaccine group
assignments for subjects should be concealed from the
subjects and from investigators to reduce bias in the
assessments performed after vaccination (so-called
double blinding). Additional measures can be taken to
reduce the potential for imbalances in baseline characteristics of enrolled subjects, such as stratification
of subjects according to age, prior receipt of a related
vaccine, etc., prior to randomization.

Study Agent/Interventions
The clinical trial protocol should contain basic
information regarding the characterization of the vaccine formulations—including dosage(s), packaging,
labeling, storage; preparation, administration, dosing,
and accountability methods for each study product,
including placebo and/or control preparations. More
complete descriptions of study vaccines, including
manufacturing information, preclinical and clinical
safety, immunogenicity, and efficacy should be provided separately in the Investigators’ Brochure (IB).
Information regarding the use of concomitant medications, including prohibited medications, should be
detailed. For example, during phase 1 clinical trials
concomitant use of prescription medications may be
prohibited. During phase 2 clinical trials, concomitant use of certain medications may be allowed, such
as antihypertensive medications or antidepressants.
In general, concomitant use of immunosuppressive, immunomodulatory, or cytotoxic drugs would
be prohibited in any clinical trials of live attenuated
vaccines.

Study Procedures and Evaluations
A description of the proposed clinical evaluations
then follows. In phase 1 or 2 clinical trials, detailed and
frequent physical assessments of the injection site and
systemic responses may be indicated, as well as review
of subject records of clinical responses following
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immunization. The intensity of study assessments
will vary according to the nature of the study product: more frequent and detailed assessments would
be indicated for novel products whose safety profile is undefined. Periodic collection of blood, nasal,
fecal, or other samples to assess for the occurrence
of toxicity, or to determine the frequency, magnitude,
and/or duration of shedding of a live vaccine candidate may also be indicated (Piedra et al., 1993; Taylor
et al., 1997). These laboratory assessments should be
tailored to the particular needs of the protocol, and
should be based on the pathogenesis of the disease,
the vaccine under evaluation, and information collected in the pre-IND stage. Brief descriptions of the
type(s) of specimens to be collected, methods for specimen collection, preparation, handling, storing, and
shipping (if applicable) should be outlined; detailed
procedures should be provided in a separate Manual
of Procedures (MOP) for each study. For phase 3 trials,
clinical follow-up is specifically targeted at ascertaining whether the vaccine prevents infection or disease
and capturing the occurrence of SAEs; however, limited prospective safety assessments may be included
(perhaps only in a subset of subjects) to expand the
safety database (Oxman et al., 2005).

Study Schedule
Once the specific clinical and laboratory procedures
for assessing safety, immunogenicity, and/or efficacy
have been described, a detailed study schedule indicating the timing of various assessments/procedures/
interventions should be outlined, including those that
will be conducted at screening, enrollment, and each
follow-up visit. Clinical assessments and laboratory
procedures that should be completed in the event
the subject’s participation in the trial is terminated
early should be described, as should those for women
who become pregnant during the study. Finally, a
description of clinical and laboratory assessments to
be performed in the event the subject returns for an
unscheduled visit (for example, for a severe vaccine
reaction) may be appropriate. A summary table or
figure outlining study procedures is particularly
useful.

Assessment of Safety
As described above, the clinical trial protocol
should detail the specific safety parameters that will
be monitored during the course of the trial, along
with the methods and timing for their assessment and
reporting. Standardized definitions for AEs and SAEs

have been formulated (FDA, 1996): an AE is defined
as any untoward medical event that occurs in a subject who has received a study agent. SAEs include
death, life-threatening events, hospitalization or prolongation of hospitalization, congenital anomalies,
and events that result in permanent disability. Each
AE and SAE that is recorded should be assessed for
its severity and relationship to vaccination. The grading of AEs is usually based on the interference with
activity, where 1 ⫽ mild, does not interfere with usual
activities; 2 ⫽ moderate, interferes somewhat with
usual activities; and 3 ⫽ severe, incapacitating. The
severity grading system of laboratory abnormalities
should be established before the initiation of the trial.
The FDA has suggested guidelines for toxicity grading scale for healthy adults and adolescents enrolled
in vaccine clinical trials (FDA, 2007b).
Contemporary standards for assessing the relationship of the AE to immunization have narrowed
the choices to “associated” and “not associated.” All
AEs that are temporally related to administration of
the investigational agent and have no alternative etiologies to explain the event are considered associated.
SAEs should be reported promptly to the sponsor;
in turn, the Sponsor must notify the FDA in a timely
fashion.
Prospective guidelines for discontinuation of individuals from further vaccinations, as well as halting
rules for the clinical trial should be outlined. Typical
circumstances for discontinuation of an individual
include severe and/or hypersensitivity reactions following immunization, development of an Exclusion
Criterion during the trial, and failure or inability of
the subject to comply with study procedures. Note
that every attempt should be made to continue to follow these subjects for safety assessments. Rules for
halting a phase 1 clinical trial may include the occurrence of one or two hypersensitivity reactions or SAEs
associated with the investigational agent or the occurrence of moderate or severe reactogenicity among a
predefined proportion of subjects.
Finally, the safety oversight plan should be
described. For single-center trials or other small clinical trials, a Safety Monitoring Committee (SMC) consisting an Independent Safety Monitor (ISM) from
each site and an independent member with expertize relevant to the protocol has the responsibility
to review trial results periodically and on an ad hoc
basis, and to make recommendations to the Sponsor
regarding the conduct of the clinical trial. For larger,
multicenter trials, a Data and Safety Monitoring Board
(DSMB) consisting of site ISMs and individuals with
clinical and statistical expertize relevant to the protocol is constituted to review study progress and advise

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

16_P369408_Ch12.indd 166

10/31/2008 9:09:46 AM

CLINICAL TRIAL PROTOCOL DEVELOPMENT

the Sponsor. The SMC or DSMB may recommend
terminating a trial because of unexpected or severe
toxicity; continuation of a trial after review of AEs that
triggered halting rules; alteration of sample size based
on interim analyses; or any other protocol modifications that are deemed necessary to complete the trial
successfully.

Clinical Monitoring
A clear plan for monitoring the conduct of the clinical trial site(s) should be outlined in the study protocol. Specific objectives of site-monitoring visits are to
review all study documentation to ensure protection
of human subjects; compliance with GCP, clinical
and laboratory procedures, test article administration
and accountability guidelines; and accurate and complete data collection and documentation. The Sponsor
may conduct monitoring visits, and may also designate an independent Contract Research Organization
(CRO) to conduct monitoring visits on a regular basis
throughout the trial. Early monitoring visits can be
particularly valuable in order to identify systematic,
unintentional deviations from the protocol.

Statistical Considerations
A detailed Statistical Analysis Plan (SAP) should be
prepared that restates the study hypotheses, objective
and endpoints, describes the statistical basis for the
sample size selected, and outlines the methods that
will be used to analyze safety and efficacy. If interim
analyses are planned, then the statistical issues related
to this should be discussed.

167

should indicate that no research (including screening) will begin until the protocol and the consent
form have been IRB-approved. The consent process
should be described, as should the provisions for subject confidentiality. The Health Insurance Portability
and Accountability Act of 1996 (HIPAA) was enacted
to improve portability and continuity of health insurance coverage; nevertheless, it contains regulations
that have direct relevance for clinical research (DHHS,
2007). For example, informed consent documents are
required to include extensive information on how the
participant’s protected health information (PHI) will
be kept private. Administrative, physical, and technical safeguards must be adopted to ensure the security of electronic PHI. Finally, special issues related to
exclusion of special populations (women, minorities,
and children) should be addressed.

Data Management and Record Keeping
The goals of data management are to ensure the
accuracy, completeness, and timeliness of clinical
trial data collection. While the primary responsibilities for data collection rest with the clinical trial site,
additional oversight and data management responsibilities (quality review, analysis, and reporting) may
be shared with the sponsor and a data coordinating
center (DCC). The organizational structure of data
management should be described in this part of the
protocol. Data capture methods and internal quality
checks, types of data, timing of reports, study records
retention, and identification of protocol deviations
and corrective actions should be addressed here, as
well as in greater detail in the MOP.

Other Considerations

Quality Management
The clinical trial site is responsible for protocol
compliance and accurate and complete data collection and recording. In a separate document, sitespecific Standard Operating Procedures (SOPs) should
outline the methods that will be used to ensure that
these activities are accomplished, as well as methods
to ensure appropriate training of the study staff. The
overall quality management plan should be described
in the protocol.

Ethics/Protection of Human Subjects
A description of the ethical standards that will
be followed to ensure protection of human subjects
should be described: in the US, compliance with 45
CFR Part 46 and ICH E6 GCP is expected. The protocol

In addition to the major protocol elements
described above, a full protocol should include a title
page, a statement of compliance with GCP, and other
regulatory guidelines, a signature page, a table of contents, a list of abbreviations; a protocol summary; a
list of key personnel and their roles, a description of
unique facilities, if applicable, a list of references, publication policy; and appropriate appendices. A list of
essential documents that should be on file before the
trial starts is shown in Table 12.3; additional documents should be added to the trial documentation
as new information becomes available (protocol
amendments, updates, IRB approvals, training certificates, CVs, screening and enrollment logs, test article
accountability and shipment logs, monitoring reports,
consent forms, source documents, CRFs, communications with the sponsor, etc.).
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TABLE 12.3 Checklist of essential documents on file at the
clinical trial site before the clinical trial begins
Signed full clinical trial protocol, and amendments, if applicable
Sample case report forms (CRFs)
IRB-approved informed consent document
Investigators’ brochure
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CONCLUSIONS
The success of any clinical trial hinges on the development of a carefully designed protocol. Although
discussion of clinical trial implementation is beyond
the scope of this chapter, it is clear that the protection
of human subjects and scientific integrity of the
trial design and documentation are the overarching goals of any clinical research protocol. The clinical trial protocol must document the processes that
will be used to ensure that these goals are attained.
Conscientious supervision of clinical trial activities is
a shared responsibility of the investigators, the IRB,
the sponsor, the CRO, the DCC, the safety oversight
committee, and all other partners who are participating in the trial. While meticulous attention to detail
and strict protocol compliance are essential, the entire
study team must be flexible and prepared to respond
in a timely fashion to unexpected findings. Novel
approaches to the development of vaccines for biodefense and emerging and neglected diseases will
continue to evolve and will require ongoing reconsideration of the ethical and regulatory principles and
practices that guide the conduct of clinical trials.
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ABSTRACT
Vaccines provide the most effective means of preventing potentially serious infectious diseases and play a critical
role in public health management. Vaccines are regulated in the United States by the Office of Vaccines Research
and Review in the Center for Biologics Evaluation and Research of the Food and Drug Administration (FDA). To
conduct a human clinical trial of a new vaccine, the sponsor of the trial must submit an original Investigational
New Drug Application (IND) to the FDA. The required content of an original IND is described in the Code of
Federal Regulations. The IND provides the Agency with detailed information pertaining to the manufacture and
testing of the vaccine to demonstrate its identity, safety, purity, potency and other quality attributes, the preclinical
studies conducted in animals to establish the safety of the product, and the protocol for the proposed clinical study.
The FDA will assemble a team of experts to review the information in the IND and determine whether the new
vaccine is sufficiently safe for administration to human subjects. Sponsors can increase the likelihood of receiving
a positive review decision from the Agency by ensuring that the original IND is detailed and complete, and
addresses any potential safety concerns associated with the investigational product. Many resources are available
to assist sponsors in the preparation of a successful IND. Numerous guidance documents have been issued by
the FDA and other regulatory authorities that summarize FDA and worldwide expectations for the manufacture,
testing, and clinical evaluation of specific product types. Most importantly, sponsors have the opportunity to meet
with members of the FDA review staff via a formal “pre-IND” telephone conference (meeting) to seek specific
guidance from the Agency regarding their product development plans. Optimally, the pre-IND meeting establishes
a working relationship between the sponsor and the FDA that facilitates ongoing dialogue leading up to the IND
submission and throughout the product development life cycle. After the submission of the original IND and
initiation of clinical studies, communication with the FDA is primarily maintained through the submission of IND
amendments, such as new clinical protocols, safety reports, or updated manufacturing information. Regulations
also provide for additional meetings between the sponsor and FDA at prescribed points in product development,
and at other times if issues arise that require detailed discussion. Ongoing communication with the FDA is an
essential element of product and clinical development, and provides the most efficient mechanism to meet all
regulatory requirements for product approval in the shortest possible time frame.

INTRODUCTION
The submission of an original Investigational New
Drug Application (IND) to the US Food and Drug
Administration (FDA) represents the first step under
the US regulatory process toward evaluation of a new
drug, biologic product, or vaccine in a human clinical trial. The original IND application provides all of
the data and other information necessary for the FDA
to assess the safety of an investigational product for
administration to human volunteers. As product
development progresses to more advanced clinical
studies, the FDA will maintain regulatory oversight
“to assure the safety and rights of [clinical trial] subjects” and “to help assure that the quality of the scientific evaluation of drugs is adequate to permit an
evaluation of the drug’s effectiveness and safety”
(Code of Federal Regulations, Title 21, Part 312.22).
Deliberate and clear communication with FDA
will result in the most streamlined and cost-effective
development program with the greatest assurance of
a successful outcome. The purpose of this chapter is
to provide an overview of the IND process for sponsors of investigational vaccines, as well as to provide

helpful hints to facilitate effective communication with
the FDA.

REGULATORY OVERVIEW
FDA Regulations
An IND application must be submitted to the FDA
for review and approval before the initiation of the
first clinical study of a novel investigational drug
or vaccine. The content of an original IND application and the sponsor’s obligations throughout the
IND process are described in the US Code of Federal
Regulations, Title 21, Part 312 (21 CFR 312). In legal
terms, the IND is a request for an exemption from
the federal statute that prohibits an unapproved
drug product from being shipped in interstate commerce. Practically, the IND provides the Agency with
a complete description of the investigational product,
including the results of any proof of concept studies
justifying its evaluation in human subjects, the methods for product manufacture and analytical testing,
the results of nonclinical safety studies in animals, and
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proposals for the clinical investigations planned in the
first year of product development.
The majority of investigational products are developed through the submission of a routine or “commercial” IND. Typically, the entities that submit, or
“sponsor,” a commercial IND are pharmaceutical or
biotechnology companies, or individuals or organizations with the intent that the investigational product
will be commercialized. In addition to pharmaceutical or biotechnology firms, individual clinical investigators can sponsor an IND. The sponsor-investigator
IND is subject to the same regulations as a commercially sponsored IND, but differs in that the investigator assumes the responsibilities of both the sponsor
and the investigator, as defined in 21 CFR 312.3.
The sponsor of an IND need not have the intention
to commercialize the investigational product in the
United States. In fact, FDA has recently issued guidance to clarify its position that, for vaccines intended
to treat global infectious diseases, submission of
an IND application is encouraged regardless of the
intended target population for the licensed vaccine.
Specifically, “FDA encourages submission of an IND
so that it can provide input on manufacturing, quality
testing, assay validation, non-clinical and clinical trial
design issues, statistical analysis plans, endpoints,
and other important aspects of vaccine development.
The IND process will allow sponsors to obtain important scientific and regulatory advice on products that
are critical to the advancement of world health” (FDA
Guidance for Industry, September 2008).
One exception to the regulatory IND requirements
outlined above is provided by the Project Bioshield
Act of 2004. The Act amended the Food Drug and
Cosmetic Act to permit the introduction into interstate commerce of an unapproved drug, device, or
biological product for use in an actual or potential
emergency (Emergency Use Authorization, or EUA).
In the event that there is a government determination
of an emergency, or the potential for an emergency,
due to exposure to a specific biologic, chemical,
radiological, or nuclear agent with the potential to
cause a serious or life-threatening disease or condition, the FDA may issue an EUA for a specific product or products. A product may be eligible for EUA
if it is reasonable to believe, based on the scientific
evidence available, that the product may be effective
in treating the disease or condition, the known and
potential benefits outweigh the known and potential
risks, and there is no adequate, approved, and available alternative to the product for treating the disease
or condition. FDA’s guidance on “Emergency Use
Authorization of Medical Products” was issued in
September 2007.
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FDA regulations include multiple elements to
facilitate the development and licensure of high priority products intended to treat or prevent serious or
life-threatening diseases or conditions. For example,
a sponsor may seek, and FDA may grant, “fast track”
designation for a specific product development program (FDA, 2006). Fast track designation entitles the
sponsor to early and frequent communication with
the FDA throughout product development, in order
to optimize the design of Phase 2 and Phase 3 clinical studies, and expedite the resolution of any product development issues that may arise. Such products
may receive “priority review” status at the time of
Biologics License Application (BLA) submission which
provides for a shorter, 6-month review of the license
application, rather than the standard 10-month review
clock. In addition, the license application may utilize a
“rolling submission” process, in which sections of the
application may be submitted sequentially rather than
all at once.
The regulations governing licensure of biologic
products (21 CFR 601) provide for approval of certain
products intended to treat serious or life-threatening
illnesses for which clinical efficacy data cannot readily be obtained (e.g., a vaccine for a potentially pandemic influenza virus strain). At its discretion, FDA
may approve such a product based upon a surrogate
endpoint (such as immunogenicity) that is reasonably likely, based on existing evidence, to predict
clinical benefit. Accelerated approval may include
a stipulation that the applicant “study the biological
product further [in post-approval studies] to verify
and describe its clinical benefit” (21 CFR 601.41). In
addition, certain products intended to treat or prevent
“serious or life-threatening conditions caused by exposure to lethal or permanently disabling toxic biological, chemical, radiological, or nuclear substances” (21
CFR 601.90) for which human clinical efficacy studies
are not ethical or feasible, may be approved under the
“animal rule.” In this case, reasonable evidence of clinical benefit may be provided by the results from animal studies, where the animal species can be justified
to provide an adequate model of the human response
to both the toxic substance and the investigational
biologic product. FDA has recently issued a concept
paper to identify the critical characteristics of an animal model necessary for efficacy evaluation under the
Animal Rule (FDA Concept Paper, September 2008).

FDA Organization and Review Responsibility
The FDA includes two centers of expertise with
responsibility for review of IND applications. The
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Center for Biologics Evaluation and Research (CBER)
reviews applications pertaining to therapeutic and
prophylactic vaccines, blood and blood products, and
tissue, cellular and gene therapy products, while the
Center for Drug Evaluation and Research (CDER) has
primary responsibility for review of therapeutic drug
and biologics applications.
CBER is organized into the following offices: the
Office of Vaccines Research and Review (OVRR), the
Office of Blood Research and Review, and the Office
of Cellular, Tissue and Gene Therapies. Within the
Office of Vaccines Research and Review, there is a discreet applications division, the Division of Vaccines
and Related Products Applications (DVRPA) that is
responsible for receiving IND submissions, routing
the submissions for review and corresponding with
the IND sponsor. An original IND submission will be
routed to a specific project manager within DVRPA
who will serve as the primary point of contact for the
sponsor during the IND review and throughout the
subsequent period of product development.

Guidance Documents
A variety of guidance materials are available to
assist sponsors with the submission of an original IND.
CBER makes available an “IND packet” that provides
applicable regulations, forms, and articles helpful in
the preparation of original INDs. These and other
guidance materials may be obtained from CBER’s
Office of Communication, Training and Manufacturers
Assistance (OCTMA), which is an office dedicated to
providing general guidance and information to individuals and organizations interested in the regulatory
process. FDA guidance is also available on the internet and may be accessed by visiting the FDA (http://
www.fda.gov/) or CBER (http://www.fda.gov/cber/
index.html) home pages and following the links for
guidance documents. IND guidance from the OCTMA
is available at http://www.fda.gov/cber/ind/ind.
htm.
In addition to guidance materials for the IND submission process, the FDA has issued a wide variety of
guidance documents pertaining to product manufacture, analytical testing, preclinical evaluation, and clinical trial design for vaccine products. The International
Conference on Harmonization or ICH (an organization dedicated to the harmonization of regulatory
requirements between the United States, Europe,
and Japan) has also developed guidance documents
in these areas, many of which have been adopted as
official guidance of the US FDA. Links to FDA guidance documents pertaining to vaccine development

can be found on the CBER website (http://www.fda.
gov/cber/vaccine/vacpubs.htm), while current ICH
guidelines may be downloaded from the ICH website
(http://www.ich.org/cache/compo/276-254-1.html).

COMMUNICATIONS WITH THE FDA
Meetings and Teleconferences
To facilitate effective and timely communications
regarding the development of investigational products, FDA will participate in certain meetings and
telephone calls with IND sponsors. There are three
basic types of meetings that can be requested by an
IND sponsor. The Type A meeting is requested when
a sponsor feels the development of their product or
clinical program has been “stalled,” and they require
urgent input from the Agency in order to proceed. The
Type A meeting must be scheduled by FDA within 30
days after the receipt of the formal written request for
such meeting. Type B meetings are routine meetings
that may be requested at critical milestones during the
clinical development of an investigational product (21
CFR 312.47). The pre-IND, the End of Phase 2, and the
pre-BLA meetings are all classified as Type B meetings. Type B meetings must be scheduled within 60
days after FDA receives the request for a meeting. The
Type C meeting is reserved for less time-critical issues
and must be scheduled within 75 days after FDA
receives the request for a meeting. The FDA Guidance
for Industry document entitled, “Formal Meetings
with Sponsors and Applicants for PDUFA Products”
(February 2000) provides detailed instructions for
requesting, scheduling, conducting, and documenting
these meetings.

Pre-IND Meeting or Teleconference
To facilitate submission of a successful IND, the
FDA will conduct formal meetings with sponsors
referred to as “pre-IND meetings.” As mentioned previously, the pre-IND meeting is a Type B meeting and
is discussed in more detail below. It should be noted
that in recent years the OVRR will grant pre-IND telephone conferences, but will rarely grant face-to-face
meetings due to limited time and resources. However,
sponsors are encouraged to request a face-to-face
meeting with the Agency if they feel the scientific,
clinical, or regulatory issues surrounding their new
vaccine warrant this type of interaction.
The pre-IND teleconference should be used by
sponsors to discuss any product, nonclinical, clinical,
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or regulatory issues that the investigational vaccine
may present. If a sponsor would like to request a preIND teleconference, they should follow the FDA meeting request guidance document mentioned above
(February 2000) and refer to the SOPP 8101.1 issued
by CBER. These documents describe exactly what is
required for a written request for a meeting or teleconference with the Agency and outline the format for the
request. Note that the Agency can deny a request for a
meeting if the sponsor’s written request is incomplete.
Most importantly, the meeting or teleconference
request should include a statement of purpose of the
meeting and a draft of a list of questions that the sponsor wishes to discuss with the Agency. This means
that, before making a pre-IND meeting request, the
sponsor should be able to identify the key issues for
which guidance or concurrence from the Agency are
necessary before submission of the IND.
The sponsor should prepare and submit a briefing
document at least 4 weeks in advance of the scheduled teleconference date. Depending on the issues
to be discussed, the briefing document may include
background information on the product, its method of
manufacture and analytical testing, preclinical testing
completed and/or planned, and a brief outline of the
proposed clinical trial (discussed below). A list of questions critical to further product development and the
initial clinical trial(s) should be included in the briefing
document for Agency review and consideration. The
allotted time for the meeting or teleconference may
be from 1 to 2 h. Due to time constraints, sponsors are
not usually permitted to make formal presentations at
a meeting or have lengthy introductory remarks on a
telephone conference. Therefore, emphasis should be
placed on ensuring that the briefing document is clear,
complete, succinct, and easy to navigate.
The FDA review team will make every effort at the
pre-IND teleconference to provide responses to the
questions submitted by the sponsor and will frequently
advise the sponsor of information needed in the original IND submission. Typically, FDA representatives
will include scientists with product, pharmacology/
toxicology, and clinical expertise. Most importantly,
the emphasis of the telephone conference should be on
the questions and issues that the sponsor would like to
address rather than on information already provided
in the meeting materials.
It is now the norm that written responses to the
questions posed in the briefing document will be
supplied by FDA one or more days in advance of
the scheduled telephone conference. It is recommended that the sponsor communicate to the FDA
project manager their interest in receiving such written responses before the teleconference, if possible,
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as this will enable both the sponsor and the Agency
to focus the meeting on those issues requiring further
discussion. Upon forwarding their written responses
to questions, the FDA will offer to cancel the teleconference if the responses are deemed satisfactory by the
sponsor; however, it is recommended that the sponsor proceed with the call in order to discuss any issues
requiring clarification. In addition, the pre-IND call
provides an opportunity for the sponsor to “meet” the
FDA reviewers and to potentially obtain additional
useful advice. Sponsors are encouraged to submit a
meeting summary describing their understanding
of the FDA’s comments and recommendations to the
pre-IND file. The FDA will issue an official record of
the meeting in the form of meeting minutes within 30
days after the meeting date.

End of Phase 2 Meeting and Special Protocol
Assessment
For investigational products with the potential to
treat or prevent a serious or life-threatening disease,
the sponsor may request an “End of Phase 1” meeting
(see section Other Meetings with FDA1 below). More
typically, however, the next Type B meeting occurs
after the completion of Phase 2 studies when the pivotal Phase 3 studies are being planned. This “End of
Phase 2” meeting is held to: (1) determine the safety of
proceeding to Phase 3 efficacy studies; (2) evaluate the
Phase 3 plan and protocol(s) (a well-written draft protocol is sufficient); (3) identify any additional information necessary to support a license application, such
as additional nonclinical safety studies; and (4) discuss relevant product issues, such as plans for manufacturing scale-up to produce product for commercial
sale and the need for comparability testing relative to
the product used in earlier Phase 1 and Phase 2 clinical studies. It may be necessary to schedule a separate
meeting to address all of the product-related issues
for Phase 3 and future commercial manufacture (FDA
Guidance for Industry, May 2001).
Another important issue to be discussed at the
End of Phase 2 meeting is whether a Special Protocol
Assessment (SPA) agreement is appropriate for the
Phase 3 pivotal study program. SPA, implemented in
1997, allows for a “binding agreement” between the
sponsor and FDA that the design, endpoints, conduct,
statistical analysis plan, and other details of the Phase
3 protocol(s) will be adequate to support efficacy
claims for the vaccine being tested. The formal process
for requesting and obtaining a SPA is described in the
FDA Guidance for Industry entitled, “Special Protocol
Assessment,” issued in May 2002.
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Pre-BLA Meeting
The pre-BLA meeting is held after the completion
of Phase 3 efficacy studies and prior to the submission of a license application. This is a very important
meeting for sponsors as it affords the opportunity
to present the FDA with a complete overview of the
proposed contents of the planned license application
and to obtain guidance from the Agency regarding
the information that will be sufficient to support filing
of the BLA and Agency review of the license application. The meeting should be used to discuss all safety
and efficacy data from clinical trials, potential postapproval obligations of the sponsor, product release
specifications, stability data to support expiration dating, and the claims and indication statement in the
vaccine product label.
Although the required contents of a BLA are stipulated by regulation in 21 CFR 601.2, the organization
and format of a BLA most often follows the outline of
the “Common Technical Document,” or “CTD.” The
CTD was developed by the ICH to provide a common
format for license applications to the United States,
Europe, and Japan. Its use is not yet mandatory for
license applications submitted to CBER but is strongly
preferred by the Agency. The sponsor’s plans for
organizing the content of the application (traditional
BLA format or CTD format) and the submission type
(paper vs. electronic) should be discussed at the preBLA meeting.
The results of pivotal efficacy and safety studies will be presented at the pre-BLA meeting and the
adequacy of these data to support the intended label
claims will be discussed. The sponsor’s plans for
analysis and formatting of the integrated clinical data
for submission in the license application should also
be presented for Agency review and comment. As a
result of these discussions, additional analyses or specific data tabulations that are critical to review of the
application may be requested by the Agency.
The Pediatric Research Equity Act of 2003, as
amended in 2007, requires that license applicants
submit with their application either an assessment of
the safety and efficacy of the investigational product
in the pediatric population, an agreement from FDA
for deferral of such studies until a specified date after
license approval, or a full or partial waiver of the pediatric research requirement due to the specific nature of
the product and/or indication. If the sponsor wishes
to defer pediatric studies to the post-licensure period
(or obtain a full or partial waiver), this plan should be
discussed with the FDA at the pre-BLA meeting. The
Agency’s concurrence with the pediatric research plan
as captured in the formal minutes from the meeting

should be submitted as evidence of the agreement at
the time of BLA submission.
The pre-BLA meeting is also an appropriate time to
discuss plans for any post-approval clinical study or
studies that will be performed as an element of a pharmacovigilence plan for the new vaccine. Frequently,
observational studies are conducted post-licensure to
obtain confirmatory evidence of efficacy under conditions of actual use, and an enhanced understanding of
safety, including rare adverse events. For certain products with known or potential risks based on nonclinical or clinical studies or safety information for related
products, appropriate strategies for risk minimization
in the post-licensure period should be discussed (see
FDA Guidance for Industry, Development and Use of
Risk Minimization Action Plans [RiskMAP], March
2005).
The pre-BLA meeting is a critical meeting for discussion of any issues related to the transition from clinical to commercial manufacture. Any changes in the
manufacturer, facility, or equipment that accompany
the scale-up from the Phase 3 process to the commercial process should be presented, and the appropriate approach to establishing the comparability of the
Phase 3 and commercial products should be discussed.
Other topics may include the final specification for
release of commercial product, the procedure for lot
release by CBER, and the timing of the Pre-Approval
Inspection of the manufacturing facility or facilities.
Finally, the pre-BLA meeting may be used by the
sponsor to obtain clarification as needed of the regulatory procedures for submission, filing, and review of
license applications in BLA or CTD format, including
information related to electronic applications (eBLA or
eCTD) if the sponsor plans to submit electronically.

Other Meetings with FDA
Other meetings (Type A and Type C) may be
requested during the IND process. However, due to
time and resource limitations, CBER will determine
whether or not a face-to-face meeting is required to
address the issue(s) under consideration. Examples
of such issues include major changes in the manufacture or testing of product that require CBER input,
major changes in clinical investigational plans, or
major changes in protocol design or statistical analysis
plans. Often, telephone conversations are adequate to
address these issues, and can circumvent the need to
expend resources on a face-to-face meeting.
Certain products with the potential to treat or
prevent serious or life-threatening disease, or products identified for priority development as medical
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countermeasures to a bioterrorist attack, are eligible
for additional meetings with FDA in order to accelerate the path to licensure. As mentioned previously,
such products may be granted “fast track” designation which provides for regular and frequent communication between the sponsor and FDA throughout
product development. An End of Phase 1 meeting is
recommended for such products in order to discuss
the design and scope of Phase 2 studies. Potentially,
for high priority products, a well-designed and wellcontrolled Phase 2 study may provide sufficient data
for licensure, with commitments to collect confirmatory information regarding the safety and efficacy of
the product in post-approval studies.

Other Types of FDA Communication
The most important methods of communication
used by CBER during the IND process are the clinical hold letter and the “non-hold” comment letter. A
clinical hold letter is issued when FDA determines
that insufficient information has been provided or
a clinical study has been inadequately designed
to ensure the safety of subjects participating in the
trial (21 CFR 312.42). Even when no clinical hold is
imposed for a protocol, comment letters may be provided and may be comprehensive. CBER reviewers
will attempt to identify clinical and product manufacturing issues early enough in the IND process so that
the sponsor can begin to make any changes or other
plans necessary to support a potential license application. Extensive CBER comments should not necessarily be viewed in a negative light by the sponsor. If at
any time during the IND process the sponsor does not
understand a reviewer’s comment or some aspect of
the IND process, the sponsor should contact the IND
project manager in order to discuss the most appropriate way to get advice or clarification.

THE CONTENT OF THE IND
The initial IND submission proposing the first
Phase 1 study to be conducted with a new investigational product is referred to as an “original” submission. The FDA has 30 days in which to review the
original IND and determine whether the investigational product is sufficiently safe for human clinical trials. Although during the life of an IND, FDA
reviews all protocols submitted to determine their
adequacy to demonstrate safety and effectiveness of
an investigational product, the 30-day review of the
original IND submission is the only waiting period

required of sponsors. If FDA finds that the information provided in the original IND is not sufficient to
ensure the safety of the clinical trial subjects, the IND
may be placed on clinical hold, as discussed above.
FDA will inform the sponsor of this decision, usually
by telephone, within the initial 30-day review period,
and will provide a written description of the issues
that require resolution within 30 days following the
imposition of the clinical hold. If, following the 30-day
IND review period, the sponsor has not been notified
of a clinical hold, the study may be initiated. Thus,
for time-efficient and cost-effective product development, it is critical that the original IND contain all of
the information necessary to establish the safety of the
investigational product, the adequacy of the proposed
clinical trial design, and the measures in place to protect the rights and safety of human subjects.
21 CFR 312.23 describes the elements specified by
regulation to be included in an original IND. Each of
these elements is listed in Table 13.1 and is discussed
in detail in the paragraphs below. Although the regulations at 21 CFR 312.23 also prescribe the order in
which each element should appear in the application, INDs are now also accepted in CTD format. The
order of the IND elements in CTD format will differ
modestly from that specified by the IND regulations
as shown in Table 13.1. The CTD is discussed in more
detail later in this chapter.

Form FDA 1571
Form FDA 1571 (1571) must accompany the original IND application and all subsequent submissions
to the IND. This form serves as the cover sheet for the
submission, and specifies the nature and contents of
TABLE 13.1 The elements of an Investigational New Drug
Application
IND Section

Content

1

Form FDA 1571 and Form FDA 3674

2

Table of Contents

3

Introductory Statement

4

General Investigational Plan

5

Investigator’s Brochure

6

Clinical Protocol

7

Chemistry, Manufacturing, and
Controls Information

8

Pharmacology and Toxicology
Information

9

Previous Human Experience

10

Additional Information
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the submission. The 1571 is also a legal document that
must include the signature of the sponsor’s authorized representative. For an IND that is sponsored by
an organization or individual outside of the United
States, the 1571 must be countersigned by “an attorney, agent, or other authorized official who resides or
maintains a place of business within the United States”
[21 CFR 312.23(a)(1)(ix)]. Either the sponsor (with US
representative countersignature) or the US representative can sign the 1571. An electronic version of Form
FDA 1571 and instructions for its completion are available on the FDA website at http://www.fda.gov/
opacom/morechoices/fdaforms/CBER.html.

Form FDA 3674
With the passage of the FDA Amendments Act of
2007, a new requirement was placed on sponsors of
Phase 2 or Phase 3 clinical trials to submit a summary
of information about the trial to the public clinical trials registry previously established by the US National
Institutes of Health (http://www.clinicaltrials.gov).
Sponsors are further required to certify their compliance with the registration requirement by completing
and submitting Form FDA 3674 with certain regulatory submissions. This form should be included in
any original IND submission. Form FDA 3674 may
be downloaded from http://www.fda.gov/opacom/
morechoices/fdaforms/FDA-3674_508.pdf.

Table of Contents
An original IND application may consist of several
volumes and hundreds of pages of information. Thus, a
comprehensive Table of Contents is essential to aid navigation through the submission. Typically, the submission will include “free-standing” documents, such as
study protocols or test reports, that are independently
paginated. Serial pagination, with numbering from the
first through the last page of the entire submission, provides a mechanism for both the sponsor and the FDA
to unequivocally reference specific pages or documents
within the IND. The comprehensive or serial page
numbering should be added to each page, in addition
to any pre-existing page numbers, and should be cited
in the comprehensive Table of Contents.

Introductory Statement
The technical sections of the IND (e.g., the clinical protocol or the nonclinical study reports) will be
reviewed and evaluated primarily by FDA experts
within the relevant disciplines. The introductory
statement is therefore important to provide the
entire FDA review team with a brief orientation to

the investigational product, including its composition and proposed use, and the broad objectives of
the clinical studies that are proposed. According to 21
CFR 312.23(a)(3), the introductory statement should
include the name and biochemical description of the
investigational vaccine, the formulation and planned
route of administration, a description of any previous
human experience with the product, including investigational or marketing experience in other countries,
and a brief statement of the overall plan for clinical
studies during the first year.

General Investigational Plan
The general investigational plan should provide
a brief description of the clinical studies planned for
the investigational product through the first year. The
rationale for the proposed studies and their objectives,
as well as a brief description of the study design (e.g.,
blinded vs. unblinded, inactive or active controls to be
used, number of centers and approximate number of
subjects) should be provided. Any known or potential risks of particular severity or seriousness should
be described. It would also be appropriate to include
a description of the longer-term clinical development
plan, beyond the first year of study, to the extent that
this can be anticipated. The information provided in
this section is particularly useful to help the reviewer
anticipate the need for resolution of difficult issues
well in advance of upcoming protocols, for example,
if the product must be approved under the “animal
rule” (21 CFR 601.90-95; Federal Register Notice, 2002)
because clinical efficacy studies are either unethical or
impractical. If a sponsor is considering applying for
fast track designation, it is appropriate to indicate that
intention in this section of the IND.

Investigator’s Brochure
The Investigator’s Brochure is an informational
document that must be provided to each clinical
investigator participating in a clinical trial of the investigational vaccine. The Investigator’s Brochure provides all available information on the investigational
product that will assist the investigator in the conduct of the study and in the assessment of expected
versus unexpected adverse events. Information to be
included in the Investigator’s Brochure is described in
the IND regulations [21 CFR 312.23(a)(5)]. The document should include a brief description of the product, a summary of the pharmacologic, toxicologic, and
pharmacokinetic behavior of the product in animals
(and in humans, if known), a summary of information
relating to the safety and effectiveness of the product in humans obtained from prior clinical studies,
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and a description of possible risks and side effects of
the product. The ICH E6(R1) document, “Guideline
for Good Clinical Practice” (June 1996), provides
details on the appropriate content and structure of the
Investigator’s Brochure.
Although an Investigator’s Brochure is provided
to each clinical investigator before a clinical study
is initiated, new observations regarding the product, particularly in regard to adverse effects, must
be communicated to all participating investigators.
Thus, regular revisions to the Investigator’s Brochure
are expected, and should be prepared and issued as
needed, and at least on an annual basis if clinical trials are ongoing. The Investigator’s Brochure should
be updated before submitting and initiating additional clinical studies under the IND. The updated
Investigator’s Brochure should also be submitted to
the FDA as an amendment to the IND.

Clinical Protocol
A complete clinical protocol must be included in
the original IND submission. In most cases, the original submission contains a Phase 1 protocol in which
the sponsor proposes to evaluate the safety of the
investigational new product in a small number of
healthy, young adult subjects (e.g., 18–40 years of age)
and, for a vaccine, to obtain an initial indication of its
immunogenicity in humans (Goldenthal et al., 2004).
Dose escalation or dose-ranging studies may also be
performed during Phase 1, if appropriate design elements, such as staggered enrollment and interim
safety data review, are incorporated to ensure the
safety of study volunteers.
Phase 2 and Phase 3 studies are designed to assess
immunogenicity and efficacy (protection from disease), in addition to safety (Goldenthal et al., 2004).
Phase 2 studies may be used to further assess the
immune response to a vaccine, potentially evaluating
alternative immunological endpoints, dose, schedule,
or route of administration. Phase 2 studies may also
provide information regarding the most common side
effects (adverse events) associated with product use.
Phase 3 studies are pivotal safety and/or efficacy
studies that will serve as the basis for licensure. In certain instances, an original IND submission may include
a Phase 2 or Phase 3 protocol, for example, if earlier stage clinical trials were conducted outside of the
United States under the oversight of a foreign regulatory
agency. If the original submission contains a pivotal
Phase 3 study protocol, it is strongly recommended
that the sponsor contact CBER to arrange a meeting prior to submission of the IND (see discussion on
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meetings above). In addition, details of all completed
clinical trials should be included in the IND under
Section 9, Previous Human Experience (see Table 13.1).
It should be noted that the prospective design of
clinical studies and the strategy for overall clinical
development will differ for each vaccine. Thus, it is
essential to formulate a product-specific development
program that maximizes the data from each study and
reduces the overall timeline to BLA submission.
A clinical protocol must be submitted to the FDA
for each study to be conducted under the IND, and
should describe the procedures by which the trial will
be conducted. The elements of a clinical protocol can
be found in 21 CFR 312.23(a)(6)(iii). At a minimum, a
protocol should include a statement of the objectives
and purpose of the study, the criteria for patient inclusion and exclusion, the approximate number of subjects to be enrolled, a description of the design of the
study, including the use of control groups or blinding
procedures, the plan for dose administration and the
duration of individual patient exposure to the investigational product, a description of the parameters to
be monitored during the study, and the plan for evaluating the data to asses the safety and activity of the
investigational product in human subjects. Detailed
guidance regarding the content and organization of
clinical protocols is provided in the ICH E6(R1) document, “Guideline for Good Clinical Practice” (June
1996). A well-organized and complete protocol in
the original IND submission will facilitate the FDA’s
review and will provide the best assurance that FDA
will permit the clinical study to proceed following its
initial 30-day review.
It is recommended that a sponsor prepare a clinical
trial outline, or CTO, internally as an initial step in the
preparation of a protocol. The CTO may be used to
facilitate internal discussion regarding optimal protocol design and overall clinical development program
planning. A brief description of the elements of a CTO
is provided in Table 13.2.
Each clinical protocol submitted to an IND file is
typically accompanied by one or more completed copies of Form FDA 1572, “Statement of Investigator.” A
1572 form must be completed for each clinical investigator participating in the study. The purpose of the
form, in part, is to provide the sponsor with verification of the investigator’s qualifications and to obtain
the investigator’s commitment to adhere to the protocol and to pertinent FDA regulations governing
clinical trials. Although submission of the 1572 form
to the IND is not formally required, IND regulations under 21 CFR 312.23(a)(6)(iii)(b), require that
clinical protocols include the information collected
on the 1572 (including the name and address of the
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TABLE 13.2 Clinical trial outline sections and contents
Section

Contents

Protocol Title

Title and protocol number of the study. The protocol number is helpful for communication purposes.

Investigator

Name of Principal Investigator for the overall study or Principal Investigator at each participating site.

Sites

List of all sites participating in the study.

Objectives

Primary and secondary objectives. Is the study intended to assess safety, immunogenicity, or efficacy? Is
the study focused on a specific sub-population?

Rationale

Description of the phase of development (Phase 1, 2, 3, or 4) and how this study fits into the clinical
development plan for the product. If the study is being conducted solely for scientific purposes, and will
not be used to support licensure, the scientific rationale should be supplied.

Preclinical Data

Summary of all relevant animal studies, including a brief description of each protocol and the results.
GLP, non-GLP, and proof of concept studies should be described.

Human Data

Summary of any previous human experience with the product from studies conducted under the same
or different INDs, from studies not conducted under IND, or from post-marketing experience in other
countries where the product is already licensed. Relevant clinical experience with related products may
also be included in this section.

Study Design

Brief description of the study design, including treatment groups (active and control groups),
randomization (including the method), blinding (open-label, single or double-blind), and phase of study
(Phase 1, 2, 3, or 4).

Use of Investigational Product

Dose, schedule, and route/method of administration.

Controls

Description of control group, if any.

Subjects

Number, age, gender, and health status.

Entry Criteria

Inclusion and exclusion criteria.

Monitored Parameters

Description of all clinical, laboratory, and other parameters used to determine how safety, activity,
and/or efficacy will be monitored. This should include those parameters determined at the screening/
baseline visit as well as any follow-up visits. It is helpful to include a table that summarizes all
monitored parameters for each clinic visit over the course of the study.

Endpoints

Description of the primary and secondary clinical endpoints that will be determined to address the
objectives of the study (e.g., geometric mean titer of vaccine-specific antibodies, or incidence of disease).
If data are to be collected at multiple times during the course of the study, the timepoint(s) at which data
will be evaluated for the primary endpoint should be prospectively identified. Information pertaining
to the analytical method for endpoint analysis, including validation of the method, should be included,
especially if the analytical method is unique.

Sample Size

Clinical and statistical justification for the sample size. Note that Phase 1 and Phase 2 studies are not
usually “powered” for statistical significance.

Data Analysis

Plans for analysis of each primary and secondary endpoint. It is particularly important that Phase 3
studies have all analysis plans prospectively defined in a Statistical Analysis Plan (SAP). This section
should identify the study populations to be included in each analysis (e.g., intent-to-treat, per protocol,
or other subgroups) and the statistical tests to be used.

Interim Analyses

Plans for interim analyses of safety or efficacy data, if any, and how multiple “looks” at the data will be
addressed in the statistical analysis.

Data Monitoring

If a data monitoring committee (DMC)a will review the ongoing conduct of the study (safety and/or
efficacy), the responsibilities of this committee and any plans for communication between the committee
and the sponsor and/or investigators should be described.

Other

Dose escalation, subject withdrawal, management of adverse events and any other prospectively
defined procedures should be described.

a

See FDA Guidance for Clinical Trial Sponsors: Establishment and Operation of Clinical Trial Data Monitoring Committees, March 2006.

investigator and a statement of their qualifications,
the names of any sub-investigators working under the
supervision of the investigator, the name and address
of the research facilities where the study will be conducted, and the name and address of the reviewing Institutional Review Board, IRB). Submission of
the 1572 form with the clinical protocol provides a

convenient means to comply with this element of the
IND regulations. An electronic copy of Form FDA
1572 and instructions for its completion can be found
at
http://www.fda.gov/opacom/morechoices/
fdaforms/CBER.html. A draft FDA guidance pertaining to the use of Form FDA 1572 has recently been
issued (July 2008).
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Sponsors should be familiar with all of the FDA
regulations pertaining to the conduct of clinical trials
in human subjects. In addition to the IND regulations
describing the content of clinical protocols, 21 CFR
312 Subpart D delineates the responsibilities of both
sponsors and investigators in conducting clinical trials with investigational products. In addition, the FDA
has issued regulations governing protection of human
subjects under 21 CFR Part 50 (including the requirement for informed consent), the disclosure of financial
interests by clinical investigators (21 CFR Part 54), and
the function, organization, and operation of IRBs (21
CFR Part 56). Note that IRB approval is not a prerequisite for submitting an IND to the FDA, but is required
prior to the initiation of any clinical study.
Finally, sponsors should be aware of FDA guidance pertaining to the design of clinical studies for
investigational vaccines. Recent guidance (September
2007) has been issued pertaining to appropriate toxicity grading scales to be used for the healthy populations typically enrolled in preventive vaccine
clinical trials. Other guidance documents for the clinical development of specific types of vaccines have
also been issued (Table 13.3). Sponsors should check
the CBER website for the most current vaccine clinical
trails-related guidance (http://www.fda.gov/cber/
vaccine/vacpubs.htm).

Chemistry, Manufacturing, and Controls Data
The Chemistry, Manufacturing, and Controls
(CMC) section describes the methods used to manufacture the investigational product and the analytical
methods and test results used to control the manufacturing process and the quality of the final product.
The information to be included in this section is specified in 21 CFR 312.23(a)(7), and is summarized below:
(1) Drug substance. This section should include
detailed information pertaining to the physical,
chemical, or biological characterization of
the drug substance; the name and address of
the manufacturer and the general method for
preparation of the drug substance; the analytical
methods used to assure the identity, strength,
quality, and purity and acceptable limits for these
tests; and information to support stability of the
drug substance during the toxicological studies
and the planned clinical studies.
(2) Drug product. This section should include
information regarding all components used in the
manufacture of the investigational drug product
and its quantitative composition; the name and
address of the drug product manufacturer and

TABLE 13.3 Selected guidance documents pertaining to
vaccine clinical development
Source

Title

FDA

Providing Clinical Evidence of Effectiveness for
Human Drug and Biological Products (May 1998)

FDA

Guidance for Industry: Toxicity Grading Scale for
Healthy Adult and Adolescent Volunteers Enrolled
in Preventive Vaccine Clinical Trials (September
2007)

FDA

Guidance for Industry: Clinical Data Needed to
Support the Licensure of Seasonal Inactivated
Influenza Vaccines (May 2007)

FDA

Guidance for Industry: Clinical Data Needed to
Support the Licensure of Pandemic Influenza
Vaccines (May 2007)

FDA

Guidance for Industry: Development of Preventive
HIV Vaccines for Use in Pediatric Populations (May
2006)

a brief general description of the manufacturing
and packaging procedure; the analytical methods
used to assure the identity, strength, quality, and
purity of the drug product and acceptable limits
for these tests; and information sufficient to assure
the product’s stability during the planned clinical
studies.
(3) Placebo. A brief general description of the
composition, manufacture, and control of any
placebo to be used in a controlled clinical trial.
(4) Labeling. A copy of all labels and labeling to be
provided to each investigator.
(5) Environmental analysis requirements. A claim for
categorical exclusion under 21 CFR 25.31 or an
environmental assessment under 21 CFR 25.40.
The FDA product reviewers will thoroughly evaluate all information related to manufacture and testing
of the investigational product, including:
●

●

●
●

●

●

●

the origin and development of recombinant
biological products;
the manufacture and testing of master and working
cells banks or virus banks;
the source and quality attributes of raw materials;
the certification of any animal-derived materials for
freedom from adventitious agents;
the detailed manufacturing process, including inprocess testing to verify process performance;
the analytical testing and acceptance criteria for
release of bulk drug substance and the finished and
filled, final container drug product;
qualification (or validation) of analytical methods.

All drug or biological products, including investigational products, should be manufactured according
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to current Good Manufacturing Practice (cGMP)
guidelines. However, the implementation of cGMP
is expected to occur in a phased manner as product
development advances from early Phase 1 studies to
pivotal studies enrolling hundreds or thousands of subjects. FDA has issued guidance defining the elements of
cGMP that are applicable to the manufacture of product lots for Phase 1 clinical studies (FDA Guidance for
Industry, July 2008). General cGMP guidelines applying
to later stage clinical trial material and licensed drug or
biological products are defined under 21 CFR 211.
The requirements for testing of licensed biological products prior to their release for distribution are
described in 21 CFR 610. These regulations will apply
to most vaccine products and should be consulted
early in development when devising lot release specifications for clinical trial material. Release testing of
biological products should include, at a minimum,
tests for identity, potency, purity, sterility, and general
safety. Table 13.4 provides some examples of analytical
tests that might be applied to different types of vaccine

products to provide assurance in the IND of their identity, potency, purity, safety, and other quality attributes.
Some additional considerations for analytical testing information to be supplied in the CMC section of
an IND are discussed below.
i. In all cases, in-process and release testing must be
conducted on the bulk vaccine drug substance, as
well as the final, formulated and filled drug product. Tests conducted on the bulk drug substance
need not be repeated on the drug product if the
manufacturing steps for formulation and fill of the
drug product would not affect the tested parameter (e.g., the relative content of an impurity).
ii. All vaccines require a test for potency. Potency
is defined in the regulations (21 CFR 600.3(s)) as
“the specific ability or capacity of the product,
as indicated by appropriate laboratory tests or
by adequately controlled clinical data obtained
through the administration of the product in the
manner intended, to effect a given result.” ICH

TABLE 13.4 Examples of analytical tests to be included in the Chemistry, Manufacturing, and Controls section of an IND
Analytical tests

Identity

Recombinant or native
purified protein antigen or
inactivated viral or bacterial
infectious agent

Live, attenuated
infectious agent

Live, replication-defective,
virally-vectored vaccine
antigen

DNA plasmid-vectored
vaccine antigen

Western blot

Nucleotide sequence

Nucleotide sequence of
gene expression cassette

Restriction digest

Amino terminal sequence

Specific neutralization

Specific antigen expression

Nucleotide sequence

In vivo immunogenicity

In vivo immunogenicity

In vivo immunogenicity

In vivo immunogenicity

Antigen content

Infectious titer

Antigen expression
in vitro

In vitro transfection
efficiency

SDS-PAGE

SDS-PAGE

SDS-PAGE

Agarose gel electrophoresis

Mass spectrometry
Antibody binding assays
(inactivated vaccines)
Potency

Particle count
Purity

Immunoblot
HPLC
Safety

Quality

General Safety

General Safety

General Safety

General Safety

Sterility

Sterility

Sterility

Sterility

Endotoxin

Endotoxin

Endotoxin

Endotoxin

Mycoplasma

Mycoplasma

Mycoplasma

Host cell DNA

Adventitious agents

Adventitious agents

Adventitious agents

Host cell DNA

Host cell DNA

Host cell DNA

Residual active infectious
agent

Attenuation phenotype

Recombinant wild-type
(replication competent)
vector

Residual process impurities (e.g., Residual host cell
residual inactivating agent)
protein

Percentage of empty
capsids
Genetic stability

Percentage supercoiled
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guidance Q6B further defines potency as “the
quantitative measure of biological activity based
on the attribute of the product which is linked
to the relevant biological properties.” For a vaccine, the potency test result would optimally be
shown to correlate with the protective efficacy of
the product in humans. Potency assays may be
conducted in vivo (challenge-protection assays
or serological immunogenicity assays) or in vitro
(e.g., infectivity assays for live viral or bacterial
vaccines, antigen content for inactivated viral or
bacterial vaccines, or induction of antigen expression for vectored vaccines). In vivo assays require
large numbers of animals and the need to include
a reference standard in every assay run in order to
calculate the relative potency of the test sample. In
vivo assays are also inherently more variable (less
precise) than alternative in vitro methods (GisonniLex, 2005; Petricciani et al., 2007). Some sponsors
are therefore seeking to develop in vitro potency
test methods early in development and to validate
these methods based on clinical efficacy data or by
comparison to previously validated potency assays
(Schalk et al., 2005; Capen et al., 2007).
iii. The General Safety test is required for all biological products, including vaccines (21 CFR 610.11).
The test is conducted on the vaccine final product
to detect extraneous toxic substances that might
not otherwise be detected by the other release tests
conducted. Vaccine manufacturers may request
an exemption from the general safety test requirement under 21 CFR 610.11(g)(2) at the time of BLA
submission if it can be established that “a test of
general safety is unnecessary to assure the safety,
purity, and potency of the product or cannot be
performed.”
iv. Stability testing of the vaccine must be conducted
to provide evidence that the vaccine remains stable
throughout the duration of nonclinical studies
conducted in support of human clinical testing,
as well as the full duration of the planned clinical
trial. The stability of both the bulk drug substance
and the final container vaccine must be evaluated
[21 CFR 312.23(a)(7)(iv)(a)]. Since extensive stability data for the clinical lot of vaccine are frequently
not available at the time of an original IND submission, the FDA will often accept stability data
from a representative lot of vaccine as initial evidence of stability with a commitment to conduct
stability evaluation of the clinical lot of vaccine
concurrently with the Phase 1study.
CBER has prepared numerous guidelines and
“Points to Consider” documents to provide regulatory

183

and technical guidance for sponsors (Table 13.5).
Pertinent ICH guidelines include the Q5 quality
guidelines for biotechnological products and the Q6B
guideline for specifications for biotechnological/biological products. The United States Pharmacopeia also
includes general chapters pertaining to the testing of
biological products (Table 13.5).

Pharmacology and Toxicology Data
The purpose of this IND section is to present the
results of preclinical studies performed in animal
models or in vitro, which have led the sponsor to conclude that the investigational product is sufficiently
safe for the initiation of clinical studies. The scope and
design of the preclinical studies necessary to support
the first Phase 1study of an investigational product
will vary according to the nature of the product and
the duration and design of the proposed clinical trials. Typically, pre-IND studies of a vaccine will include
immunogenicity studies to establish the proposed dose
or dose range to be evaluated in the clinic, evaluation
of alternative routes of administration, assessment of
any immune enhancement provided by the use of an
adjuvant, and toxicological evaluation of the vaccine
in at least one animal species at or above the planned
maximum human clinical dose. For vaccine products,
toxicology studies are typically conducted by administration of a multiple of the human clinical dose in
absolute terms; in other words, the dose is not scaled to
body weight or body surface area. For products formulated with a novel adjuvant, toxicity studies may need
to include safety assessment of the adjuvant alone, as
well as the antigen/adjuvant combination. While studies to evaluate the immunogenicity of the vaccine product do not necessarily need to be conducted according
to GLP guidelines (21 CFR Part 58), any toxicology
study intended to establish the safety of the product for
human clinical use must comply with GLP regulations.
In some cases, “proof of concept” studies can be
conducted in animal models to demonstrate that the
investigational product displays the biological activity
or efficacy intended in humans. However, the demonstration of activity in animals does not have to be, and
often cannot be, absolutely analogous to the clinical
activity that is ultimately desired. For example, if an
investigational vaccine is shown to be immunogenic
in an animal model, this may serve as sufficient evidence for conducting Phase 1 studies. Demonstration
of protection against challenge following vaccination
is usually not required prior to Phase 1.
The necessary package of preclinical studies
required to support entry into human clinical trials
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TABLE 13.5

Selected guidance documents pertaining to IND chemistry, manufacturing, and controls information for
vaccine products

Source
FDA

Title
Guidance for industry: Content and Format of Investigational New Drug Applications (INDs) for Phase 1 studies of
drugs, including well-characterized, therapeutic, biotechnology-derived products (November 1995)
Guidance for industry for the submission of chemistry, manufacturing, and controls information for a therapeutic
Recombinant DNA-derived product or a monoclonal antibody product for in vivo use (August 1996)
Guidance for industry: Content and format of chemistry, manufacturing and controls information and establishment
description information for a vaccine or related product (January 1999)
Guidance for industry: Considerations for plasmid DNA vaccines for infectious disease indications (November 2007)
Guidance for industry: Manufacturing biological intermediates and biological drug substances using spore-forming
microorganisms (September 2007)
Guidance for industry: cGMP for phase 1 investigational drugs (July 2008)
Draft Guidance for Industry: Characterization and qualification of cell substrates and other biological starting materials
used in the production of viral vaccines for the prevention and treatment of infectious diseases (September 2006)

ICH

Q5A(R1): Viral safety evaluation of biotechnology products derived from cell lines of human or animal origin
(September 1999)
Q5B: Quality of biotechnological products: Analysis of the expression construct in cells used for production of r-DNA
derived protein products (November 1995)
Q5C: Quality of biotechnological products: Stability testing of biotechnological/biological products (November 1995)
Q5D: Derivation and characterisation of cell substrates used for production of biotechnological/biological products
(July 1997)
Q5E: Comparability of biotechnological/biological products subject to changes in their manufacturing process
(November 2004)
Q6B: Specifications: Test procedures and acceptance criteria for biotechnological/biological products (March 1999)

USP

 1041  Biologics
 1045  Biotechnology derived articles

is an appropriate topic for discussion at the pre-IND
meeting with FDA. Specific questions pertaining
to the design of individual studies may also be discussed. Sponsors are encouraged to seek agreement
from FDA to review draft preclinical protocols in
advance of their execution, especially if the study is to
be conducted in an unusual model system or with an
unconventional study design.
Finally, the sponsor should consult 21 CFR Part 58—
Good Laboratory Practice for Nonclinical Laboratory
Studies, ICH guidelines regarding safety, as appropriate, and the World Health Organization Guidance on
Nonclinical Evaluation of Vaccines (http://www.who.
int/biologicals/publications/nonclinical_evaluation_
vaccines_nov_2003.pdf) when conducting preclinical studies in support of an original IND submission
(Table 13.6).
Although initial preclinical testing of a vaccine
product may support entry into human clinical trials,
additional nonclinical studies may be requested by
the FDA as product development continues under the
IND. The nonclinical studies required to support later
stages of clinical development and the final license
application should be discussed in detail with the

TABLE 13.6 Selected guidance pertaining to nonclinical
toxicology and pharmacology testing of vaccines
Source

Title

FDA

Guidance for industry: considerations for
developmental toxicity studies for preventive
and therapeutic vaccines for infectious disease
indications (February 2006)

FDA

Guidance for industry: considerations for plasmid
DNA vaccines for infectious disease indications
(November 2007)

WHO

World Health Organization guidance on nonclinical
evaluation of vaccines (November 2003)

ICH

S6: Preclinical safety evaluation of biotechnologyderived pharmaceuticals (July 1997)

Agency after the Phase 1 study is complete and further clinical evaluation of the vaccine is warranted.
For prophylactic vaccines to be used in women of
childbearing potential, an assessment of the potential
reproductive toxicity of the product is often required.
Note that the FDA has issued a specific guidance
pertaining to developmental toxicity studies for preventive and therapeutic vaccines (see Table 13.6).
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Genotoxicity and carcinogenicity studies are normally not needed for vaccines, but might be required
if the vaccine vector has oncogenic potential or if a
novel adjuvant is included in the vaccine formulation. Safety pharmacology studies are also generally
not required unless data from other studies suggest
that the vaccine may have an effect on a physiological
function other than the immune system (World Health
Organization Guidance, 2003). Thus, the requirements
for nonclinical evaluation of an investigational vaccine may evolve as new nonclinical and human clinical data are collected and evaluated.
The Pharmacology and Toxicology section of the
IND should provide FDA reviewers with the relevant
data pertaining to the immunological and toxicological effects of the vaccine observed in animal models.
This section should include a detailed description of
the design of the studies conducted (including any
deviations from the design during study conduct),
and a summary presentation of the results obtained.
In addition, according to 21 CFR 312.23(a)(8)(ii), the
toxicology portion of the IND should include “for
each toxicology study that is intended primarily to
support the safety of the proposed clinical investigation, a full tabulation of data suitable for detailed
review.” This should consist of complete line listings
of the individual data points for each animal in the
study, along with summary tabulations of the data.
Usually, sponsors will comply with this requirement
by appending the study report to the IND submission. Note that unaudited draft reports are acceptable for submission in the original IND since FDA has
acknowledged that there are rarely any significant
changes between the unaudited and final, audited
study results (FDA Guidance for Industry, November
1995). However, note that if an unaudited draft report
is supplied with the original IND, the final audited
report must be submitted to the IND file within 120
days of the initiation of clinical studies. The updated
information should highlight any differences between
the unaudited report submitted for review and the
final audited study report. Individual data listings are
usually not required for studies focused on the immunological response to vaccination. The appropriate
contents of the Pharmacology and Toxicology section
of the original IND should be discussed with CBER
prior to IND submission.

Previous Human Experience
This section of the IND should provide summaries of previous clinical trials of the investigational
vaccine, whether conducted in the United States
or overseas, or relevant information from trials of

related products or components. For example, this
section might include information on foreign clinical studies not conducted under an IND, or safety
data from studies using the same vaccine vector to be
used in the proposed Phase 1 study, but with modest
changes to the encoded antigen. For products administered with a novel adjuvant, any prior clinical trials
experience with the adjuvant should be described.
The summary information should include a detailed
outline of the study design as well as a thorough
summary of the results, including statistical analysis,
where applicable. It is understood that for many Phase
1 products, there will be no prior human experience to
be reported in the original IND.

Additional Information
This section of the IND provides sponsors with
an avenue to submit any other relevant information
in support of the proposed clinical study, including
publications and meeting abstracts. Prior IND correspondence may also be included in this section, for
example, to provide documentation of specific agreements reached during the pre-IND meeting.

ELECTRONIC INDs
CBER has developed programs and policies to
accommodate electronic submission of INDs (eINDs).
In March 2002, the FDA published its final guidance
on eINDs entitled, “Providing Regulatory Submissions
to CBER in Electronic Format—Investigational New
Drug Applications (INDs),” which provides instructions for the organization and assembly of eINDs.
eINDs can be submitted via the FDA’s electronic submissions gateway (ESG) or via CD-ROM in portable
document format (PDF).
The guidance recommends that companies interested in submitting an eIND should contact CBER’s
Electronic Submissions Coordinator(s) at least 3
months prior to the planned eIND submission date
in order to arrange for an informal demonstration
or “test” submission of the eIND. The coordinators
have been willing to arrange demonstration submissions with less advance notice, but CBER will require
approximately 45–60 days to review the electronic
files in the test submission and determine whether
the files have been generated in accordance with the
FDA eIND guidance. The content of the eIND is not
considered during this review. If the review indicates
that the eIND has been adequately generated, then the
sponsor will be notified and allowed to proceed with
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the formal submission of the eIND. It should be noted
that, once a sponsor has initiated submission of an
IND in electronic format, all subsequent amendments
to the IND file must also be made electronically.

INDS IN COMMON TECHNICAL
DOCUMENT FORMAT
The ICH has developed a CTD that may be used
for submission of licensing applications for drug
products in the United States, the European Union,
Japan, and other nations adhering to the ICH framework. The CTD is composed of five “modules” that
include administrative information (Module 1),
summary information (Module 2), detailed product quality information (Module 3), pharmacology
and toxicology information (Module 4), and clinical information (Module 5). The organization of the
CTD document is described in the 2004 ICH guideline M4(R3): Organization of the Common Technical
Document for the Registration of Pharmaceuticals
for Human Use. Although the CTD was designed for
submission of licensing applications at the completion
of clinical development, the FDA will accept original IND submissions that are organized according to
the CTD outline. The advantage of this approach is
that, as information amendments (described below)
are submitted to the IND over the course of clinical
development, the CTD exists as a “living document”
that becomes increasingly detailed and populated as
the product approaches licensure. Available guidance
for mapping the required elements of the IND to the
CTD Table of Contents is provided by the “FDA eCTD
Table of Contents Headings and Hierarchy” (Updated
July 2005), available on the FDA website at http://
www.fda.gov/Cder/regulatory/ersr/ectd.htm. INDs
in CTD format may also be submitted electronically
as an “eCTD.” (See FDA’s June 2008 guidance entitled, “Providing Regulatory Submissions in Electronic
Format—Human Pharmaceutical Applications and
Related Submissions Using the eCTD Specifications.”)
Sponsors should discuss plans for submission of an
original IND in CTD format with the FDA review
team at the pre-IND meeting.

MAINTENANCE OF THE IND
An IND becomes “in effect” or “active” within 30
days of its receipt by FDA unless the FDA notifies the
sponsor that the IND has been placed on clinical hold.
The IND will remain in effect throughout product

development, and will be updated or “amended” by
the sponsor with new information as clinical development advances to Phase 2 and Phase 3 studies. The
IND file should be a central repository for all information relevant to the safety and efficacy of the investigational product, including information regarding
product manufacture and testing, toxicological evaluation in animal models, and testing for safety and
efficacy in human clinical trials. From the FDA’s perspective, maintenance of the IND file is essential for
the performance of its regulatory mission to ensure
the safety and adequacy of human clinical trials. For
the sponsor, maintaining an up-to-date body of data
and information in the IND will enable FDA’s review
staff to provide meaningful advice on product development issues as they arise, or to anticipate and avert
potential problems before they occur.
Certain types of information, by regulation, must be
submitted as amendments to the IND. All new clinical
trial protocols must be submitted for FDA review as
“protocol amendments” (21 CFR 312.30). For all protocols submitted subsequent to the original IND, the
sponsor is not obligated to wait for the Agency’s comments or approval prior to study initiation; however,
it is strongly recommended that the sponsor allow
time for Agency review in order to avoid the potential
for a clinical hold after the study has begun enrolling
subjects.
Significant changes to an existing protocol or the
addition of a new investigator to an ongoing study
are also protocol amendments that must be submitted
to the IND.
“IND safety reports” [21 CFR 312.32(c)] are used
to inform the Agency of any unexpected and serious
adverse reaction associated with the use of the investigational product or any new finding from nonclinical
studies that suggests a significant risk for human subjects. This category of information must be reported
to the Agency as an “initial written report” as soon as
possible (and no later than 15 calendar days after the
sponsor’s receipt of the information). Note that unexpected, fatal, or life-threatening adverse experiences
must be communicated to the Agency by telephone
or facsimile within 7 days of receipt of the information. Serious and unexpected adverse events should
be evaluated for their significance in light of other
safety information and followed-up to determine their
outcome. The results of subsequent investigations
should also be reported promptly to the Agency in the
form of a “follow-up to a written report.” The FDA
will review the information received and determine
whether additional data are required or there should
be changes in the design or conduct of the ongoing
clinical study.
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A third category of IND amendment is the “annual
report.” No later than 60 days after the anniversary
date on which the IND went into effect, the sponsor
should submit an annual report for the FDA review
staff that summarizes the status of ongoing clinical
investigations, updates the IND with a current summary of CMC information, safety data from completed nonclinical studies, and safety and efficacy
information from human clinical trials. The annual
report should also preview the nonclinical and clinical
studies planned for the coming year. The annual
report serves as an administrative summary of IND
activity over the previous year and should not be used
to convey new information about product or clinical development. The appropriate content of an IND
annual report is outlined in 21 CFR 312.33.
Finally, “information amendments” (21 CFR 312.31)
are amendments that provide other types of essential
information not included in a protocol amendment,
IND safety report or annual report. Such amendments
may contain CMC information such as significant
changes to the manufacturing process or to the specifications for product release; nonclinical information,
such as a toxicology study report; or clinical information, including clinical study reports, or updates to the
Investigator’s Brochure. Most product development
data will be submitted to the IND in an information
amendment.
Other types of IND amendments include “response
to clinical hold,” “response to FDA request for information,” and “general correspondence,” such as a
change to the sponsor’s authorized representative or
the submission of a meeting request. All IND amendments must be accompanied by a completed Form
FDA 1571, which specifies the type of information
included in the submission. It is also advisable to
include a cover letter with the amendment that clarifies the context and purpose of the submission.

be necessary to schedule a separate meeting to discuss CMC issues, including (for example) final specifications for commercial product and any necessary
changes in the commercial manufacturing scale or
process. Questions specifically related to commercial
facility design may be addressed by requesting a Type
C meeting with the Division of Manufacturing and
Product Quality at CBER. In the months leading up to
submission of the licensing application, sponsors must
plan for completion of analytical method validation,
manufacturing process validation, and the manufacture of consistency lots according to the planned commercial process. The manufacturing facility should
begin preparations for a pre-approval inspection (PAI)
by FDA. In addition, Clinical Study Reports for pivotal clinical trials must be prepared for submission to
the IND file, and/or with the original license application, and clinical trial records should be organized for
inspection by FDA’s Bioresearch Monitoring group.
ICH has issued guidance documents to assist sponsors in the preparation of a license application in CTD
format (Table 13.7) many of which have been adopted
by FDA; however, IND sponsors should be aware of
regional requirements specific to the United States.
These include specific administrative information to be
included in Module 1, region-specific quality documentation to be provided in Module 3, and an integrated
summary of clinical effectiveness and safety to be
included in Module 5 (Table 13.7). Additional guidance
has been provided by FDA for applications in electronic format (available on the FDA website at http://
www.fda.gov/cder/Regulatory/ersr/ectd.htm).
Submission of an original BLA opens a new file
and a new chapter in regulatory interactions with the
Agency, and marks the transition from the IND process described in this chapter to the independent process for marketing application review and approval,
and product commercialization.

CONCLUSIONS
PREPARING FOR THE BIOLOGICS
LICENSE APPLICATION
In the later stages of product development under
the IND process, sponsors must begin preparations for
submission of a BLA/CTD and for commercial manufacture of the vaccine upon approval. As mentioned
previously, the pre-BLA meeting with the FDA should
be scheduled well in advance of the intended BLA filing date, and may be used to present preliminary data
from the pivotal Phase 3 clinical trial(s) establishing
the safety and efficacy of the product, and to discuss
the format and content of the application itself. It may

The submission of an original IND is a significant step in the development of a new vaccine for
the treatment or prevention of infectious disease. In
this chapter, we have emphasized the importance
of regular and ongoing communication throughout
the IND process between sponsors and the CBER
review staff through meetings, teleconferences and
written submissions to the IND file. Sponsors should
also review and stay up to date with FDA and ICH
guidance documents that provide essential product
and clinical development information. By maintaining positive and productive interactions with FDA,
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TABLE 13.7
CTD topic
CTD organization

Guidance documents pertaining to license applications in CTD format

Document source

Title

ICH

M4(R3) Annex: Organisation of the Common Technical Document for Registration of
Pharmaceuticals for Human Use (January 2004)

ICH

M4 Implementation Working Group Questions and Answers (R3) (June 2004)

Administrative
information

FDA

Draft Guidance for Industry: Submitting Marketing Applications According to the ICH-CTD
Format—General Considerations (August 2001)a

Quality

ICH

M4Q(R1): Quality Overall Summary of Module 2; Module 3: Quality (September 2002)

ICH

M4Q Implementation Working Group Questions and Answers (R1) (July 2003)

ICH

M4S(R2): Nonclinical Overview and Nonclinical Summaries of Module 2; Organisation of
Module 4 (December 2002)

ICH

M4S Implementation Working Group Questions and Answers (R4) (November 2003)

ICH

M4E(R1): Clinical Overview and Clinical Summary of Module 2; Module 5: Clinical Study
Reports (September 2002)

ICH

M4E Implementation Working Group Questions and Answers (R4) (June 2004)

FDA

Draft Guidance for Industry: Integrated Summaries of Effectiveness and Safety: Location
Within the Common Technical Document (June 2007)

Nonclinical

Clinical

a

See also: FDA eCTD Table of Contents Headings and Hierarchy (updated July 2005) at http://www.fda.gov/cder/Regulatory/ersr/
5640CTOC-v1.2.pdf.

sponsors can capitalize upon the broad experience of
FDA staff while ensuring that their product development programs meets the regulatory and scientific
expectations of the Agency in the most cost- and timeefficient manner. A well-planned and well-executed
vaccine development program will expedite the preparation of a complete BLA/CTD that is the final step
to marketing of a new vaccine.
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ABSTRACT
The primary goal of the U.S. vaccine regulatory process is to provide assurance that vaccines are consistently safe
and effective. This chapter summarizes the issues and regulatory process for development and licensure of vaccines
in the United States, with particular emphasis on emerging infectious diseases. As is the case for all vaccines,
vaccines to prevent emerging infectious diseases must fulfill the science-based regulatory requirements for safety
and efficacy, but the special nature of these infections can make vaccine development more challenging, both
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from scientific and regulatory standpoints. Regulatory requirements are generally organized by phase of clinical
development, with emphasis on safety throughout the development process, and on efficacy and immunogenicity
later in development. Specific issues associated with assays and cell substrates must be considered throughout
development. Frequent reference to the underlying regulations and sources of guidance is useful to assure that
important issues are addressed. Regulatory processes that may have particular relevance to emerging infectious
diseases include the Orphan Drug Program, Accelerated Approval, the Animal Rule, the Fast Track Program,
Priority Review, Treatment IND, and Emergency Use Authorizations.

INTRODUCTION
In the United States, vaccines are regulated as
biological products by the Center for Biologics
Evaluation and Research (CBER) of the Food and
Drug Administration (FDA). The primary responsibility for review of vaccine applications lies within
CBER’s Office of Vaccines Research and Review.
The laws related to vaccine development are implemented by Title 21 of the Code of Federal Regulations,
the section that includes regulations for foods and
drugs. Subchapter A covers general requirements
for product development, including environmental
impact considerations (Part 25), human subject protection (Parts 50 and 56), and regulations governing
nonclinical laboratory studies (Part 58). Subchapter
C includes general requirements for all drug products, including their labeling (Part 201), advertising
(Part 202), and current good manufacturing practices
(cGMP, Parts 210–211). Subchapter D covers requirements for drugs for human use, including regulations
for investigational new drugs (INDs, Part 312), adequate and well-controlled clinical trials (Part 314), and
Orphan Drugs (Part 316). Subchapter F (Sections 600–
680) covers biological products, including establishment standards, inspection, and adverse experience
reporting (Part 600), licensing (Part 601), and general
biological product standards (Part 610).
In
addition,
CBER
publishes
“Guidance
Documents” (previously called “Points to Consider”
documents) that represent current thinking on various issues related to the review of biological products
(including vaccines). These include nonbinding recommendations for fulfilling regulatory requirements,
and are meant to help sponsors of biological products
understand CBER’s interpretation of the regulations.
Guidance documents with special relevance to vaccine manufacture are summarized in Table 14.1.
The International Conference on Harmonization
(ICH) (International Conference on Harmonization,
2008, http://www.ich.org) also provides general
guidance on manufacture and testing of pharmaceuticals, including vaccines. The ICH documents represent an international consensus regarding acceptable

approaches to product manufacture, including that
of vaccines. While ICH documents are published in
series depending on whether they address quality,
safety, efficacy, or multidisciplinary issues, the documents related to quality of biotechnology products
(prefixed with a “Q5”) are quite relevant to vaccine
manufacture and testing. These include Q5A on viral
safety evaluation, Q5B on analysis of expression constructs in cells, Q5C on stability testing, Q5D on cell
substrates, and Q5E on comparability of products subject to changes in manufacturing processes.
In addition, the World Health Organization
(WHO) has an “Expert Committee on Biological
Standardization,” which publishes international
guidelines for vaccines (World Health Organization,
2008). These guidelines do not have the force of law
in the United States, but do represent an international
scientific and regulatory consensus regarding good
practices in manufacture and testing of biological
products, including vaccines.
This chapter summarizes regulatory issues impacting the development of vaccines against emerging
infectious diseases, in the context of a summary of
some nonregulatory vaccine development issues.

NONREGULATORY ISSUES IMPACTING
U.S. DEVELOPMENT OF VACCINES
AGAINST EMERGING INFECTIOUS
DISEASES
Emerging infectious diseases present special problems with regard to vaccine development. Although
regulatory issues are sometimes cited as obstacles
to rapid product development (Stern and Markel,
2005), and it does take some time to fulfill regulatory
requirements to demonstrate the safety and efficacy
of a candidate vaccine, the major obstacles to development of vaccines against emerging infectious diseases have generally not been regulatory in nature.
There are scientific challenges associated with vaccine
development, and these are often greater for vaccines
against emerging infectious diseases. These scientific
challenges may translate into economic challenges.
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TABLE 14.1

CBER guidance documents with special relevance to vaccine manufacture

Guidances related to clinical studies
Guidance for Industry: Toxicity Grading Scale for Healthy Adult and Adolescent Volunteers Enrolled in Preventive Vaccine Clinical Trials
Guidance for Industry: Clinical Data Needed to Support the Licensure of Pandemic Influenza Vaccines
Guidance for Industry: Clinical Data Needed to Support the Licensure of Seasonal Inactivated Influenza Vaccines
Guidance for Industry: Development of Preventive HIV Vaccines for Use in Pediatric Populations
Draft Guidance for Industry: Postmarketing Safety Reporting for Human Drug and Biological Products Including Vaccines
Guidance for Industry: How to Complete the Vaccine Adverse Reporting System Form (VAERS-1)
Guidance for Industry: Establishing Pregnancy Exposure Registries
Guidance for Industry: Financial Disclosure by Clinical Investigators
Guidances related to product testing and manufacture
Guidance for Industry: Considerations for Plasmid DNA Vaccines for Infectious Disease Indications
Revision of the Requirements for Live Vaccine Processing: Direct Final Rule
Revision of the Requirements for Live Vaccine Processing: Companion to Direct Final Rule: Proposed Rule
Draft Guidance for Industry: Characterization and Qualification of Cell Substrates and Other Biological Starting Materials Used in the
Production of Viral Vaccines for the Prevention and Treatment of Infectious Diseases
Guidance for Industry: Considerations for Developmental Toxicity Studies for Preventive and Therapeutic Vaccines for Infectious Disease
Indications
Draft Guidance for Industry: Considerations for Reproductive Toxicity Studies for Preventive Vaccines for Infectious Disease Indications
Draft Guidance for Industry: INDs—Approaches to Complying with CGMP During Phase 1
Guidance for Industry for the Evaluation of Combination Vaccines for Preventable Diseases: Production, Testing and Clinical Studies
Draft Points to Consider in the Characterization of Cell Lines Used to Produce Biologicals
Guidance for Industry: Nonclinical Studies for the Safety Evaluation of Pharmaceutical Excipients
Draft Guidance for Industry: Manufacturing Biological Drug Substances, Intermediates, or Products Using Spore-Forming Microorganisms
Guidances related to product labeling
Draft Guidance for Industry: Patient-Reported Outcome Measures: Use in Medical Product Development to Support Labeling Claims
Guidance for Industry: Adverse Reactions Section of Labeling for Human Prescription Drug and Biological Products—Content and Format
Guidance for Industry: Clinical Studies Section of Labeling for Human Prescription Drug and Biological Products—Content and Format
Draft Guidance for Industry: Dosage and Administration Section of Labeling for Human Prescription Drug and Biological Products—Content
and Format
Draft Guidance for Industry: Warnings and Precautions, Contraindications, and Boxed Warning Sections of Labeling for Human Prescription
Drug and Biological Products—Content and Format
Draft Guidance for Industry: Labeling for Human Prescription Drug and Biological Products—Implementing the New Content and Format
Requirements
Draft Guidance for Industry: Warnings and Precautions, Contraindications, and Boxed Warning Sections of Labeling for Human Prescription
Drug and Biological Products—Content and Format
Draft Guidance for Industry: Labeling for Human Prescription Drug and Biological Products—Implementing the New Content and Format
Requirements
Guidance for Industry: FDA Review of Vaccine Labeling Requirements for Warnings, Use Instructions, and Precautionary Information
Guidance regarding special regulatory situations
Guidance for Industry: Fast Track Drug Development Programs—Designation, Development, and Application Review
Guidance for Industry: Emergency Use Authorization of Medical Products
Guidance for Industry: Special Protocol Assessment
Note: All documents are available online at http://www.fda.gov/cber/guidelines.htm/.

Economic factors influence the development of all
vaccines, and may be more likely to influence vaccines
against emerging infectious diseases than other products. In recognition of the special considerations associated with emerging infectious diseases, programs
and pathways have been put in place to address these
obstacles.
Novel vaccines, especially those against emerging
infectious diseases, are more likely to use newer technologies. Developing assurance that these new technologies lead to safe and effective vaccines requires

a deep level of scientific understanding. This review
covers regulatory assessment of some of these scientific issues—including the need to address issues associated with using new types of cells to produce viral
vaccines (see “Other Nonclinical Issues That Affect All
Stages of Development”), the need to develop potency
assays that predict vaccine safety and efficacy (see
“Other Nonclinical Issues That Affect All Stages of
Development”), and the need to develop “surrogate
markers” in humans or animals that predict vaccine
efficacy (see “Phase III”). However, in many cases,
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the development of the underlying science is more a
research than a regulatory question. Other scientific
obstacles may affect vaccine development at an even
earlier level—for example, antigens in combination
with vaccines may interfere with one another, related
vaccines could theoretically cross-react, and new adjuvants may be necessary to develop vaccines that effectively prevent some diseases (but stronger adjuvants
may have increased risk of reactogenicity). In addition, it is always a greater challenge to develop vaccines in the United States against diseases that do not
affect people in the United States, whether they are
global diseases or emerging infectious diseases.
In many cases, the scope of the threat from an
emerging infectious disease is unknown at the time
when vaccine development would optimally occur.
Some emerging infectious diseases may produce
worldwide pandemics, as occurred with HIV, but the
scope of this threat would have been difficult to predict in the early 1980s, as AIDS was being defined as a
clinical syndrome. Nonetheless, it is widely accepted
that there would be a robust U.S. and global market
even for a partially effective HIV vaccine. However,
SARS initially evoked worldwide concern, leading to
rapid deployment of public health countermeasures
including quarantine of infected and exposed individuals, and was relatively rapidly contained with the
last reported human case in 2004. At the present time,
the level of market demand for a potential SARS vaccine is unclear. Given this market uncertainty, it is not
difficult to understand the reluctance of some pharmaceutical companies to invest in the development of
vaccines for emerging infectious diseases.
Reports from the Institute of Medicine (IOM) repeatedly highlighted the importance of market issues in
addressing vaccine availability. A 1992 IOM report
highlighted the unfavorable ratio between profits and
risk of failure, and the risks of potential liability claims
for injuries or deaths attributed to vaccine administration (Lederberg et al., 1992). This report suggested a
need for additional economic incentives to develop vaccines, stockpiling of selected vaccines, and the development of “surge” vaccine production capabilities.
Liability concerns are also a potential obstacle to
development of vaccines against emerging infectious diseases. While these liability concerns may
in part be addressed by the National Vaccine Injury
Compensation Program [reviewed in Evans (2006)],
which provides compensation to individuals injured
by covered vaccines and provides liability protection
for industry, it may not initially be clear whether a
vaccine under development will ultimately qualify for
this program, especially if it is directed at an emerging
infectious disease.

Although it is nearly universally accepted that vaccines against potential pandemic influenza strains
would be widely used once strains with the ability to
be efficiently transmitted from human to human are
isolated in the field, it is unclear what the full antigenic composition of those strains will be. Any vaccine development that occurs too far in advance of
the emergence of the actual strains that the vaccine is
intended to immunize against runs the risk of suboptimal immunogenicity (Smith, 2006). Moreover, the lead
times necessary to develop such vaccines may permit
some antigenic drift, leading to lower efficacy than
desired, even in the context of routine influenza immunization. The uncertainty of the timing of the event
that would trigger the market for pandemic influenza
vaccines makes it difficult to decide on the ideal timing for vaccine production. This uncertainty, in turn,
makes it unlikely that private market forces alone
would lead to the widespread availability of pandemic
influenza vaccines (Stohr and Esveld, 2004). Recent legislation has made government funds available to support development of the next generation of influenza
vaccines, with an emphasis on pandemic influenza
issues (Department of Health and Human Services,
2005,
http://www.hhs.gov/pandemicflu/plan/).
Heightened concern about pandemic influenza has led
to substantial government activity in this area, including the development of a pandemic influenza plan.
In the United States, the federal government, mostly
through the National Institutes of Health (NIH) (Fauci,
2005), the FDA (Zoon, 1999), the Centers for Disease
Control and Prevention (CDC), and the National
Vaccine Program Office (NVPO) has played a pivotal
role in preparing the nation’s public health infrastructure for the threat of emerging infectious diseases. By
funding research in these areas, the government stimulates the development of scientifically valid approaches
to developing vaccines in this critical public health
arena. Should a larger need (and an accompanying
larger market) arise, a basis for more rapid development and manufacture of these vaccines already exists.
Recent concerns about bioterrorism have increased
the likelihood that vaccines against some emerging
infections will find a market in the United States. When
new infectious diseases emerge in the United States, it
may not always be immediately clear whether or not
their emergence resulted from the deliberate introduction of a pathogen. The Project Bioshield legislation of
2004 established a secure funding source for purchase
and stockpiling of vaccines related to national security, increased the authority and flexibility of NIH to
expedite national security-related biological research,
and established an Emergency Use Authorization
(described in more detail in “Project Bioshield and
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Emergency Use Authorizations”) for critical national
security-related biological countermeasures. While the
emphasis of Project Bioshield is on national security
and bioterrorism, vaccines against etiologic agents of
emerging infectious diseases that overlap with those
targeted by Project Bioshield may find markets in the
United States as a result of its government sponsorship of vaccine purchases.
Nonetheless, the additional obstacles to development of vaccines against emerging infectious diseases
are superimposed on those associated with more routine vaccine development. Even routine vaccines may
not be as profitable as other pharmaceutical products.
The incentives and disincentives associated with the
development of vaccines against emerging infectious
diseases will play an important role in their ultimate
availability in the United States.

OVERVIEW OF THE U.S. VACCINE
REGULATORY REVIEW PROCESS
The primary purpose of the regulatory review process is to assure that marketed products are safe and
effective. The regulatory process also plays an important role in the protection of human subjects, helping
to assure the relative safety of investigational products
and the appropriateness of clinical studies. To accomplish this, the manufacturer must demonstrate safety,
purity, potency, efficacy, manufacturing reproducibility,
and compliance with cGMP. Legally binding regulations relevant to vaccines are published in the Federal
Register, and are summarized each year in the Code of
Federal Regulations. The U.S. regulatory review process is described in detail in the underlying regulations
and in other publications (Baylor and Midthun, 2004).
In the United States, vaccines are evaluated for possible licensure by the FDA. The Advisory Committee
on Immunization Practices provides official guidelines
for the use of licensed vaccines (Centers for Disease
Control and Prevention, 2008, http://www.cdc.gov/
vaccines/recs/nip/default.htm). The Centers for
Disease Control and Prevention (CDC) also plays an
important role in studying the epidemiology of vaccine-preventable diseases, and in coordinating the
responses of state and local public health authorities.
Vaccines differ substantially from other tools
in the public health armamentarium. Vaccines are
among the most effective public health measures ever
devised, having successfully been used to eradicate
natural smallpox from the globe and natural poliovirus infections from the Western hemisphere. The
morbidity in the United States associated with every
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vaccine-preventable disease has decreased dramatically with the introduction of vaccines (even against
those agents that have not been eradicated), including measles, mumps, rubella, pertussis, Haemophilus
influenzae type B meningitis, meningococcus, pneumococcal infections, varicella, and influenza. Some of
the very high effectiveness of vaccines is attributable
to herd immunity, when vaccination rates are sufficiently high, interruption of transmission among the
vaccinated prevents infection even in the unvaccinated, who are less likely to be exposed to the pathogen (Anderson and May, 1991).
However, vaccines designed to prevent infectious
diseases are generally administered to healthy individuals, in many cases children—thus, in spite of their
success, there is low public tolerance for safety concerns with vaccines (Plotkin, 1991). Moreover, vaccines
are unusual among FDA-regulated products because
many states mandate universal vaccination of children
prior to attendance at day care or school—thus, except
when declined for religious reasons, vaccination is not
a matter of choice for most U.S. citizens.
These circumstances lead to a need for vaccines to
be very safe products (Chen et al., 2001). Maintenance
of herd immunity depends on high vaccination rates,
which in turn depend on high levels of public confidence in the safety of vaccines. Thus, the incredible
success of vaccines depend largely on the public’s confidence that approved products have been thoroughly
reviewed by the FDA, and that the best, most current
scientific principles have been applied to that review.
Over time, as concerns regarding rare or even theoretical safety issues with vaccines have evolved, manufacturers and the U.S. government have acted to assure
that vaccines are as safe as possible. For example,
although very effective, oral polio vaccine is no longer
used in the United States, due mostly to an approximately one in a million chance of vaccine strain reversion that can cause vaccine-associated paralytic polio
in vaccine recipients. When polio was widespread,
this risk was considered a reasonable trade-off for the
benefits of the vaccine, but this clearly is no longer the
case. The U.S. government authorities moved quickly
to reduce the number of thimerosal-containing vaccines, when concern was raised regarding the possibility that ethyl mercury in thimerosal could cause
adverse consequences in vaccine recipients, even in
the absence of clear scientific evidence of harm (Center
for Biologics Evaluation and Research, 2008, http://
www.fda.gov/Cber/vaccine/thimerosal.htm).
The thoroughness of the FDA’s vaccine regulatory
review process thus provides the public with a high
degree of confidence that vaccines are safe. While
regulatory requirements may occasionally be seen by
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some as burdensome, all regulatory decisions regarding vaccines take into account the best available scientific practices. The direct engagement of active
laboratory-based researchers at CBER in the vaccine
review process helps to assure that all decisions have
a scientific foundation. When CBER scientists identify
areas in which more data are needed in order to support regulatory decision making or to simplify review,
intramural funding of CBER research allows these data
to be objectively gathered (Korn, 1997; FDA Science
Board Subcommittee on Science and Technology,
2007, http://www.fda.gov/ohrms/dockets/ac/07/
briefing/2007-4329b_02_01_FDA%20Report%20on%2
0Science%20and%20Technology.pdf). By providing its
objective pre- and post-marketing review of vaccines,
the FDA thus plays an important role in assuring not
only that vaccines are safe, but also that the public’s
confidence in their safety is justified.
In the following discussion of the U.S. regulatory
process, reference is made to regulations and to guidance documents. As scientific advances are made, and
as new needs are identified, these references may be
updated, new laws may be passed, and new guidance documents may be issued. Updates on available CBER-issued guidance documents are available
on the Internet (Center for Biologics Evaluation and
Research, 2008, http://www.fda.gov/Cber/vaccine/
thimerosal.htm). Table 14.1 lists current (as of January
2008) CBER guidance relevant to vaccines.

Pre-IND Vaccine Development
Prior to filing of an IND application, sufficient data
to support a first use of a product in humans must be
gathered. While FDA review focuses heavily on safety
at this stage of development, the expense of thoroughly evaluating the safety of a potential vaccine may
not be considered justified by vaccine sponsors unless
preclinical data also support the likely efficacy of the
product in humans. Prior to filing an IND, it is also
necessary to develop a plan and the necessary facilities
to manufacture a vaccine that meets standards for use
in human clinical trials. General principles on nonclinical evaluation of vaccines have been promulgated by
the WHO (World Health Organization, 2005).
It is a general principle of drug development that
new drugs should be shown to be safe in appropriate
animal models before they are first tested in humans.
Appropriate toxicology tests, including animal autopsies and microscopic examination of organs, can
provide assurance that vaccine products do not contain toxic proteins or other components. The general
goals of toxicology tests are to determine whether it is

reasonable to test the product in humans via a given
route and schedule of administration, to determine
appropriate starting doses, and to provide guidance
regarding clinical parameters that should be more
closely monitored during the human safety studies.
Although FDA has not issued official guidance on
toxicology studies for vaccines, general recommendations coauthored by FDA toxicology reviewers are
available (Chang et al., 2003). These recommendations
suggest administration of the product under good laboratory practices (GLP) conditions to a minimum of
20 animals of a relevant species (10 males, 10 females)
via the intended route and schedule (plus one additional dose) at a minimum of the (non-mass adjusted)
human dose, with intervening physical examination,
clinical observations, and laboratory tests, and with
animal sacrifices and thorough histopathology examinations of half the animals at 1–3 days after the last
inoculation and half at 21 days after the final inoculation. These recommendations are consistent with
those issued by the WHO on preclinical testing of vaccines (World Health Organization, 2005).
Potential virulence of the vaccine strain is a major
safety issue for live attenuated vaccines. To assure
that a vaccine will be safe in humans, there should be
a strong scientific basis for believing that any infection
with the vaccine strain will be mild, generally milder
than that caused by the wild-type pathogen. This
issue may be addressed in appropriate animal models, when such models are available and can be scientifically justified. For attenuated viruses, the genetic
stability of the organism, including demonstration
that the virus does not revert to a more virulent phenotype, may be particularly important.
For viruses that have the potential to be neurotropic
(usually based on an understanding of natural disease
with wild-type virus, and/or on preclinical toxicology
studies), neurovirulence is another potential safety
issue. Neurovirulence testing originally was developed by Dr. Albert Sabin to permit evaluation of liveattenuated polio vaccine. In the context of this vaccine,
Dr. Sabin demonstrated that the inoculation of monkey brains made it possible to identify virus strains
that had reverted to a phenotype making them more
likely to cause vaccine-associated paralytic polio in
humans (Sabin, 1985). Although neurovirulence testing was performed on a lot-by-lot basis for oral poliovirus vaccine, this issue has been addressed for most
live neurotropic virus-based vaccines by showing that
vaccine strains or master seed viruses have been sufficiently attenuated in appropriate animal models.
As new vaccine technologies are developed, FDA
may provide guidance documents regarding the
appropriate evaluation of these technologies. For
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example, a guidance document on DNA vaccines
provides specific information regarding appropriate in vitro and in vivo studies to support the use of
these vaccines in clinical trials (Center for Biologics
Evaluation and Research, Guidance for Industry:
Considerations for Plasmid DNA Vaccines for
Infectious Disease Indications, 2007).
Although pregnant women are not the primary
target for most vaccines, the potential for vaccination
of pregnant women must be considered. FDA has
issued specific guidance on the topic of reproductive
toxicology studies for vaccines indicated for women
of reproductive age (Center for Biologics Evaluation
and Research, 2000, http://www.fda.gov/cber/
gdlns/reprotox.pdf). Unless the vaccine is specifically intended for use in pregnant women, reproductive toxicology studies may be performed in parallel
with clinical development, as long as the clinical studies include appropriate exclusion criteria. By the time
clinical studies that could include pregnant women
are initiated, these studies should be completed. In
some cases, the creation of a pregnancy registry allows
the compilation of additional data post-licensure
(Food and Drug Administration, 2002, http://www.
fda.gov/cber/gdlns/pregexp.pdf).
Pre-Phase I testing should also address the safety
of any unusual components or novel adjuvants that a
vaccine contains. When there is prior human experience with the same substance in the same or a different context, this information can be helpful.
Cell substrate issues and the setting of specifications are relevant to all stages of product development, and are discussed in “Other Nonclinical Issues
that Affect All Stages of Development.”

The Phases of an Investigational New Drug
(IND) Investigation for Vaccines
The conduct of studies under IND is governed by
regulations (21 CFR 312 Investigational New Drug
Application, 2007). Prior to licensure, clinical studies are
designated as Phase I, Phase II, or Phase III. Phase I studies represent the first human uses of the product, and
focus on sufficient demonstration of safety to support
expanded Phase II studies. In Phase II, additional data
(focusing both on safety and immunogenicity) generally
are obtained for proof of concept to support the performance of a Phase III efficacy study. The bulk of data to
support licensure, though, come from Phase III studies.
Phase I
The primary focus of Phase I clinical studies is
evaluation of safety. Phase I clinical studies generally

197

represent the first human use of a candidate vaccine.
Thus, these studies often are performed with dose
escalation, starting with lower and increasing toward
higher doses. Because of the focus on safety, there is
generally no need for Phase I studies to be placebo
controlled.
Although for many drugs, one purpose of Phase I
studies is to obtain information regarding the maximum tolerated dose, vaccine candidates are ideally
sufficiently safe so that a maximum tolerated dose is
not reached in a Phase I study. Thus, maximum doses
in vaccine Phase I studies are often chosen based on
practical considerations, such as manufacturing capabilities, as well as the need to assure that the safety of
doses required for optimal immunogenicity has been
adequately studied. Doses used in Phase I studies
must be justified by appropriate preclinical studies.
An original submission IND is required to adhere
to the content and format specified in the relevant
regulations (21 CFR 312.23 IND content and format,
2007). The IND should include all the results from the
pre-IND phase of testing, together with all the information needed to evaluate the proposed Phase I clinical trial. This includes information about the specific
lots of vaccine to be used and their testing, including
proper identification, quality, purity, strength, and
source materials used. The description of the clinical trial should include information about the study
design, clearly defined eligibility (and exclusion) criteria, and information regarding the safety follow-up
of vaccinees. Information regarding the qualifications
of the investigators and adherence to the regulations
pertaining to Institutional Review Boards (IRBs) is also
required. Unless the sponsor is also the investigator, a
copy of the investigator brochure also must be included
(21 CFR 312.55 Informing Investigators, 2007).
Because the major focus of Phase I studies is on
safety, the safety criteria utilized either for dose escalation or for suspension of the study receive particular
scrutiny. These criteria will, of course, depend on the
inclusion criteria for the study. However, it is expected
that most vaccines should be sufficiently safe that they
do not induce major laboratory abnormalities, and
if such abnormalities occur during Phase I studies,
there should be a plan to investigate them. Safety of
individuals not in the study also may be an issue. For
example, it may be necessary to defer vaccine recipients from blood donation or to restrict the receipt of
certain live vaccines to individuals who are unlikely
to be exposed to immunocompromised individuals.
There are regulatory requirements (21 CFR 56.108
IRB functions and operations, 2007; 21 CFR 312.32
IND safety reports, 2007) to report certain serious
adverse events in a clinical trial to the IRB and FDA,
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within specified periods of time. Toxicity grading
scales used in Phase I studies should reflect the population being immunized and expected adverse reactions. Adverse events are often graded on a 4-point
scale, ranging from grade I (mild) to grade IV (severe).
In general, any abnormal laboratory value is reported
as at least a grade I (mild) toxicity. Prospective definition of the potential toxicities is important, because
continuation of the clinical trial generally depends on
the absence of significant toxicities. In some cases, specific toxicities may influence dose escalation, while in
others, they may be tied to “stopping rules,” that lead
to an evaluation of whether the study should be continued or terminated. A CBER guidance document on
toxicity scales for normal subjects in vaccine trials was
recently issued (Center for Biologics Evaluation and
Research, 2007, http://www.fda.gov/cber/gdlns/toxvac.pdf). In blinded studies (generally after Phase I),
an independent data safety monitoring board may
examine adverse reactions to determine whether a
study should continue (International Conference on
Harmonization, 1996, http://www.ich.org/LOB/
media/MEDIA482.pdf).
Once an original submission IND, including a
Phase I study, is received by the FDA, CBER will make
a determination within 30 days regarding whether
this study may proceed, or will be placed on “clinical
hold” (21 CFR 312.42 Clinical Holds and Requests for
Modification, 2007). The placement of a Phase I study
on “clinical hold” generally indicates that important
safety issues, best addressed during the pre-IND phase
of development, have not yet been resolved sufficiently
to assure that the product is safe enough to use in a
clinical study. Other reasons for a Phase I clinical hold
include insufficient qualifications of clinical investigators, inadequacy of the investigator’s brochure,
insufficient information to assess risk, or exclusion of
individuals who may benefit on the grounds of potential reproductive or developmental toxicity.
Phase II
According to the IND regulations (21 CFR 312.21
Phases of an investigation, 2007), Phase II studies
include controlled clinical studies conducted to evaluate the effectiveness of the drug for a particular indication in patients with the disease under study, and
to determine common short-term side effects. These
studies are typically randomized, well controlled,
closely monitored, and include no more than several
hundred subjects. Phase II studies must be supported
by safety data from appropriately designed Phase I
studies, and the general considerations for Phase I
studies generally also apply.

Vaccine Phase II studies thus tend to focus on immunogenicity and expansion of the safety database. These
studies are generally designed to provide the information necessary to support a Phase III efficacy study, often
including sufficient proof of concept for the manufacturer to justify progression to Phase III. This may include
final dose selection. Phase II studies also support assay
development and the development of surrogate markers
that may be helpful in evaluating the results of clinical
trials. Phase II study populations are generally chosen
to predict responses in larger Phase III studies intended
to lead to licensure. Phase II or Phase III studies may be
placed on clinical hold for “design issues” if the protocol
design is considered inadequate to meet the objectives
of the study. These studies may also be placed on clinical hold for the same reasons as Phase I studies.
Phase III
Phase III studies are performed to determine efficacy of the product. Phase III also generally contributes the bulk of the safety data in support of licensure.
Manufacturing reproducibility is normally also
addressed during Phase III, through the production
and testing of three consistency lots.
Although two clinical trials are considered the
standard for licensure, one well-designed study can
be adequate if the result is compelling, (e.g., based on
robust data from a multicenter trial) (Food and Drug
Administration, 1998, http://www.fda.gov/cber/
gdlns/clineff.pdf).
The choice of endpoint of Phase III studies deserves
special consideration in the context of emerging infectious diseases. The most commonly used endpoint
for Phase III studies is efficacy in a randomized,
double-blind, placebo-controlled field efficacy study.
However, in some cases, the prevalence of the disease
is too low to easily perform field efficacy studies. In
other cases, the time required for severe complications
of disease to develop may be long, thus making true
efficacy studies more difficult to perform.
Where the disease is not life threatening and alternative treatments are available, it may sometimes be
possible to perform challenge studies to demonstrate
vaccine efficacy. For example, a challenge study was
used to evaluate efficacy of live attenuated influenza vaccine (Treanor et al., 1999). In such challenge
studies, the ability of the vaccine product to prevent
disease may be evaluated against disease rates in an
appropriate comparison group. However, challenge
studies (whether placebo-controlled or not) can sometimes be unethical, especially when the disease is
severe, the spectrum of disease is not well understood,
or treatments are not available.
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In some cases, scientifically justified surrogate
markers that predict efficacy may be used as endpoints in Phase III studies. For example, immunological surrogates were used to license vaccines against
hepatitis B, Hemophilus influenzae type B, and meningococcus. Every year, vaccines against new strains of
influenza virus are licensed based primarily on immunological data showing antigenic relatedness between
the vaccine and circulating influenza strains. Recently
performed studies of human papillomavirus vaccine
used prevention of infection with oncogenic serotypes
of virus, together with prevention of pre-cancerous
lesions, as a predictor of the vaccine’s ability to prevent cancer (Koutsky et al., 2002). Considerable discussion has occurred regarding the development of
appropriate surrogate markers for HIV vaccines, especially therapeutic vaccines, for which parameters associated with immune system function may well provide
reasonable surrogate endpoints (Nabel, 2002). When
surrogate markers are not well established, licensure
may be pursued under the “Accelerated Approval”
rules (see “Accelerated Approval”).
Even if surrogate markers are not a part of the initial licensure, development of surrogate markers for
protection against disease is critical both in vaccine
development and as endpoints in subsequent comparability studies, as may be done to support post-licensure vaccine manufacturing changes or concomitant
administration studies. Surrogate markers, which
usually are validated in Phase III, provide clinical trial
endpoints that can be used to predict outcomes without requiring actual efficacy trials to be done. Without
such surrogate markers of efficacy it becomes very
difficult to maintain an understanding of the product
over time.
There is no requirement that efficacy studies be
performed in the United States. Thus, it may be possible to design foreign vaccine efficacy studies for diseases that are not sufficiently prevalent in the United
States to study. For example, substantial efficacy data
for hepatitis A, Japanese encephalitis, and pertussis
vaccines were obtained overseas. When the bulk of
vaccine development has occurred overseas, the FDA
carefully examines the data to assure that sufficient
information exists to assure vaccine safety and efficacy in domestic U.S. populations, including explicit
consideration of ethnic factors. Such information may
be obtained by performing bridging studies in U.S.
populations.
Guidance documents addressing the evaluation of
vaccines in special populations or for specific indications are also sometimes issued. Guidances on clinical studies were recently made available by CBER
for evaluating new influenza vaccines (Center for
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Biologics Evaluation and Research, 2006, http://
www.fda.gov/Cber/gdlns/trifluvac.htm;
Center
for Biologics Evaluation and Research, 2007, http://
www.fda.gov/Cber/gdlns/trifluvac.pdf). An additional guidance on HIV vaccine trials for pediatric populations was also recently issued (Center for
Biologics Evaluation and Research, 2006, http://
www.fda.gov/Cber/gdlns/pedhiv.pdf). A recently
passed law requires the evaluation of products in
pediatric populations, when there is a likelihood that
they may benefit children (FDA Amendments Act of
2007, 2007). Later-phase vaccine studies may need to
be reported to the Clinical Trials Databank (Food and
Drug Administration, 2004; FDA Amendments Act of
2007, 2007).
It is not always possible to design Phase III studies
that meet these criteria. Under those circumstances,
the Animal Rule may be used to show efficacy (see
“Animal Rule”).

Meetings with FDA during Product
Development
FDA generally encourages and values effective
communication between sponsors and reviewers.
FDA does not generally recommend piecemeal discussion of issues associated with a product, but generally
prefers to consider as much information as possible, in
order to evaluate all aspects of the development plan
in context. However, meetings may separately focus
on chemistry, manufacturing and control issues (Food
and Drug Administration, 2002, http://www.fda.
gov/cber/gdlns/pregexp.pdf), or on clinical issues.
Even when meetings do not take place, there may be
significant back-and-forth discussion between a sponsor and FDA, in the form of written communication in
the context of the IND.
Meetings between the FDA and sponsors often
occur at the pre-IND stage, the end of Phase I (for
products that have been designated as “fast track”),
end of Phase II, and pre-Biologics License Application
(BLA) filing. Specific regulations govern the end
of Phase II and pre-BLA meetings (21 CFR 312.47
Meetings, 2007). Additional guidance exists on meetings for products covered under the Prescription Drug
User Fee Act (Food and Drug Administration, 2000,
http://www.fda.gov/cber/gdlns/mtpdufa.pdf).

Biologics License Application (BLA)
Biological products, including vaccines for human
use, are licensed under the authority of Section 351
of the Public Health Service Act (42 USC. 262). The
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Code of Federal Regulations specifies general requirements for biological products (21 CFR 600 Biological
Products, 2007), and also summarizes licensing regulations (21 CFR 601 Licensing, 2007). Under these provisions, licensure requires the demonstration of safety,
purity, and potency. Safety is defined as “the relative freedom from harmful effect to persons affected,
directly or indirectly, by a product, when prudently
administered, taking into consideration the character of the product in relation to the condition of
the recipient at the time.” Purity is defined as “relative freedom from extraneous matter in the finished
product, whether or not harmful to the recipient or
deleterious to the product. Purity includes but is not
limited to relative freedom from residual moisture or
other volatile substances and pyrogenic substances.”
Additional requirements regarding purity are specified by regulation (21 CFR 610.13, Purity, in Code of
Federal Regulations, 2007). Potency “is interpreted to
mean the specific ability or capacity of the product, as
indicated by appropriate laboratory tests or by adequately controlled clinical data obtained through the
administration of the product in the manner intended,
to effect a given result.” It is necessary for the product
to have sufficient stability to maintain these attributes
throughout the dating period. Vaccines must also
adhere to the “General Biological Products Standards”
(21 CFR 610 General Biological Products Standards,
2007).
BLAs are accepted in electronic Common Technical
Document form, which allows manufacturers to file
harmonized applications in multiple countries (Food
and Drug Administration, 2005, http://www.fda.
gov/cber/gdlns/esubapp.htm). License applications
generally include all information required to evaluate
the product, and thus stand alone, without needing to
rely on reference to previously submitted materials.
During the licensure evaluation process, the conduct of the IND clinical studies may be closely examined in a process called “bioresearch monitoring,”
which involves inspection of IND sites to assure
appropriate conduct of studies and record keeping.
In addition, particular scrutiny is devoted to the label
claims (including indication) made by the sponsor
(and the regulations regarding labeling were revised
in 2006) (21 CFR 610, subpart G: Labeling Standards,
2007; 21 CFR 201, Labeling, 2007). The manufacturing
establishment (21 CFR 600, Subpart B Establishment
Standards, 2007) and ability to adhere to current good
manufacturing processes (21 CFR 210 and 211 Current
Good Manufacturing Practice in Manufacturing,
Packing, or Holding of Drugs, 2007) are also closely
examined, including a pre-licensure inspection of the
facilities.

In evaluation of a BLA, FDA will often consult
with the Vaccines and Related Biological Products
Advisory Committee (VRBPAC) [see “Vaccines and
Related Biological Products Advisory Committee
(VRBPAC)”].

Post-Marketing Phase
Under conditions of real-world use, the manufacturer is required to obtain and report information
regarding the safety of licensed products (21 CFR 600,
Subpart D Reporting of Adverse Experiences, 2007;
Food and Drug Administration, 2001, http://www.
fda.gov/cber/gdlns/safety031201.pdf).
Additional post-marketing safety surveillance
is performed through the Vaccine Adverse Events
Reporting System (VAERS), which is maintained by
the CDC and the FDA to collect patient- and physicianinitiated reports related to vaccine safety (Iskander et
al., 2004). Data from VAERs are periodically analyzed
to identify potential vaccine safety signals that merit
further follow-up.
Recent legislation increased the ability of the FDA
to require post-marketing studies (FDA Amendments
Act of 2007, 2007). Even prior to this legislation, at
the time of licensure, many vaccine manufacturers committed to perform additional post-licensure
studies. Some of these studies may be in the context
of Accelerated Approvals or Animal Rule approvals, while others may be related to obtaining more
detailed information about the safety or duration of
efficacy of a vaccine. For example, the manufacturer of
a rotavirus vaccine agreed to perform additional studies of intussusceptions at the time of licensure, and the
manufacturer of varicella vaccine agreed to perform
long-term studies to better understand the duration
of vaccine efficacy (Krause and Klinman, 1995), to also
allow a better understanding of product performance
once wild-type boosting of vaccine responses became
less prevalent. Annual reports of post-marketing
studies are required (21 CFR 601.70 Annual Progress
Reports of Post-marketing Studies, 2007).
Once a product is licensed, changes to the indication
or method of manufacture may be submitted as supplements to a BLA (21 CFR 601.12 Changes to an approved
application, 2007), which (depending on the scope of the
changes) often require FDA approval prior to implementaion. The FDA also performs inspections of the facilities
used for the manufacture of licensed products (21 CFR
600, Subpart C Establishment Inspection, 2007). The
FDA also examines test results on vaccine lots prior to
marketing, and may also perform its own testing, providing additional assurance of product performance.
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Other Nonclinical Issues that Affect All
Stages of Development
Chemistry, manufacturing, and control issues that
need to be addressed in order to obtain licensure are
summarized in a guidance document (Center for
Biologics Evaluation and Research, 1999, http://www.
fda.gov/Cber/gdlns/cmcvacc.pdf). In this section, a
summary of cell substrate issues and setting of specifications is provided.

Cell Substrate Issues
Because emerging infectious diseases may be associated with new viruses, the possibility exists that the
vaccine may require novel cell substrates for optimal
growth and manufacturing efficiency. This may be
true for vectored vaccines, for which a replicationdefective or replication-deficient virus will grow only
in specific cell types that provide a missing growth
factor, and may also be true for live-attenuated or
inactivated vaccines.
Guidance documents particularly relevant to cell substrate issues include the Draft Guidance for Industry:
Characterization and Qualification of Cell Substrates
and Other Biological Starting Materials Used in the
Production of Viral Vaccines for the Prevention and
Treatment of Infectious Diseases (Center for Biologics
Evaluation and Research, 2006, http://www.fda.gov/
cber/gdlns/vaccsubstrates.htm) and ICH document
Q5A (International Conference on Harmonization, 1999,
http://www.ich.org/LOB/media/MEDIA425.pdf).
Introduction of new cell substrates for vaccine manufacture, especially for live-attenuated vaccines, is a
complex matter. The earliest viral vaccines were produced in primary cells obtained directly from animals,
such as calf lymph used to produce smallpox vaccines,
or monkey kidney cells used to produce polio vaccines.
In the 1950s, vaccine experts believed that production
of vaccines in nonhuman, normal cells would be the
best way to assure vaccine safety and freedom from
the theoretical risk of oncogenicity associated with cell
substrate components that would inevitably be a part of
the vaccine. When SV40 was discovered as a contaminant both of Rhesus monkey kidney cells and of early
poliovirus and adenovirus vaccines, the wisdom of this
approach was questioned. Although poliovirus vaccine
strains were treated with antibody to remove SV40, and
production was changed to African Green monkey kidney cells (in which SV40 contamination, if it occurs, is
more readily detected), reports that SV40 DNA could be
detected by polymerase chain reaction in samples from
individuals with various human cancers led to renewed
concern over this historical contamination event.
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Although an IOM report concluded that there was
insufficient evidence to accept or reject a hypothesis of
causality between SV40-containing polio vaccines and
cancer (Stratton et al., 2002), the fact that these concerns
developed shows the high degree of importance of
assuring that vaccine cell substrates are free of adventitious agents and are safe to use for vaccine production.
Over time, new vaccines, such as the rubella vaccine and the varicella vaccine, were produced using
normal human diploid cells. The ability to readily
bank these cells allows the performance of one set
of exhaustive tests on a master cell bank to provide
a high degree of assurance that adventitious infectious agents are not present. Other vaccines continue
to be produced in primary cells, including eggs and
other avian-derived cells. A recently approved rotavirus vaccine is produced in continuous Vero cells.
Some investigational vaccines are produced in weakly
tumorigenic cells, under defined circumstances that
quantify the theoretical risk of oncogenic events, with
limitations on the total quantity of cell substrate DNA
and with thorough testing to assure that there is no
reasonable chance that residual components of the cell
substrate could be oncogenic.
The need to pay attention to the cell substrate used
for vaccine production extends to a need to pay attention to the cells and the conditions used for development of a vaccine seed. If a vaccine seed has been
passaged in poorly characterized cells, or may have
been exposed to untested biological reagents (such
as serum or trypsin), the potential for contamination
with viruses that might infect the cells or biological reagents exists. Thus, even very early in vaccine
development, it is critical to document sources and
lot numbers of such reagents, and if complete testing
of cell substrates is not feasible, retention of cell substrate samples to allow later testing could be very useful. Using carefully devised protocols, vaccine seeds
that have been exposed to unknown cells or reagents
may sometimes be purified (e.g., by serial plaque
purification). However, the recommended approach is
to consider and address cell substrate issues as early
in vaccine development as possible.
To assure that vaccines are free of agents of transmissible spongiform encephalopathy (TSE), it is
important to consider the sourcing of serum and other
animal or human-derived vaccine materials used in
vaccine manufacture. CBER’s current thinking on
this topic is made available on the internet (Center
for Biologics Evaluation and Research, 2007, http://
www.fda.gov/cber/bse/bse.htm)
Summaries of recent international meetings further
address issues associated with introduction of new
cell substrates (Sheets and Petricciani, 2006).
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Specifications, Potency, and Stability
Specifications for biological products are defined
(21 CFR 600.10 Personnel, 2007) as “the quality standards (i.e., tests, analytical procedures, and acceptance criteria) provided in an approved application to
confirm the quality of products, intermediates, raw
process materials, container closure systems, and
other materials used in the production of a product.”
Adherence to specifications at the time of lot release
helps to assure that a product will be safe and effective throughout its dating period. Thus, development
of appropriate specifications for a product is a critical
component of product development.
According to regulation, potency refers to the specific ability or capacity of the product, as indicated
by appropriate laboratory tests or by adequately controlled clinical data obtained through the administration of the product in the manner intended, to effect
a given result. Potency assays are laboratory tests that
may be applied to individual lots of product, in order
to predict that they will achieve the desired effect.
Normally, for a vaccine or other biological product,
the potency reflects the quantity of active ingredient.
Because of the complexity of vaccines, though, it often
is important for the potency assay to provide not only
an indication of quantity, but also the total activity of
that active ingredient. For many products, it is important to distinguish potency from strength; strength
refers to the quantity of the main ingredient in the
product, while the term “potency” implies that information is available to predict the capability of that
ingredient to achieve clinical benefit.
Potency assays play an important role throughout
the product development life cycle. While fully validated assays may not be required until licensure, it is
important to have a good understanding of vaccine
potency starting even before Phase I. Each progressive
phase of development is based on the assumption that
potency was correctly determined in previous studies. Thus, doses tested in Phase I studies rely on the
assumption that potency was accurately determined
in the supporting animal studies. In turn, Phase II and
Phase III studies rely on the assumption that potency
was accurately determined in supporting safety and
immunogenicity studies. Once the product is licensed,
potency assays are used to assure that marketed product contains a quantity of active ingredient similar to
that which was shown to be safe and effective in the
clinical trials. When there are gaps in this understanding of potency, interpretation of the data, and possibly the progress of the product through the regulatory
process, are in jeopardy.
As clinical development progresses, measurement
of potency may change. At the time a product is first

developed, it may not be known what in vitro characteristics are likely to correlate with clinical benefit.
This may be particularly unpredictable before clinical trials have tested product with a range of potencies, sometimes measured in different ways. The need
to understand the performance of assays over time
and through clinical development suggests the value
of maintaining stable reference preparations against
which potency results may be standardized, and of
retaining (under conditions of high stability) samples
of material used in clinical development, in the event
retesting of potency in updated assays should become
necessary.
In addition to prediction of clinical benefit, potency
assays ideally have other attributes. The need to ultimately validate these assays implies that they should
have characteristics that are amenable to validation
[for a more detailed discussion of assay validation,
see ICH document Q2(R1)] (International Conference
on Harmonization, 2005, http://www.ich.org/LOB/
media/MEDIA417.pdf). Larger amounts of potency
ideally should correlate with greater activity or effect
(preferably, with linear or first-order kinetics). Potency
assays should also be useful in monitoring product
stability—degradation of product over time should be
detectable and measurable using the selected potency
assays. In addition, potency assays should be selected
such that they can be reproducibly performed with
reasonable precision—if assay variability is too high,
it may become too difficult to manufacture product
within the potency range necessary to assure both
adequate efficacy at end-expiry and safety at release.
For vaccines, potency assays often detect the ability of the product to achieve a desired effect in a cell
culture system or other in vitro assay. For example,
for live virus vaccines, potency assays may be related
to infectivity in cell culture assays. For inactivated
virus vaccines, potency assays may be related to the
total amount of viral antigen present in the product,
sometimes using conformation-dependent immunoassays that are capable of detecting product degradation. Potency may also be assayed in animal
models. However, animal models are more difficult to
use, are time consuming, and frequently have greater
variability than in vitro assays, suggesting the value
of attempting to identify in vitro predictors of efficacy
and safety early in product development.
To assure that vaccines remain potent and safe
through the dating period, it is important to understand the stability of the vaccine. Stability studies normally focus on potency and safety measures and on
factors that are likely to affect potency or safety, but
product stability also can be determined based on
the presence of a potentially deleterious degradation
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product. A recent WHO guidance further addresses
vaccine stability (World Health Organization, 2006,
http://www.who.int/biologicals/publications/trs/
areas/vaccines/stability/en/index.html).
For some relatively labile vaccines, it may be
important to use information about product stability
to understand the doses of vaccine that are actually
given during a clinical trial. End-expiry potency specifications are generally set based on a vaccine dose that
is effective in a clinical trial—the specification implies
that doses below this level may not be effective.
Vaccine release potency specifications are generally set
based on a statistical analysis of end-expiry potency,
the dating period of the vaccine, the stability of the
vaccine through that dating period, and the potential
errors in measurement of vaccine potency and stability. Specifications on other vaccine parameters, such
as moisture or pH, may be based on the conditions
under which vaccine stability was studied. Still other
specifications may represent product quality parameters, such as residual components of manufacture
(such as albumin) or safety parameters, such as sterility and adventitious agent tests. Generally, specifications describe the range of quality parameters under
which the product is shown to be safe and effective.
Additional information regarding product quality
may be obtained by monitoring the manufacturing
process, independently of final specification results.
It may be desirable to use test results to monitor the
production process, to provide early warnings that
some aspect of production may be drifting out of control, even if the final product is within the range of
the specifications. Attributes appropriate for monitoring the manufacturing process are generally selected
based on a good understanding of the scientific principles underlying product manufacture, and may be
subject to validation, as appropriate (Lubiniecki et al.,
2003; Ganzer et al., 2005).
If a licensed product fails to meet a specification, it
cannot be released to the public without specific FDA
approval, generally obtained via a BLA supplement.
Considerations in setting lot release specifications
for live virus vaccines are discussed in recent articles
(Gombold et al., 2006a, 2006b).

Vaccines and Related Biological Products
Advisory Committee (VRBPAC)
The Vaccines and Related Biological Products
Advisory Committee (VRBPAC) serves as the principal external advisory board to the FDA in considering issues associated with the study and licensure of
vaccines. In addition, the VRBPAC provides external
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oversight of OVRR’s laboratory research programs, to
help assure their excellence and continued contributions to public health.
Questions for the VRBPAC typically relate to
design of studies under IND (including the question of whether safety issues have been adequately
addressed), to fundamental issues underlying licensure of new vaccines (such as safety, efficacy, testing,
or manufacture), or to the expansion of indications for
existing vaccines into new populations.
By charter, the VRBPAC includes 12 voting members including a Chair. These members typically
include one technically qualified person who is associated with consumer interests. A non-voting industry
representative, as well as additional outside experts
relevant to the topics under discussion may also supplement the Committee.
The VRBPAC schedule, as well as minutes and
materials associated with past meetings, are available
at the FDA Web site (Center for Biologics Evaluation
and Research, 2006, http://www.fda.gov/Cber/
advisory/vrbp/vrbpmain.htm).

SPECIAL REGULATORY PATHWAYS
THAT CAN ADDRESS EMERGING
INFECTIOUS DISEASES VACCINE
ISSUES
Certain special regulatory pathways are potentially of relevance to the development of vaccines
against emerging infectious diseases. These include
the Orphan Drug Program, Accelerated Approval, the
Animal Rule, Fast Track Programs, Priority Reviews,
Treatment INDs, and Emergency Use Authorizations.

Orphan Drug Program
The Orphan Drug Act (Orphan Drug Act, 1983)
specifies several advantages for developers of products designed to treat diseases or conditions that are
rare in the United States. A rare disease or condition
is defined as one that either affects fewer than 200,000
people in the United States, or if it affects more, there
is no reasonable expectation that development costs
could be recovered from U.S. sales alone.
The Act provides that the secretary of HHS will
provide written recommendations regarding clinical
and nonclinical development programs for products
designated as Orphan Drugs. Moreover, the Act provides that if an Orphan Drug is licensed, no competing product will be licensed for seven years, unless
it is shown to be clinically superior to the original
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Orphan Drug. Sponsors of Orphan Drugs are
encouraged to make these products available under
Treatment INDs, even prior to licensure, to individuals who have the rare disease, and for whom an
alternative treatment is not available. In addition, the
Act provides for government funding to support the
development of Orphan Drugs.
The implementation of the Act is described in the
Code of Federal Regulations (21 CFR Section 316
Orphan Drugs, 2007). Major Orphan Product activities are coordinated by the FDA’s Office of Orphan
Products Development, including the administration
of a grants program that funds clinical studies in support of the development of Orphan Products. This
mechanism has been used to fund vaccine studies,
including clinical studies for vaccines against Q fever,
and of a live-attenuated cytomegalovirus vaccine.
Vaccines against infectious diseases may be designated as orphan products, although this designation
has historically been rare, and obstacles to development of orphan vaccines are perceived to exist
(Lang and Wood, 1999). Because most vaccines are
preventive, rather than therapeutic, FDA interprets
the 200,000 person cutoffs in the Act to refer to the
number of individuals for whom the vaccine would be
indicated as of the date of designation of the product
as an Orphan Drug. Examples of such products (as of
January 2008) are shown in Table 14.2. These include
an investigational live-attenuated vaccine directed
against Japanese encephalitis virus, manufactured by
Boran Pharmaceuticals in Seoul, Korea, which was
designated as an Orphan Product in 1999, and a baculovirus-produced protein subunit vaccine against
parvovirus B19, manufactured by Medimmune, Inc.,
indicated to prevent aplastic crises in individuals
with sickle cell anemia. More recently, an Epstein-Barr

virus gp350 vaccine, designed to prevent posttransplantation lymphoproliferative disease, was
designated as an Orphan Product. An example of a
licensed vaccine-related Orphan Product is Vaccinia
Immune Globulin, used to prevent complications of
vaccinia immunization, manufactured by Dynport
Vaccine Company, in Frederick, MD. This product was
designated as an Orphan Drug in 2004, and received
licensure in 2005.

Accelerated Approval
Accelerated Approval rules permit licensure of a
product based on surrogate endpoints, where it is
not practical to rapidly study endpoints that directly
indicate clinical benefit. Rules governing Accelerated
Approval of biologics, including vaccines, are promulgated in the regulations (21 CFR 601, subpart E
Accelerated Approval of Biological Products for
Serious or Life-threatening Illnesses, 2007). These
rules apply to biological products that have been
studied for their safety and effectiveness in treating
serious or life-threatening illnesses and that provide
meaningful therapeutic benefit to patients over existing treatments. The Accelerated Approval regulations
authorize FDA to license a biological product on the
basis of adequate and well-controlled clinical trials
showing an effect on a surrogate endpoint that is reasonably likely, based on epidemiologic, therapeutic,
pathophysiologic, or other evidence to predict clinical benefit, or an effect on a clinical endpoint other
than survival or irreversible morbidity. Where there
is uncertainty as to the relationship between the study
endpoints and actual clinical benefit, licenses granted
under the Accelerated Approval mechanism must also

TABLE 14.2 Vaccine-related products that have been designated as orphan products
Product

Indication

Sponsor

Cytomegalovirus DNA vaccine with
plasmids expressing pp65 and gB genes

Prevention of cytomegalovirus (CMV) viremia,
and asociated clinically significant CMV disease
complications in at-risk

Vical Incorporated

Japanese encephalitis vaccine (live,
attenuated)

Prevention of Japanese encephalitis

Boran Pharmaceuticals

Vaccinia Immune Globulin (Human)
Intravenous

Treatment of severe complications from the
smallpox vaccine

DynPort Vaccine Company LLC

Recombinant Epstein-Barr virus gp350
glycoprotein vaccine: Brachet, 12, B-6041Gosselies

Prevention of post-transplantation
lymphoproliferative disorders in pediatric
recipients of solid-organ transplantation

Henogen S.A.

Parvovirus B19 (recombinant VP1 and VP2;
S.frugiperda cells) vaccine

Prevention of transient aplastic crisis in patients
with sickle cell anemia

MedImmune, Inc.
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be supported with post-marketing studies to verify
and describe the actual clinical benefit of the product.
In cases where a well-established surrogate marker
exists and is known to predict clinical benefit, evaluation under the Accelerated Approval mechanism is
unnecessary, and does not lead to a requirement for
post-marketing studies. However, for most emerging infectious diseases, the establishment of surrogate markers for efficacy may be very difficult early
in the course of product development to allow their
use without verification by post-marketing studies, as
specified under the Accelerated Approval rules.
In addition, the FDA has the authority, for safety
reasons, to restrict the distribution and use of products
approved using the Accelerated Approval rule, prior
to verification of clinical benefit in the post-marketing
studies. This may include limitation of product use to
physicians who possess certain training or experience,
to certain types of facilities, or to certain types of medical procedures. However, any such limitations must
be commensurate with the actual safety concerns presented by the product.
Licenses granted under Accelerated Approval may
be withdrawn if the post-marketing studies fail to
show the anticipated clinical benefit, if the postmarketing studies are not performed with due diligence,
if post-marketing restrictions cannot assure the safe
use of the product, if the sponsor fails to adhere to any
post-marketing restrictions, if the promotional materials are false or misleading, or if other evidence shows
the product not to be safe and effective under its conditions of use.

Animal Rule
Vaccine efficacy may generally be shown either in
clinical trials under field conditions, by demonstration of efficacy in challenge studies (where ethical), or
by demonstration that the vaccine induces an immunological correlate of human protection (subject to
verification in post-marketing studies if the correlate
is not well established and licensure is obtained under
Accelerated Approval). In some cases, it may be necessary to develop a vaccine under conditions where
none of these three pathways are feasible. For example, a disease may not be prevalent enough to allow
scientifically valid vaccine efficacy trials in humans
to be performed, performance of challenge studies
may be unethical, and human correlates of protection
may not be well understood. The Animal Rule was
promulgated (21 CFR 601.90 subpart H Approval of
Biological Products when Human Efficacy Studies Are
Not Ethical or Feasible, 2007; 21 CFR 314.610 Approval
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based on evidence of effectiveness in studies in animals, 2007) in order to provide a pathway to licensure
for such products. Vaccines designed to prevent many
emerging infections may fall into this category.
According to the Animal Rule, the FDA may grant
a license based on animal efficacy data when definitive human efficacy studies cannot be performed due
either to ethical or practical reasons. The Animal Rule
also may not be used if any other regulatory pathway
to approval exists, such as Accelerated Approval based
on surrogate markers. Moreover, the Animal Rule
is not necessarily a faster pathway to approval than
other regulatory pathways. The animal efficacy data
must establish that there is a reasonable likelihood
that the product would produce clinical benefit in
humans. The use of the Animal Rule requires the following: (1) reasonably well-understood pathophysiological mechanisms by which the disease agent causes
toxicity (i.e., disease) and by which the product would
prevent or substantially reduce that toxicity, (2) demonstration of efficacy in more than one animal model
reasonably expected to predict effect in humans, or
in a single well-characterized animal model that has
been shown to predict human response, (3) a clear
relationship between the endpoint of the animal study
and the desired outcome in humans (i.e., prevention
of death or major morbidity), and (4) sufficient pharmacokinetic, pharmacodynamic, or other data exist to
support selection of an appropriate human dose.
Animal Rule studies supporting an efficacy claim
must be performed in accordance with preexisting
requirements for GLP (21 CFR 58 Good Laboratory
Practices for nonclinical laboratory studies, 2007) and
the Animal Welfare Act (7 USC. 2131).
The Animal Rule does not eliminate any of the other
requirements for U.S. licensure, but is merely intended
to allow the substitution of animal for human efficacy
data under circumstances where there is no alternative. Thus, a sufficient human safety database must
be obtained. Moreover, the use of the Animal Rule is
subject to three additional conditions: (1) submission
of a plan for performance of post-marketing studies
that verify and describe the biological product’s clinical benefit, and a requirement to perform such studies with due diligence when they become feasible and
ethical, (2) the potential for FDA to restrict the distribution and use of the product, to assure its safety, and
(3) the requirement to provide specific patient labeling
describing the basis for approval, risks, and other relevant information to each patient who receives a product licensed by the Animal Rule.
In designing Animal Rule efficacy studies, it is thus
particularly important to consider the desired label
indication and its relationship to the study endpoints,
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the appropriate vaccine dose for the animal studies,
and the appropriate challenge dose and its route of
exposure. If the development plan includes the use of
laboratory assays to bridge animal and human data
(e.g., immunogenicity assays), these assays should
be validated for use both in human and animal samples. Statistical considerations, including sample size
and power calculations, also influence the design of
Animal Rule efficacy studies.
FDA generally recommends extensive discussion
with the Agency if the use of the Animal Rule to support product efficacy is anticipated.

Fast Track Program
FDA also has mechanisms to facilitate the review
of products that demonstrate the potential to address
unmet medical needs and are intended to treat lifethreatening or serious conditions. These programs are
called “fast track” programs, and were originally codified by law in 21 USC 356, Section 506.
A guidance document (Food and Drug
Administration, 2006) provides further details
regarding the definition of a serious condition (at a
minimum, the condition should be associated with
morbidity that has a substantial impact on day-to-day
functioning). A drug is deemed to be intended to treat
a serious condition if it is being evaluated for its effect
on a serious manifestation or symptom of the condition or its ability to prevent the condition, when it is
scientifically reasonable to assume that preventing the
condition will prevent the serious consequences. A
medical need is considered to be unmet when there is
no previously existing available therapy for the condition, when a benefit to using the new product instead
of or in combination with previously existing therapies is shown, or when all previously existing therapies were approved under the Accelerated Approval
regulations. FDA also will evaluate the potential of
the product to address these unmet medical needs.
A product may be designated for Fast Track at any
time prior to licensure in the drug development
process.
Designation as a Fast Track product provides several advantages to a sponsor. Meetings and frequent
communication between the sponsor and FDA are
strongly encouraged, including an end-of-Phase-I
meeting. Because Fast Track products are intended for
rapid evaluation, this end-of-Phase-I meeting is particularly important for mapping out the development
and regulatory plan.
The major advantage of Fast Track designation
occurs during the application review process. Because

the criteria for entry into Fast Track and for obtaining Priority Reviews are similar, Fast Track products
are often eligible for Priority Review. In addition,
FDA may consider permitting partial submission of
Fast Track license applications (i.e., early submission of some sections, such as the CMC or Toxicology
Sections) when the clinical studies are finished or
near completion but are not yet ready to be submitted to the license application, and when FDA agrees
that preliminary evaluation of the clinical data supports a determination that the product may be effective. While early submission of some portions of the
application does not change FDA’s review timelines, it
often permits early communication regarding important review issues, and thus increases the likelihood
that the review can be completed in a single cycle.
Fast Track products also are eligible for approval
under the Accelerated Approval regulation (see
“Special Regulatory Pathways that can Address
Emerging Infectious Diseases Vaccine Issues:
Accelerated Approval”), when they meet those criteria.

Priority Review
The CBER, which is responsible for regulation of
vaccines, designates a BLA as a “priority” if the product, if approved, would be a significant improvement
in the safety or effectiveness of the treatment, diagnosis, or prevention of a serious or life-threatening disease. Products selected for Priority Review receive
regulatory Action Letters (either Complete Response
letters or Approval Letters) on a more rapid timetable than those designated as standard applications, in
conformance with the Prescription Drug User Fee Act
mandated timelines. In 2005, a Priority Review was
assigned a timeframe of 6 months, while a standard
review was assigned 10 months to the time of regulatory action.
The similarity in the language that describes criteria
for Fast Track and Priority Review suggests that Fast
Track applications would normally be considered for
Priority Review. However, the language of the Priority
Review criteria, requiring that the product be a significant advantage in safety, effectiveness, diagnosis,
or prevention would appear to set a higher standard
than that for Fast Track, in which an unmet medical
need is defined on the basis of demonstrable benefit
relative to previously existing treatments, rather than
on the basis of “significant improvement.”
Nonetheless, many vaccine products designed to
address emerging infectious disease issues could be
interpreted as meeting the basic criteria for Priority
Review.
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Treatment IND
Investigational drugs may sometimes be used for
unapproved indications, not as part of a clinical trial,
under a Treatment IND (21 CFR 312.34 Treatment use
of an investigational new drug, 2007). The purpose of
the Treatment IND regulation is to facilitate the availability of promising new drugs to seriously ill patients
as early in the drug development as possible, and to
obtain additional data on the drug’s safety and effectiveness. Normally, drugs may be made available
under Treatment IND during or after Phase 3 investigations, although this may sometimes occur during
Phase 2, in the case of a life-threatening illness. To
qualify, the drug must be intended to treat a serious
or immediately life-threatening disease, there must
be no available comparable or satisfactory alternative to treat that stage of the disease in the intended
patient population, the drug must be under investigation in clinical trials (or all clinical trials must be completed), and the sponsor must be pursuing marketing
approval with due diligence. Use of a drug under
Treatment IND requires compliance with IND process
safeguards, including those governing informed consent and institutional review boards. The regulations
also provide conditions under which the FDA may
deny Treatment INDs.
Early in the 2004 influenza vaccination season, vaccine shortages caused by the shutdown of one manufacturer’s production led to markedly increased
demand relative to supply. To meet this demand,
some influenza vaccine manufacturers with vaccines
licensed in other countries offered the use of their vaccines to U.S. populations under IND (HHS Buys 1.2
Million Doses of Flu Vaccine, 2005). Thus, Treatment
IND was shown to be a potential option for distribution of investigational vaccines to at-risk U.S. citizens.

Project Bioshield and Emergency Use
Authorizations
In the case of public health emergencies, use of
unapproved products (or use of approved products
for unapproved indications), including a waiver of
GMP requirements, may be authorized under the
Project Bioshield Act of 2004, codified as FD&C Act
Section 564, or 21 USC. 360bbb-3. Such an Emergency
Use Authorization requires declaration of an actual
or potential emergency by the Secretary of HHS. This
declaration may follow the determination by the
Secretary of Defense that a military emergency or the
potential for a military emergency exists. The declaration lasts until the emergency is considered to no
longer exist, or for one year. The Secretary of HHS may

renew the declaration in one-year increments. Each
such declaration must be published in the Federal
Register. Emergency Use Authorizations under this
law require the Secretary of HHS to determine, after
consultation with the NIH and the CDC Directors,
that the specified agent can cause a life-threatening or
serious disease or condition, it is reasonable to believe
that the product may be effective, and that the known
and potential benefits of the product outweigh the
potential risks, and that there is no reasonable alternative. Such products may only be used if the health
care providers and recipients are adequately informed
of the circumstances and the known risks and benefits of the product, if appropriate means of monitoring for adverse events are in place, and if appropriate
manufacturer record keeping takes place. The legislation does not confer on the government the authority
to require either manufacturers to produce vaccines or
individuals to take them. A recently issued guidance
document provides further information on Emergency
Use Authorizations (Food and Drug Administration,
2007, http://www.fda.gov/oc/guidance/emergencyuse.html).
In January 2005, the Secretary of HHS published an
Emergency Use Authorization for the use by the military of anthrax vaccine for the indication of preventing
inhalation anthrax. In this case, a court injunction had
previously prevented the military from continuing its
anthrax vaccination program, due to legal concerns
about the original basis for licensure of the vaccine.
The Emergency Use Authorization thus allowed the
military to resume its anthrax vaccination program
(on a voluntary basis).
Emergency Use Authorization under the Project
Bioshield Act thus provides a mechanism by which
products intended to address rapidly evolving public
health emergencies may be quickly made available to
the public. This does not, however, address the means
to obtain the manufacturing capacity that would be
required for widespread vaccination, even if authorized under the authority granted by this law.

CONCLUSIONS
The U.S. regulatory process balances the need to
make new and innovative vaccines, that positively
influence public health, with the need to assure that
the vaccines and the procedures used to test them
are safe. While emerging infectious diseases present
special challenges to the regulatory process, new
approaches provide pathways by which these vaccines may be licensed.
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As challenges like those posed by emerging infectious diseases are further discussed, it is likely that the
regulatory process will evolve to further clarify and
perhaps even provide new pathways to licensure for
vaccines to prevent them. It will remain important for
those working in rapidly occurring disease areas to
keep abreast of these regulatory innovations.
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ABSTRACT
Vaccines are typically given to healthy people to keep them healthy. As a result, vaccines are the class of
medications least tolerant of adverse reactions. If all medications were arrayed along a spectrum portraying
degrees of safety, today’s licensed vaccines would appear toward the end labeled “safest.” To provide vaccines
with the highest standards of safety, vaccine developers, regulators, and immunization program administrators
work to minimize the types and frequency of adverse reactions that occur after vaccination. The key to assessing
vaccine safety effectively is to be objective and to assess carefully all available data. Figuratively, one’s eyes and
ears must always be open to new findings. In assessing vaccine safety, it is important to differentiate cause-andeffect relationships from mere temporal relationships. This helps avoid the post hoc, ergo propter hoc fallacy.
The incidence and severity of adverse reactions to immunization can be measured with greatest objectivity in
randomized, double-blinded, placebo-controlled trials. But the acceptability of a vaccine’s adverse-reaction profile
is not fixed in an absolute sense across all time and space. Rather, a series of judgments are made, especially in
relation to differing degrees of disease burden (and hence, vaccine value) over time or in different settings. This
chapter describes multiple historical examples of vaccine-safety issues, including issues that evolved over the
course of years or decades. These examples are instructive to scientists planning vaccine-safety evaluations for
future vaccines or vaccination programs. Vaccines have succeeded so well that many of these vaccine-preventable
diseases are virtually unheard of by clinicians or the public. Separating true causes from false ones is vitally
important for both society and individuals. Using a disciplined, rational, methodical approach to attributing blame
where appropriate, or clearing a vaccine’s reputation where there is no basis for a link, continues to be the proper
approach. Using the tools of science, scientists are most likely to find the truth and least likely to fool themselves
about vaccine safety. The key to assessing vaccine safety is to be objective, assess carefully all available data, and
be open to new findings.
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Vaccines are typically given to healthy people to
keep them healthy. Because of this, vaccines are the
class of medications least tolerant of adverse reactions.
To create vaccines with the highest standards of safety,
vaccine developers, regulators, and immunization
program administrators work to minimize the types
and frequency of adverse reactions that occur after
vaccination. These actions and judgments are undertaken in light of a vaccine’s benefit in preventing an
infectious disease (Nordenberg, 1999; Meadows, 2002;
Grabenstein, 1999).
In pharmaceutical development, “efficacy” and
“safety” are terms of art frequently used in tandem.
Just as efficacy is an intricate construct, qualitatively
and quantitatively, so is safety. The key to assessing vaccine safety effectively is to be objective and to
assess carefully all available data. Figuratively, one’s
eyes and ears must always be open to new findings.
If all medications were arrayed along a spectrum
portraying degrees of safety, today’s licensed vaccines
would appear toward the end labeled “safest.” In contrast, cancer chemotherapeutic agents, renowned for
their adverse-reaction profiles, would appear toward
the end labeled “least safe.” Yet the actions of pharmaceutical regulators [e.g., the U.S. Food and Drug
Administration (FDA)] to license or approve medications involve a determination of “safety” for both
ends of this spectrum. Regulators define safety as
relative freedom from harmful effects when prudently
administered, taking into account the characteristics of
the medication relative to the condition of the patient
(Nordenberg, 1999; Meadows, 2002; Title 21 U.S. Code
of Federal Regulations). In other words, vaccines and
chemotherapeutics are held to different standards,
and yet each is acceptably safe under likely circumstances of clinical practice.
Within the category of vaccines, different vaccines have various degrees of safety (Grabenstein,
2006; Joellenbeck et al., 2002). Modern, highly purified versions of influenza vaccines would be among
those considered “safest.” Smallpox vaccine would
be at the other end of the safety spectrum for vaccines, given the rare and unusual adverse reactions
vaccinia viruses can produce (Advisory Committee
on Immunization Practices, 2001, 2003; Centers for
Disease Control and Prevention, 2003a, 2003b). And
yet smallpox vaccine can still be given to many people with an acceptable level of safety, given sufficient
screening, exemptions, and education (Grabenstein
and Winkenwerder, 2003; Poland et al., 2005).
Because vaccines contain exogenous proteins or
other large molecules, they rarely share a propensity to
cause anaphylaxis (Grabenstein, 1997). All parenteral
vaccines cause injection-site swelling, erythema, and

other localized reactions at rates that vary by route of
administration, degree of antigenic purity, adjuvant
content, and other factors. All vaccines are typically
associated with systemic symptoms, such as headache,
myalgia, and fatigue (Grabenstein, 2006; Joellenbeck
et al., 2002). The risk and consequence of these adverse
reactions is considered acceptable in relation to preventing the morbidity and mortality of the infections
the vaccines prevent (Grabenstein, 2006).
It is interesting to consider the rates of injectionsite and systemic symptoms that occur among the
placebo control arms of vaccine clinical trials. For
example, a clinical trial of a vaccine to prevent Lyme
disease (Lymerix, GlaxoSmithKline) included a double-blinded study arm of volunteers who received a
placebo containing aluminum hydroxide (Steere et al.,
1998). In this study, injection-site soreness occurred in
7.6% of aluminum hydroxide recipients along with
arthralgia in 3.5%. Diary cards recorded symptoms
related or possibly related to injection during the first
3 days in 53% of the “placebo” recipients. Similar
rates for adverse reactions from aluminum-containing
placebo injections were seen in trials of a quadrivalent human papillomavirus vaccine (Gardasil, Merck)
(Joura et al., 2007; Garland et al., 2007; FUTURE II
Study Group, 2007).
Such findings (as well as the more common use of
isotonic sodium chloride placeboes) illustrate several
points. Merely inserting a needle beneath the skin
(perhaps into a muscle compartment) and injecting a
liquid result in biological and mechanical effects, even
in the absence of antigen. When people are asked to
record symptoms and sensations over an interval of
time, they may note things that otherwise would pass
unnoticed during their daily activities. These include
the background rates of headache, myalgia, fatigue,
and other transient symptoms that occur in the
absence of antigenic stimulation.

RATIONAL SAFETY
The incidence and severity of adverse reactions to
immunization can be measured with objectivity in
randomized, double-blinded, placebo-controlled trials. But the acceptability of a vaccine’s adverse-reaction profile relies on human judgment. This judgment
for any given vaccine is not fixed in an absolute sense
across all time and space. Rather, a series of judgments can be made, especially in relation to differing
degrees of disease burden (and hence, vaccine value)
over time or in different settings.
When smallpox (variola infection) was commonplace, the rare adverse reactions resulting from
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smallpox vaccination were widely considered acceptable (Fenner et al., 1988). Once smallpox was eradicated
as an endemic disease, national authorities judged
that it was appropriate to limit smallpox vaccinations to laboratorians, military personnel, and others
who might confront maliciously released variola virus
(Advisory Committee on Immunization Practices, 2001,
2003; Centers for Disease Control and Prevention, 2003;
Grabenstein and Winkenwerder, 2003).
Similarly, when poliomyelitis was a substantial
domestic risk, national authorities judged the use of
the attenuated poliovirus vaccine to be appropriate,
even though the viruses in the vaccine could rarely
revert to virulence and cause paralytic poliomyelitis
(about one per 2.4 million vaccine doses distributed)
(Advisory Committee on Immunization Practices,
1997). Once poliovirus infections were contained globally, poliovirus immunization policy in the United
States shifted first to a combined schedule of inactivated and oral vaccines and then to an inactivated
poliovirus vaccine exclusively (Advisory Committee
on Immunization Practices, 1997, 1999b, 2000). Yet the
ability of the attenuated poliovirus vaccine to be delivered orally continues to be advantageous in endemic
areas. This illustrates how two different policies can be
rational in the same place at two points in time (e.g.,
the United States in the 1980s versus 2000 and later) or
in two places at the same point in time (e.g., the United
States and Nigeria in 2007).
Rotavirus gastroenteritis hospitalizes over 1% of
American children and kills one per 200,000 children in the United States. An oral rotavirus vaccine
was licensed in August 1998 (RotaShield, Wyeth)
(Advisory Committee on Immunization Practices,
1999). Clinical trials detected intussusception (a telescoping of the intestines) in both the vaccine and
placebo groups, enough to warrant mention of the
condition in the vaccine’s labeling (i.e., package
insert), but regulators did not consider this risk sufficient to withhold licensing. A few months after distribution of the vaccine expanded widely in clinical
use (i.e., transitioning from tens of thousands to millions of vaccinees), routine safety surveillance systems
within the United States identified an elevated but
still rare risk of intussusception (Centers for Disease
Control and Prevention, 1999a, 2004a; Advisory
Committee on Immunization Practices, 1999). Those
controlled studies revealed an attributable risk of one
case of intussusception per 5,000–12,000 vaccine recipients. Attributable risk refers to the additional risk
contributed by the vaccine, above the baseline risk of
life without the vaccine. The manufacturer responded
by stopping distribution of RotaShield in the U.S.
commercial market in July 1999. A second rotavirus

vaccine (RotaTeq, Merck) was licensed only after
evaluation of three trials involving more than 70,000
volunteers to assess the attributable risk of intussusception (Advisory Committee on Immunization
Practices, 2006).
Given that the morbidity and mortality burden of
rotavirus gastroenteritis in developing countries with
inadequate sanitation far exceeds the level within the
United States, a situational dilemma develops. The
U.S. domestic situation apparently left Wyeth unwilling or unable to distribute RotaShield in developing
countries, as the vaccine was considered unacceptably
risky in a premier market. But that “riskiness” was
judged against the background of the United States,
where the burden of rotavirus gastroenteritis is substantially less than in the developing world (i.e., a
lesser achievable benefit to contribute to a vaccine’s
benefit-to-risk ratio).

ASSESSING SAFETY
Development of new vaccines progresses through
animal and laboratory studies (i.e., preclinical studies)
and then a series of clinical trials of escalating size and
complexity.
Although no absolute lines delineate the stages of
clinical investigation, the progress of drug research
is usually conceived in a three-phased manner (see
Chapter 12) (Grabenstein, 2006; Beatrice, 1991; Food
and Drug Administration, 2007a). Phase I typically
involves safety testing and pharmacologic profiling of
the safe dosage range in 10–100 healthy human volunteers. Phase II provides the first controlled studies, the
first tests of effectiveness against a disease in several
dozen to several hundred volunteers. Phase II studies begin defining proper doses and regimens, assessing efficacy and safety. Phase III involves expanded
clinical trials in several hundred to several thousand
patient volunteers. These studies provide evidence of
safety and efficacy in adequate and well-controlled
clinical trials, sometimes called pivotal clinical trials.
When a manufacturer concludes that it has scientifically established the safety and efficacy of a vaccine, it
submits a Biological License Application (BLA) to the
FDA or analogous documents to regulators in other
countries (see Chapter 13).
Safety assessment continues after a vaccine is
licensed, in what are called phase IV studies or postmarketing surveillance. “Post-marketing” could more
properly be termed “post-licensing” because these
data accumulate during (not after) widespread marketing of the vaccine for routine clinical use. After
licensing, a manufacturer may undertake additional
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clinical studies to obtain information about longer follow-up intervals, other populations, and other uses or
to assess benefits or adverse effects in greater detail.
Some of these studies are tracked at an FDA Web site
(Food and Drug Administration, 2007).
Another component of post-marketing or postlicensing surveillance takes the form of retrospective
pharmacoepidemiologic research into automated
clinical databases. The Vaccine Safety Datalink (VSD),
coordinated by the Centers for Disease Control and
Prevention (CDC), is a well-known example of following the healthcare encounters of vaccine recipients
and similar nonrecipients in the databases of a consortium of health maintenance organizations (DeStefano,
2001; Mullooly et al., 2004; Davis et al., 2005). A similar effort of the U.S. Department of Defense (DoD)
to assess the health of U.S. service members is called
the Defense Medical Surveillance System (Joellenbeck
et al., 2002; Lange et al., 2003, Arness et al., 2004; Payne
et al., 2007). Relevant to immunization programs
for emerging biothreats, the VSD is developing the
capacity for earlier detection of vaccine-safety signals,
known as rapid-cycle analysis (Davis et al., 2005).
Earlier in this chapter, we considered the allusion of keeping one’s eyes and ears always open to
new findings. The always-open avenue for submitting adverse events after immunization in the United
States (even if no clinical trial is underway) involves
the Vaccine Adverse Event Reporting System (VAERS)
coordinated by the CDC and the FDA (Singleton
et al., 1999; Centers for Disease Control and
Prevention, 2003; Varricchio et al., 2004). VAERS collects reports of unexpected adverse events from clinicians and the public. Similar programs are conducted
in Canada (the Vaccine-Associated Adverse Events
Surveillance System, VAAESS), the United Kingdom
(the “yellow card” system), and other countries, often
under the rubric of pharmacovigilance systems.
Reports to VAERS and its counterparts result from
spontaneous decisions of a clinician or a patient to
inform the CDC and the FDA of an adverse event.
This requirement for action by the reporter is a significant limitation due to human factors related to
reporting behaviors and information bias. Reports
of medical conditions to systems like VAERS are certainly related to immunization in time, but they do not
establish that a cause-and-effect relationship exists.
Reporting rates cannot be assumed to be true incidence rates (Singleton et al., 1999; Centers for Disease
Control and Prevention, 2003; Varricchio et al., 2004).
Even so, VAERS and its counterparts are an important
component of a vaccine-safety surveillance system.
These systems are valuable for their role in collecting
an open-ended array of information from anywhere

at any time and ability to identify signals worthy of
further evaluation using less biased study designs.
Spontaneous reporting systems like VAERS are important for identifying rare, unexpected events.
Summing up all the people enrolled in phase I
through III studies, few vaccines have been assessed
in more than 50,000 people at the point of licensing.
Still, this number is an order of magnitude larger than
the few thousand people in the average clinical trial
dataset for other pharmaceutical development programs. Larger study sizes in vaccine trials help rule
out adverse events rarer than with cardiac, respiratory, or other categories of medications.
If a vaccine causes an adverse reaction, it is important for society to recognize it as soon as possible and
respond appropriately. But jumping to the conclusion
that two events are causally related in the absence of
objective evidence is scientifically improper. Jumping
to a conclusion can delay finding the true cause for an
illness. For example, assuming that egg allergy was
linked to anaphylaxis after measles–mumps–rubella
(MMR II, Merck) immunization may have delayed
recognition of the role of gelatin allergy (Khakoo and
Lack, 2000; Pickering, 2006).

SAFETY THROUGH DIALOGUE
AND EDUCATION
One of the principal ways to prevent adverse reactions is to withhold a vaccine from people who should
not receive it (Grabenstein, 2006). Who is susceptible
to anaphylaxis usually cannot be predicted. But the
replicating characteristics of live vaccines provide
a rational basis for assuming that such vaccines are
unsuitable for people whose immune systems are
compromised and who might not be able to staunch
viremia or bacteremia after immunization. Thus, yellow fever, smallpox, and measles–mumps–rubella vaccines may be withheld from people with suppressed
immune systems.
People who provide immunization services are
not always the primary-care providers, who know
the medical histories of vaccine-eligible people. The
principal way to determine the underlying health
conditions that might contraindicate (bar) specific
immunizations is by interviewing (“screening”) the
vaccine candidate and/or by reading the candidate’s
earlier medical records. The most common temporary or permanent contraindications to immunization
include the following:
●

Acute illness on the day of evaluation for
immunization (typically of a magnitude to warrant
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●

●

●

●

●

●

additional medical care): Defer immunization until
the candidate feels better.
Allergies (i.e., immediate hypersensitivity) to
vaccine components (e.g., anaphylaxis, laryngeal
swelling): If this is a life-threatening allergy, the
contraindication may be permanent.
Prior reactions to immunization (e.g., substantial
swelling at immunization site): Depending on the
specifics of the patient’s case, the contraindication
may be temporary or permanent.
Pregnancy, most often in the case of live vaccines:
Certain subunit vaccines may be actively
recommended for pregnant women (e.g., influenza,
hepatitis B, meningococcal, tetanus–diphtheria),
based on her personal risk of exposure to a
preventable infection (Grabenstein, 2006).
Immune deficiency: With regard to live viral or
bacterial vaccines, related to serious disease (e.g.,
acquired immune deficiency syndrome, certain
cancers), immune-suppressing medications (e.g.,
alkylating agents, antimetabolites, prolonged highdose corticosteroids), or radiation therapy: For
subunit vaccines, immune deficiency may impair
efficacy, without safety implications per se. The
degree and nature of the suppression will bear
on whether the contraindication is temporary or
permanent. In all cases, individual risk–benefit
assessments are warranted (Grabenstein, 2006).
Recent receipt of a blood product or immune
globulin, applicable to certain live vaccines (e.g.,
MMR, varicella): Immunization should be deferred
several months to allow time for catabolism of
neutralizing antibodies (Grabenstein, 2006).
Underlying disease conditions: Some underlying
conditions will identify indications for
immunization (e.g., diabetes and pneumococcal
and influenza vaccines) and other conditions
may identify contraindications to immunization
(e.g., neurologic or rheumatologic conditions still
evolving at the time of screening for immunization)
(Grabenstein, 2006; Fenichel, 1999).

Another way to avert or mitigate adverse reactions after immunization is through education of the
vaccinee. For example, vaccinees should be given
clear expectations of what adverse reactions to expect
after immunization (e.g., sore arms, fever, headache).
They should be instructed to seek medical assistance
if symptoms after immunization persist more than a
few days or if they exceed a threshold that seems reasonable. In the case of smallpox (vaccinia) vaccination, education is important for preventing transfer
of live vaccinia viruses from the vaccination site to
some other site on the body or a close contact of the
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vaccinee (Grabenstein, 1997; Centers for Disease
Control and Prevention, 1999). In this example, education averts adverse reactions.
Appropriate counseling should lead to understanding among vaccinees that no vaccine should be
expected to be perfectly protective. Breakthrough
(relatively milder) cases of chickenpox may occur in
varicella-vaccinated people (Advisory Committee on
Immunization Practices, 2007b). Breakthrough influenza infection may occur in influenza-vaccinated people (Advisory Committee on Immunization Practices,
2007), as can adenoviral, rhinoviral, and other viral
infections that may be misattributed to influenza
virus.

PROBLEMS INHERENT TO
A PRODUCT
History records several problems in vaccine manufacturing that manifested early in the experience with
certain vaccines. In early 1942, some of the first lots of
yellow fever vaccine were manufactured with human
serum albumin that inadvertently contained hepatitis B virus (Sawyer et al., 1944a, 1944b; Parish, 1965).
Among ⬃2.5 million service members immunized
from suspect lots, ⬃330,000 were infected with hepatitis B virus and at least 84 died (Parish, 1965; Seeff
et al., 1987; Norman et al., 1993).
In April 1954, some early lots of the “Salk” vaccine,
inactivated poliovirus vaccine, were not processed
appropriately, allowing live polioviruses to contaminate the vaccine (the so-called Cutter incident). Over
200 people were paralyzed by this industrial accident
(Parish, 1965; Nathanson and Langmuir, 1963; Smith,
1990; Offit, 2007).
Also in the 1950s, poliovirus and adenovirus vaccines were recognized to be contaminated with the
simian virus 40 (SV40). Multidecade follow-up studies have not found evidence of any delayed adverse
effect of the SV40 exposure (Brown and Lewis, 1998;
Strickler et al., 1998; Institute of Medicine, 2002).
Similarly, evaluation of avian leucosis virus and
endogenous avian retrovirus contamination of yellow fever and measles–mumps–rubella vaccines has
not identified any related harm in vaccine recipients
(Waters et al., 1972; Hussain et al., 2001, 2003).
Although no other examples similar to the hepatitis B and poliovirus contamination incidents have
occurred in modern times, it is wise to keep one’s eyes
and ears open whenever a new vaccine is introduced.
The FDA requires much more extensive clinical studies
and testing than was applied in the 1940s and 1950s.
Even so, the rotavirus vaccine example illustrates how
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the number of people given a vaccine after licensure
permits assessment of rare events that may not have
been fully understood during clinical trials.
Safety is not the only thing that needs to be monitored with the initial widespread use of a new vaccine. Influenza vaccines were first widely used in the
mid-1940s. Vaccine experts were surprised in the late
1940s to realize that influenza immunization was not
as effective in preventing infection as it had been a
few years earlier (Parish, 1965). From this surprising
finding came the realization that influenza viruses
change their surface proteins, with a corresponding
requirement for a new influenza vaccine formulation
each year to keep pace.

EXPANDED USE
During clinical trials, before licensing, the average vaccine is given to thousands of people. Adverse
reactions occurring with a frequency of one per 50,000
vaccinees or more rarely would not be expected to be
recognized during clinical trials of that magnitude.
Large-scale immunization programs may provide
additional safety data to help identify previously
unrecognized adverse reactions to immunizations.
When the smallpox vaccination program resumed
in the United States in December 2002, the U.S.
Department of Health & Human Services (DHHS)
and the DoD collaborated on parallel but mutually
reinforcing surveillance projects among the civilian
and military cohorts to be vaccinated (Grabenstein
and Winkenwerder, 2003; Poland et al., 2005; Baciu
et al., 2005; Centers for Disease Control and
Prevention, 2004). Each department implemented
a vigorous program to identify adverse events
among widely dispersed vaccinees across the country for the DHHS and civilian vaccinees and on four
continents and dozens of ships at sea for the DoD and
military vaccinees. The DHHS and the DoD pooled the
adverse-event cases they identified and provided the
full case series to an independent panel of civilian
physicians who comprised a joint work group drawn
from the members of the CDC’s Advisory Committee
on Immunization Practices and the DoD’s Armed
Forces Epidemiological Board. Although the civilian
and military vaccinees differed in demographic characteristics, the collaborative approach subjected all the
adverse-event data to a common analytic framework.
Within this massive vaccinia safety surveillance
project, multiple subanalyses were conducted. For example, the DoD commissioned an electronic symptom diary
that accepted telephonic and web-based entries, which
provided the first analysis of the progression of the lesion

at the vaccination site in a kinetic fashion (Olmstead et
al., 2005, 2006). Both the DoD and the DHHS conducted
traditional symptom surveys that added to the knowledge base for primary smallpox vaccination of adults.
In several ways, the 2002–2007 experience has provided
a greater evidence base to the accumulated knowledge
through the 1970s (Fenner et al., 1988).
Although sporadic cases of myocarditis had been
reported after smallpox vaccination in Europe and
Australia (notably in Finnish military trainees), it was
not recognized with the widespread use of the New
York City Board of Health (NYCBOH) strain of vaccinia virus used in the Dryvax brand (Wyeth) (Fenner
et al., 1988; Lane et al., 1971; Lane and Millar, 1971).
The conventional wisdom was that the NYCBOH
strain was a safer vaccinial strain in this regard,
with a lesser risk of encephalitis, compared to vaccinial strains used in Europe (Fenner et al., 1988).
Nonetheless, the DoD reported its first case of myocarditis after smallpox vaccination in February 2003,
the 10th case in March, and then published a case
series of 18 patients a few months later (Halsell et al.,
2003). The cases typically presented with severe chest
pain in the second week after smallpox vaccination
disproportionately among adult male Caucasian primary vaccinees (Arness et al., 2004). Recovery has
generally been prompt, judged by recovery by electrocardiogram, echocardiogram, cardiac enzymes, and
graded exercise stress test, although a subset reported
continued fatigue and chest discomfort (Eckart et al.,
2004). Additional study of these patients is underway.
Myopericarditis may have resulted from NYCBOH
vaccination in the 1960s but been underrecognized
because cardiac enzymes and imaging technologies
were immature. In the 1960s, the first time most people received smallpox vaccination was as infants,
unlike the recent experience with primary vaccination
of young adults. This serves as yet another reminder
to keep one’s eyes and ears open, even if a substantial
body of historical data is available.

CAUSE AND EFFECT?
In assessing vaccine safety, it is important to differentiate cause-and-effect relationships from mere
temporal relationships (Grabenstein and Wilson, 1999;
Grabenstein, 1999, 2000, 2001a). This helps avoid the
post hoc, ergo propter hoc fallacy.
What should be expected in the health of someone
who just received an immunization? What is that person’s likelihood of developing asthma, Guillain-Barré
syndrome (GBS), a heart attack, cancer, infertility,
epilepsy, lupus, or any other condition? As a starting
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point, the vaccinee should have the same expectation
of good health as a comparable unvaccinated person.
Conversely, the vaccinee has the same expectation of a
future medical problem as the unvaccinated person as
well. It is unreasonable to expect zero cases of asthma,
GBS, heart attack, or other conditions in a group of
1000 or 10,000 or 100,000 vaccinees. Nonetheless, surveillance data collected from vaccination programs
may be helpful in assessing whether medical problems in vaccinees exceed the baseline expectation.
If there is no increased rate of illness among vaccinated people, relative to a proper comparison with
similar unvaccinated people, there is evidence of no
cause-and-effect relationship, at least according to the
statistical power of the cohort evaluated.
A cause-and-effect relationship cannot and should
not be ruled out entirely, however. The studies may
not have been large enough to rule out rare effects
or effects of small magnitude. Scientists must keep
an open mind, of course, striving to avoid the words
“never” or “always.”
Although GBS has a reputation as being caused by
immunization, its most common cause is an infection,
especially with Campylobacter bacteria (Pickering, 2006;
Grabenstein, 2001b; Kuwabara, 2004). GBS is a demyelinating disease that damages nerves, causing temporary weakness. From 80% to 85% patients recover fully
from GBS. The general population has a risk of about
one case of GBS per 60,000 people per year. Therefore,
our baseline expectation is that GBS will occur among
a large cohort of vaccinees, although an appropriate
time interval (or “time window”) must be applied to
assure a fair comparison. The risk of GBS has been
slightly elevated among influenza vaccine recipients
in some years and some cohorts (perhaps 1–10 cases
per million vaccinees), but not others (Grabenstein,
2001b; Lasky et al., 1998; Haber et al., 2004).
As this chapter is being written, the CDC and the
FDA are investigating a cluster of GBS cases in recipients of a meningococcal protein-conjugated vaccine
(Menactra, Sanofi Pasteur), attempting to measure the
attributable risk in an unbiased manner and in perspective to the risk of a meningococcal disease in the
population for whom immunization is recommended
(Centers for Disease Control and Prevention, 2006a,
2006b). The analysis is complicated by seasonal variation in GBS incidence and Menactra administration,
which both appear to increase independently in summer months.
Hepatitis B immunization can prevent liver cancer (Grabenstein, 2006), and human papillomavirus
immunization can prevent cervical cancer (Advisory
Committee on Immunization Practices, 2007). Can
immunization cause cancer? Soon after SV40 was
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discovered in 1960, SV40 was found to be a contaminant of monkey kidney cells that is used to manufacture inactivated (and to a lesser extent oral) poliovirus
vaccines. In 1961, the government required all poliovirus vaccines to be free of SV40, but more than a
million people had already received vaccine doses
containing this virus (Brown and Lewis, 1998; Strickler
et al., 1998; Institute of Medicine, 2002). SV40 can
cause some cancers in rodents. Recently, researchers
found SV40 in people with rare cancers (e.g., ependymomas, osteosarcomas, mesotheliomas), but many of
these people were too young to have received poliovirus vaccines containing SV40. So if unvaccinated people have SV40 virus in their tumors, one needs to ask
whether vaccinated people with these rare cancers are
more likely to involve SV40 than unvaccinated people.
Evidence shows that the risk is the same, not elevated.
There is no indication to date that an increased risk
due to SV40 exists. (Brown and Lewis, 1998; Strickler
et al., 1998; Institute of Medicine, 2002).
The same logic applies to other adverse events. A
fraction of unvaccinated pregnant women will spontaneously miscarry their fetuses. With this rate as a
starting point, we then expect a comparable fraction
of vaccinated pregnant women to miscarry. Similarly,
we need to know how often a heart attack, leukemia,
thyroid disease, diabetes, or any other health problem happens among unvaccinated people before we
can begin to assess whether vaccination increases the
baseline (or background) rate.
The ideal situation is to know how often the
adverse event happens among people who share
every other risk factor except immunization. In such
a setting, the comparison group would have the same
age distribution, gender mix, underlying health status,
and other personal characteristics as those of people
who get the vaccine. Returning to the GBS example, it
might help to know the specific incidence rates of GBS
among adolescents, 20- to 45-year-old adults, as well
as people 65 years or older, depending on the specific
comparison being made. This helps compare apples
to apples, and preferably red delicious apples to red
delicious apples. Only from the baseline can elevations above baseline be recognized.
Whenever the symptom or condition is known to
occur among people who have not been vaccinated,
one needs to know whether the condition happens
more often in vaccinated people than in a comparable
group of unvaccinated people. A stepwise process has
been proposed for this kind of analysis (Grabenstein,
1999, 2000, 2001a).
Any vaccine program administrator should plan
for the occurrence of heart attacks among adult
vaccinees. Shortly after the 1976 swine influenza
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immunization program began, several heart attacks on
the same day in the same city among influenza vaccinees triggered a series of media reports that shook
public confidence in the vaccine (Rubin and Hendy,
1977). Objective analyses showed that the deaths corresponded to the expected background death rate
among unvaccinated people, but delayed reporting of
this perspective did little to restore confidence in 1976.
Similarly, several smallpox vaccinees developed
angina, heart attacks, or other ischemic events during 2003. Data among U.S. military personnel indicated that smallpox-vaccinated and -unvaccinated
personnel developed ischemic events at comparable
rates (Centers for Disease Control and Prevention,
2004). The DoD smallpox vaccinee population is
younger on average than the DHHS population, but
the DoD population included more than 80,000 vaccinees 40 years or older. An epidemiologic analysis
of observed ischemic cardiac events occurring within
3 weeks of immunization among civilian vaccinees
between January 24, 2003, and August 22, 2003, compared to best estimates of expected numbers of incident cardiac events in a similar population, did not
support an increase in ischemic cardiac events within
this population (Baciu et al., 2005; Centers for Disease
Control and Prevention, 2003c). The myocardial infarction (MI) cases and MI-associated deaths observed
among DoD and DHHS vaccinees within 3 weeks of
vaccination at that point exceeded the point estimates
of expected MIs and deaths, but both observations
remained within the 95% predictive interval for these
events. Still, smallpox vaccination program administrators kept in place the cardiac exemption criteria
hastily imposed when the ischemic cases were first
recognized. The conservative approach was adopted
in a setting in which the incidence rate of variola
infection was still zero, the backdrop against which to
compare the vaccine’s benefit-to-risk ratio.
During the comparisons and contrasts of military
and civilian smallpox vaccinees, the issue of generalizability came up several times. Fitness requirements
for military service exceed those of some civilian occupations, but not all. People fit for military service are
generalizable to civilian first responders (e.g., police,
fire and ambulance personnel) and other employment
sectors with expectations for cardiovascular stamina.
What group is analogous to civilian healthcare workers? Physicians and nurses’ health studies offer possibilities, as would employed beneficiaries of health
maintenance organizations and other occupational
groups.
Anthrax vaccine adsorbed (BioThrax, Emergent
BioSolutions) has been the target of prolonged

skepticism, with assertions that the vaccine is associated
with an extraordinary variety of adverse health
effects. To provide an objective basis for assessing
the vaccine’s safety profile, the DoD conducted an
extraordinary array of post-marketing safety studies. These studies involved cohort studies of acute
symptoms (Pittman et al., 2001a, 2001b, 2002a, 2002b;
Wasserman et al., 2003; Hoffman et al., 2003; Rehme
et al., 2002; McNeil et al., 2007), hospitalizations
(Joellenbeck et al., 2002; Lange et al., 2003), disability evaluations (Sulsky et al., 2004), and reproductive
outcomes (Wiesen and Littell, 2002; Catherino et al.,
2005) as well as secondary review of the spontaneous
reports to VAERS (Sever et al., 2002, 2004). Several of
the cohort studies span multiple years after immunization (Joellenbeck et al., 2002; Lange et al., 2003;
Sulsky et al., 2004; Catherino et al., 2005; Pittman et al.,
2004). Multiple studies employed active surveillance,
defined as data collected at fixed time points, without
relying on a recipient to take a special effort to report
a symptom or condition (Pittman et al., 2002a, 2002b,
2004; Wasserman et al., 2003). Other studies featured
systematic surveillance, that is, data collected automatically and electronically, without any reporting
action required by a clinician or vaccinee (Lange et al.,
2003; Rehme et al., 2002; Sulsky et al., 2004; Catherino
et al., 2005).
After the National Academy of Sciences heard from
vaccinees and comprehensively reviewed the accumulated scientific data, the academy concluded that
anthrax vaccine has an adverse-reaction profile similar to other adult vaccines (Joellenbeck et al., 2002).
The anthrax immunization program also pointed out
needed improvements in the way the DoD exchanges
information with military personnel and provides
clinical immunization services in general. Skepticism
about the value of anthrax immunization among military personnel was largely resolved after the anthrax
bio-attacks of fall 2001 showed the public the lethality
of anthrax spores.

PLANNING APPLIED TO PANDEMIC
INFLUENZA
To assess the general principles discussed above,
let us now consider a pandemic influenza scenario.
Similar scenarios involving other public health emergencies could be envisioned. This scenario assumes
use of two hypothetical vaccines to prevent A/H9N9
influenza infection. One vaccine is a subunit (splitvirion) influenza vaccine administered intramuscularly, and the other is a live, attenuated influenza virus
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vaccine administered as an oral capsule. Neither of
the products actually exists.
In a hypothetical pandemic of A/H9N9 influenza,
the news media would likely herald a rising number
of human cases and deaths due to the pandemic, as
the virus spread across the globe. But the time needed
to manufacture and distribute hundreds of millions
of vaccine doses could lag behind pandemic spread
of a lethal virus. This would likely create a scenario of
“vaccine euphoria” and (perhaps irrational) vaccine
demand, which are further discussed below.
With more than 50 years of experience with injectable whole- and subunit-virion A/H1N1, A/H2N2,
A/H3N2, and other influenza virus vaccines, program administrators would have a substantial body of
knowledge from which to base policy decisions. And
yet the influenza vaccine formula has differed almost
every year since 1945 (Grabenstein, 2006), so in some
sense, we have 1–2 years of experience at the viral
strain level with ⬃40 different (albeit similar) influenza vaccines.
Even with the immense experience with smallpox
vaccine in the mid-20th century, new findings related
to myopericarditis came to light in 2003 (Grabenstein
and Winkenwerder, 2003; Poland et al., 2005; Arness
et al., 2004; Halsell et al., 2003; Eckart et al., 2004). The
intermittently elevated risk of GBS after influenza
immunization, including the 1976 swine influenza
vaccine incident, means that program administrators
must focus on a potential association with A/H9N9
(Grabenstein, 2001b; Lasky et al., 1998; Haber et al.,
2004). Similarly, heart attacks and ischemic disease
must be monitored closely, for reasons cited above.
The United States has an increasing amount of
experience with live, attenuated intranasal influenza
vaccines, first licensed in 2003 (FluMist, MedImmune)
(Grabenstein, 2006). The hypothetical A/H9N9 oral
vaccine capsules in this scenario may be difficult for
small children to swallow. The relative safety of a live,
attenuated vaccine for pregnant women and immunecompromised people will likely be unknown. While
the subunit A/H9N9 vaccine could be preferred for
these subgroups, it is possible that local shortages of
the subunit vaccine might force people to face uncertain risks in the setting of local incidence of the pandemic infection.
While many people would be glad to have access
to either of the hypothetical A/H9N9 vaccines, some
would shun them out of distrust of the government or
for other reasons. Behavioral scientists and risk communicators will be important members of the vaccine
program team at all levels: national, regional, state,
and local.
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What are the common features of infectious crises? Decades ago, when hundreds of thousands of
Americans contracted diphtheria, poliomyelitis, or
measles each year, few people stopped to ask about
vaccine side effects. Vaccines have succeeded so well
that many of these vaccine-preventable diseases are
virtually unheard of by clinicians or the public. This
phenomenon has caused some people to scrutinize
side effects of vaccines, forgetting about the disease
that the vaccines have successfully vanquished. Some
aspects of this situation warrant the label “vaccine
phobia.”
On the other hand, what might be termed “vaccine
euphoria” has occurred with meningococcal polysaccharide vaccine in the midst of meningococcal outbreaks (Grabenstein, 2001a; Gold, 1992; Hume, 1992;
Centers for Disease Control and Prevention, 1999).
Demand for meningococcal vaccine in community
outbreaks arises periodically, even if the desire for
the vaccine in such settings may exceed an objective
assessment of the vaccine’s utility.
For example, public clamoring for meningococcal
polysaccharide vaccine during an early 1998 outbreak
in Rhode Island exceeded the health department’s
plans (Centers for Disease Control and Prevention,
1999). The health department planned to offer meningococcal vaccine to all state residents between 2 and
22 years of age over the course of 6–12 months. Long
lines and media attention caused that plan to be condensed into 6–8 weeks.
If called upon to oversee the safety surveillance
system for a new vaccine or a vaccine suddenly
expanded to a larger population, it may be helpful
for a vaccine program administrator to consider a
multifaceted approach. There are several useful data
collection methods that include active (or systematic)
and spontaneous surveillance covering all key demographic categories of interest (e.g., adults, children,
elderly, pregnant women) over a variety of time windows (e.g., 72 h, 2 weeks, longer). Obviously, a thorough literature search of accumulated or “established”
knowledge to inform subsequent study designs is also
important.
To collect common and acute symptom data, active
surveillance systems could be implemented in selected
clinics, perhaps using electronic symptom diaries (e.g.,
entries via telephone or Internet). To collect data about
rare adverse events, large linked databases can be
used to survey large populations. Ideally, these databases will permit comparison and contrast of similar
vaccinated and unvaccinated cohorts. To complement
the two approaches described in the paragraph above,
a spontaneous data collection system (e.g., VAERS)
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will allow unanticipated adverse events to come to
light for definitive evaluation by other means.

RISK COMMUNICATION
There is a divergence, a tension, between the way
scientists approach vaccine safety and the way many
members of the public do so. Good scientists gather
evidence in a manner that minimizes bias. They take
care to rule out competing explanations for an observation before they would assert that “A” caused “B”
(Grabenstein and Wilson, 1999; Grabenstein, 1999,
2000, 2001a; Brewer et al., 2007; Glik, 2007; Dittmann,
2001).
Such self-discipline is not required, of course,
among the general public. People believe what they
wish. And in our society, they also are free to voice,
and even shout, their opinions whether or not those
opinions have an objective basis in fact.
When it comes to hearing about new situations,
some people are entranced, and even mesmerized,
by anecdotes, stories of individuals like themselves.
Human nature tends to identify with individuals. As
a result, documentaries and news magazines often
begin by introducing the audience to a man, woman,
or child affected by the subject of the story. Depicting
events in the lives of these people personalizes the
story, helping the author or scriptwriter connect with
the audience.
Media stories exploring relationships between vaccines and their adverse events often focus on a family.
Some member of such a family may have autism, multiple sclerosis, or some other serious health condition.
This family will be searching for an explanation for
the tragedy. The family may state, or the narrator may
imply, that immunization could or should be considered the reason for the tragedy.
However, how can we tell whether a vaccine
caused the problem? Is some other process really to
be blamed? Separating true causes from false ones
is vitally important for both society and individuals. Above, we have considered cause-and-effect in
general and several health problems (e.g., GBS) in
particular. Using a disciplined, rational, methodical
approach to attributing blame where appropriate, or
clearing a vaccine’s reputation where there is no basis
for a link, continues to be the proper approach. Using
the tools of science, we are most likely to find the
truth and least likely to fool ourselves about vaccine
safety.
The key to assessing vaccine safety is to be objective, assess carefully all available data, and be open to
new findings.
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ABSTRACT
The majority of vaccines licensed for controlling infectious disease of veterinary species today are based on
technology that was introduced by Jenner using live vaccines and Pasteur using killed whole organism vaccines 200
and 100 years ago, respectively, yet this former technology has not stopped several successful vaccination programs
from being developed. Much of veterinary vaccinology is driven by the realities that exist in raising production
animals or working in veterinary practice, where making a living depends on keeping the animals healthy, because
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it is an industry where vaccines are like insurance policies—protection from events that one hopes never happen. For
example, the USDA recognizes these varying levels of protection in the way that they allow label claims: (1) “aids
in disease control,” (2) “for the prevention of disease,” and (3) “for the prevention of infection.” Additionally there
may be indirect protection, or herd immunity, that results from vaccination of sufficient numbers of animals in a
given population resulting in the reduction of the ability of a disease to transmit through the vaccinated individuals.
The perception that vaccines provide sterilizing immunity, where the disease agent does not establish an infection,
while widely held, is generally unfounded and largely unrealistic. Recent advances, especially in the last 15 years
in genomics, proteomics, biotechnology, immunology, pathogenesis, and vaccine formulation and delivery have
dramatically changed our approach to vaccine development. When used optimally, vaccines have been shown to
prevent disease, reduce the need for pharmaceutical intervention, and improve the health and welfare of animals,
and indirectly people as well. The challenge in developing an optimal vaccination program is in dealing with the
great diversity that exists within the animal world, and as such there probably is no single optimal program for all
occasions. While there is no magic solution to optimizing vaccination programs for animals, nonetheless, a solid
understanding of the animal’s innate and environmental risk factors as well as the variables such as stress will enable
the development of tailored vaccination schedules that best meets the needs of the animal. The use of vaccines in
animal health is not restricted to the protection of morbidity and mortality of the animal hosts themselves, but they
are regularly employed as key elements in public health programs. When appropriate biopreparedness, management
modeling strategies, and contingency plans of the future are linked with (1) protective DIVA vaccines against
zoonoses, (2) effective predictive modeling, and (3) deployable implementation policies, control, and prevention of
serious zoonotic diseases of man and animals will become more achievable at local, state, and national levels.

MAXIMIZING STRENGTH AND
DURATION OF PROTECTIVE
IMMUNITY
Novel Vaccine and Delivery Systems
Novel Vaccines
The majority of vaccines licensed for controlling
infectious disease of veterinary species today are
based on technology that was introduced by Jenner
using live vaccines and Pasteur using whole killed
vaccines 200 and 100 years ago, respectively. Although
these vaccines have been very useful in reducing
economic losses to the industry, they were primarily
produced by empirical processes with little knowledge of animal physiology, host responses to vaccines
including the importance or relevance of Th1 versus
Th2-like immune responses in controlling infection
or the importance of specific virulence factors of the
pathogen. However, recent advances, especially in the
last 15 years in genomics, proteomics, biotechnology,
immunology, pathogenesis, and vaccine formulation
and delivery have dramatically changed our approach
to vaccine development. As a result of these advances,
we believe that the next generation of vaccines should
be safer and more cost-effective.

Live Attenuated Vaccines
Historically, live attenuated vaccines were generated
by repeated passage of the pathogen in vitro under
different conditions that randomly generate mutants

that have reduced virulence. Indeed, the majority of
the live attenuated vaccines on the market today have
been generated by this approach (van Oirschot, 1997).
The selection of mutants can be further enhanced by
exposing the pathogen to mutagenic agents or growing the pathogen at low temperatures. Under any of
these conditions there is no control of which specific
genes are mutated, nor is there control over the extent
of attenuation. Thus, it requires testing each of these
individual passaged agents to finally arrive at a level
of attenuation that is acceptable.
Finally, since many mutations can be point mutations, there is a high probability of back mutation
and reversion to virulence once introduced into the
animals. Possibly the best example of this ability
to revert to virulence is with polio virus where the
oral polio virus given to humans contains a singlepoint mutation which can rapidly revert to a virulent
form upon replication in vivo (Greensfelder, 2000).
However, even with these potential problems, many
very effective live vaccines are licensed and have had
a major role in disease reduction even though the
safety of these vaccines is of concern.
Fortunately, with more knowledge of each pathogen and the genes involved in inducing protection
and virulence, it is possible to target specific genes
involved in attenuation. By deleting an entire gene
from the pathogen to attenuate the organism using
genetic engineering techniques, the safety profile of the
vaccines can be dramatically improved. This approach
is not only safer, because it is more difficult to acquire
a whole gene which would lead to reversion than it is
to modify a point mutation, but it is also possible to
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modulate the degree of attenuation. This is important
to ensure that adequate replication of the attenuated
vaccine occurs, to induce optimal levels of protective immunity but not cause any pathology. A final
advantage of using live vaccines is that they can be
delivered by the natural route of infection to provide
protection at the natural site of entry (i.e., mucosal
protection). However, even with all these advantages,
these approaches are under much greater scrutiny by
regulatory agencies than the less safe conventional
methodology of attenuation, thereby, adding significantly more expense to the licensing of many potentially
valuable vaccines needed by the industry.
Currently, the more popular method of attenuation
is to delete or incapacitate an entire gene that is not
required for replication. However, it is also possible to
introduce temperature-sensitive (TS) mutations which
would reduce the pathogens ability to replicate at
temperatures present in the lower respiratory tract.
Thus, the vaccine could infect the upper respiratory
tract and induce immunity, but have limited replication
in the lower respiratory tract where damage could
lead to complications such as pneumonia and possibly death. In addition to introducing this single TS
mutation, one could introduce multiple TS mutations,
thereby providing a much safer and stable attenuation than is currently possible with conventional TS
mutants. This approach is very attractive for many
respiratory infections, but especially for influenza
viruses where TS mutants are currently in use for
control of equine influenza (Townsend et al., 2001).
By deleting nonessential genes, a vaccine can
be designed to reduce the virulence of a pathogen.
However, it is also possible to make vaccines by deleting essential genes, which will completely prevent the
replication of the vaccine in vivo. This type of mutation results in replication defective organisms, making
the vaccine totally safe. Such an approach has been
used for a variety of different prototype vaccines.
The principle behind this approach is that it is possible to culture the vaccine in vitro by supplying the
elements required for replication. Once the agent is
introduced in vivo, where the element is absent, the
agent undergoes an abortive infection. However, during this abortive infection, sufficient antigens are
produced to induce immunity. These types of defective vaccines can be produced against a number of
different organisms. A variation on the replication
defective vaccines approach is one where a specific
gene is introduced requiring a specific metabolite
or compound to replicate (Donnenberg and Kaper,
1991). This allows controlled replication in vitro as
well as in vivo as long as the required compounds
are introduced with the vaccine or individuals are

227

fed the specific compound for a period of time to
allow the vaccine to replicate in vivo. On removal of
the required compound, the agent dies. These types
of approaches are easy to introduce into bacteria for
making bacterial vaccines. These types of vaccines
should remove the concern about shedding of organisms in environments as they would rapidly die in
the environment because of lack of complementary
growth components.
Possibly the greatest advantage of live genetically
engineered vaccines is the fact that these vaccines
can be used as vectors to carry protective proteins
from other pathogens. Thus, it is possible to immunize an individual against not only the organism that
has been attenuated, but also against antigens which
are being carried by the vector. Thus, a single immunization can protect individuals from a variety of
diseases. This approach is gaining considerable interest from the veterinary biopharmaceutical industry
since it would make vaccine production and delivery
much more economical with a single vector carrying multiple vaccines manufactured in a single step.
Furthermore, there should be no interference between
the antigens as is often seen with multiple agents at
the time of vaccination. Currently, over a dozen viral
vaccines based on a pox virus vector are licensed in
veterinary medicine (Gerdts et al., 2006). Similarly, a
number of companies are developing adenovirus-based
vectors (Reddy et al., 1999a, 1999b). In the case of
poxvirus-based vectors, one can either use mammalian
or avian poxviruses as vectors. Since avian poxviruses
undergo abortive replication in mammalian cells, they
are gaining significant market share where they have
been licensed. Thus, the safety concerns outweigh any
genetic engineering concerns. The most recent report
of developing solid immunity of monkeys to Ebola/
Marburg and lassa virus following a single immunization with a VSV recombinant has created significant excitement using VSV as a potential vector (Jones
et al., 2005). However, in all these instances of vectored
vaccines, one is always concerned about the impact of
preexisting immunity to the vector on the potential
efficacy of the vaccine. The possible reason that the
monkeys were totally protected from Ebola following VSV-vectored immunization versus adenovirusvectored immunization is the fact that the monkeys
were naïve to VSV.
Currently, it is possible to develop live vectored
vaccines using bacteria or viruses as carriers, which
then can be delivered by natural routes of infection,
and by mass administration by aerosol or in feed
or water, which is critical for the poultry industry.
This approach overcomes a need to handle individual animals and also overcomes the disadvantage of
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needle delivery. In addition, these vectors can be used
to induce immunity in ovo (Rautenschlein et al., 1999).
Currently, in ovo vaccination has gained significant
popularity due to the ease of handling and providing
immunity very early in life of poultry. In addition to
carrying genes from other pathogens, these vectors can
also carry immunomodulatory genes to act as adjuvants to enhance the efficacy of the vaccine (Raggo
et al., 1996; Giavedoni et al., 1997). Although these
vectored vaccines have many advantages, consideration must be given to the antigen being delivered. For
example, one would not choose a viral vector when
immune responses to carbohydrate or lipopolysaccharide (LPS) antigens are needed. In contrast, a bacterial
vector would be ideal for such a vaccine. Similarly,
one would not choose a bacterial vector to deliver a
viral protein whose confirmation is very sensitive to
posttranslational modification. Thus, the appropriate
vector is as important as the antigens being delivered
by that vector.
Killed and Subunit Vaccines
Conventional killed vaccines are produced by
inactivating the infectious agents so it cannot replicate in the host, but without altering immunogenicity
of the protective proteins. Thus, all the proteins of
the infectious agent are present in the vaccine, but the
nucleic acid has been damaged to the extent that the
agent cannot replicate. Unfortunately, many inactivating agents do have an impact on immunogenicity by
damaging or altering specific proteins, therefore, it
is important to achieve a balance between full inactivation and reduction of immunogenicity (Ferguson
et al., 1993). Unfortunately, with some infectious
agents, especially those that may aggregate, it is not
possible to have inactivating agents penetrate the
aggregate and, as a result, some outbreaks of disease have occurred due to improper inactivation
(Brown, 1993). Thus, there continues to be a search
for new inactivating agents. For all inactivated vaccines it is critical that the protective antigens are
present at the concentration sufficient to induce an
immune response. In bacteria, many virulence factors may be extracellular secreted proteins, therefore,
they are not present in sufficient quantities in whole
inactivated organisms to induce protective immunity.
Possibly, the best examples are the RTX toxins in the
Mannheimia, Actinobacillus, and Pasteurellae species
(Shewen and Wilkie, 1982). These antigens are critical
for effective vaccination, but are secreted and, therefore,
are not present in whole, killed inactivated vaccines.
To overcome this problem, companies have “spiked”
the whole killed inactivated vaccines with culture

supernatant containing the RTX toxins. Second, some
virulence factors are only expressed under specific
physiological conditions, i.e., iron-regulated proteins,
thus, care must be taken to ensure that bacteria are
cultured under the appropriate conditions to express
the putative protective antigens (Deneer and Potter,
1989b, 1989a).
Since most inactivated vaccines are poorly immunogenic, they often require adjuvants to enhance their
immunity. Many of these adjuvants and formulations
cause tissue reactions (see below). Furthermore, they
generally induce a good humoral immune response
with minimal cell-mediated or mucosal immunity. In
many cases, these later responses are critical for optimal protection. In addition, many of these vaccines
are delivered by needles that may break and remain
in the animal for long periods of time. This is both
painful for the animal and is of concern to the consumer who might encounter such a foreign object in
the meat. However, many very successful vaccines
have used these technologies and continue to be used
by the industry.
A variation on the theme of killed vaccines is that of
subunit vaccines. Instead of developing vaccines containing all the antigens of the pathogen, it is possible
to identify the few critical proteins that are involved
in inducing protection and use them as a vaccine.
Theoretically, it is possible to purify the proteins from
any conventionally produced vaccine. However, this is
very expensive, therefore, it is much more economical
to clone the gene and produce it as a subunit vaccine
using biotechnology approaches. Before embarking
on a subunit vaccine program, it is critical to identify
the critical antigens for incorporation into a vaccine
and then produce these antigens in a commercial setting. Fortunately, our knowledge regarding the critical
proteins and ability to isolate the genes coding for
these proteins has become relatively routine in the last
decade. Thus, the protective antigens for most important infectious disease agents in veterinary medicine
are now known. For those agents where we still need
to identify the putative protective antigen, we can use
comparative biology and genomics to identify them
relatively quickly. However, identification is only
the first step in a vaccine production program. Once
the antigen is identified, it must be produced in a
commercially viable system.
For bacterial antigens, production in bacterial
systems is relatively straightforward. These proteins
can be produced either as secreted proteins or as
inclusion bodies. However, for viral or parasitic antigens, the extent of posttranslational modification
required to retain the three-dimensional structures
dictates that they can be produced in eukaryotic
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systems to ensure their immunogenicity. Although these
are often more expensive and difficult to scale-up, they
are required especially for viral glycoproteins. Since
viral glycoproteins are generally anchored in cell
membranes, this requires destruction of cells to purify
the glycoprotein. To overcome this impediment, it is
possible to remove the transmembrane anchor and
allow secretion of the protein (Kowalski et al., 1993).
This not only increases the yield, but also reduces the
purification cost, thereby making the vaccines affordable for livestock application. Significant advances
in production of subunit vaccines are being made by
expressing antigens in plants, which confer most of
the posttranslational events present in mammalian
cells. Further advantages are that it is possible to target the vaccine antigen to oil bodies in the plant (van
Rooijen and Moloney, 1995). This makes the vaccine
very thermostable, allowing ease of purification and,
more importantly, the vaccine is already incorporated
in the metabolizable oil adjuvant. Although there are
currently no licensed vaccines produced in plants, it
is envisaged that this will occur shortly as a number
of companies are currently testing a number of such
vaccines.
DNA Vaccines
The newest addition to our armamentarium in
vaccination is genetic vaccination or polynucleotide
vaccines, commonly referred to as DNA vaccines.
The concept of DNA vaccination is extremely simple
in that a plasmid expressing a gene encoding the
antigen of interest is injected into an animal, which
then expresses the protein (vaccine) of interest. Thus,
the animal acts as the bioreactor to produce the vaccine and, consequently, the animal is immunized.
This simple process does not require any downstream
protein purification, although it does require plasmid
purification and abolishes the need for adjuvants.
Another advantage, depending on the route of administration, is that these vaccines generally induce both
humoral and cellular immunity. This is primarily
because the antigen is produced endogenously and
all posttranslational modifications are similar to those
seen following regular viral infections. Furthermore,
improvements in both enhancing immunity as well
as driving the cell-mediated arm of the immune system has been achieved by coadministration of these
DNA-based vaccines with plasmids encoding IL-12
and IL-15 (Hanlon et al., 2001).
Although the concept is simple, the actual events
that must occur to make DNA vaccination possible
are many. First, efficiency of transfection is very low.
Thus, few plasmids actually get into the nucleus

229

and express antigen. To overcome this problem various methods have been used to increase transfection including: (1) electroporation, (2) formulation in
different polymers or lipid-based vesicles, and (3)
mechanical delivery using air or gene guns (reviewed
by van Drunen Littel-van den Hurk et al. (2004)).
Second, in the case of RNA viruses or bacterial genes,
it is often necessary to introduce introns and remove
cryptic splice sites to ensure expression occurs even
after entry of the plasmid into the nucleus. Altering
codon bias has also proven in some cases to enhance
expression. The effects made to enhance the efficacy
of DNA vaccines in livestock have been reviewed
on a number of occasions (Babiuk et al., 2000, 2002).
Possibly the most efficient method of delivery of
genetic vaccines is the use of alphavirus replicons
(Schultz-Cherry et al., 2000). Since alphaviruses naturally target cells for infection, they are ideal delivery
vehicles. Using the alphavirus replicons system, the
envelope can be engineered in such a way that it more
efficiently targets the antigen-presenting cells (dendritic cells) for active targeting of vaccines. Since the
replicons are not able to reproduce they are deemed
to be safe.
Although there are still many hurdles to overcome
to make DNA vaccination routine in many species, the
first DNA-based vaccine has already been licensed to
control West Nile virus in horses. With the regulatory
path having been set, it is highly likely others will be
licensed shortly.
Differentiating Infected from Vaccinated
Animals (DIVA) Vaccines
Previously, agricultural disease surveillance and
eradication programs were largely based on the serological confirmation of infection and the destruction
or quarantine of herds to limit the spread of disease.
Due to the reliance on serological confirmation, most
countries banned vaccination against exotic diseases.
Possibly, the best example of such an approach is with
foot-and-mouth disease. The introduction of footand-mouth diseases into countries that are normally
free of this disease results in quarantine and slaughter to eradicate disease rather than to conduct ring
vaccination. Since ring vaccination would result in
serological positive animals the country would continue to be considered “infected” as long as there
were serologically positive animals in the country.
However, the application of a serological test to differentiate between vaccinated and infected animals
has a potential to change this practice. As countries
move to eradication of endemic diseases or controlling
novel introduced diseases through vaccination programs
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it is critical to develop robust detection systems
which differentiate vaccinated (immune) animals
from naturally infected animals which might be carriers of the disease. This aspiration has led to the development of DIVA vaccines where vaccines lack one or
more highly immunogenic proteins, but still contain
the critical proteins needed for inducing protection.
Since the vaccine lacks a specific protein, a companion diagnostic test is developed which can serologically differentiate infected from vaccinated animals
(DIVA). Although DIVA vaccines/diagnostic tests can
be used with conventional killed vaccines, for example, the killed FMD vaccines do not induce antibodies to the viral nonstructural proteins (NSPs) (Clavijo
et al., 2004), the trend is to use gene deleted or subunit
DIVA vaccines.
The first gene deleted vaccine was used to eradicate pseudorabies virus. This vaccine, was the result
of a natural deletion of the glycoprotein (gE) gene
from the virus (van Oirschot et al., 1986). This vaccine was used for decades to control pseudorabies
virus in pigs and was known as the Barta strain.
Coincidentally, it also has a gE deletion, which then
could be used as a marker for differentiating vaccinated animals from latent carriers of the disease. As a
result of the first DIVA vaccine, many areas are now
free of pseudorabies virus. Although the pseudorabies
virus was a naturally occurring virus, the availability
of recombinant DNA technology, combined with our
knowledge of gene sequences, and the ability to identify nonessential genes in many pathogens and delete
them provides us with a great opportunity to develop
DIVA vaccines for almost any infectious disease.
As a result of these initial successes, several marker
vaccines are already commercially available and
their role and contribution to disease eradication
appears promising. However, for DIVA vaccines to
be embraced by the industry there will need for support by various levels of governments including the
livestock industry to ensure that the biopharmacy
industry develops these vaccines. For example, there
are opportunities to develop DIVA vaccines for footand-mouth disease, but the international community
does not yet appear to be willing to embrace vaccination against foot-and-mouth disease in countries
which are normally foot-and-mouth disease free
(Clavijo et al., 2004). In the case of foot-and-mouth
disease, a DIVA test is available based on the detection
of antibodies to NSPs that is the preferred diagnostic
method to distinguish viral infected carrier animals
from vaccinated animals, but is not yet embraced by
the international trade community. Thus, even though
the better technology is available, this will not guarantee that the technology will be embraced by the

industry or the global community. Thus, some of these
vaccines and their acceptance will not only be driven
by economics to the individual producer, but it is also
often politically motivated by trade interests and macroeconomic issues. Thus, once a country is declared
disease-free that country can use its disease-free
status as an effective trade barrier to keep out livestock from countries that are not disease-free. As more
confidence is developed in DIVA vaccines and the
diagnostic tests are simpler to perform, it is hoped that
the entire globe would embrace these types of vaccines and reduce the accidental introduction of exotic
diseases into countries or if introduced, will reduce
the number of animals that are needlessly slaughtered
to return the country to disease-free status.
Formulation and Delivery
Regardless of the type of vaccine developed, if it
is not formulated or delivered properly, the full benefit of the vaccine will not be achieved. This is important because how it is formulated and delivered will
dramatically influence the quality as well as the
magnitude of the immune response generated. For
example, a parenterally administered nonreplicating
vaccine will induce only a systemic immune response,
but have very little ability to induce mucosal immunity. Currently, there is extensive evidence to suggest that delivering the vaccine to mucosal sites is
the most effective way to induce mucosal immunity.
Another advantage of mucosal delivery is that the
animal also develops systemic immunity, in addition to mucosal immunity. In addition to broadening
the immune response, mucosal immunity has other
advantages such as avoiding the pain and injection
site reactions, and broken needles, etc. associated with
parenteral injection. This route of administration can
also be less expensive, but depending on management
systems, may be more difficult to perform. For
example, wild range cattle are not very receptive
to intranasal delivery of vaccines; therefore, oral delivery may be more attractive in these circumstances.
Unfortunately, despite many experimental reports few
oral vaccines are licensed for livestock. The reason
for this is the lack of effective delivery systems that
target the gut-associated lymphoid tissue (GALT).
The difficulty of delivering vaccines to the GALT is
a result of a combination of many factors including
degradation of the antigen and various physiological barriers. For example, in the ruminant, traversing
the rumen to the intestine where the GALT is provides a major challenge. However, despite these
challenges a number of promising developments are
being pursued.
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Since many viruses and bacteria can survive the
gastrointestinal tract they are being used as vectors for
vaccine development for providing oral or mucosal
delivery. Possibly, the best example of such a vaccine
is the vaccinia-vectored rabies vaccine. In this case,
the rabies glycoprotein is inserted into a vaccinia virus
which is then incorporated into bait for the control of
rabies virus in wildlife (Brochier et al., 1991, 1995). The
advantage of such an approach is that if one chooses a
thermostable vector, the vaccine remains viable in the
environment for significant lengths of time. Second,
one does not need to trap the individual animals since
they routinely encounter the bait during their normal activities, as they eat the bait they get vaccinated
(Brochier et al., 1995). Similarly enteric bacteria such
as Salmonella can also be used as vectors for carrying a
variety of vaccine antigens. Although the safety issues
prior to release of these vectors into the environment
are very thoroughly investigated there is always a
concern, possibly unwarranted, about the potential
consequences of release of recombinant agents into
the environment. To overcome this concern, interest
is developing in oral delivery systems for nonliving
antigens. This is possible by encapsulating the antigen
in novel polymeric microparticles. These particles can
be produced from a range of polymers, which protect
the antigen from degradation in the gastrointestinal or
respiratory tract and target these vaccines to the tonsilar crypt cells or Peyer’s patches of the gastrointestinal
or respiratory tract, respectively.
For microparticles to be effective, they must
be engulfed by the M cells of the Peyer’s patches.
Significant work has focused on investigating the
optimal size of particles for effective uptake. Uptake
can also be modulated by changing the charge,
hydrophobicity and linking of specific ligands to the
particles to target the vaccine to M cells. For example,
the size of polylactide-coglycolide (PLG) microparticles has been studied extensively with regards to
their uptake and transport to lymph nodes. If one
could generalize, which is risky, particles of ⬍10 μm
are taken up easier by the Peyer’s patches than particles ⬎10 μm. This is the case with both PLG and alginate particles (Eldridge et al., 1993; Kim et al., 2002).
The current interest in producing nanoparticles for
various drug-delivery systems is also being exploited
for vaccine delivery and has shown that smaller particles are better than large particles for uptake. Thus,
it is clear that size is very important for the efficient
uptake of microparticles carrying vaccine antigens.
Furthermore, since the mucosa has a negative charge,
positive-charged particles are more effective in uptake
than negative-charged particles. Another approach for
enhancing uptake of microparticles is to link various
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lectins to the microparticles which then can specifically
target M cells (Pappo et al., 1991; Mantis et al., 2002).
In addition to being able to directly target microparticles to the oral mucosa, interest is also increasing in
being able to use these microparticles to develop single dose vaccines, whereby microparticles of different
composition are employed with some particles releasing antigen immediately upon uptake and others
releasing antigen at 1–2 weeks after uptake (Cleland
et al., 1998; Tamber et al., 2005). This approach is especially attractive since it would provide a priming of
the immune system upon vaccination and a booster
later on. This has recently been demonstrated with an
HIV vaccine in baboons (Cleland et al., 1998). To further enhance the efficacy of microparticles as delivery
vehicles it is possible to incorporate adjuvants with
the antigen in the microparticles and not only deliver
the antigen but also provide the immune system with
a boost. Incorporation of saponin-derived adjuvants
(QS-21) or CpG ODNs into microparticles have been
shown to enhance immune responses to the antigens
incorporated in the microparticles (Hunter et al., 2001;
Diwan et al., 2002). Although PLG microparticles
have been the most extensively studied oral delivery
microparticle systems, numerous other microparticles
have also been investigated. These include polycapralactone (PEC), starch-based microparticles, alginate
microparticles, and most recently polyphosphazenes
(Payne et al., 1995; Benoit et al., 1999; McNeal et al.,
1999; Wikingsson and Sjoholm, 2002; Rydell and
Sjoholm, 2004). The reason for investigating other formulations is that the generation of PLG microparticles
generally requires organic solvents and upon degradation in the intracellular environment generates an acidic
environment. In some cases this is very detrimental
to preservation of different epitopes. This is possibly
the reason that incorporation of Brucella ovis in PEC
microparticles was much more effective in protecting
animals from challenge with live B. ovis versus encapsulation of the same antigen in PLG which did not
confer protection (Murillo et al., 2001). It is also interesting to note that the quality of the immune response
induced by the PEC microparticles was associated
with a Th1-like response, whereas those induced
by PLG encapsulated antigen was associated with a
Th2-like immune response.
Significant studies have also been conducted with
alginate microparticles in various animal species
including cattle, rabbits, and chickens (Bowersock
et al., 1999). In each of these cases, oral delivery of
the vaccines was enhanced when the antigens were
encapsulated in the alginate particles and further
enhancement was detectable if the microparticle
also contained adjuvants. Due to the mild nature of
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producing alginate microparticles, it is also possible to
encapsulate live microorganisms, thereby protecting
them as they transit the stomach to the gastrointestinal
tract. This was clearly demonstrated by the ability to
encapsulate bovine adenovirus in alginate microspheres and develop immune responses following
oral administration of the virus (Mittal et al., 2000).
A most recent class of synthetic biodegradable
polymers for vaccine delivery as well as acting as an
adjuvant in itself is the polyphosphazenes. Numerous
reports have documented that polyphosphazenes
perform better than conventional adjuvants when
incorporated with vaccines (Andrianov et al., 1998;
Payne and Andrianov, 1998). Furthermore, it is possible to
formulate polyphosphazenes into microparticles with
no organic solvents. Thus, the procedure is extremely
mild and one captures the benefit of microencapsulation as well as adjuvanticity all in one type of particle.
Although these polyphosphazene microparticles have
proven to be very effective in preliminary studies in
mice, they require further investigation for application to
livestock and companion animals. Although we have
identified the areas of current interest and research in
microencapsulation and delivery of vaccines in microparticles, it must be emphasized that there are very
few studies in large animals demonstrating the application of microparticle formulated antigens for oral
immunization. Clearly, much more work is required
in large animals but the knowledge that is gained
regarding the needs to stimulate the GALT, the size
of microparticles, and charges to enhance immune
responses combined with preliminary studies in a
number of veterinary species demonstrating their
potential utility is encouraging and needs to continue
to be pursued.
Due to the rather poor immunogenicity of most
inactivated and subunit vaccines, they almost always
require combination of the vaccine antigen with
adjuvants to be effective. The current adjuvants
can be classified into: (1) mineral salts, (2) synthetic
adjuvants, (3) oil emulsions, (4) plant products, (5)
lipid-based vehicles, (6) bacterial products, and,
finally (7) molecular adjuvants or cytokines or any
combination of the above (Cox and Coulter, 1997). In
humans, only aluminum salts or MF-59 are licensed,
whereas in veterinary medicine many different adjuvants are in current use. Unfortunately, the exact
mechanism by which most adjuvants work is not fully
understood and different adjuvants probably have different mechanisms of action. These range from creating a depot of the antigen to attract antigen-presenting
cells to the site of vaccination to creating a cytokine
environment at the vaccination site to help expand the
immune reactive cells. Regardless of the mechanism of

action, most licensed adjuvants do not possess all the
required features of an ideal adjuvant, therefore, the
quest continues for better adjuvants, which not only
induce a balanced immune response, but also are safe
and do not induce any injection site reactions.
Since many of the adjuvants attract cells of the
immune system to the site of injection, one requires a
fine balance between attracting the appropriate cells
required for induction of immunity, but not cause
overstimulation resulting in unwarranted injection
site reactions. Indeed, it has been estimated that in
cattle, these injection site reactions cost approximately
$8/injection site as a result of the need for trimming
(van Donkersgoed et al., 1999). It is for this reason that
most injections are now given subcutaneously in the
neck where meat cuts are of less quality. In the case
of cats, aluminum adjuvants have been implicated in
fibrosarcomas (Burton and Mason, 1997) and, therefore, the trend is to move to nonadjuvanted vaccines
for cats. The major problem with most adjuvants
is they generally induce a strong Th2-like immune
response, but very little Th1-like immune responses.
Because of these concerns, the quest continues for
novel adjuvants that do not cause any adverse
reactions, but still induce the desired response.
Currently, the most often used adjuvants include
aluminum salts, which adhere antigen to their surface
and act as a depot for the antigen which is then presented to the antigen-presenting cells infiltrating the
injection site. Since the antigen needs to be absorbed
to the aluminum salts, it is not surprising that all antigens do not absorb efficiently and require precise pH’s
for their absorption (Claesson et al., 1988). Another
disadvantage of aluminum salts is that they generally
induce only Th2-like responses with little cell-mediated
immune responses.
Oil emulsions are another very commonly used
family of adjuvants in veterinary vaccines. These oil
emulsions vary from mineral to plant oils and can
be oil in water or water in oil emulsions. The major
problem with mineral oils is that they are nonmetabolizable, leading to residues and injection site
reactions. To overcome these problems, metabolizable oils are replacing mineral oils. Many of these
metabolizable oils are plant-based. In addition to
using plant-derived oils, other plant components with
immunomodulatory properties are also used, either in
combination with oils or alone (Kensil et al., 1991; Wu
et al., 1992). Possibly the best known plant-derived
adjuvant is saponin (Quil A) or various fractions of
Quil A, best known as QS21. One of the mechanisms
of action of QS21 is its ability to stimulate cytokines,
which help create the environment required to drive
the immune response. To further enhance the activity

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

20_P369408_Ch16.indd 232

11/5/2008 10:26:31 AM

ENHANCING FOOD SAFETY WITH IMPROVED VACCINES

of QS21, it is possible to combine them with other lipid
components to form ISCOMs or cage-like structures containing the antigen of interest (Cox et al., 1998; Morein
et al., 2004). Thus, ISCOMs act both as delivery vehicles and enhance immunity to the antigen incorporated into the ISCOMs. Currently, most ISCOM-based
vaccines incorporate viral glycoproteins into the
ISCOM. These vaccines can be delivered either
parenterally or mucosally, and can induce both antibody and cellular responses (Takahashi et al., 1990;
Morein et al., 2004). One of the disadvantages of
ISCOMs is the poor loading capacity and the difficulty of incorporating nonmembranous antigens into
ISCOMs (Reid, 1992). Similar to ISCOMs, liposomes
have been used experimentally with excellent results.
In addition to use with subunit vaccines, lipid-based
delivery systems are also efficient in delivery of
DNA-based vaccines (Zelphati and Szoka, 1996).
Early vaccines containing whole killed bacteria
demonstrated that these vaccines induced significant
reactions, which led to the suggestion that many of
these components could be good adjuvants. Indeed,
this was proven to be a correct assumption. Many
of these bacterial products, whether they are LPS or
various toxins (cholera toxin, Escherichia coli LT, etc.)
or bacterial DNA generally induce cell signaling,
primarily through Toll-like receptors (TLRs), and
production of cytokines or chemokines. It is because of
this activity, excessive stimulation can lead to adverse
reactions. To overcome these excessive reactions, less
toxic analogs of each of these bacterial components
are being developed (Ulrich and Myers, 1995).
One of the least reactogenic bacterial components
currently showing significant promise as an adjuvant
is CpG (Krieg et al., 1999). These are specific synthetic oligonucleotide sequences that signal through
TLR-9 receptors. Significant work in the last decade
has identified specific CpG motifs that can stimulate
both Th1 and Th2-like immune responses (Weeratna
et al., 2000). Furthermore, they are active both with
recombinant and conventional vaccines (Ioannou
et al., 2002). In addition, they are active following in
ovo delivery (Gomis et al., 2004).
Since many of the above adjuvants act through their
ability to induce cytokines at the injection site, and
since cytokines are critical for induction of immunity,
numerous investigators have attempted to incorporate
cytokines into vaccine formulation with limited success (Heath, 1995). The greatest concern with cytokines
as adjuvants is the difficulty of maintaining the current concentration of the cytokine that will drive the
immune response without overstimulation with toxic
consequences. A recent report of using killed pseudomonas bacteria containing interferon gamma as an
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adjuvant demonstrated excellent adjuvanticity with
no adverse effects (Gaertner et al., 2005). Thus, there is
a high probability of eventually using such molecules
as adjuvants.

ENHANCING FOOD SAFETY WITH
IMPROVED VACCINES
The use of vaccines in animal health is not
restricted to the protection of morbidity and mortality of the hosts themselves, but they are regularly
employed as key elements in public health programs.
Among the first widely and successfully applied
applications of vaccines in the animal health were for
rabies, a principle zoonotic disease for a variety of
domestic and wildlife hosts (see Chapter 33). Classical
inactivated rabies vaccines have been used to control
this devastating disease in domestic animals and
wildlife targets have been addressed with attenuated
live approaches and most recently and successfully
with a recombinant vectored vaccine. Of perhaps even
more profound potential impact on public health is in
the control of H5N1 avian influenza, where the use
of conventional and recombinant vaccines have been
demonstrated to significantly decrease the spread
and virus within infected flocks, thereby reducing the
spread of the virus vertically into the human population. Other zoonotic diseases for which vaccines have
real and potential impact on incidence in the human
population are brucellosis in ruminants, Nipah virus
and Norwalk Agent in swine.
Focus will be on those diseases for which the exposure to the zoonotic is typically through the food
chain. These vaccines carry their own special issues
in that the agent may not always be a principal disease in the host, rather a commensal, or part of the
host natural flora. Campylobacter in poultry and E. coli
O157 are typical examples of these, with the disease
agent residing as part of the host normal flora and
only becomes of concern when humans are exposed to
contaminated food.
Safety of the water and food supply has clearly led
to greatest improvements in public safety in the last
century and a half. Statistics from the British home
office indicate that in 1900, 140 per 100,000 in the
population of the UK died annually from food-related
illnesses. Improvements along the food chain reduced
that number to approximately 0.4 per 100,000 by 1980,
where it has remained constant since then.
Before moving on to animal diseases and the vaccines used to control them, it must be noted that the
very vaccines used in food producing animals must
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in themselves not negatively affect the quality of
the food. In the United States, production animals
typically include beef, pork and poultry with minor
inputs from the sheep and goat industry. The advent
of modern vaccine technologies has provided tremendous benefits to large-scale production capabilities
for these species and resulted in a positive economic
impact with regard to cost of production for the primary producer and cost of product to the consumer.
The use of vaccines in production animal medicine
has translated into one aspect of the overall production scenario under the concept of “herd health
management.” The herd health management concept
transcends prevention of disease, animal housing and
environment, nutrition, and management issues; all
of which have contributed to the low cost, bountiful,
high quality food supply that this nation has enjoyed
for many decades.
There are issues routinely faced by producers with
regard to the application of vaccine technologies to
production animals. These include the efficiency of
mass vaccination, the impact on food quality due to
local reactions at the vaccination site, and the rare
but serious issue of broken needles at the site of injection. The application of mass vaccination technologies
has been most successful in the commercial poultry
industry with products that are typically administered
by aerosol exposure or via drinking water systems.
These technologies have been more difficult to apply
to swine and beef primarily because of the design of
those production facilities and the formulations currently required to achieve effective vaccine response.
The issue of injection site reactions is primarily
associated with swine and beef production because
most vaccines are still administered with a traditional
syringe and needle approach. These issues are being
addressed by targeting specific “low meat value” sites
for injections, particularly the lateral neck region. This
preserves the integrity and value of the high quality
meat cuts associated with the leg and loin regions. In
addition, vaccine formulations have improved with
better selection of less reactive adjuvants, lower dose
volume and targeting efficacy with subcutaneous injections instead of requiring intramuscular deposition of
the antigen.
The issue of broken needles is more difficult to
address, and the potential for a break always exists
during herd vaccination procedures. Though rare,
the discovery of a needle in a meat product typically
makes headlines and results in damage to the reputation
and marketing potential of the processor. Some export
customers, specifically the Japan market, set a zero tolerance for broken needles that result in the use of metal
detectors to screen meat shipments. If a positive signal

is detected in a single sample at the port of entry, the
entire shipment is subject to rejection. This is a major
expense to the processor. One relatively new technology that holds promise to address the broken needle
issue as well as the injection site meat quality issue is
the administration of vaccines via needle-free devices.
Several companies are now producing and distributing needle-free devices for the administration
of vaccines to swine and cattle. These devices either
utilize existing vaccine formulations or more preferably utilize formulations specifically designed to take
advantage of the needle-free route of administration.
One advantage exploited by needle-free technology
is the ability to target the most efficient population of
antigen-presenting cells (plasmacytoid dendritic cells)
that are concentrated in the dermis. These cells are
typically bypassed with a needle injection. Targeting
dendritic cells has the potential to reduce antigen
quantity, reduce or eliminate the need for adjuvants,
and significantly reduce the volume of injection.
All of these factors address both the injection site meat
quality and broken needle issues.
Other vaccine technologies that have emerged in
recent years include the use of recombinant virus vectors and nucleic acid based vaccines. These technologies
offer several potential advantages. They allow for the
use of a vaccine that allows differentiation of infection from vaccine antigen exposure. This is critical in
disease control situations, particularly when dealing
with the introduction of exotic disease agents. In some
instances, a recombinant vaccine will achieve a better immunologic response than can be obtained with
the native antigen and the use of adjuvants may be
reduced or eliminated. Nucleic acid vaccines offer a
major advantage with regard to purity of the vaccine,
elimination of adjuvants, the ability to overcome interference from maternal antibodies in young animals,
and the opportunity to prime the immune system
for a subsequent boost with a recombinant or native
antigen formulation.
Prevention and control of infectious diseases in
food animals will continue to be an issue faced by
farmers and producers. Some agents are endemic in
the respective species and others are highly contagious
requiring fast diagnosis and rapid response to achieve
control in the absence of vaccination. The other aspect
of food animal vaccination that has come to the forefront in recent years is the potential for exotic agents to
enter the United States either through natural or incidental routes or via intentional, terrorist introduction
into the domestic herds or flocks.
One example of such a threat is influenza virus.
The close proximity of people to swine and poultry in
some Southeast Asia countries will continue to provide
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the opportunity for coinfection of hosts with multiple
influenza viruses. The potential for reassortment of
the virus genome and emergence of strains highly virulent to livestock and human populations will always
exist. Vaccination is a leading defense against such a
threat.

Vaccines for Food Borne Disease Protection
Salmonella and Campylobacter in Poultry
Among the most successfully and broadly applied
commercial vaccines used in animal health are targeted to the poultry industry. An entire range of viral
and bacterial vaccines are applied throughout the
course of production and have allowed diseases such
as Newcastle Virus and Marek’s disease, which would
normally decimate a flock, to be strictly controlled.
These vaccines may be applied in the drinking water
in the poultry house, in aerosolized spray cabinets in
the hatchery, and recently in mass administration in
ovo devices. Poultry is also where we find the most
consistently applied programs for food safety vaccines
in animal health.
According to the Food-Net; bacterial pathogens
with the highest relative incidence for causing bacterial food-borne illness in humans during the period
1996–2003 were campylobacter, salmonella, and shigella (Anonymous, 2005c). Most of the campylobacter
and salmonella infections are acquired through the
handling and consumption of contaminated poultry
products. Although more than 2400 different serotypes
of salmonella exist, only Salmonella enterica subspecies enterica (S. enteriditis, S. oranienburg, S. Montevideo,
S. Newport, S. typhimurium, S. Anatum, S. Derby, and
S. bredeney) are responsible for gastrointestinal diseases in humans, and they are grouped as paratyphoid
(PT) Salmonellae. S. enteriditis, S. typhimurium, and
S. Montevideo are the most frequently isolated in poultry.
Usually an acute, self-limited gastrointestinal illness, characterized by diarrhea, fever, and abdominal
cramps is most common presentation of campylobacter
and salmonella infection in humans. Poultry infected
with salmonella present minimal clinical signs and
there are no clinical signs attributable to campylobacter
in chickens of any ages. Both salmonella and campylobacter colonize chicken intestinal tract and large
numbers of bacteria shed through feces.
Intestinal contamination is the main source of
contamination in the processing plant. Campylobacter
colonization (detectable levels) occurs at approximately 2–3 weeks of age and once established in a
flock it spreads rapidly. The horizontal transmission
between chickens has been well documented, the
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recent reports suggest that vertical transmission may
play a role in spread of salmonella and campylobacter
in poultry flocks as well (Gast, 2003; Shane and Stern,
2003).
Preharvest, harvest, and postharvest measures are
used in an effort to reduce salmonella and campylobacter incidence in poultry. Preharvest measures include
use of feed additives (antibiotics, prebiotics, probiotics,
synbiotics, and short-chain organic acids), competitive
exclusion, and vaccination. Several vaccines are available for S. typhimurium and S. enteriditis whereas there
are no vaccines for campylobacter for chickens.
Salmonella infection is known to elicit strong
humoral responses in chickens whereas, little is known
about cellular immune responses. However, it is
widely accepted that cell-mediated immunity plays a
more important role than humoral immunity for tissue
clearance of virulent strains while mucosal antibody
responses and promyeolcytes seem to be important in
intestinal clearance (Gast, 2003). Indeed, recent studies
indicate oral inoculation of chickens with Salmonella
typhimurium results in early expression of chemokines
in spleen and liver, followed by increased expression
of gamma interferon and increased number of CD4
and CD8 cells (Withanage et al., 2005). These responses
correlate with Th-1 responses to systemic infections
in other species. Responses to ST infection in the gut
are not as clear, while in a one study an increase in
proinflammatory cytokine expression in another there
was no substantial increase in cytokine responses
(Gast, 2003; Withanage et al., 2005). Vaccination has
been widely used to control salmonella infections in
poultry. Both live and inactivated vaccines have been
utilized though the former have been shown to induce
stronger and long-lasting immune responses (Gast,
2003; van Immerseel et al., 2005). However, neither
vaccine type can induce complete protection against
colonization of the intestines and therefore control
programs remain and integrated approach of vaccination, proper preventative measures in the processing
plant, handling in the transportation chain, and finally
by the end consumer.
Currently no vaccines are available for the control of
campylobacter in chickens though several experimental approaches have been shown to induce humoral
immune responses and some degree of protection
against challenge (Stern et al., 1990; Cawthraw et al.,
1994; Khoury and Meinersmann, 1995; Noor et al., 1995;
Widders et al., 1996, 1998; Rice et al., 1997; Shane and
Stern, 2003). However, there is no evidence of complete
protection against intestinal colonization in these studies (Stern et al., 1990; Cawthraw et al., 1994; Khoury
and Meinersmann, 1995; Noor et al., 1995; Widders
et al., 1996, 1998; Rice et al., 1997). One important

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

20_P369408_Ch16.indd 235

11/5/2008 10:26:31 AM

236

SPECIAL ISSUES AROUND VETERINARY VACCINES

aspect of campylobacter colonization is that campylobacter is not usually detected in chickens less than
2–3 weeks of age under commercial broiler production
conditions (Jacobs-Reitsma et al., 1995; Evans and
Sayers, 2000). However, experimentally it has been
shown that chickens less than 2–3 weeks of age are susceptible to campylobacter infection resulting in colonization of the gut suggesting that there is no genetic
factors of age-related resistance to infection (Hald et al.,
2001; Shane and Stern, 2003). The observed agerelated resistance to colonization by campylobacter
has recently been attributed to presence of high levels of maternal antibodies (Sahin et al., 2003) in which
the decline of maternal antibodies associated with an
increase in colonization rate. In addition, maternal
antibodies were shown to opsonize campylobacter in
in vitro experiments. However, it is well documented
that chickens with maternal antibodies can be infected
and colonized with campylobacter if higher doses of
challenge inoculums’ were used (Noor et al., 1995;
Hald et al., 2001).
Immune intervention for nondisease causing gut
colonizing bacteria is indeed a challenge. One has
to consider accessibility of specific immune components into gut content where the bacteria are located.
This immediately excludes activity of immune cells in
the content though there may be some activity at submucosal level. Although soluble-specific components
such as immunoglobulins can be plausible to access to
bacteria, their activity in the absence of other components such as complement and phagocytic cells, may
not be sufficient to kill or eliminate the bacteria from
the gut. One option is to prevent colonization in the
first place using immune intervention, and in order to
accomplish this, a better understanding of the factors
leading to colonization may provide venues to explore
vaccine development.
E. coli in Cattle
E. coli is an ubiquitous pathogen of both humans
and animals. It is responsible for a wide range of diseases including enteric, septicemic, and urinary track
infections. In recent years a significant increase of
bloody diarrhea or hemorrhagic colitis caused by a
particular strain of E. coli (E. coli O157:H7) has been
observed in most industrialized countries and especially the United States. It has made headlines as
hemolytic uremic syndrome, causing death, often in
clusters, after consumption of undercooked ground
meat, often referred to as “hamburger disease.”
The disease manifests in its most common form as
severe bloody diarrhea accompanied by abdominal
cramps with little or no fever which may resolve in

5–10 days (Anonymous, 2006). In a complication
affecting mostly children and the elderly, 2–7% of
infections will go to acute renal failure (hemolytic uremic syndrome) and may lead to death (3–5% overall
death rate) or long-term complications.
E. coli O157 has an animal reservoir, the primary
host being ruminants and specifically cattle. The great
majority of cases can be linked back through the handling or consumption of contaminated meat, plants,
vegetables, or water. Direct contamination on the farm
or in other settings such as petting zoos is responsible
for a significant number of cases. The incidence in the
United States is estimated at 73,000 cases per annum,
including 61 deaths (Anonymous, 2005b, 2006).
The strain is highly pathogenic with as little as 1000
bacteria capable of causing the infection.
This makes infection by E. coli O157 one of the most
frequently reported and severe food-borne illnesses
in developed countries. The human disease, its etiology and management has been reviewed recently
(Tarr et al., 2005).
While the genus and species E. coli is a very important pathogen of all animal species causing mainly
enteric diseases such as neonatal diarrhea caused by
enterotoxinogenic E. coli (ETEC) in calves and piglets,
E. coli O157 is not pathogenic for cattle. The bacterium
colonizes the intestine of the ruminant very efficiently,
causing a nonsymptomatic infection. The bacterium is
then shed, often intermittently but in high numbers in
the feces. Fecal contamination of the meat in the packing plant, bedding, water, fruits, or vegetables on the
farm leads to human exposure. The asymptomatic
infection is very widespread in many herds across the
country. Within a herd, the individual rate is highly
heterogeneous from less than 10% to the majority of
animals shedding in the environment. Importantly
some particular animals shed at very high levels
(Matthews et al., 2006).
The genus and species E. coli is a very diverse group
that comprises approximately 175 O antigen serotypes
(e.g., O157). The O antigen is carried by the polysaccharide side chain of the LPS, a component of the bacterial outer membrane. Significant variation is also noted
at the chromosomic level (Anonymous, 2005a). More
importantly E. coli, for the purpose of this discussion
are characterized by their virulence factors. Attachment:
E. coli O157 is part of a group of strains called enteropathogenic E. coli (EPEC). Their attachment to the
enterocyte causes a lesion that is characterized as
effacing because they destroy the cytoskeleton (attaching/effacing E. coli). The molecular mechanism has
been well described and necessitates at least four
major proteins: Esp A, Esp B, Tir, and Intimin. Intimin
(a bacterial outer membrane protein) and its receptor
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Tir are the attaching molecules. Over 33 virulence
factors have been described in this complex process (Deng et al., 2004). An important finding for the
understanding of disease transmission, epidemiology,
and vaccine studies was the description of preferential
adhesion sites in the rectum of the cattle (Naylor et al.,
2003). Attachment is a key component of colonization
in cattle and the first step of the disease in humans.
Toxins: the toxic manifestation of the disease is caused
by the secretion of two toxins, called Shiga toxin 1 and
2. The genes for these toxins are carried by bacteriophages. These toxins are also called verocytotoxins
and the E. coli that secrete them verotoxigenic E. coli
(STEC or VTEC). They are implicated in the apparition
of the hemolytic uremic syndrome in humans (Karch
et al., 2005). The resistance of cattle to the effect of
these toxins provides an explanation for the absence of
disease manifestation in these animals.
Many approaches have been suggested for the
development of vaccines using many of the newer
technologies as well as more traditional approaches.
The target of the vaccination of cattle is the reduction or elimination of infection and excretion, and not
disease prevention (as there are no symptoms). This is
a particularly difficult target as it must reach a colonization site on the mucosal surface and eliminate or
prevent colonization by bacteria that have developed
exquisite solutions to parasitize this ecological niche.
The most advanced approach is based on the use of
E. coli secreted antigens that contain several of the proteins involved in the attachment (e.g., Esps and Tir).
This approach uses traditional technology but is built
on the very precise understanding of the pathogenic
mechanisms. It is administered three times by the
subcutaneous route. It has led to significant decreases
in shedding levels both in challenge models and field
trials (Potter et al., 2004). In a more recent test, however, performed under field conditions, the vaccine
failed to induce a reduction in prevalence of infection
(van Donkersgoed et al., 2005).
Plant (tobacco cell) produced intimin caused a
decreased duration of shedding when the vaccine was
administered parenterally followed by a booster by
the oral route (Judge et al., 2004). Antibodies against
intimin passively administered to piglets provided significant protection against a challenge (Dean-Nystrom
et al., 2002). A live modified strain of E. coli containing
a truncated intimin molecule also provided protection
against clinical disease in an A/E E. coli model in rabbits (Agin et al., 2005). Finally genetically modified toxoids of the shiga toxins will provide both neutralizing
antibodies and protection against a toxin challenge in
an homologous fashion leading to the conclusions that
Stx1 and Stx2 are not cross protective (Wen et al., 2006).
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It should also be noted that several other, nonvaccinal approaches have also been proposed to reduce
infection at the farm level including nutrition and
probiotics. The principal challenges are twofold: first,
increase the intrinsic efficacy of the vaccination protocol through optimized formulation or administration
regimes, and second, demonstrate the overall efficiency of on farm interventions strategies including
infection in reducing the risk for humans. While this
has not yet been demonstrated there are many reasons
to believe that reduction at the source would provide
significant benefits (Matthews et al., 2006).
Considering the highly sporadic as well as the
food-borne nature of the disease there is little interest
in developing a vaccine for humans. In humans, especially in the light of the increasing levels of antibiotic
resistance observed in these strains, improving the
treatment tools available, including immunological
tools, will be a priority.
Streptococcus suis
Many streptococcal infections have been described
in humans. Infection by S. suis is a rare zoonotic disease, usually involving specific risk groups consisting of
individuals in close occupational contact with infected
swine: farmers, slaughterhouse workers, and hunters (of feral swine). Recently, a rare occurrence of a
large cluster of patients with a high level of mortality
was observed in China (Huang et al., 2005; Normile,
2005). A small number of patients were exposed to
the infectious meat (as opposed to the animals or
their carcasses). The investigation did not point to
a new variant of the bacteria. Thus, the human disease caused by S. suis remains a relatively rare but
severe zoonotic disease and is not properly speaking a
food-borne infection (as opposed to E. coli O157,
salmonella or listeria). Clinical manifestations are
most frequently meningitis (3/4 cases). Sepsis and
other very diverse manifestations, including endocarditis, may be observed. Deafness is a very common
long-term complication of this streptococcal meningitis (MacInnes and Desrosiers, 1999). Death can occur
but the disease is rarely fatal.
The S. suis infection in animals is widespread in pig
populations across the world. It most frequently colonizes the upper respiratory tract of the swine without
causing disease. It can, however, induce diseases either
as a primary pathogen (perhaps because of increased
virulence of certain strains) or become pathogenic secondarily to another factor: stress, immunodepression,
concurrent infections (e.g., viral infections). The disease
manifests in many different forms: death, fever, lameness, septicemia, and endocarditis (Martinez et al., 2002).
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The disease occurs primarily in swine after they enter the
fattening barn (beyond 12 weeks of age). The disease has
a very significant impact on the economic performances
of the herd. The agent S. suis is a gram-positive cocci and
part of the broad genus Streptococcus. A very important
feature of the organism is its significant diversity. At the
serotype level, 35 different capsular types have been
described. Serotype 2 is the most common isolate but its
frequency varies significantly from country to country
and between North America and Europe. Serotype 1/2
is the next most frequent isolate (Martinez et al., 2002).
At the genetic level, significant diversity is observed
between herds and even within herds. Interestingly,
the pathogenic strains emerging within a herd seem to
separate more distinctly from the isolates obtained in
healthy swine (Berthelot-Herault et al., 2005). At the
molecular level, differences are also observed in expression of putative virulence factors (Smith et al., 1996).
Despite best efforts to understand, the exact
mechanisms of pathogenicity of the virulent strains
as well as the ability to predict the virulence of isolate strains based on molecular models remain elusive. Various proteins, such as muramidase-released
protein (MRP), extracellular protein factor (EPF),
and a hemolysin (suilysine) have been suggested
(Martinez et al., 2002). Mutants lacking these genes
did not demonstrate attenuation (de Greeff et al., 2002).
It has been suggested that the simultaneous presence
of the three factors could make strains more virulent.
More recently additional proteins have been proposed as virulence factors: fibronectin-binding protein
(Gruening et al., 2006), and arginine deiminase system
(ADS) (Okwumabua and Chinnapapakkagari, 2005).
A 38 kDa protein of unknown function was found
reactive with serum from infected animals and demonstrated protection (Llull et al., 2001). The capsular
polysaccharides of S. suis as with other streptococci
may also play an important role (Busque et al., 1997).
It follows that the molecular basis of virulence
remains unknown and that antigenic variation exists
within the putative virulence molecules identified
that vaccines for this disease have not been able to use
modern technologies, such as recombinant expression, which require a defined antigen. Essentially
two types of vaccines have been made available, live
attenuated strains (Wisselink et al., 2002; Haesebrouck
et al., 2004) or inactivated whole cell bacterins.
Neither has met with significant success. The majority
of the market remains occupied by autogenous bacterins. Autogenous bacterins could provide a means to
avoid the significant antigenic variation of the strain
by providing a vaccine derived from the particular
strain infecting the herd. Considering the variability
of strains within herds, one should expect to change

strains regularly to maintain efficacy. S. suis induced
disease remains a very significant and costly disease
for the swine industry. In addition, it is responsible for
an infrequent but severe and potentially deadly zoonosis in humans. The lack of a detailed understanding
of the virulence has precluded the development of
efficacious modern vaccines.
Cryptosporidiosis in Cattle
Cryptosporidiosis is a disease of humans, livestock,
companion animals, wildlife, birds, reptiles, and fish
infected with one or more species of the protozoan
parasite Cryptosporidium. The clinical outcome of the
disease varies greatly from species to species and is
also dependent on virulence factors on the parasite
and the host immune response to them. In immunocompetent humans, the infection can be asymptomatic
even though the parasite replicates and is excreted.
When an illness develops the outcome ranges from
mild enteric symptoms without diarrhea to a profuse
watery diarrhea. Additional symptoms can include
abdominal cramps, vomiting, low-grade fever, fatigue,
anorexia (Ungar, 1990; Mac Kenzie et al., 1994). The
disease is self limiting and typically resolves within
2 weeks. Organisms usually infect the lower small
intestine, but in immunosuppressed patients, it can
extend from the esophagus, throughout the intestinal tract to the rectum. In some cases the appendix,
gall bladder, bile ducts, pancreas, and occasionally
even the respiratory tract have been infected (Ungar,
1990). In humans, the most frequently found organism, designated Cryptosporidium parvum genotype 1
(or human genotype), appears host-specific, infecting,
and spreading only among humans. This organism is
now recognized as a separate species, Cryptosporidium
hominis (Morgan-Ryan et al., 2002). Another organism, designated C. parvum genotype 2 (or cattle genotype), is zoonotic, capable of infecting and spreading
among many mammalian hosts. The main reservoir of
C. parvum genotype 2 is cattle. Virtually all cattle are
exposed to the parasite during the first few months
of life. Calves will shed large number of oocysts
(up to 109/g of feces) for approximately 10 days. An
active immune response will develop and control the
infection. However, evidence suggests that most
infected animals will carry C. parvum for life, shedding few oocysts intermittently. Collectively, data
suggest that vast numbers of oocysts are passed into
the environment and that cattle contribute significantly to these large numbers. Zoonotic transmission
may be important in cases of direct exposure to cattle
feces (farms, undeveloped countries) or in waterborne
outbreaks (developed countries).
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Immunocompromised individuals frequently are
observed with the cattle genotypes of Cryptosporidium
(Pieniazek et al., 1999; Morgan et al., 2000). In the
United States and Australia, most cases appear to
be of human origin: of 14 food and waterborne outbreaks, 10 were of human genotype, 3 of bovine genotype, and 1 with both organisms. However, in Europe
the bovine genotype is responsible for more infections
than the human genotype (McLauchlin et al., 2000;
Alves et al., 2001; Guyot et al., 2001). In the United
Kingdom, zoonotic transmission has been considered
to be the major route of infections in humans (Hunter
et al., 2003).
As the sole mechanism for transmission, oocysts
have evolved to be dispersed and survive in harsh
environments for long periods of time. The oocysts
are unusually resistant to natural stresses and many
man-made disinfectants. To control infection in animal populations the current best strategy is to move
animals to clean areas. For human populations, disinfection procedures are used.
Because all infections with Cryptosporidium are
initiated by ingestion or inhalation of the oocysts,
measures to prevent or limit the spread of infection
must be targeted to eliminate or reduce oocysts in
the environment. Despite the fact that more than 200
drugs have been tested for activity against C. parvum,
in vitro or in vivo, there is still no effective treatment
(Rehg, 1993; Fayer and Fetterer, 1995; Woods et al.,
1996; Armson et al., 1999). A cattle vaccine against
C. parvum might reduce the environmental contamination and consequently the frequency of waterborne
cryptosporidiosis outbreaks in humans. Since cattle may be exposed to C. parvum from their day of
birth, before their immune system is mature, an active
vaccination is not likely to mediate any significant
protection. Thus, vaccination against C. parvum is
being attempted for the purpose of generating hyperimmune colostrum-containing antibodies that may
be effective in passive immunotherapy against cryptosporidiosis in calves. Calves fed hyperimmune colostrums, prepared against oocysts, and challenged had
significantly reduced patent periods, oocyst shedding
and days of diarrhea compared to calves fed normal
colostrums (Fayer and Fetterer, 1995). A number of
recombinant C. parvum surface or internal antigens
have been expressed by DNA-cloning technology.
Immune colostrum specific for several recombinant
C. parvum proteins have demonstrated efficacy in
murine and ruminant models against cryptosporidiosis. The most promising candidate proteins for vaccine
development are surface (CP15/60, CP15, and P23)
and micronemal proteins (TRAP-C1, GP900) of sporozoites. Both CP15/60 and P23 are detected by Western
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blot analyses of cryptosporidium proteins using fecal
antibodies and serum from cryptosporidium-infected
humans and animals (Lumb et al., 1988; Mead et al.,
1988; Hill et al., 1990; Reperant et al., 1994). CP15/60
is defined by the monoclonal antibody (MAb) 5C3.
CP15/60 IgA MAb provided protection against infection when administered orally to suckling mice (Tilley
et al., 1991). The comparison of two recombinant forms
of CP15/60, one produced in a prokaryotic expression
system and the other in a eukaryotic expression system, indicated that the most potent immune response
was obtained using the eukaryotic form, possibly due
to posttranslational modifications (Sagodira et al.,
1999). It has been reported that preparturient cows
immunized with DNA encoding CP15/60 in the
mammary gland produced sporozoite-specific antibodies in the colostrums (Jenkins et al., 1999). Immune
colostrum induced a 50% reduction against C. parvum
development in mice.
P23 is defined by the MAb C6B6 (Mead et al., 1988).
IgG1 (Perryman et al., 1996) and IgA (Enriquez and
Riggs, 1998) MAbs reactive with P23 were shown to
have significant anticryptosporidial activity in mice.
Perryman et al. (1999) reported that late gestation
Holstein cows immunized with rC7, an immunodominant epitope of P23, developed specific antibodies.
Calves receiving immune colostrum were significantly
protected against diarrhea and were shedding significantly fewer oocysts than control calves. Antibodies
directed against GP900 were shown to inhibit sporozoite in vitro, suggesting a direct role of the molecule in host–parasite interaction (Barnes et al., 1998).
The reported involvement of TRAP-C1 homologs
in substrate-dependent locomotion of sporozoite
(Sultan et al., 1997), as well as in host cell attachment
and invasion (Muller et al., 1993), suggest that TRAPC1 should be considered as a promising vaccine
candidate against cryptosporidiosis.
In summary, use of vaccines as a public health
tool in the control of food-borne illnesses is a complex and important field. Reducing bio burdens in
food producing species, where the target species
normally is carrying, or shedding at an already very
low rate, or where the human pathogen is part of
the animal’s normal host flora, is a significant challenge for current vaccine technologies. In the case of
developed market places, the threat of food-borne
illness is already at impressively low levels, though
public expectations are that they will drop still further. Therefore, it must be understood that for successful control, these programs must be components of
fully integrated programs, including husbandry, meat
processing, and handling at the retail and customer
levels.
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OPTIMIZING VACCINATION
PROTOCOLS
Over the last decade there have been tremendous
advances in our understanding of the immune systems
of our major domestic animal species. Nonetheless,
we still lag behind the depth of knowledge that exists
for the immune systems of mice and men. This has not
stopped successful vaccination programs from being
developed. Much of vaccinology that is practiced in
veterinary medicine, and the animal health industry
in general, is empirical. It is driven by the realities
that exist in raising production animals or working in
veterinary practice, where making a living depends
on keeping the animals healthy. It is an industry
where vaccines are like insurance policies—protection
from events that one hopes never happen, and where
tenths of pennies can make or break the economics of
a business. When used optimally, vaccines have been
shown to prevent disease, reduce the need for pharmaceutical intervention (e.g., reduced antibiotic usage)
and improve the health and welfare of animals (Knott
et al., 1985; McIlroy et al., 1992).
Then there is the definition of protection. The perception that vaccines provide sterilizing immunity,
where the disease agent does not establish an infection, while widely held, is generally unfounded and
largely unrealistic. It is debatable if such immunity is
even in the animal’s best interest as exposure to, and
transient infection with, pathogens helps keep the
immune response active. Vaccines usually provide
protection on one of three levels. First, at the lowest
level, protection is simply a reduction of clinical signs
associated with the infection. The reduction may be
decreased disease severity and/or duration, or simply
a delay in the onset of the disease. The infection still
becomes established and in most cases the animal will
be contagious to other in-contact animals, although
there may be a reduction in the level of shedding of
the infectious agent. Such immunity is not usually
capable of stopping an outbreak from progressing.
Second, vaccines may induce immunity that can
prevent clinical signs associated with the infection,
where the animal shows no overt signs of being
infected. This level of protection may actually be associated with a reduction of shedding of the challenge
organism, which can reduce spread during a disease
outbreak. Unfortunately, there is no general rule to rely
upon in this regard, as reduction in shedding tends to
be specific for the strains involved—both of the vaccine and the infection. It must be recognized that vaccine protection that prevents clinical signs of disease
being identified can lead to a false assumption that the

pathogen is not present in a vaccinated population.
In such circumstances, especially where economic
pressures exist, there may be a tendency to decrease
the use of vaccines with disastrous results.
Third, vaccine protection may prevent the infection
from becoming established. While this is what many
people think all vaccines do, it is a claim that rarely
will be found on product labels. The United States
Department of Agriculture (USDA), which regulates
vaccines in the US, requires that for this claim to be
granted the vaccine must be demonstrated to be able
to “prevent all colonization or replication of the challenge organism in vaccinated and challenged animals”
and “this must be supported with a very high degree
of confidence by convincing data” (DeHaven, 2002).
The USDA recognizes these varying levels of protection in the way they allow label claims. The above
three categories are often written on labels as “aids in
disease control,” “for the prevention of disease,” and
“for the prevention of infection.” The vaccine manufacturer has generated a great deal of data, which has
been independently reviewed by a government agency,
that become the basis for the label claims. Expecting
a vaccine to do something that is unrealistic given
the data and a label indication is perhaps the greatest
cause of reported “vaccine failures.” To paraphrase the
old adage, if in doubt always read the label.
While on the topic of the level of protection, it
should be noted that vaccines can provide efficacy,
or protection, that may come from both direct and
indirect effects. The direct effect can be relied upon
to provide individual immunity—that is the animal
that receives the protective dose of vaccine benefits
directly. Additionally there may be indirect protection, or herd immunity, that results from vaccination
of sufficient numbers of animals in a given population. Herd immunity protects nonvaccinated animals
within a population, whether a flock, herd, or group.
It is the result of the reduction of the ability of a disease to transmit through the vaccinated individuals.
For such immunity to occur, the vaccine should be
capable of reducing the shed of the disease causing
agent following infection of a vaccinated animal.
The challenge in developing an optimal vaccination program is in dealing with the great diversity that exists within the animal world, and as such
there probably is no single optimal program for all
occasions. The multitude of factors that need to be
considered in choosing a vaccination program are
complex—species/breed differences, and within these
the genetic selection that has occurred, some of it for
resistance to select diseases; the diverse husbandry
practices employed, some dating back centuries,
some mandated by governments; and the disparate

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

20_P369408_Ch16.indd 240

11/5/2008 10:26:32 AM

OPTIMIZING VACCINATION PROTOCOLS

prevalence of diseases has resulted in the adoption of
tailored vaccination programs. Such programs generally are designed to consider the risks (e.g., disease
prevalence and exposure likelihood), husbandry (e.g.,
animal-to-animal contact, nutrition), and environmental factors (e.g., wildlife vectors, weather) and of course
the animals (e.g., age, previous disease experience).
The conditions that influence the tailored vaccination program change rapidly over the life of the animal. Indeed the time period over which protection
is required varies greatly. Chickens, unless they are
breeding animals, normally go to market by 6 weeks
of age, pigs become pork when just 6 months old, and
cattle and sheep frequently become someone’s dinner by 18 months of age. Even our beloved pets rarely
live beyond their teen years. As we touch upon some
of the more unique challenges that exist in optimizing vaccination protocols and practical veterinary
vaccinology, the following pages are divided up by
life-stage.

Prenatal Vaccination
Strengths
The protection that is provided by the mother to
the unborn animal is critical in ensuring the delivery of healthy offspring. In livestock, producing new
animals is what generates the income for the farm
and as a result the use of vaccines during pregnancy
has been widely adopted to enhance this protection. In
utero, the fetus is protected from the environment and
its pathogens. This protection is provided both physically and immunologically by the dam. The physical
part is easy to see—fetal membranes and fluids shield
the fetus behind a muscular uterine wall inside a multilayered abdomen. The immunological protection
likewise is on several levels—innate and acquired
immunity of both the dam and fetus—but unlike
physical protection, immunological protection may
continue beyond the in utero period into early life.
The immunity of the mother may prevent infections from reaching the fetus or may enable the dam
to provide immune cells or antibodies to the fetus.
Vaccination of the mother is commonly practiced to
accomplish both. In species where litters are common,
for example, pigs, vaccination of the dam is an effective way to protect the entire litter with a single vaccine dose. Even in single offspring dams, for example,
cattle, vaccination is recognized as providing added
insurance to getting a healthy newborn. It can also
be an effective way for neonatal animals to gain early
immunity against the plethora of infectious challenges
they face in the first weeks of life. There is evidence
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that active vaccination of the fetus may occur with
some antigens crossing the placenta and stimulating
fetal immunity.
Sows, with a gestation period of 113 days, are
often vaccinated near the time of breeding and again
2 weeks prior to farrowing. Such vaccinations have
proven effective in increasing litter size and growth
performance (Descamps et al., 1990). The vaccination in early pregnancy is aimed at protecting the litter by stimulating active immunity in the sow against
common pathogens that cause abortion, metritis, or
stillbirths, for example, Leptospira spp., parvovirus,
Erysipelothrix rhusiopathiae. These vaccines, typically
given by injection, induce an active immune response
in the sow, preventing the viremia or bacteremia from
occurring and thus protecting the unborn piglets.
Vaccinations in late pregnancy are aimed at boosting
immunity to maximize the level of passive immunity
(transplacental and colostral antibodies) that a dam
passes on to her offspring. Typically these vaccinations are targeted at neonatal diseases causing enteric
(e.g., rotavirus, E. coli) or respiratory problems (e.g.,
Pasteurella multocida, Bordetella bronchiseptica). Piglets
born of vaccinated sows generally have performed significantly better than those of nonvaccinated sows when
evaluated on a variety of parameters such as growth
and average daily weight gain (Riising et al., 2002).
Similar vaccination protocols are used in dairy
cattle. As with the sows, vaccination during pregnancy prevents abortion and helps ensure the birth
of a healthy calf. In turn, the successful birth of a calf
also ensures another lactation cycle, which after all is
what a dairy is all about.
The late pregnancy vaccinations are expected to
generate high levels of circulating antibodies that
may be passed onto the newborn animal via colostrum. Colostrum is the first milk that is produced by
mammals for their babies. Typically this is produced
for 2–4 days and its consumption by the newborn
is seen as very important for a variety of reasons.
Research has shown that maternal antibodies may be
concentrated in the colostrum to levels higher than
that found in the dam’s circulation (Pfeffer et al.,
2005). Through the use of dam vaccination, the specificity and level of these antibodies can be manipulated
to tailor protection that is most appropriate for the
geographical region or environment where the birth
occurs. Maternal antibodies can be directly absorbed
by the newborn and enter into circulation providing
passive immunity against otherwise fatal infections.
There is now good evidence that cells and cytokines of
the dam’s immune system also pass via colostrum to
the newborn. These components of colostrum significantly aid the development of the neonatal immune
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TABLE 16.1
Species

In utero transplacental transfer of antibodies

Type of placentation

Number of layers

Ig via placenta

Ig via colostrum

Pig, horse, donkey

Epitheliochorial

6

0

⫹⫹⫹

Ruminants

Syndesmochorial

5

0

⫹⫹⫹
⫹⫹⫹

Dog, cat

Endotheliochorial

4

⫹

Primates

Hemochorial

3

⫹⫹

⫹

Rodents

Hemendothelial

1

⫹⫹⫹

⫹

Source: Tizard (2004).

system (Muneta et al., 2005; Reber et al., 2005). The
corollary of this is that colostrum deprived animals
typically have numerous health problems and frequent infections.
Some maternal antibody crosses the placenta to
protect the unborn animal. The level of this transfer
depends on the nature of the placenta. Typically of our
domestic species, dogs and cats provide the greatest in
utero transplacental transfer of antibodies, while pigs,
horses, and cattle provide the greatest colostral antibody transfer (Tizard, 2004) (Table 16.1). Even poultry
get the benefits of prenatal vaccination. In ovo vaccination is now common. Vaccines of various types
are injected directly into the egg at between 9 and
14 days of age, depending on the organism being used
as a vaccine. The whole process is automated enabling
many thousands of eggs to be vaccinated in a day. The
end result is that at hatching the young birds are protected from select pathogens. Research has shown that
in ovo vaccination may be more advantageous than
posthatch vaccination (Rautenschlein and Haase, 2005).

result of the transient febrile reaction decreasing implantation of the embryo. Vaccination in late pregnancy,
close to parturition, tends to be less effective. Around
the time of parturition, there is a well-described phenomenon of reduced immune system activity (Houdijk
et al., 2000). Vaccination may not deliver the expected
efficacy if given under these suboptimal conditions.
Even when vaccines work well, inducing strong
immune responses in the dam, there may be a downside. Passive antibodies, whether transplacental
or colostral, can inhibit active immunization of the
newborn. In some cases this blocking effect can last
months. Unfortunately, the level of passive immunity
that blocks vaccine strains may not be sufficient to protect against virulent pathogens. This “gap” between
lack of protection and earliest ability to vaccinate has
been well described for canine parvovirus (McGavin,
1985). Vaccination of the dam does not eliminate the
problem and can actually shift the problem to a time
period when the risk of exposure to disease is greater,
for example, young animals taken to market.

Challenges

Opportunities

Of course, there are downsides to prenatal vaccination. Not all vaccines are safe to be given to pregnant
animals. The administration of live or adjuvanted vaccines during pregnancy carries the risk of inducing
a transient febrile reaction and subsequent abortions
or stillbirths that may follow a fever. Typically, live
bovine herpesvirus vaccines in naïve cows have been
associated with abortions due to fetal infection with
the vaccine strain and similarly live porcine reproductive and respiratory virus vaccine has been found
to reduce litter size and cause abortions in sows.
The choice of which vaccines to use in pregnant
animals should, as always, come after reading the
label and understanding the risks involved.
The timing of administration can play a large part in
influencing the safety and the effectiveness of the vaccine. Vaccination soon after breeding has been shown
to reduce the conception rate. This is probably a direct

As Albert Einstein said “In the middle of difficulty
lies opportunity.” So it is with prenatal vaccination
where every challenge becomes an opportunity and
vaccine producers are continually seeking safer, more
effective vaccines.
The diversity of approaches to improved safety is
enormous but ever increasing regulatory hurdles,
rather than true safety issues, make more and more
vaccines carry the warning “Not for Use in Pregnant
Animals.” The true benefits of prenatal vaccination
are to enable consistent active immunity to develop
in the unborn animal. Many neonatal diseases would
disappear, if active immunity was present at birth.
The resulting increase in health benefits would be
significant. Such vaccines are not readily available at
present. In ovo vaccination of chickens being perhaps
the exception, although even there not all pathogens
can be covered by safe and effective in ovo vaccines.
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Likewise improved efficacy would be highly desirable to help overcome the periparturient relaxation
of immunity that occurs in dams. Such increased
efficacy would result in greater consistency of transplacental and colostral immunity transfer. The development of products that could enhance the transfer
of passive immunity to the neonates would be greatly
welcomed.

Neonatal and Juvenile Vaccination
Strengths
After leaving the protection of the uterus, the
neonate begins dealing with a plethora of new antigens,
both environmental and infectious. Unfortunately, most
of our domestic species are born with relatively immature immune systems inclined toward a Th2-mediated
response (Morein et al., 2002). It is during these early
weeks of life after birth that newborn animals are the
most vulnerable and this is where vaccines can be
most beneficially used. The husbandry practices that
we use with many of our animals species often entails
mixing of animals from a variety of sources, for example, the combining of 3 week old pigs from perhaps
hundreds of litters when they move to the nursery,
or mixing of hundreds of puppies at 6 weeks of age
when they are transported to the pet shop. The combining of very young animals from diverse disease
backgrounds when their immune systems are not
yet fully developed and not yet primed by vaccination is a huge challenge for maintaining good health.
The need for vaccination before, during, and after
such commingling of animals is essential to reduce the
suffering that disease outbreaks can cause.
No longer are we trying to vaccinate litters, or trying
to vaccinate through the dam. The animal is now an
individual, albeit perhaps still part of a larger group.
It is possible to directly administer vaccines to the animal in accordance with an assessment of its individual
needs. As most animal breeders expect to make money
from selling the offspring, each individual animal
has a monetary value. This enables a fairly objective
view to be taken of risk benefit analysis—the benefits
arising from the use of vaccines versus the cost of disease. Most animal breeders have tailored vaccination
programs to the needs of their animals, with multiple injections of different vaccines being common.
Typically neonatal animals receive multiple vaccinations covering the major diseases that their owners
expect they may become exposed to during their lives.
A kitten could receive eight different vaccines on two
or three separate occasions, although many are given
in combination—feline herpesvirus, feline calicivirus,
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feline panleukopenia, feline leukemia virus, rabies
virus, and Chlamydia are common; with feline immunodeficiency virus, B. bronchiseptica and Toxoplasma
gondii also available for cats. Puppy vaccinations often
involve combinations containing protection against
11 different disease agents, for example, canine parvovirus, distemper, canine adenovirus types 1 and
2, canine parainfluenza, rabies virus, four different
Leptospira species and B. bronchiseptica. These vaccines
are usually given 2 or 3 times at intervals of 3–4 weeks
starting at 8 weeks of life.
One consequence of now having to vaccinate the
individual animals is that in large numbers the task
can prove to be daunting. The labor and logistics of
vaccinating 20,000 chickens or 10,000 piglets are quite
involved. Fortunately, vaccines are available for mass
administrations that are optimal for dealing with
large flocks or herds. Several options exist with aerosol spray and drinking water being the most common.
The vaccines typically are live agents that are diluted
in water containing a stabilizer to prolong the in-use
viability of the agent. Aerosol vaccination can be tailored to the particular vaccine by adjusting the droplet
size that in turn alters the location within the respiratory tract where the droplet eventually lodges (Gough
and Allan, 1973; Gomez and Correa, 1978). While
originally developed for poultry vaccination, aerosol
vaccination has been used in swine (Nielsen et al.,
1990) and cattle (Kita et al., 1982) with the same factors as for poultry needing to be considered—droplet
size, type of diluent, environmental conditions (e.g.,
wind and temperature) and strain, and dose of the
vaccine organism.
Drinking water, as a vehicle to mass vaccinate
animals, while pioneered for poultry, has been used
in other species. The addition of the vaccine to regular tap water can be an effective way to vaccinate
provided the chlorine is neutralized by the addition
of 0.25% skim milk (Kim and Spradbrow, 1978). Like
aerosol vaccination the number of doses required for
adequate protection will be contingent on the type of
agent in the vaccine and the age of the animal.
Challenges
Vaccination of very young animals poses numerous
challenges but none as difficult as that of overcoming
the interference of maternal immunity. The maternally
derived antibodies that most young are born with,
or acquire through colostrum consumption, can be
protective but as the level wanes there is a period
where it is no longer protective. What proves to be
worse for the health of the young animal is that these
residual antibodies may block effective immunization.
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The traditional solution is to administer multiple doses
around the period where the maternally derived protection is waning. As the timing cannot be accurately
known even this does not guarantee that there is not
a susceptible period. As numerous papers testify to,
during the canine parvovirus epidemic of the 1980s,
many puppies failed to be protected despite receiving vaccinations at weekly intervals (McGavin, 1985).
Similar situations exist in other domesticated species, with the result that many doses of vaccine given
to young animals are ineffective, not because of a
problem with the vaccine, but with the timing of the
delivery.
The use of injections to administer vaccines has
proven a very effective delivery method but this too
has caused problems. Transmission of disease through
the use of contaminated needles or vaccine vials has
been documented (Witter and Fadly, 2001; Niskanen
and Lindberg, 2003). While good hygiene should prevent such problems, the field conditions under which
animal vaccinations frequently occur are often not
conducive to maintaining sanitary conditions. The
presence of blood, mud, feces, and flies is not unexpected. In meat-producing animals the use of needles
to deliver products can lead to another problem—
broken needles in meat products. The inability to find
a broken needle quite often results in the condemnation of the carcass to keep it out of the food chain.
While this is a problem with any product, including
medicines, delivered by injection, vaccines represent
the most common reason for sticking a needle into a
meat-producing animal.
The relative immaturity of the newborn’s immune
system is another challenge that must be factored into
vaccination of the neonatal or juvenile animal. The bias
for a Th2 response in the neonate (Morein et al., 2002)
is not always the preferred type of immune response
for protection against disease. The use of adjuvants
that drive Th1 immune responses may be required to
confirm effective protection. It has been demonstrated
that neonatal calves may be able to develop a cellmediated response comparable to adults, although
antibody responses are markedly lower than seen in
adult heifers (Nonnecke et al., 2005). This is in normal, healthy, young animals but there are a variety of
situations where the young immune system is even
less ready to respond to vaccination.
In colostrum deprived animals the maturation of
the immune system may be delayed because of a lack
of exposure to specific components in this first milk.
Vaccination of colostrum-deprived animals should be
undertaken with care to recognize that their responsiveness may be compromised compared to that of
animals receiving colostrum. Likewise, stress has been

associated with poor immune responsiveness and
there is little doubt that the newborn goes through
many stresses in the first few weeks of life. There, of
course, are the routine environmental stressors such as
temperature, air quality, etc., but often more critical for
animals is the dietary change including weaning at an
early age that is routine in most of our domestic species. Pigs, for example, may be weaned at 2–3 weeks
of age, and it has been shown that the composition of
their starter diets, in particular the levels of protein,
lysine, methionine, and threonine, may be critical in
the development of their immune system (YongQing
et al., 2001; Nonnecke et al., 2005). The simple event
of handling the young animals to enable vaccination
has been shown to be stressful and potentially
reduces the response to the vaccine. Even a car trip
to the veterinarian’s office may have the same stressrelated effect on the immune system. Unfortunately,
when simply looking at a young animal it is not possible to determine its responsiveness to vaccination.
It is nearly always a guess, which often results in the
administration of multiple doses of vaccine to cover
the poor responders.
Opportunities
The largest opportunity to improve vaccination
of neonatal and juvenile animals is undoubtedly for
vaccines that would consistently work in the face of
maternal immunity. The health and financial benefits
would be immense if we could remove the need to
revaccinate young animals because active immunity
was blocked by residual but waning passive immunity.
The convenience of knowing that you could take your
pup or kitten to the veterinarian once to have them
immunized, or the need to only vaccinate a herd of
10,000 piglets once, are immense. Likewise sustained
release, or long-acting vaccines could facilitate less
handling of the animals and hence less stress. Such
long-lasting vaccines would increase the likelihood
that the vaccine antigens are present when the animal
is able to respond to them.
The ability to test for the responsiveness of an
animal to a vaccine before actually administering the
vaccine could have huge practical benefits for animal owners, especially livestock producers who have
large numbers of animals to vaccinate. Currently
laboratory testing for antibody levels is possible,
but the cost and time make this relatively impractical. It has proven cheaper to vaccinate and hope
for a response than to bleed and test. The ability to
determine, perhaps via a simple animal-side test,
whether the animal has responded to vaccination
would be beneficial.
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Considerable progress has been made in avoiding
needle delivery of vaccines, and not just through
alternative routes such as aerosol and drinking water.
In the last 10 years, the development of needleless injector has been an active area of research. These
devices use a variety of approaches but most commonly involve high pressures to force the liquid
vaccine directly through the skin without a needle.
While most of these injectors are effective to some
extent, the challenges of dealing with superficial skin
contamination and the problem posed by the presence
of a dense hair coat to obtain good skin contact for the
injection, have hampered their adoption. It is likely
that reliable and highly effective needle-less injection
devices will be available within the next few years.

Adult Vaccination
Strengths
Many of the issues that surround vaccination of
neonatal and juvenile animals tend to resolve with
age. Adulthood generally brings a mature immune
system including fully functioning innate immunity.
The time of this varies by species but, in general, by
1 year of age most or our domestic species are nearing
breeding age and can be considered young adults. As
stated earlier, chickens and pigs may well have gone
to slaughter before 1 year of age but breeding animals of these species are kept beyond 1 year of age.
The value of an adult, having been reared and cared
for, perhaps for years, means that the economics of
vaccination is generally less of a concern. Multiple
vaccinations are often given, considering specific
disease risks and environmental factors, as part of a
tailored vaccination program.
Adult animals, with their mature immune systems,
absence of maternally derived immunity, and adjustment to their environmental stressors, are normally
the best candidates for vaccination. Even in these
near ideal candidates for vaccination, the number of
doses that are required for efficacy will depend on the
nature of the vaccine. Vaccines fall broadly into one of
two categories—live or killed.
Live vaccines typically replicate in the host and
hence deliver a large antigenic mass to the immune
system resulting in rapid and strong immunity. Live
vaccines have several advantages. Formulated without specific immune system stimulants, they generally
cause less injection site reactions. Even when not being
injected they have the advantage that most retain
the infectivity of the wild-type pathogen enabling
effective delivery by routes such as aerosol or orally.
One potential negative is that, because they replicate,
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there is the risk that in an immunocompromised individual they may induce some signs of the disease they
were meant to prevent.
Killed vaccines might be better termed nonreplicating to cover vaccines that never were alive, for example,
subunit-containing vaccines. Most vaccines in this
category are made from the culture of live organisms
that are inactivated, or killed, using one of a variety
of chemicals, with formaldehyde the commonest.
The inactivated organisms on there own will often
only stimulate a weak or transient immune response.
While there are numerous causes of this phenomenon,
the common explanations are that inactivation alters
the conformation and hence presentation of some
antigen epitopes and the inactivated antigens do not
signal quite the same danger to the animal’s immune
system. The “danger signal” model of immunity
moves away from the self versus nonself based view
and considers the idea that the immune system is
more concerned about organisms that damage the
animal rather than just being foreign (Gallucci and
Matzinger, 2001). To overcome this shortcoming, the
addition of an adjuvant is classically done to stimulate a greater immune response, or to drive a particular immune response, for example, Th2 versus Th1.
Killed vaccines are safe, in that, without live agents
in the final product, they cannot be the source of an
infection. However, the presence of the adjuvant often
results in greater injection site reactions than is seen
with live vaccines. Injection site reactions can range
from merely discomforting to quite painful, but in
livestock they often end up as imperfections in the
meat resulting in trim losses on the slaughter line. The
route of vaccination is often dictated by the nature of
the injection site reaction. In beef cattle most vaccines
are given subcutaneously to avoid reactions damaging the meat. In show animals, for example, horses,
intramuscular injections are preferred to avoid any
blemishes that subcutaneous injections may cause.
The typical adult will fall into one of two categories with respect to vaccination—naïve or preexposed.
The true naïve adult will not have a problem with
maternally derived antibodies blocking effective vaccination and normally responds well to vaccinations.
In fact the responsiveness to vaccination is much
more predictable (strength of protection engendered)
and reliable (percentage of animals responding) in
these naïve adult animals. This is critical as the adult
animal tends to be more adventurous, often traveling
and having greater contact with other animals.
This is particularly true of the companion animals’
species where dogs, cats, and horses may go to shows,
boarding facilities, and sporting events. At these venues their opportunity to interact with animals from a
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diverse range of geographies, and consequently disease backgrounds, is enormous. Even as our livestock
species grow older they will have greater exposure
risks—stock movement is common and introduced
animals whether for breeding or to add production
capacity frequently come from markets where mixing
of animals is commonplace and disease transmission
is prevalent. The onset and duration of immunity that
occurs after vaccination of naïve animals will generally be representative of a primary immune response.
Such responses tend to be slower in reaching protective levels and the memory may be shorter following
a single vaccine dose.
The preexposed adult may have already experienced
the disease or have a prior vaccination history. Often
these two events will be indistinguishable without an
accurate history of the animal. Fortunately when it
comes to vaccination it does not matter, both recovery
from infection and effective previous vaccination will
have engendered an immune memory provided the
exposure was not too long ago. The duration of immunity that follows exposure of the immune system to a
disease agent, even a vaccine strain, depends on the
translation of at least part of the initial response into
a memory response. The presence of specific memory
T cells enables an amnestic response regardless of the
source of the agent inducing the original response.
This phenomenon is leveraged in adult vaccination
programs to decrease the frequency of revaccination.
Traditionally, dog and cats were revaccinated on an
annual basis throughout their lifetimes, although
it was anticipated that routine vaccines were likely
to provide far greater than 1 year of protection.
Recent work has proven that under field conditions
there is evidence of immunity that can persist for
48 months in some animals (Mouzin et al., 2004a, 2004b).
Evidence in horses and cattle would indicate that the
duration of immunity following vaccination may be
only as long as 1 year but varies with the disease agent
(Hannant et al., 1988; Peters et al., 2004). The vaccine
manufacturer normally provides guidance as to the
duration of immunity that may be anticipated following successful vaccination of animals. Depending on
the individual circumstances the duration of immunity may be longer or shorter than the label indicates,
especially in environments where exposure to the disease agent occurs. This results in natural boosting of
immunity and essentially lifelong immunity.
Challenges
Like their younger counterparts, there are a variety
of problems that may be associated with vaccination,
for example, injection site reactions and mild transient

signs of disease, which are a concern to owners.
There are some issues however that tend to be seen
more commonly in adults. The reason may be easily
understood by remembering that the longer an animal lives the more vaccination events it is likely to
have lived through. While this is good with respect to
developing immunity, there may be downsides.
Transient lameness may occur following vaccination when the dose is administered into a leg or
neck muscle and may be more noticeable in adults
simply because of the greater weight of the animals
compared to their neonatal or juvenile counterparts.
Prior exposure to vaccines may induce a hypersensitivity to components, such as bovine serum albumin,
used in manufacturing the product with the result
that larger injection site reactions may occur. Other
reactions such as arthropathy, vasculitis, neurological
dysfunction, and thrombocytopenia have been associated with repeated vaccine exposure (Schattner, 2005).
Fibrosarcomas in cats have been linked to vaccine
reactions and usually have fatal outcomes (Hershey
et al., 2000). Nonetheless the incidence of postvaccinal
reactions is relatively rare. In one study, the reaction
rate in over 1.2 million dogs receiving 3.4 million
doses of vaccine was found to be less than 1 in 250
dogs (Moore et al., 2005).
The use of vaccines during periods of lactation has
been found occasionally to cause transient decreases
in milk production (Scott et al., 2001). The milk drop
appears to be associated with a febrile response that
in particular follows the administration of live viral
vaccines. In cattle, the milk production loss typically
is small but readily noticeable by diligent dairy staff.
Adult animals are often subject to stressful conditions that younger animals are spared. Whether it is
the stress of lactation, or the stress of performance
in racing or pulling wagons, the result is the same—
potential down-regulation of the immune system and
reduced responsiveness to vaccination.
Opportunities
The move in companion animals toward longer
duration of immunity is a trend that is likely to
expand into vaccines for livestock. The labor costs of
handling mature livestock are considerable and yet
the cost of a disease outbreak can financially devastate a
producer. Several promising areas of vaccine research
raise the likelihood of longer duration of immunity
for all animal species.
Vaccine researchers are tapping into the trends
in human health to improve the effectiveness of animal vaccines. The use of DNA vaccines with specific
cytotoxic lymphocyte antigens and CpG motifs has
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been found to induce more potent memory responses
(Kennedy et al., 2005). Another promising area of
research involves TLRs. These receptors are a family of transmembrane proteins that can interact with
a variety of antigens from microbial organisms. Once
activated by the interaction, the TLRs can induce an
intracellular cascade resulting in select gene expression
associated with the immune system. The discovery of
TLR agonists or ligands may result in new classes of
adjuvants that are more specific and yet safer.
The incorporation in vaccines of interleukins, or
genes coding for them, has been a popular area of veterinary research. The intent is that coadministration of
antigens with cytokines will result in enhanced immunity. Such products, should they come to market, are
likely to also benefit neonatal animals as cytokines
may help the maturation of the immune system.
In summary, there is no magic solution to optimizing vaccination programs for animals. A solid understanding of the animal’s innate and environmental
risk factors as well as the variables such as stress will
enable the development of tailored vaccination schedules that best meets the needs of the animal. While no
vaccine will be 100% effective under all circumstances,
careful consideration of what and when to use, can
certainly enhance the chances of successfully protecting animals. Finally, if all else fails, read the label and
follow the manufacturer’s recommendations. They are
based on extensive research and are provided to help
optimize the effectiveness of vaccines.

STRATEGIZING THE USE OF
ANIMAL VACCINES FOR PROTECTING
THE PUBLIC
Health, Modeling, and National Economies
The direct and indirect impacts of infectious diseases,
particularly highly contagious diseases, on human and
animal health may become rapidly massive and erode
a national economy within a few hours or days. These
effects may be exponential in nature if the disease is
zoonotic and trade sensitive. For example, the recent
international crisis of outbreaks of high pathogenicity
of the Avian influenza H5N1 (Schudel and Lombard,
2006) reduced trade (Hall, 2004) and negatively
impacted the economies of several nations across
the globe from Southeast Asia to Western Europe
(McQuiston et al., 2005; Vallat and Mallet, 2006) in
addition to human morbidity and mortality and serious social disruption (Gust et al., 2001). Other diseases and especially trans-boundary diseases including
Nipah virus, West Nile virus, severe acute respiratory

syndrome (SARS) (von Overbeck, 2003), classical
swine fever, porcine reproductive and respiratory
syndrome (PRRS) (Garner et al., 2001), rinderpest,
peste des petits ruminants (PPR), Rift Valley fever
(RVF), brucellosis, and bovine tuberculosis have been
identified as having profound effects on international
trade and national economies if introduced into countries free of these diseases (Domenech et al., 2006).
Modeling analyses of the immunization against tuberculosis, HIV, Chlamydia trachomatis, and malaria
with effective vaccines predicts significant health
and economic benefits (Bishai et al., 2001; Bishai and
Mercer, 2001; Frick et al., 2004; Maire et al., 2006).
The classic example of a highly contagious animal
disease severely impacting international trade, causing social disruption, and having profound repercussions on national and global economies is foot
and mouth disease (FMD) (McCauley et al., 1977;
Krystynak and Charlebois, 1987; Perry et al., 1999;
Paarlberg et al., 2002; Randolph et al., 2002; Belton,
2004; Vallat and Mallet, 2006), which unfortunately
occurred in the United Kingdom in 2002 (Samuel and
Knowles, 2001; Thompson et al., 2002). The losses
attributed to FMD to agriculture and the food chain in
the United Kingdom amounted to about £3.1 billion.
FMD is an ongoing crisis in several countries and continuously poses a serious threat to FMD-free countries.
Based upon the significant risks of an accidental or
intentional introduction of zoonotic and nonzoonotic
diseases, newer strategies are being developed as
countermeasures.

Use of Models for Preemptive Vaccination
and Identification of Emerging Disease
Vaccine Targets
In response to the growing global crises associated
with known, emerging, and unknown infectious diseases of man and animals, more robust disease models and surveillance systems are now being developed
to assess the risks and identify potential targets for
vaccine research and development; however, more
comprehensive interoperable datasets, middleware,
and improved micro- and macrolevel models will be
required to make the system more efficient and effective (Gust et al., 2001). Several models indicate that
vaccination strategies for FMD and respiratory pathogens are justified (Bates et al., 2003a, 2003b, 2003c;
Pourbohloul et al., 2005). Even with more sophisticated FMD predictive modeling methods (Perez et al.,
2005, 2006; Branscum et al., 2007; Shiilegdamba et al.,
2008), the accompanying implementable governmental policies will need to be in place to take tactical and
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strategic advantage of newer FMD surveillance and vaccine technologies (Marshall and Roger, 2004; Kobayashi
et al., 2007a, 2007b), or the control and eradication programs may be prolonged (Whiting, 2003; Perez et al.,
2004). Additionally, for purposes of biopreparedness,
predicting which vaccines and what quantity of vaccine
should be stockpiled becomes a daunting task (Rossides,
2002); however, modeling approaches have been developed to facilitate the decision-making process given
the uncertainties and complexities of naturally occurring much less intentional infectious disease outbreaks
(Medema et al., 2004).

Reduction and Control of Zoonoses through
Strategic Application of Animal Vaccines
In reviewing data from several sources, Lutticken
et al. (2007) found that with the increasing demand for
food, the enlarging scale of world food production, the
augmented transportation of animals and food products, and simultaneous contact of animals with the
environment, several microorganisms have established
themselves in farmed animals, which although may be
relatively harmless to animals are pathogenic to man.
These investigators propose options for reducing the
risk of transferring zoonotic agents from animals (particularly farm animals) to man by specifically applying
veterinary vaccines against viral and bacterial diseases
(Lutticken et al., 2007). Other investigations documented that avian influenza, West Nile virus, Bartonella
henselae, rabies and anthrax vaccines which protect
animals reduce or prevent transmission of zoonoses to
humans (Capua, 2007; Lutticken et al., 2007; Marano
et al., 2007; Miguens, 2007). Vaccination of vector/
reservoir species, when efficacious vaccines are available, offers will offer significant advantages to combating zoonotic human disease (Zinsstag and Weiss,
2001; Marano et al., 2007). In summary, when appropriate biopreparedness, management strategies and
contingency plans of the future (Westergaard, 2008)
are linked with (1) protective DIVA vaccines (Clavijo
et al., 2004; Selke et al., 2007) against zoonoses, (2)
effective predictive modeling (Branscum et al., 2007),
and (3) deployable implementation policies (Kobayashi
et al., 2007b), control and prevention of serious
zoonotic diseases of man and animals will become
more achievable at local, state, and national levels.
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reject the hypothesis”
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Fighting with the Boogeyman: Countering
Misinformation about Vaccine Safety

ABSTRACT
Erroneous information about vaccine safety (misinformation) has existed since the dawn of vaccines and its
dissemination is permitted by the freedom to express an opinion—no matter how incorrect.
Because of the increasing number and timing of vaccines, they are easy scapegoats for adverse events which
occur coincident with vaccine administration, particularly those outcomes that are incompletely understood. In
addition, vaccine-preventable disease activity has been greatly reduced by immunizations, causing parents to fear
what they perceive might be complications of vaccines more than the actual diseases that the vaccines prevent.
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It may require years to collect the data necessary to meet the rigorous standards that permit scientists to
emphatically reject a vaccine safety concern. During the time needed to collect the evidence, however, those claims
can evolve into misinformation.
Misinformers may be unintentional (they are uninformed) or intentional, in which case many have profit
incentives. The most effective misinformers, however, are parents who truly believe that their child has been
injured by vaccines.
Misinformation about vaccines can—and is—aggressively disseminated. Presented as fact by prominent
individuals, it is often featured in publications, expounded on by the news media, discussed on popular TV and
radio talk shows, and made the subject of TV dramas and docudramas. Because these compelling stories often
feature prominent people, it is little wonder that other parents become confused. Unfortunately, there are barriers
in responding to misinformation including innumeracy on the part of the public and poor communication skills on
the part of vaccine spokespersons.
Confused parents may delay or refuse immunizations for their child. Many parents have many misperceptions
about disease risks and vaccine safety, both those parents who permit their child to be immunized and those who
do not. Health professionals can also become confused and some have helped perpetuate misinformation about
vaccine safety.
The consequences of misinformation about vaccine safety can be declines in immunization acceptance and
coverage followed by disease outbreaks with global consequences.
Countering misinformation about vaccines has become an urgent priority to assure the continued success of
immunization programs. Fortunately, parents continue to seek information as well as the means to validate what
they find. They also are seeking to identify trusted health providers to give them more information and guidance.

INTRODUCTION
In the 20th century, infectious diseases in the
United States and other developed countries began
to be better controlled as a consequence of clean
water, pest control, and especially because of vaccines
(Table 17.1). National immunization programs were
successful because of effective childhood vaccines
and a broad societal consensus that rare serious side
effects—such as vaccine-associated poliomyelitis—
were tragic but were tolerable for the benefit of the
general public health. Of course, serious vaccine misadventures during the past century led to the vaccine
industry being one of the most closely regulated of all
US industries (Parkman, 2002).
While the immunization programs have been
remarkably successful, they have had to deal with
many challenges some of which are consequences of
misinformation about vaccines and vaccine safety
(Gust et al., 2004, 2005). For example, there have been
recent measles outbreaks in the UK (Jansen et al., 2003;
Ashmore et al., 2007), the Netherlands (Lernout et al.,
2007), Germany (van Treeck, 2006; Bernard et al., 2007;
Steart-Freedman and Kovalsky, 2007), and Switzerland
(Richard and Masserey Spicker, 2007), attributable to
inadequate rates of immunization coverage, at least
in part related to the impact of misinformation about
the safety of measles-containing vaccines. Similarly,
recent outbreaks of mumps in the US seem likely to
have been imported from the epidemic in the UK
(Centers for Disease Control and Prevention, 2006a),

also related to decreased vaccine coverage due to the
measles misinformation.
Seventy seven percent of US children 19–35 months
of age are fully immunized with all the universally
recommended vaccines (Centers for Disease Control
and Prevention, 2007)—of course, that also means
that 33% of children are under-immunized. In 2001,
it was estimated that 3 children per 1000 had never
received any vaccines (Smith et al., 2004); thus many
others must be incompletely immunized. Under-vaccinated children are consequences of limited healthcare access as well as financial and other barriers to
immunization, although some are also a consequence
of confusion about the importance of vaccines and misperceptions about vaccine safety (Gust et al., 2004). In
contrast to under-immunized children, unvaccinated
children’s families tend to oppose immunization,
cluster in communities, and their parents tend not to
consider the advice of physicians or other health professionals (Smith et al., 2004; Salmon et al., 1999). Many
parents are uninformed about the risks of vaccinepreventable diseases as well as misinformed about the
safety of vaccines (Gust et al., 2004).
People opposed to immunization have been present
since immunizations began. Cotton Mather’s home
was bombed (fortunately the bomb did not detonate)
for preaching support for variolation, having convinced Zabediel Boylston, a physician, to variolate
people in Boston in 1721 (Best et al., 2004). Admittedly,
variolation was a practice with severe side effects,
including 2% of patients dying, but the risk was less
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TABLE 17.1

Diseases

Vaccines and vaccine-preventable diseases—a remarkable outcome

Number of cases before
vaccine was widely
used1

Smallpox

Year vaccine recommended
for routine childhood
vaccination

Number of cases
2005

2006

48,164

Early 1900s

0

0

Diphtheria

175,885

Mid-1940s

0

0

Pertussis

147,271

Mid-1940s

25,616a

15,632a

1314

Mid-1940s

27

41

Tetanus
Paralytic poliomyelitis

c

16,316

1955

0

Measles

503,282

1963

66

58

Mumps

152,209

1967

314

6584

Rubella

47,745

1969

11

11

1

1

1985

9

29

Congenital rubella
Invasive H. influenzae, type bb

823
20,000

0

Invasive S. pneumoniaeb

17,240

2000

1495

1861

Hepatitis A (acute)

26,796

1995

4488

3579

26,107

1986

5119

4713

1995

32,242

48,445

3

NDd

Hepatitis B (acute)
Varicella

About 4,000,000

Deaths

105

Source: Adapted from Myers and Pineda (2008) with permission of the publisher.
a
Numbers of cases of pertussis were at a historic low of 1010 in 1976.
b
Children less than 6 years of age.
c
In 2005, there was one case of imported, vaccine-associated paralytic poliomyelitis.
d
ND, no data are available for 2006 yet.

than the mortality of smallpox in the unimmunized
that developed smallpox (14.9%). Initial concerns
about the safety of variolation led Benjamin Franklin
to decide to not have his 4-year-old son, Franky,
immunized by variolation, with tragic consequences:
In 1736 I lost one of my sons, a fine boy of 4 years old,
by the Small Pox… I long regretted bitterly and I still regret
that I had not given it to him by inoculation; This I mention
for the sake of parents, who omit that operation on the supposition that they should never forgive themselves if a child
died under it; my example showing that the regret may be
the same either way, and that therefore the safer should be
chosen (Hastings Weld, 1859).

MISSING INFORMATION
Missing Community Fear
How can communities knowingly put their children
at risk from vaccine-preventable diseases? Of course,
communities do not realize that their children may
be at risk. In the absence of the vaccine-preventable
diseases, parents do not recognize that their communities remain at risk of these infections and that these

diseases can be introduced and quickly spread within
communities. This loss of societal fear represents one
of the extraordinary ironies of the success of immunization programs. Except for smallpox, the vaccinepreventable diseases are still present. Tetanus spores
persist in soil and, with global air travel, diseases like
measles, mumps, rubella, diphtheria, and poliomyelitis
remain just a plane ride away.
Decades ago, when thousands of children (and
adults) in the United States contracted these diseases,
parents feared these diseases. Successful immunization
programs, however, have remarkably lowered disease
rates for many of these illnesses. Presently, most parents
(and many physicians) have never seen a child with
paralytic poliomyelitis, asphyxiated by a diphtheric
membrane, or brain damaged by measles, congenital
rubella, or Haemophilus influenzae, type b (Hib). Some
parents even believe that some of the vaccine preventable diseases are “not so bad” (Benin et al., 2006).
Although antivaccine opinions have been around
for a long time, the majority of parents have maintained a collective consensus—largely driven by fear
of the vaccine-preventable diseases—that vaccines and
vaccine mandates are essential to the public health
and the safety of children in a given community. In the
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absence of disease visibility the collective consensus
has begun to erode.
The challenge for vaccine policy makers is to communicate that the risks of disease introductions are
real—even if they are largely unpredictable.

Missing Data or “The Data are Insufficient to
Accept or Reject the Hypothesis”
The timing of immunizations—beginning shortly
after birth and then repetitively during the first
2 years of life with continuing immunizations throughout childhood—occurs at the ages when developmental and other problems are being recognized for
the first time. Thus, the timing of vaccination—plus
their widespread use—make vaccines the perfect
“scapegoats” to be blamed for causing diseases of
unknown or poorly understood causes.
When a vaccine concern is first suggested—particularly when the association is to a disease about which
there is little understanding about etiology—there are
often little or no data available to permit an honest
scientist to state categorically that “vaccines do not
cause that particular disease.” And then, as data accumulate, the lack of a demonstrated association does
not assure coincidence, requiring multiple studies
before scientific consensus is reached that the data
“favor rejection of the hypothesized association.”
Compounding the issue of the time it takes to collect
the needed data is the fact that many well-educated
and intelligent people are innumerate—that is, they are
unable to process information about risk assessments
and measurements (Paulos, 1988). In addition, many
suffer from availability bias (Poland and Jacobson,
2001). That is, they make intuitive judgments using
readily available information. They base their estimates of how likely an event is based upon how easily
they can imagine an example as well as its emotional
impact.
Finally, when trying to communicate the complexities of demonstrating coincidence to an innumerate
public, vaccinologists and public health officials often
“speak in tongues”— using technical jargon as well
as using expressions that have very different technical meanings than when they are used in everyday
conversational English (Table 17.2). For example,
when discussing vaccine safety, the vaccinologist uses
the term “adverse event” to describe something that
occurred temporally related to vaccine administration whereas many misconstrue that term to mean
a “vaccine side effect.” For instance, fever is a common side effect of many vaccines, but febrile adverse
events after vaccine receipt are not always caused by
the vaccine. Similarly, when some serious condition

is recognized at about the time vaccines have been
administered, the temporal association is difficult for
parents to grasp as likely having been coincidental;
particularly when public health officials only reassure
with expressions such as “the data favor rejection of
the theory.”

The Uniformed as Misinformer
The uninformed or incompletely informed person
may unintentionally disseminate misinformation.
Parents rely on many sources for health information
(Gellin et al., 2000; Paulussen et al., 2006) including
family and friends but, unfortunately, many of these
sources may also be uninformed misinformers.

MISSING INFORMATION CAN EVOLVE
INTO MISINFORMATION
Once evidence favors rejection of a vaccine safety
hypotheses—such as has occurred with thimerosal- or
measles-containing vaccines and autism (Institute of
Medicine, 2004)—assertions about that vaccine safety
concern are misinformation. The evolution of a vaccine safety concern into misinformation is complex but
seems to follow a pattern which includes both unintentional and intentional misinformers (Table 17.3).
Consistently, there is a period of scientific uncertainty; a period of missing information where the
scientist has difficulty being emphatic that the vaccine and the adverse event are unrelated, even if (s)he
believes that the association is coincidental. People
respond differently during these periods. Some parents do not immunize their children, perhaps believing that public health and health provider information
was “one-sided” or “poor” (Smith et al., 2004); other
parents express distrust of the medical community and perhaps a conspiracy by those advocating
vaccines (Mills et al., 2005); while the majority, fortunately, trust that their physician or nurse will know
what to do (Gellin et al., 2000).
A person’s perception of risk is based upon their
experiences and knowledge. Someone who thinks that
their child—or someone else’s child with whom they
can empathize—had an adverse outcome because of
a vaccine would likely think that vaccines are riskier
than a person who has not. Conversely, a parent whose
child has had a vaccine-preventable disease—or a
physician who has treated that disease—will likely
advocate for vaccines.
People respond better to some types of perceived
risk than others (Reynolds, 2002). For example, natural
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TABLE 17.2 Technical and conversational expressions that may confuse the public
Expression/word

Technical meaning

Conversational meaning

Vaccine adverse event

Something that occurred at about the same time as
vaccination, which may or may not be caused by the
vaccine

Something caused by the vaccine (vaccine
reaction or side effect)

Bias

Systematic error that could lead to the wrong
conclusion

Not having an open mind

Controversy

There are different but plausible interpretations of the
same data within the scientific community

There is a difference in opinion

The patient “
denies xyz”

The patient says she does not have them

The patient reacts defensively to an accusation

Epidemiology

The study of how disease is distributed in a population
and of the factors that influence that distribution

Number crunching

Favors rejection of
the hypothesis

The data suggest that the hypothesis should be
rejected (but you can not prove a negative)

They still do not know

The finding would
not go away

We could not find an alternative explanation

They are fudging the data

Inadequate to accept or
reject the hypothesis

The data do not allow a definitive statement

They do not know

Naive

The person or animal has not previously been exposed
to a particular infection, drug, or vaccine

Unsophisticated, lacking experience, or training

Paralysis

Loss of the ability to move a body part usually as a
result of nerve damage

Inability to act, helpless inactivity

Plausible

Theoretically possible

Appearing worthy of belief, factual

Positive

The results of the study concur with the hypothesis;
having a value greater than zero

Good

Power

The likelihood of a study finding an effect, if there was
one; or, the number of times a number is multiplied
by itself

Energy, strength, control

Probably a small risk

The association is likely real but very infrequent; or,
uncertainty

Likely that it is a risk

Relative risk

The ratio of two rates of risks, often used to compare
risks

The risks are related

Safe

Remote or insignificant risk

No risk or zero risk

Significant

This may not be a chance difference

Important

Not significant

Likely due to chance

Not important

Uncertainty

When the available scientific information is not
sufficient to prove a relationship or is not sufficient to
favor rejection of a relationship

They do not know

Source: Adapted from Myers and Pineda (2008) with permission of the publisher.

risks (such as infectious diseases) are better tolerated
than man made risks (such as vaccine side effects) and
risks that affect adults are better tolerated than risks
affecting children. Risks that are perceived to have
unclear benefits are less tolerated than risks where the
benefits are clearly understood. For example, some
parents believe that the risk of contracting measles
could be lower than the risk of their child possibly
experiencing a serious side effect being suggested by
other parents who are convinced that their child was
harmed following immunization. If they think that
there is little benefit from immunizing their child,

they may conclude that there is no reason to take the
risk of a possible adverse event, even if public health
officials try to reassure them. If they are confused as to
the risks, they may fail to immunize their child.
Stories about bad things happening to children
after a vaccination circulate widely on the internet, are
discussed on radio and TV, and described in magazines and newspapers. Despite the fact that serious
vaccine safety risks are rare, perceived health risks
are the center of attraction to the media, make effective sound bites, and may be egregiously inaccurate
(Pribble et al., 2006).
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The evolution of vaccine safety concerns into
misinformation

A vaccine safety concern is suggested—usually by case reports
of possible temporal associations of adverse events with vaccine
administration or by an increase of reports of possible adverse
events following vaccine administration.
● In the absence of any data making an association, and despite
reassurances from the public health authorities, the media may
declare that there “may be a problem.”a
● Some parents become frightened.
Vaccinologists respond that there are insufficient data to be able to
state that the vaccine caused the adverse event or that it was just
coincidental in time.
● This creates a sense of uncertainty which in turn causes some
parents to become confused.
Public health officials compare the possible risk from the adverse
event with the known risk of the disease, based on whatever
available data there are.
● They make a recommendation.
● Some parents perceive a “cover-up.”
The media reports the scientific “uncertainty.”
● Parents who are convinced their child was harmed by vaccines
want to warn other parents.
● The media often describe a controversy (difference of opinion)
between public health officials and parents. True scientific
controversy is rarely reported.
● Pseudoscience is promulgated; it is discounted by scientists but
is often widely reported by the media.
● Intentional misinformers seek publicity.
Many parents become confused about vaccine benefits and risks.
● Parents see no disease, and reason “why take a risk?”
As data are collected, scientists reach a consensus that the data
“favor rejection of the hypothesis.”
● Misinformers deny the data.
● Misinformers attempt to discredit the scientists.
● Those who are convinced, make up ad hoc hypotheses.
If community immunity has declined, outbreaks of disease may
occur.
Ultimately—perhaps decades later—a cause for the coincidental
disease is described.
a

For example a BBC news headline reported (BBC News Online,
1998, http://news.bbc.co.uk/2/low/uk_news/60510.stm) “child
vaccine linked to autism” following the initial case reports by
Wakefield et al. (1998) about measles-containing vaccine and some
cases of autism.

Media reports about the vaccines-autism theories,
for example, continue to be published frequently.
Although scientists say “the data suggest no association” (or, that “the data favor rejection of the theory”), parents want to hear a trusted source say “that
vaccine does not cause that.” In contrast, some who
believe that their child (or one that they know) was
harmed by vaccine(s) insist that the theory has been
established. Unfortunately, media reports often cite
both opinions with equal credibility and emphasis;

generating uncertainty among parents, affecting their
perceptions of risk, and their decision to vaccinate
their child (Dannetun et al., 2005).

IMMUNIZATION MANDATES
States require vaccines because they have a responsibility to protect both individuals and the entire
population of their state. All states have immunization laws. However, other countries that also have
very high levels of immunization coverage—such as
Canada and Mexico—do not (WHO, 2007a).
School immunization laws were first established to
control outbreaks of smallpox and in recent decades
have been widely used to increase vaccine coverage
and reduce outbreaks of vaccine-preventable diseases.
Immunization requirements are set by states and currently all states have school immunization laws—
although there are differences in what may be required
in different states (see www.immunizationinfo.org for
individual states’ requirements and exemptions).
Measles vaccine was licensed in the US in 1963;
there was a rapid decline in the incidence of measles
from about 438,000 cases/year (1960–1964) to about
42,700/year (1967–1971) in the United States (Centers
for Disease Control and Prevention, 1995) (Fig. 17.1A).
Both national and local epidemics continued to occur,
however (Fig. 17.1A, B).
The constitutional basis for “a community to protect itself against an epidemic of disease” by immunization was established in 1903 (Parmet et al., 2005).
This provided a means for states to expand immunization coverage. In the late 1960s and the 1970s immunization laws for school entry were enacted in many
states largely on the demands of parents, because of
continuing measles epidemics. For example, in Iowa,
the creation of immunization requirements for school
entry in 1977 (Iowa Administrative Code, 1977) was
largely a response of parents to the recurring measles epidemics with the attendant mortality, cases
of encephalitis, and overall morbidity (Myers, 1977,
unpublished observations); the impact on measles
activity was rapid (Fig. 17.1B) with cases dropping
from 4333 in 1977 to none in 1981 through 1985 (Iowa
Department of Health, 2007).
Parents who oppose vaccines for their children
actively seek means to avoid immunizations, including home schooling and lobbying legislators for easier
exemptions from immunization laws. Some parents
oppose immunization mandates as a violation of their
civil liberties. Both groups of parents try to recruit
other parents to their “cause.”
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Misinformation comes from many sources. Some
who are uniformed or misinformed unwittingly misinform. Others are parents who honestly believe that
their child was harmed by vaccines and they want to
warn other parents. Still others are antivaccine activists many of whom may gain by disseminating and
popularizing misinformation. For example, profits
may come from contributions to organizations, book
sales, movie rights, political support, tort precedents,
court testimonies, speech making, inches of news
space, or minutes of news time.
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FIGURE 17.1 Measles in (A) the United States (Centers
for Disease Control and Prevention, 1995) and (B) Iowa (Iowa
Department of Health, 2007, www.idph.state.ia.us/adper/pdf/
cade/decades/pdf) 1960–1989. Measles vaccine was licensed in
1963. Mandatory immunization laws were enacted widely by states
in the late 1960s and 1970s. Iowa enacted its immunization law in
1977 (Iowa Administrative Code, 1977).

All US states permit exemptions for children who
have medical contraindications to immunization.
However, most states also permit religious or philosophical exemptions. States permitting easy exemptions
have many more unvaccinated children than do states
that do not permit philosophical exemptions and unvaccinated children tend to cluster in communities (Smith
et al., 2004; Salmon et al., 1999). Children who received
exemptions were found to be 35 times more likely to
contract measles and were more likely to spread measles to others (Salmon et al., 1999; Parker et al., 2006).
Washington State had school entry immunization
exemption rates exceeding 5% in 2005–2006, six counties exceeding 10%, a substantial increase over 1999
(Bardi, 2007). Texas reported a school district with
19.05% conscientious exemptions for the school year
2003–2004, the first year after enactment of the exemption (Immunization Branch, Texas Department of State
Health Services, 2003–2004, http://www.dshs.state.
tx.us/immunize/coverage/conscientious.shtm).

Many organizations, government agencies, and
universities require their employees (and their immediate families) to divulge potential or perceived financial and other conflicts of interest. Because of the nature
of what vaccine researchers do, it is not surprising that
some hold patents for their intellectual property, that
they may be asked to consult for vaccine companies,
or that a portion of their salary may come from grants
or contracts with vaccine companies. While it is hard
to imagine how an individual could otherwise become
a vaccine expert, these types of relationships when
active do in fact represent perceived—and at times
real—conflicts of interest.
Misinformers make much ado about vaccinologists’
real and perceived conflicts of interest. But they are
aware of these conflicts of interest because the vaccinologists divulge these associations.
Misinformers may also have conflicts of interest,
some obvious others less so. They have no obligation to divulge their own or their families’ conflicts
of interest. Book authors do not need to divulge their
book sales income; investigative reporters (or their
spouses) do not need to expose their retirement portfolios; pseudoscientists do not need to divulge their
funding sources nor the income they receive from
court testimony; and politicians only divulge conflicts
of interest that are required by law.

False Experts or “Experts” who
Lack Expertise
No credible expert vaccinologist would claim to be
expert in all the fields that relate to vaccine safety. For
example, the IOM Committee on Immunization Safety
included experts in pediatrics, neurology, immunology, internal medicine, infectious diseases, genetics,
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epidemiology, biostatistics, risk perception and communication, decision analysis, public health, nursing,
and ethics (Institute of Medicine, 2004).
Some who claim to be experts make claims outside
their field of expertise. Such is the case of Dr. Mark
Geier:
Dr. Geier’s expertise, training, and experience is [sic] in
genetics and obstetrics. He is however a professional witness
in areas for which he has no training, expertise, and experience (U.S. Court of Federal Claims, 2003).

Another example would be “…Dr. Eric Ryndland
who is considered one of the nations foremost experts
on autism…” according to the reporter (Gillen, 2007).
He1 has no publications listed on the National Library
of Medicine’s Pub Med. It is unclear what, therefore, the reporter utilized to form her opinion of him
as an “expert” in her article “To vaccinate or not to
vaccinate.”

Journalists who have Written Articles or
Books about Vaccine Safety
Although many journalists do a credible job writing
about scientific and medical issues in ways that makes
this information understandable and informative to
the general public, they are usually specialized medical or science reporters at large news organizations.
Good science journalists let the experts speak through
their articles instead of purporting themselves to be
experts.
Often times, however, stories—particularly published
by smaller news organization and local TV stations—
have not been checked for the reliability of the facts and
present “controversies” that pit parents or others with
an opinion against scientific experts, as if opinions and
facts had similar value.
Others simply misinform. Media exposure and
“controversies,” of course, sell books and attract readers. For example, the journalist David Kirby—with
apparently no scientific background or expertise in
any field relating to vaccine safety or developmental disorders—wrote a book, Evidence of Harm, about
thimerosal and autism which misinterprets scientific
evidence and quotes out of context, attempting to
imply a cover-up by respected scientists. Nevertheless,
this book received an award for investigative reporting (Investigative Reporters and Editors, 2006, http://
www.ire.org/history/pr/2005ireawards.html). Kirby
is a frequent speaker at events for antivaccine and
antithimerosal activists.

1

Neither this spelling, nor Rindland, nor Rynland.

Dan Olmsted, the author of The Age of Autism, once
a regular columnist for United Press International
(UPI), reported on his “research” that autism is less
frequent among unvaccinated Amish children in
Pennsylvania in contrast to other children. For a time,
his articles attracted media attention despite the lack of
any scientific content. His research methods included
discussing his theories with a man who sells water
purifiers in Amish communities (Olmstead, 2005).

Politicians who Claim to be Experts
Many politicians bring together groups with differing interests and expertise—such as parents with
opinions and scientists with expertise—in order to
collect information and to understand the issues.
However, there is little in a politician’s training—
including those with advanced education including a
medical degree—that would qualify them as experts.
Of course, politicians often seek support by taking on
the causes of different interest groups.
Between 1999 and 2004 the Committee
on Government Reform of the US House of
Representatives held more than 10 hearings about vaccines, thimerosal, and autism. Rep. Dan Burton chaired
this Committee from 1997 to 2002; his claim to expertise being that he is the grandfather of a child whom
he believes has autism as a consequence of vaccines.
When the IOM Vaccine Safety Committee said in 2004
that the body of scientific evidence favored rejection of
a causal relationship between thimerosal-containing
vaccines and autism (Institute of Medicine, 2004), Rep.
Burton said in a press release:
Unfortunately, I believe the findings announced in the
May 18th IOM report are heavily biased, and unrepresentative of all the available scientific and medical research
(Burton, 2004).

Politicians, lawyers, journalists, and others such as
parents with an opinion contribute in a very positive
way to the public discussion of immunization policy and vaccine safety but they are not authoritative
scientific experts. Nonetheless, they are often quoted
as if they were.

DISSEMINATION OF
MISINFORMATION
Unfortunately, misinformers can disseminate misinformation easily, especially employing the internet
and other media.
More than two-thirds of US adults use the internet (Fox, 2005) and 80% of them use the Internet to
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FIGURE 17.2

Thimerosal misinformation events in March and June, 2005 were associated with increased news and search volume for
thimerosal. “News reference volume” relates to news stories containing the search word that were accessed on Google News©. “Search volume” describes the volume of internet searches made using that search term.

find health information, including information about
vaccines and immunization (Fox, 2006). There are
disparities of access to the internet as well as the
quality of internet access but those who access the
internet (Fox, 2005) appear to have similar demographics to those who are antivaccine (Smith et al.,
2004). Those who seek information online usually
start at a search engine and do not often check on the
source of the information (Fox, 2006). Internet search
engines do not distinguish information from misinformation and most people are unable to distinguish
reliable from unreliable information. In addition, onethird or more of streaming video on www.YouTube.
com were critical of immunizations, with those videos
higher rated than video clips favorable to immunizations (Keelan et al., 2007).
An example of how people use the internet in
response to misinformation was shown by surges
in search engine queries that included the word
“thimerosal” following extensive publicity surrounding two misinformation “events”: the initial release
of the book “Evidence of Harm” by David Kirby
(St. Martin’s Press) in March, and the publication of
the article “Deadly Immunity” by Robert Kennedy
Jr. in Rolling Stone and Salon.com in mid-June, 2005.
Google Trends© demonstrated both increased news
volume and search engine searches for thimerosal in
March (book release) and mid-June (article published)
(Fig. 17.2) (Myers and Pineda, 2007).
The mainstream media reaches and influences
all segments of society. For example, health stories
must attract viewers because these account for more
than 10% of air time in nightly TV news broadcasts.
Unfortunately, these stories are usually unrelated

to public health priorities, they may be inaccurate,
and provide misinformers with exposure. These
reports may contain erroneous information (Pribble
et al., 2006).
Unfortunately journalists may feel compelled
to present a balance between opinions, reporting
“controversies” (or “debates”) between the scientific
community and misinformers, giving misinformers
extensive media exposure and possibly credibility in
the minds of the public. For example, on reporting the
findings from a large comprehensive study that did
not suggest any causal association between increasing
exposure to mercury in thimerosal—neither prenatal or
early in life exposure—and subsequent neuropsychological outcomes at 7–10 years of age (Thompson et al.,
2007), Time Magazine in October, 2007 (Time Magazine,
2007), headlined an article “the vaccine debate goes on”
and opened the article “Latest Findings. Thimerosal,
a mercury-based vaccine preservative, has long been
associated with neurological disabilities like autism.”
The article continued by outlining Centers for Disease
Control and Prevention and their “critics” positions.

MISINFORMATION CONTENT
Misinformation content often consists of many of
the following:

Pseudoscience
Pseudoscience (“false knowledge”) is often presented
to the media as “science” by misinformers. It is usually
ambiguous, employs hard to comprehend methods,
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may not be quantifiable, and the results can usually not
be duplicated. In many cases, these reports are not subjected to peer review. Often, data may be represented
to show one outcome when another is the case. Other
times the methods that are used may be likely to give
a predetermined outcome. Only data purporting to
support the author’s claims are presented while conflicting data are ignored or dismissed.
The peer review mechanism employed by most
respected journals is intended to ensure that only carefully conducted science is published; but sometimes
poorly run studies slip by the most careful editor.
Because of the vetting process, however, most pseudoscientific claims about vaccine safety are not published in respected journals but are often published
in obscure journals or in the “alternative medicine”
press.
A number of studies implying a link between vaccines and neurodevelopmental disorders have been
published by Mark Geier and his son David Geier.
They often utilize data from the Vaccine Adverse
Event Reporting System (VAERS) to try to establish
causality (Geier and Geier, 2004). VAERS data cannot
be used to establish causality. The purpose of VAERS
is to tabulate possible adverse events in order to look
for “signals” that should be explored systematically
(Varricchio et al., 2004). In addition, the Geiers’ reports
also often failed to describe methods, important statistical figures were not defined accurately, and data sets
overlapped (American Academy of Pediatrics, 2003,
http://www.aap.org/profed/thimaut-may03.htm).
In addition to pseudoscience, misinformers often
misquote legitimate research claiming that studies
support their views, when in fact the original data
do not. For example, the November 14, 2005 issue of
the New York Times included a full-page advertisement by the group Generation Rescue thanking the
researchers who did “groundbreaking research on the
connection between mercury and autism” (The New
York Times, 2005, http://www.generationrescue.
org/images/051114.gif). The ad listed 19 citations of
articles—including one by the Geiers. None of the 19
articles shows that mercury causes autism. Although
some of them did look for a possible link between
mercury and autism, others were about autism in general with no mention of mercury. One of the papers
cited was by Andrew Wakefield, about MMR (which
does not contain thimerosal) and autism.

Invalid Assumptions
Some invalid assumptions often underlying misinformation claims are that illness in a vaccinated

person proves that the vaccine does not work, temporal associations establish causation, and epidemiologic
studies are not real science.

Logical Fallacies
Misinformers often use logical fallacies in their
arguments. For example, the post hoc argument
is common; that is, the temporal association of an
adverse event is assumed to infer causality. It is especially seen online, where people report that a vaccine
harmed a child because certain symptoms appeared
a few days or weeks after vaccination. Also, VAERS
reports are purported to be descriptions of vaccine
side effects. Often they also make an argument from
ignorance—claiming that a statement is true only
because it has not been proven false, or that it is false
only because it has not been proven true.
The ad hominem fallacy—attacking the person—
takes many forms in discussions of vaccine safety,
alleging cover-ups and conspiracy theories by which
misinformers try to discredit those who do not agree
with them. Indeed ad hominem arguments are recognized to be a frequent attribute of antivaccination
Web sites (Davies et al., 2002) as well as media coverage about antivaccination topics (Leask and Chapman,
1998). Attacks of this type on members of the Institute of
Medicine Vaccine Safety Committee and other reputable
scientists were so serious that Senator Enzi (2007) filed
an investigative report with the US Senate Committee
of Health, Education, Labor and Pensions in 2007 refuting the charges. Similarly, the guilt by association fallacy claims that a theory or an argument must be false
simply because of who else supports the argument.
Misinformers often use the ad misericordiam
fallacy to frighten other parents, by featuring anecdotes about children that they claim have been killed
or maimed by vaccines (Davies et al., 2002; Wolfe
et al., 2002).

Ad hoc Hypotheses
When misinformers find themselves in the position
of believing something that becomes unsupportable
based on the data, they will often resort to making an
ad hoc hypothesis. Attorneys litigating vaccine injury
claims do this not infrequently. When multiple studies found no causal association between measles- or
thimerosal-containing vaccines with the subsequent
development of autism, a new hypothesis was generated that together measles-containing vaccine and the
preservative thimerosal in other vaccines cause autism
(Office of Special Masters, 2007).
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THE CONSEQUENCES OF
MISINFORMATION
Outbreaks of vaccine-preventable diseases often
begin among the unimmunized and underimmunized
and then spread to the fully immunized in the community (Salmon et al., 1999; Parker et al., 2006)—a portion of whom remain susceptible because no vaccine
is 100% effective. Sustained transmission of infections
within communities occurs when a sufficiently large
proportion of the population is susceptible, the proportion differing among the different vaccine preventable
communicable diseases (Fine, 2004). Immunization
coverage is often utilized as a surrogate marker for the
proportion who is immune.
Following periods of intense misinformation,
decreases in immunization coverage may occur and
disease outbreaks may occur. For example, because of
the concerns about whole-cell pertussis vaccine possibly being associated with severe neurologic developmental problems, immunization rates in Great Britain
in 1978 had fallen from 80 to 30%. Epidemic pertussis soon followed: between 1977 and 1979 there were
102,500 cases of whooping cough with 36 deaths
(Cherry et al., 1988).
In Japan, because of concerns about the whole-cell
pertussis vaccine’s safety and claims that it was no
longer necessary to immunize because pertussis was
not present in the community, the age for immunization was changed and immunization coverage for
infants fell from about 85% in 1974 to 13.6% in 1976
(Cherry et al., 1988). In 1979, Japan reported 13,105
cases of pertussis with 41 deaths. In the early 1980s
Japan re-introduced acellular pertussis-containing
vaccines with a reduction in the number of cases
(Gangarosa et al., 1998). Similarly, after discontinuing
pertussis vaccine, rates of whooping cough returned
to the levels seen in the prevaccine era in Sweden.
Of 2282 who were hospitalized for whooping cough
in 1981–1983, 4% had brain injury from the illness
(Cherry et al., 1988).
The specific contribution that misinformation
played on these pertussis outbreaks is hard to define
because it is not clear when missing information
about whole-cell pertussis vaccine safety evolved into
misinformation. However, countries whose immunization programs were disrupted by whole-cell pertussis antivaccine movements (Sweden, Japan, the UK,
Ireland, Italy, Australia, the former West Germany,
and the Russian Federation) experienced ten to 100
times higher pertussis incidence than did countries in
which the antivaccine movement had a limited impact
on pertussis vaccine coverage (Hungary, the former

East Germany, Poland, and the US) (Gangarosa et al.,
1998).
Two decades later, another vaccine scare began in
the UK. In 1998, Wakefield and others published a
series of case reports suggesting that some children
who had received measles-containing vaccine suffered
bowel injury, permitting absorption of substances that
caused brain injury and thus autism (Wakefield et al.,
1998). Although Wakefield’s report did not provide
any evidence of a link between measles vaccine and
autism, media coverage was extensive, giving his
hypothesis credibility in the eyes of many in the public; the headline in London’s Daily Telegraph read,
“Vaccination may trigger disease linked to autism”
(Daily Telegraph, 1998, http://www.telegraph.co.uk/
htmlContent.jhtml?html ⫽ /archive/1998/02/27/
nmmr27.html). Many national and international news
outlets carried the same story. Both the initial report
and subsequent claims of evidence for measles virus
in children with autism have now been dismissed
(D’Souza et al., 2006; Doja and Roberts, 2006; Murch et
al., 2004; Horton, 2004) but many frightened parents,
not surprisingly, feared the vaccine more than the diseases. In the following years MMR vaccination rates
fell from 93 to 79% by 2003, with measles (Gust et al.,
2005) and mumps (Centers for Disease Control and
Prevention, 2006b; WHO, 2007b) (Fig. 17.3) outbreaks
as a consequence. The outbreak of mumps in 11 states
in 2006 and the epidemic in the UK in 2005 were both
caused by mumps virus, genotype G (Centers for
Disease Control and Prevention, 2006a), suggesting
they may have been epidemiologically related.
Misinformation confuses many. For example, in
an unpublished random digit dial telephone survey,
almost half the parents with children less than 6 years
of age reported that they believed vaccines can cause
Cases of mumps in the United Kingdom
60,000
50,000
40,000
30,000
20,000
10,000
2000

2001

2002

2003

2004

2005

2006

FIGURE 17.3

In 2005, there were more than 63,500 cases of
Mumps in the United Kingdom (WHO, 2007b) (Adapted from
Myers and Pineda (2008) with permission of the publisher.)
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autism (APCO insight, 2006). Misinformation can also
confuse health providers, including school personnel
overseeing immunization programs (Salmon et al.,
2004). In 2006, a 23-month-old asthmatic child with
influenza A pneumonia was admitted to a hospital in
Texas requiring ventilator support. Two weeks previously she had been denied influenza immunization
because the provider believed the child should only
receive influenza vaccine without thimerosal preservative, which the practice did not have in stock (Patel,
2006, personal communications).
Misinformation impacts parental decision-making.
For example, 13 of 33 mothers interviewed postpartum were vaccine hesitant or outright rejected vaccine for their newborns (Benin et al., 2006). A couple
in Tennessee, confused about vaccine safety because
of what a friend had told them, decided to delay
their daughter’s vaccinations. The girl developed Hib
meningitis (Snyder, 2000).
Misinformation can have serious consequences for
individual families as well as for communities.

VACCINE MISINFORMATION IS
A GLOBAL PROBLEM
Misinformation about vaccine safety is a problem
that affects developing as well as developed countries. False allegations in Nigeria that oral polio vaccine could cause sterility—thought to be intended to
limit the Muslim population size—or that it could
cause AIDS, resulted in a resurgence of wild-type
polio viruses transmission, cases of polio, and the
spread of wild-type virus into 19 previously polio-free
countries (Centers for Disease Control and Prevention,
2005–2006). Similar rumors have plagued the introduction of other vaccine programs in other countries.
For example, the introduction of a maternal and infant
tetanus immunization program necessitated Egypt
to train community guides to dispel these types of
rumors—and one immunizer had to immunize herself
to prove the vaccine safe (U.S. Fund for UNICEF, 2004,
www.who.int/entity/immunization_monitoring/
diseases/06_fall_2004.pdf).
In contrast to developed countries, antivaccine
activities in developing countries focus on national
immunization days, religious and political arguments
against vaccines, and concerns about “western plots,”
especially that vaccines could cause involuntary contraception or sterilization (Eastern and Southern Africa
Regional Office, United Nations Childrens Fund, 2001).
Part of the difficulty of dealing with misinformation
about vaccines in developing countries is resistance
to change (Regional Office for South Asia, United

Nations Childrens Fund, 2005, http://www.unicef.
org/rosa/Immunisation_report_17May_05(final_
editing_text).pdf) as well as the recognition that
some vaccines and immunization practices have in
fact in the past been unsafe (Simonsen et al., 1999).
Because the foundations of an effective immunization program are safe and effective vaccines which are
delivered in a safe manner, the WHO has put in place
systems to try to ensure the safety of the vaccines
used in all national programs (Duclso, 2004; Clements
et al., 2004).
To measure the impact of a vaccine and to be able
to evaluate adverse events following immunization
require surveillance of vaccine coverage and disease
activity as well as the monitoring of adverse events.
Many developing countries have not integrated these
components into their national immunization programs (Duclso, 2004). Countries that do have these
tools in place, such as the US, still have difficulty dispelling concerns about vaccine-associated anecdotes;
in the absence of such an infrastructure, it is little
wonder that health officials have difficulty reassuring
the public about coincidental associations.
The historical impact of antivaccination rumors on
the introduction of immunization programs have led
to the development of strategic communication plans
for national immunization programs that include the
assumption that misinformation and negative reactions will occur as part of the introduction of new
vaccines (Regional Office for South Asia, United
Nations Childrens Fund, 2005, http://www.unicef.
org/rosa/Immunisation_report_17May_05(final_
editing_text).pdf).

FIGHTING WITH THE BOOGEYMAN:
COUNTERING MISINFORMATION
ABOUT VACCINE SAFETY
The vast majority of parents would not opt out of
any vaccine and they also understand that school
immunization laws protect their children (Gellin et al.,
2000). However, there are also many parents who have
great misperceptions about the risk and severity of
vaccine preventable diseases as well as about the safety
of vaccines (Mills et al., 2005; Dannetun et al., 2005;
APCO insight, 2006; Salmon et al., 2004; Freed et al.,
2004; Fredrickson et al., 2004). Misperceptions about
disease risks and vaccine safety are similar among
parents who refuse vaccines for their child and among
those parents who permit their child to be immunized,
although the proportions of parents with misperceptions are greater among those who withhold some or
all vaccines from their children (Gust et al., 2004, 2005).
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Parental refusal (either refusal or delay) of vaccine
for their child is not uncommon (Benin et al., 2006;
Fredrickson et al., 2004; Diekma and Committee on
Bioethics, 2005; Flanagan-Klygis et al., 2005), most
physicians who care for children have to deal with
this problem at least once a year—the rate of refusal is
estimated to be 7.2/1000 children less than 18 years of
age (Fredrickson et al., 2004). Fear of pain, fear of serious side effects, plus the belief that the diseases are
not harmful are common reasons for vaccine refusal.
These are also common concerns among parents who
do immunize their children.
Misinformation about vaccine safety comes in
many forms and from many sources. Fortunately,
most parents still obtain information about immunizations from trusted health professionals (Gellin et al.,
2000). Unfortunately, some health professionals may
be uninformed, some themselves may be confused
by misinformation, and some (particularly alternative
medicine providers) may be “anti-vaccine.”
Parents are actively seeking more information
(Gust et al., 2004). The most important intervention
for countering misinformation may be that a trusted
provider addresses the parents’ lack of knowledge
about the diseases as well as their concerns about vaccine safety. But this approach is limited by the time
available to busy clinicians: discussions about vaccines comprising about 15 s during the average visit
(Davis et al., 2004).

We have observed increasing use of the NNii
Website www.immunizationinfo.org over time—from
17,677 visitors per month in October 2005, to 32,553 in
October, 2007 (Myers and Pineda, 2007). The entrance
pages to the Web site are usually the Homepage or, if
accessed by search engine, often directly to specific
vaccines/diseases featured in the section “Vaccines
and the Diseases they Prevent.” The next most popular section is Immunization Issues, consisting of essays
about topical issues on vaccine safety (many suggested by viewers). We also have observed that during
times of increased media activity surrounding misinformation events (Fig. 17.2), there is a corresponding
surge in readership of archived essays on related topics (see Fig. 17.4A on our Web site. At about the same
time, many visitors follow links to information about
assessing the reliability of information found on the
internet (Fig. 17.4B) (Myers and Pineda, 2007).
A large proportion of parents—whether vaccine
hesitant or not—have been confused by misinformation publicized about vaccine safety. Although some
parents have made up their mind to not immunize
their children—and disregard data that do not support their views (Meszaros et al., 1996)—the majority
of parents desire more information. They have many
information resources available; unfortunately, they
may frequently locate misinformation. However, in
addition to seeking information, they also seem to
want to confirm the reliability of what they found.
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FIGURE 17.4

Search activity at www.immunizationinfo.org coincident with increased media activity surrounding thimerosal-containing
vaccines. (A) Daily pageviews of archived essays about thimerosal-containing vaccines. (B) Daily pageviews of archived essays about misinformation about vaccine safety, viewed largely by hyper links (Myers and Pineda, 2008). A pageview is a request for a page, enumerated
by www.urchin.org.
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Parents need education about the risks and severities of the vaccine-preventable diseases; most do not
recognize that they are uninformed.
There seem to be a number of favorable factors to
counter misinformation: Most parents want to establish
trusting relationships with health professionals; they
are seeking more information; they are willing to utilize guidance; and many seek to validate information
they locate. These openings would seem to provide the
most effective means to sustain and expand confidence
in immunization programs in the face of burgeoning
misinformation about vaccines and vaccine safety.
In considering the introduction of new vaccines—
including vaccines for biothreats and emerging
infectious diseases—as well as vaccines developed
employing new technologies and new delivery strategies, it will be important to employ communication
plans for all the target populations, analogous to those
being utilized for the introduction of new vaccines
in developing countries (Regional Office for South
Asia, United Nations Childrens Fund, 2005, http://
www.unicef.org/rosa/Immunisation_report_17May_
05(final_editing_text).pdf).
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ABSTRACT
Vaccines have long been used by military forces in order to prevent communicable diseases and thereby fulfill
their primary mission: to preserve the fighting force. A tradition that began with the mass vaccination of the
Continental Army against smallpox during the War of the American Revolution in the late 18th century continues
today with routine and deployment-based vaccination of military forces against potential pathogens of nature
and biological weapon threats. As the role of militaries has expanded in recent years to include humanitarian and
peacekeeping missions, military applications of vaccines against infectious diseases have concomitantly broadened
to include civilian populations worldwide. In many cases involving infectious diseases of military significance, the
military has either directly, through the work of force researchers, or indirectly, through investments and resource
provision, promoted the development of vaccines. This pattern is expected to persist as new threats are recognized
and military forces accept additional challenges.
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INTRODUCTION
Military imperatives necessitate force readiness;
disease prevention is a critical component of this doctrine. While the ratio of disease-associated deaths to
battlefield-associated deaths in U.S. military deployments has progressively decreased over the past
century, disease still accounts for the majority of
morbidity in military venues (Murray and Horvath,
2007). It is widely recognized that for many diseases
of potential military significance, prevention is best
accomplished through the deployment of vaccines.
Vaccines, considered by many to top the historical
list of the ten greatest public health achievements of
the 20th century (Centers for Disease Control and
Prevention, 1999), have therefore been a cornerstone
of military preventive medicine since before the first
systematic study of their utility by Edward Jenner in
the late 18th century.
Throughout history, the military has been a major
force in both the development and the use of vaccines
against infectious diseases (Artenstein et al., 2005).
The U.S. military, for example, has contributed directly
and significantly to numerous vaccines throughout
modern history (Table 18.1). In some instances military exigencies have stimulated vaccine research on
infectious diseases of mission-specific importance; in
others, the military has functioned as a high-volume
consumer of routine immunizations.
Aside from their traditional involvement in combat
operations, modern military forces have additional
roles in global geopolitics including duties as peacekeepers, police, humanitarian relief workers, and
disaster assistance personnel (Ryals and Baker, 1996;
Baker and Ryals, 1999). These diverse roles beyond
their traditional combat duties potentially expose
military personnel to a wide array of environments
over a broad range of geographic settings throughout
the world. Such duties may alter the primary mission
from force preservation to the protection and treatment of civilians, notably women and children (Sharp
et al., 2001). This evolving role of global militaries
since the latter part of the 20th century potentially
predisposes forces to an expanded array of pathogens.
Vaccines in these settings are used to prevent routine
childhood diseases among troops and civilians and
for health maintenance of civilians at risk. Military
personnel are also at high risk to encounter such
infectious diseases during recruit training, a setting in
which numerous young adults reside in confined living conditions for extended periods of time and are
subjected to intense physical, emotional, and immunologic stressors, increasing their risk of communicable

diseases, especially those transmitted by respiratory
routes (Benenson, 1984).
Some of the pathogens that threaten military forces
cause common infectious diseases that are prevalent
in developing nations lacking widespread routine
childhood vaccination programs; others are endemic
to only select regions of the world and tend to cause
sporadic infections or outbreaks in deployed military
personnel; while others may cause outbreaks of common diseases when occurring in enclosed populations.
To guard against the plethora of infectious diseases
that may assail a military in any of its many expanded
modern functions, and to fulfill their supplementary
roles as humanitarian relief workers in civilian emergencies, a variety of vaccines is widely deployed.
Table 18.2 provides a general listing of the current
vaccines, not differentiated based on individual service branches, used by the U.S. military under various
conditions. As extensive coverage of the individual
pathogens and their associated vaccines is provided
in other chapters of this text, the present chapter summarizes vaccines as applied to a variety of transmissible diseases of military importance.

HISTORY REDUX: SMALLPOX
For historical reasons smallpox is an appropriate departure point for a discussion of vaccine
applications in the military as this disease led to the
precedent-setting mass deployment of immunization
in troops more than 20 years before the term “vaccination” was first proposed. Smallpox has the dubious distinction of being the greatest historical disease
scourge of mankind. Although it was commonly
observed from ancient times through the 18th century
that survivors of smallpox were protected against further episodes of the disease (Moloo and Artenstein,
in press), the history of vaccination from a scientific
standpoint is traditionally dated from the 1798 publication of Edward Jenner’s landmark experiments
with cowpox in which he inoculated a neighbor’s
boy with purulent material from a milkmaid’s hand
lesion in Berkeley, England, thus protecting the child
against a smallpox challenge (Parish, 1965). However,
long before Jenner’s human experiments other forms
of inoculation were used throughout the world to protect against smallpox.
Variolation, derived from the Latin word “variola”
meaning “mark on the skin” (Parish, 1965), describes
the technique in which material from the pustules of
smallpox-afflicted persons is inoculated into the arm
of a healthy person through multiple scratches or
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TABLE 18.1
Disease/agent

Dates

U.S. military contributions to vaccines against infectious diseases (as defined in text)
Military relevance

Military contribution

Key personnel

Smallpox

1777

Highly contagious
scourge of troops

First large scale inoculation of an army

Gen. George Washington,
Dr. Benjamin Rush

Yellow fever

1900

Epidemic disease
associated with high
mortality in Americanoccupied areas

Demonstrated that the etiologic agent was a filterable
virus transmitted by A. aegypti mosquitoes, leading
to disease control through vector eradication and
eventually, through vaccination

Maj. Walter Reed, Maj.
James Carroll, Aristide
Agramonte, Jesse Lazaer,
Col. William Gorgas

Typhoid

1909

Communicable cause
of outbreaks among
deployed troops

Development of killed typhoid vaccine that became
mandatory for all Army and Navy personnel in 1911
and greatly reduced the morbidity and mortality of
typhoid among military personnel

Maj. Frederick F. Russell

Pneumococcus

1945

Prominent respiratory
pathogen among
troops

Tested first multivalent polysaccharide vaccine at the
Army Air Base, Sioux Falls, S.D. (under auspices of
the Armed Forces Epidemiological Board), reduced
incidence of pneumonia and the pneumococcal
carrier state

Dr. Colin MacLeod, Dr.
Michael Heidelberger, Lt.
Richard Hodges

Hepatitis A

1945;
1985–1990

Cause of major
outbreaks among
troops in setting of
military conflict

1945, demonstrated that passive immunization
Col. Charles Hoke, Lt. Col.
with pooled normal human immunoglobulin could
Bruce Innis, Dr. Len Binn,
prevent or attenuate disease; 1980s–1990, investigated Dr. Stanley Lemon
safety and immunogenicity of inactivated vaccines
and directed a pivotal efficacy study of inactivated
HAV vaccine in ⬃40,000 Thai children

Adenovirus

1952–1969

Major cause of acute
respiratory disease in
recruits, disruptions
in training, economic
losses

Isolated causative agent, later named adenovirus, at Ft.
Leonard Wood; described epidemiology and clinical
spectrum of adenovirus infections; developed killed
bivalent vaccine; recognition of SV40 contamination;
developed oral, attenuated, multivalent vaccine

Dr. Maurice Hilleman, Col.
Edward Buescher, Maj.
Franklin Top, Col. Phillip
Russell

Influenza

1957

Epidemic and pandemic
disease impede military
readiness and fighting
force

Described antigenic drift and shift; developed
surveillance system for epidemic disease

Dr. Maurice Hilleman

Rubella

1961

Consequences of
disease in pregnancy
affects military families

Isolated the causative virus after noting interference
with enteroviral growth in African green monkey
kidney cell cultures; led to development of a safe and
effective vaccine using this virologic technique

Cpt. Paul Parkman, Cpt.
Malcolm Artenstein, Lt.
Col. Edward Buescher

Meningococcal
disease

1966–1972

Epidemic meningitis in
basic training settings
causes significant
morbidity and
mortality among troops

Described immunologic responses to the bacteria
and identified protective responses; developed first
polysaccharide immunogen and proved its efficacy
in clinical trials

Dr. Malcolm Artenstein,
Dr. Irving Goldschneider,
Dr. Emil Gotschlich, Maj.
Ronald Gold

Japanese
encephalitis

1950s;
1980s

Epidemic neurologic
disease in Asia;
outbreaks in American
forces in Korea;
potential for impacting
deployed troops
throughout Asia

Early attempts at vaccination (WWII); significant
contributions to the epidemiology and ecology of
the virus in the 1950s–1960s; pivotal field trial of
inactivated vaccine in Thailand

Dr. Joseph Smadel, Dr.
Albert Sabin, Cpt. Edward
Buescher, Cpt. William
Scherer, Col. Charles Hoke

Hepatitis B

1970s–early
1980s

Blood borne and
sexually transmitted
disease

Demonstrated protective effect of antibodies

Dr. Saul Krugman, Col.
William Bancroft, Dr.
Maurice Hilleman

Source: Artenstein et al. (2005).

punctures. The method was introduced into early 18th
century Europe via travelers returning from Istanbul
and brought to England in 1721 by Lady Mary
Wortley Montague, the wife of the British ambassador

to the Ottoman court (Barquet and Domingo, 1997).
After her daughter was inoculated under the public
scrutiny of physicians of the royal court, variolation
caught the interest of the royal family, thus gaining
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TABLE 18.2 Vaccines for military application
under various circumstances
Routine use in recruits
Tetanus
Diphtheria
Pertussis
Measles
Mumps
Rubella
Influenza
Meningococcus
Polio
Varicella
Hepatitis A
Hepatitis B
Adenovirus
Deployment to high-risk areas; alert forces
Anthrax
Smallpox
Typhoid
Yellow fever
Japanese encephalitis
Rabies
Tick-borne encephalitis
Deployment-based vaccines in development
Malaria
Dengue
Viral encephalitides
HIV-1
Plague
Tularemia
Viral hemorrhagic fevers

widespread acceptance in England; the practice ultimately disseminated throughout Europe by the 1740s
(Barquet and Domingo, 1997).
Despite an observed mortality rate of 2–3% related to
variolation, the procedure still offered better odds than
the 15–30% mortality from naturally acquired smallpox.
In 1721, Reverend Cotton Mather successfully advocated for its use to abort a smallpox epidemic in Boston
(Moloo and Artenstein, in press). Variolation subsequently gained the support of American thought leaders such as Benjamin Franklin and became widespread
in the colonies. In 1777, with his army decimated by
smallpox and inoculated British troops holding a significant tactical advantage, General George Washington,
in consultation with one of colonial America’s preeminent physicians and statesman, Dr. Benjamin Rush of
Philadelphia, adopted the bold and unprecedented plan
to inoculate all susceptible members of the Continental
Army, a strategy that is believed to have tipped the balance in favor of the Americans (Artenstein et al., 2005)
and to have represented the first large-scale inoculation
of a military force.

Jenner published An Inquiry into the Causes and
Effects of the Variolae Vaccinae, a disease discovered in
some of the western counties of England, particularly
Gloucestershire and Known by the Name of Cow Pox
at his own expense in 1798. In it he coined the term
“vaccination” (from the Latin word vacca, for cow) to
describe the procedure and distinguish it from variolation (Barquet and Domingo, 1997). The work, though
initially met with considerable skepticism, was subsequently confirmed by others and led to the dissemination of vaccination against smallpox in the Western
world by the early part of the 19th century (Moloo
and Artenstein, in press). The U.S. War Department
ordered mandatory vaccination with Jenner’s cowpox product, in lieu of variolation, beginning in 1812
(Grabenstein et al., 2006). Smallpox vaccination with
vaccinia products distantly related to Jenner’s continued to be routinely administered to new recruits until
early 1990, nearly 20 years after the cessation of routine civilian use of the vaccine, when it had become
clear that the risk outweighed any potential benefits
(Redfield et al., 1987).
Smallpox was eradicated as a cause of natural
human disease after an intensive global campaign by
the World Health Organization and sponsoring countries; the last naturally acquired case occurred in 1977.
However, in December 2002 after more than a 12-year
hiatus, the U.S. government reinitiated large-scale
military vaccination using live vaccinia in response to
the perceived threat of bioterrorism involving smallpox. The military program vaccinated over 730,000
individuals as of early 2005; their data reveal that
most adverse events occurred at rates below historically anticipated levels (Poland et al., 2005). The relative dearth of “expected” vaccine complications in the
recent U.S. vaccination programs was perhaps due
to a combination of factors including more rigorous
screening for vaccine contraindications than during
the previous era of routine vaccine use.
Despite the low incidence of “expected” serious
toxicities associated with smallpox vaccination in the
military program, a number of unexpected, serious
cardiac complications of the use of live vaccinia were
noted. Cardiac complications of smallpox vaccines
had been reported, albeit infrequently, during the previous era of routine use. Through the 1960s and 1970s,
data from Finland and Australia demonstrated rates
of myopericarditis as high as 1 per 10,000 vaccinees
(Karjalainen et al., 1983); up to 3% of Swedish recruits
in the 1960s were found to have nonspecific, asymptomatic T-wave changes on electrocardiogram following
smallpox vaccination (Ahlborg et al., 1969).
The major cardiac complications of smallpox vaccination observed in the recent U.S. programs were of
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two varieties: cardiac ischemic events or myopericarditis (Poland et al., 2005). While a causal relationship
of ischemic cardiac events to traditional vaccinia virus
vaccination has not been clearly established, their temporal association resulted in a series of government
recommendations regarding cardiac screening, new
vaccine contraindications, and surveillance for cardiac
events that may impact future clinical studies involving newer smallpox vaccine approaches. Additionally,
the military program identified 86 cases of myopericarditis during its first two years (Poland et al., 2005),
a rate of approximately 1.2 per 10,000, similar to rates
observed in Finnish conscripts described 24 years
ago (Karjalainen et al., 1983). These rates were clearly
higher than age-matched, nonvaccinated individuals, and since cases presented in close temporal association to vaccination, the appropriate conclusion was
that smallpox vaccination using live vaccinia virus is
associated with an increased risk of myopericarditis.
Currently, smallpox vaccine is given to select U.S.
military units that will potentially deploy to areas considered to be at “high risk” due to the threat of biological weapons exposures (Grabenstein et al., 2006).
Other developed nations, such as Canada and Great
Britain, have not adopted policies of vaccinating large
groups of military personnel against smallpox.

VACCINES USED ROUTINELY AND IN
RECRUIT TRAINING SETTINGS
Routine childhood immunizations, including
those against tetanus, diphtheria, pertussis, measles,
mumps, rubella, varicella, and polio are consistently
applied to service members early in recruit training
to ensure complete penetrance of immune protection against these preventable pathogens. As most
young adults have received basic immunizing doses
in childhood, these vaccines are generally given either
as booster doses to sustain immunity or are given
based on the results of serologic screening; subsequent doses are given at intervals as recommended by
the Advisory Committee on Immunization Practices
(ACIP) (Grabenstein et al., 2006).

Tetanus
Wound-associated tetanus, an enormous disease
burden and major cause of battlefield-related mortality throughout history, was effectively controlled
by passive immunization of the wounded during
World War I and virtually eliminated as a significant
risk with the advent of active immunization using
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formalin-inactivated toxin, tetanus toxoid, in the
1930s (Benenson, 1984). Only 16 cases of tetanus were
reported among all U.S. forces serving in World War
II following the first large-scale deployment of tetanus
toxoid, and most of these occurred in incompletely
immunized individuals (Benenson, 1984). Recently,
the tetanus, diphtheria, and acellular pertussis combined vaccine product has been widely adopted by
the military for use in primary immunization series
or for booster doses for service members in recruit settings (Grabenstein et al., 2006). The military deployment of tetanus, diphtheria, and pertussis vaccines
may be most beneficial in humanitarian operations
in developing countries where routine vaccination is
either unavailable or inconsistently applied.

Measles, Mumps, Rubella, Varicella
Classic viral respiratory diseases of childhood,
measles, mumps, rubella, and varicella, represented
major causes of nonbattlefield morbidity throughout military history (Ottolini and Burnett, 2005).
During World War II alone, these infectious diseases
accounted for hundreds of thousands of hospital
admissions and training days lost to illness among
U.S. armed forces (Grabenstein et al., 2006). The practical and economic impact of these viral respiratory
diseases in military settings was noted as recently as
the 1970s (Meiklejohn, 1983).
Live-virus vaccines against measles (Katz et al.,
1960), mumps (Hilleman et al., 1968), and rubella
(Meyer and Parkman, 1971) were developed in the
1960s and licensed by the end of the decade. Rubella
vaccine, developed shortly after the isolation of the
causative agent by military researchers (Fig. 18.1)
(Parkman et al., 1962), and measles vaccine were
relatively rapidly adopted for routine use in military
trainees; mumps vaccine was not uniformly used until
1991, based on the infrequent occurrence of outbreaks
of this disease in recruit settings (Grabenstein et al.,
2006). Because recent serosurveys have documented
that more than 85% of basic trainees are immune to
these viruses by virtue of childhood immunization,
serologic testing and vaccination of only the nonimmune has become standard (Clardy, 1993; Smoak
et al., 1994; Grabenstein et al., 2006). These products,
as with other routine childhood vaccines, may be most
useful in civilian populations during military humanitarian duties. Varicella vaccine, developed in the 1970s
by Takahashi but not licensed in the U.S. until 1995
(Moloo and Artenstein, in press), is also currently
used as indicated by the results of individual serologic
screening (Burnham et al., 1998).
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FIGURE 18.1 Edward Buescher, Paul
Parkman, Malcolm Artenstein. (Source:
Courtesy of Andrew W. Artenstein, MD.)
Used with permission.

Hepatitis A
Epidemic jaundice, now known to be due to the
hepatitis A virus, has long accompanied armies at
war, from Napoleon’s campaigns in Russia and North
Africa to the U.S. Civil War to World War II and the
Korean conflict (Dooley, 2005). Hepatitis A outbreaks
among combat forces in North Africa and Italy during
World War II accounted for more days of training and
force strength lost than any other cause of disease and
may have delayed the D-day landing by one month
(Dooley, 2005). While investigations clearly showed
the infection to be directly related to poor sanitation
and hygiene, risk was inherent to military operations
because of the unsanitary nature of combat theaters
and associated exposures.
Initial forays into the prevention of hepatitis A
involved passive immunization with pooled gamma
globulin (Dooley, 2005). The short-term efficacy of
such an approach was shown by Stokes, Gellis and
others in a series of clinical trials, some of which
were performed in military populations (Gellis et al.,
1945; Stokes and Neefe, 1945). Passive immunization remained the main mode of protection against
hepatitis A until viral isolation and propagation in
nonhuman primate cell lines in the mid-1980s led to
a prototype, formalin-inactivated vaccine (Dooley,
2005). Innis et al. (1994) performed a pivotal clinical
trial of hepatitis A vaccine in the early 1990s involving more than 40,000 school children in rural Thailand

and demonstrated vaccine safety with efficacy of 94%.
Inactivated vaccines were licensed in 1995 and were
immediately adopted as a component of the vaccine
regimen for recruits and other military personnel
(Grabenstein et al., 2006).

Hepatitis B
Hepatitis B, “serum” hepatitis, gained initial notoriety in a military setting as the etiology of a 1942 epidemic among U.S. soldiers who received contaminated
lots of yellow fever vaccine manufactured with tainted
human albumin (Dooley, 2005). More than 300,000 individuals were likely infected; 50,000 developed jaundice
(Norman et al., 1993). First-generation, plasma-derived,
hepatitis B subunit vaccines were licensed in 1981. The
recombinant subunit hepatitis B vaccine supplanted the
plasma-derived product in 1986 and has been applied
to military cohorts based upon occupational (e.g., medical personnel) or geographic (e.g., Korean assignment)
risk. As hepatitis B vaccination has become routine in
childhood, penetrance of immunity is becoming widespread among service members.

Influenza
Influenza, a highly transmissible acute respiratory virus infection, tends to amplify in certain settings, especially crowded, enclosed environments.
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In military training camps and aboard naval troop
vessels (Earhart et al., 2001), environments in which
young adults of varying susceptibility backgrounds
and exposure histories are intermixing under
cramped conditions, the opportunities for epidemic
spread are pronounced. The largest influenza pandemic in recorded history, that of 1918, is believed to
have ignited in U.S. training camps and to have disseminated via movement of global military forces
in the context of World War I (Taubenberger and
Morens, 2006). During the 1918 pandemic, it is estimated that between 50 and 100 million people perished worldwide (Taubenberger and Morens, 2006),
including 1.5% of the entire American military force
(Grabenstein et al., 2006).
Excessive morbidity and mortality related to seasonal epidemics of influenza and the threat of recurrent pandemic disease have significant impact on
military forces and their state of readiness. The Armed
Forces Epidemiological Board (AFEB), an advisory
group of civilian physicians and scientists, was established in 1941, initially as a response to the influenza
threat; the AFEB charter was subsequently expanded
to respond to a variety of infectious disease threats
(Woodward, 1990). Influenza vaccination among select
U.S. military forces began during World War II and
became widespread and routinely used by the early
1950s (Grabenstein et al., 2006). Annual immunization
is currently deployed to protect against seasonal influenza outbreaks in military settings.

Adenovirus
Acute respiratory disease (ARD) caused by a variety of pathogens has consistently been a leading cause
of morbidity among military recruits probably as a
result of the crowded living conditions and physical
stressors inherent to training camps (Gray et al., 1999).
In 1954, Hilleman (Fig. 18.2) and others isolated the
virus responsible for the majority of ARD and primary atypical pneumonia in noncombat military settings (Hilleman and Werner, 1954); the agent was later
named “adenovirus” based upon the isolation of biologically related organisms from the tonsils and adenoids of children (Enders et al., 1956).
Adenoviruses were noted to have an enormous
impact on troop health in recruit environments: attack
rates as high as 80% existed in some camps with up
to 20% requiring hospitalization; these numbers translated into hundreds of weekly admissions at some of
the larger recruiting centers in the U.S. in the mid-20th
century (Dudding et al., 1973). Because of the impact
on troops and their training, medical resources, and
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FIGURE 18.2 Maurice Hilleman. (Source: Courtesy of the
Hilleman family. Used with permission.)

overall economic costs to the military, vaccine development was a high priority. Once it became clear that
two serotypes of adenovirus, types 4 and 7, accounted
for the majority of ARD in recruits, a formalininactivated bivalent vaccine for adenovirus was developed within three years of the initial description of the
infectious agent (Hilleman, 1999). Pivotal, large, clinical efficacy trials were performed at multiple large
recruit centers; the vaccine proved to be greater than
90% effective and was licensed in 1958 (Hilleman,
1999; Artenstein et al., 2005). Manufacturing problems,
however, were identified early and included partial
loss of antigenicity in large-scale production and seed
lot contamination by Simian virus 40, an oncogenic
virus that also contaminated oral and inactivated
poliovirus vaccines during the same time period; the
license for the parenteral product was revoked in 1963
(Gaydos and Gaydos, 2004).
Second generation, live adenovirus vaccines targeting types 4 and 7 virus, given as enteric-coated capsules, were developed in the mid-1960s under the
leadership of Colonel Edward Buescher (Fig. 18.1)
and extensively studied at military facilities (Pierce
et al., 1968). Through induction of an asymptomatic
gastrointestinal infection that is unassociated with the
transmission of vaccine virus to close contacts, the vaccines stimulate serum neutralizing antibody in more
than 95% of recipients (Top et al., 1971a). The products, either given singly or in combination, resulted
in a 50% decrease in hospitalization rates due to ARD
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in recruits and a greater than 95% reduction in illness
due to type 7 adenovirus (Top et al., 1971b). Beginning
in 1971 both vaccines were routinely administered to
military recruits within hours of their arrival at basic
training. A cost-benefit analysis of the U.S. military’s
adenovirus vaccination program demonstrated a
favorable ratio, even accounting for the one-time costs
related to vaccine development (Collis et al., 1973).
As a result of adenovirus vaccine use during the
period from 1971 to 1996, there were essentially no
outbreaks of ARD reported in U.S. military units
related to either of the adenovirus serotypes used in
the vaccines. However, the sole manufacturer of the
vaccines ceased production in 1996; thus a program of
reduced vaccine use was instituted prior to the depletion of stocks in 1999 (Gaydos and Gaydos, 2004). The
unavailability of adenovirus vaccines has resulted in a
recrudescence of ARD due to these agents. Recent surveillance data in sentinel military populations reveal
that 55% of throat cultures obtained from recruits with
ARD from 1996 to 1998 yielded adenoviruses, primarily types 4 and 7 (Gray et al., 1999). Unvaccinated
personnel with ARD were significantly more likely
to be infected with adenovirus than their vaccinated
counterparts. Outbreaks of adenovirus infection causing ARD have been reported from a variety of military centers since the cessation of routine vaccination
and have generally resulted from a large pool of susceptible hosts; nearly 90% of new recruits were seronegative to either type 4 or 7 adenovirus in one study
(Gray et al., 1999). Recognizing the benefit of adenovirus vaccine, the U.S. government has taken steps to
reinstitute the program by contracting with industry
to develop and produce the product for the future.

Meningococcal Disease
Epidemic meningococcal meningitis has been a
well-described complication of troop mobilizations
in training camps and combat theaters since the latter part of the 19th century. The U.S. forces experienced outbreaks during World War I, prompting
the formation of the Armed Forces Epidemiological
Board Commission on Meningococcal Meningitis in
1941 to accelerate scientific study and control of the
disease (Woodward, 1990). From 1941 to 1943, the
Commission documented over 5,000 domestic cases
among U.S. Army personnel (Woodward, 1990). The
epidemiology in this population clearly showed that
the incidence of meningococcal disease was inversely
associated with duration of military service; the greatest risk for recruits was during their first three months
of military service (Artenstein et al., 2005).

Although sulfa drugs, discovered in 1937, were
effective as therapy and prophylaxis for meningococcal disease, reports of sulfa-resistant organisms began
to emerge by 1945. By the early 1960s, the majority of clinical isolates of meningococci was resistant
to sulfa agents (Artenstein and Gold, 1970), findings
confirmed by epidemics of meningococcal disease
at multiple military facilities during that time frame
(Alexander et al., 1968). The rapid emergence of sulfaresistance and later rifampin-resistance led the field
to focus efforts on vaccine development in the belief
that a meningococcal vaccine represented the best
hope for long-term control of the problem in military
populations.
In 1969, Dr. Malcolm Artenstein (Fig. 18.1), the
Chief of the Department of Bacteriology at the Walter
Reed Army Institute of Research (WRAIR) and his
associates, Emil Gotschlich and Irving Goldschneider,
published a series of five classic papers that described
in detail the human immunologic response to Neisseria
meningitidis (Goldschneider et al., 1969a, 1969b;
Gotschlich et al., 1969a, 1969b, 1969c). In this work they
demonstrated the protective role of serum bactericidal
antibody against systemic disease (Goldschneider
et al., 1969a); identified the group-specific polysaccharide as the key antigenic determinant (Goldschneider
et al., 1969b); and described novel methods for the
preparation of high molecular weight group A and
C polysaccharides as immunogens (Gotschlich et al.,
1969a). In preclinical studies they proved the safety of
such preparations in animals and proceeded to show
immunogenicity in humans in a phase I clinical trial,
with high concentrations of group-specific bactericidal
antibody induced after a single, intradermal injection and significant reduction of the nasopharyngeal
carriage rates of group C meningococcus (Gotschlich
et al., 1969b, 1969c).
Armed with their basic science and preclinical
findings, the WRAIR investigators initiated a large
clinical trial of a group C meningococcal polysaccharide vaccine. Because there was no method for predicting the location of epidemics, the study involved
multiple recruit training centers; and, because of the
known rapid acquisition of the carrier state among
newly arrived recruits, informed consent and vaccination had to be accomplished within days of arrival
(Artenstein et al., 1970). In the pivotal efficacy study
13,763 men at 5 different military posts were vaccinated with a group C polysaccharide, and more than
53,000 served as unimmunized controls. The vaccine
proved safe, reduced the acquisition rate of group C
meningococcus (although not that of other meningococcal groups), and significantly reduced the rate of
systemic meningococcal disease caused by group C
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organisms during an eight-week period (Artenstein
et al., 1970). The results of a second, large field trial,
with sample sizes similar to the first, confirmed the
protective effect (Gold and Artenstein, 1971).
Based on the aforementioned data, the military
began administering meningococcal C polysaccharide
vaccine to all recruits in late 1970, resulting in the virtual elimination of meningococcal C disease as a major
military health problem (Granoff et al., 2004). The current, tetravalent (groups A, C, Y, and W135) vaccine,
licensed in 1981, is indicated for military recruits,
asplenics, individuals with terminal complement deficiencies, travelers to areas where meningococcal disease is hyperendemic or epidemic, and subgroups of
college students (Granoff et al., 2004). Military personnel deployed to meningococcal-endemic areas such as
sub-Saharan Africa receive the vaccine. In the United
Kingdom and several other countries, group C meningococcal polysaccharide conjugated to carrier proteins
such as tetanus toxoid or diphtheria toxin derivatives
has been used with remarkable success in reducing
the burden of disease in children, a group in whom
polysaccharides are traditionally poorly immunogenic
(Granoff et al., 2004). The U.S. military is currently
transitioning to the routine use of meningococcal conjugate vaccines for its forces (Grabenstein et al., 2006).
The development of a vaccine targeting serogroup B
meningococci, the cause of a significant minority of
epidemic disease worldwide, remains elusive (Granoff
et al., 2004).

VACCINES USEFUL FOR SPECIFIC
DEPLOYMENTS AND ALERT FORCES
Selected vaccines have military applications based
on deployments or potential deployments of troops to
areas with extant vaccine-preventable endemic risks
or in members of specialized military forces that are
involved in alert settings, such as rapid response
or special operations personnel. Similarly, the perceived and ubiquitous threat of biological weapons
in military settings extends the repertoire of vaccinepreventable diseases that must be considered in military planning.

Yellow Fever
Yellow fever, currently endemic to sub-Saharan
Africa and spotty areas in South America, caused epidemic disease along the eastern seaboard of the U.S.
and Central America until the early part of the 20th
century. “Yellow Jack” halted Napoleon’s armies in
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New Orleans in 1801 and led to the French abandonment of the Panama Canal Zone in 1889 (Artenstein,
et al., 2005). The disease was rampant in Cuba, the
island acquired by the U.S. in the Spanish-American
War, generating U.S. government–sponsored research
into the epidemiology, microbiology, and prevention
of yellow fever led by Major Walter Reed. Reed and
his group of young army preventive medicine officers
elucidated the epidemiology and transmission characteristics of the pathogen; their work directly led to
the successful vector control efforts by Major William
Gorgas both in Cuba and the Canal Zone, eventually
eliminating yellow fever from the latter and allowing
the completion of the Panama Canal.
The seminal investigations of Reed and colleagues
led to the identification of the viral etiology of yellow
fever and, in the 1930s, to the successful attenuation
of the virus by serial passage in chick embryos by
Max Theiler and colleagues at the Rockefeller Institute
(Theiler and Smith, 1937). The resultant live, attenuated strain, 17D, was shown to induce long-term
immunity in Rhesus macaques and human volunteers
and continues to be used more than 60 years later to
protect military forces deploying to yellow fever–
endemic regions (Artenstein, et al., 2005; Grabenstein
et al., 2006).

Japanese Encephalitis
Japanese encephalitis virus (JE), a mosquito-borne
flavivirus that is endemic throughout the continent
of Asia, represents a significant risk for deployed
troops who are bitten by infected insects as an incidental branch of the viral life cycle (Hoke, 2005). More
than 300 cases, 6% of them fatal, were identified in an
outbreak among U.S. military personnel assigned to
the Korean peninsula in 1950 (Lincoln and Siverson,
1952). Military research in the 1960s confirmed persistent risk in areas of active or planned operations,
thus laying the theoretical and epidemiological foundations for vaccine development.
Although vaccine development by the U.S. military
and Japanese public health authorities was undertaken to satisfy military exigencies, the ultimate product benefited mostly Asian children who were at the
greatest risk from JE (Hoke, 2005). The pivotal vaccine
study in the late 1980s enrolled approximately 66,000
subjects in rural Thailand and demonstrated 91%
efficacy (Hoke et al., 1988), resulting in licensure by
the U.S. Food and Drug Administration in 1992. The
JE vaccine, now in transition to a cell culture–based
production method, is given to military forces either
deploying or on alert to regions with endemic disease.
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Rabies
Military forces deployed worldwide are potentially at risk for bites from rabies-infected animals,
and preventive approaches to manage the risks are
required (Hoke, 2005). Preexposure immunization of
forces may be useful in troops assigned to remote or
forward areas with ongoing risks of animal exposures
(Grabenstein et al., 2006).

Typhoid
Typhoid was a well-recognized scourge of military
forces throughout modern history; U.S. troops training for entry into the Spanish-American War experienced multiple large outbreaks of disease as a result of
unsanitary conditions at the camps (Grabenstein et al.,
2006). Early generations of killed typhoid vaccines,
developed by Sir Almroth Wright, were used with
equivocal success to protect British troops deployed
in the Boer War in 1899 (Benenson, 1984). Major
Frederick Russell of the U.S. Army Medical School
adapted the British vaccine for subcutaneous use and
orchestrated field trials of the new product; mandatory vaccination of American military forces was instituted in 1911 and continued through the Vietnam era,
and in concert with improvements in sanitation, significantly limited the impact of typhoid on deployed
forces (Grabenstein et al., 2006). Late in the 20th century, whole-cell vaccines were supplanted by subunit
and live attenuated typhoid vaccines, and these products are currently applied to military forces in highrisk deployment settings.

Tick-Borne Encephalitis
Virologically similar to JE, tick-borne encephalitis
(TBE) is endemic to most areas of Europe and throughout much of Asia; most reported cases derive from
Russia (Barrett, et al., 2004). TBE has the potential to
be a significant disease threat in military deployments
to endemic regions. During the U.S. military involvement in Bosnia-Herzegovinia in the mid-1990s it was
estimated that as many as 1% of U.S. forces operating
in the region may be at risk for infection, prompting
the use of TBE vaccine in 4000 soldiers under an investigational new drug (IND) status (Craig et al., 1999).

Anthrax
Anthrax continues to occupy a position atop the
category A agent bioterrorism threat list because of
its potential for large-scale morbidity and mortality

when used as an aerosolized weapon (Artenstein,
2007). “Proof of principle” of this agent’s significance
as both a military and civilian threat was amply demonstrated in two events: the unintentional release
of weaponized spores in Sverdlovsk in 1979 and the
intentional anthrax attacks in the U.S. in 2001 that
killed 5, sickened 17 others, and terrorized millions of
people around the world (Inglesby et al., 2002).
Due to its obvious military significance, anthrax has
historically been mission-relevant for military medical research, resulting in many important scientific
contributions deriving from this quarter (Christopher
et al., 2005). The current anthrax vaccine, licensed in
1970, is a subunit product that employs protective
antigen (PA), one of three protein exotoxins secreted
by germinating bacteria in vivo, as the immunogen;
vaccine-induced anti-PA antibodies are known to be
highly protective in animal models of inhalational
disease and human trials involving largely cutaneous anthrax (Inglesby et al., 2002). Approximately
150,000 American military forces were vaccinated during the Persian Gulf War in anticipation of the use of
biological weapons by the Iraqi regime (Berezuk and
McCarty, 1992; Grabenstein et al., 2006). Beginning
in the late 1990s and accelerating since the events of
9/11, the U.S. military embarked on an expanded
program of anthrax vaccination in certain deployable
forces; to date over 1.5 million individuals felt to be
at potential risk because of assignment location have
received in excess of 5 million doses of anthrax vaccine
in this program (Grabenstein et al., 2006). Numerous
cohort studies and data reviews in the aftermath of
the expanded use of anthrax vaccine by the military
have failed to reveal a causal relationship between
anthrax vaccine and chronic comorbid medical conditions (Sever et al., 2004; Grabenstein et al., 2006).

Alphaviruses
In addition to JE and yellow fever, a number of
other vector-borne viral pathogens pose risk to military forces either as environmental threats related
to specific geographic deployments or as potential
agents of biological warfare. The alphaviruses, while
antigenically and molecularly distinct from one
another, share a mosquito-borne transmission pattern
and cause similar clinical syndromes: viral encephalitis, seen with Venezuelan equine encephalitis (VEE),
Eastern equine encephalitis (EEE), and Western
equine encephalitis (WEE); or febrile rash with serositis in Chikungunya, Ross River virus, and O’nyong
nyong (Pittman and Plotkin, 2004). The U.S. military
has developed IND vaccine products targeting the
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viral encephalitides and Chikungunya. These vaccines have been limited in their scope of use largely
to at-risk laboratory personnel and have shown promise in reducing laboratory-acquired infections with
these agents (Pittman and Plotkin, 2004; Hoke, 2005).
Because the use of these vaccines has only been implemented on a small scale, safety has not been assessed
on a broad scale. Immunologic interference related to
the co-administration of these vaccines has also been
noted (Pittman and Plotkin, 2004).

Viral Hemorrhagic Fevers
These agents, deriving from multiple families of
RNA viruses, are generally arthropod- or rodent-borne
infections that result in clinical syndromes involving
systemic symptoms, disseminated hemorrhagic manifestations, and vascular collapse (Thomas et al., 2005).
Hemorrhagic fever viruses are considered to be highpriority threat agents for bioterrorism (Borio et al.,
2002) and are threats of nature based upon incursions
into their geographic and ecologic niches by military
forces (Thomas et al., 2005; Grabenstein et al., 2006).
The U.S. military has developed safe and immunogenic vaccines against Rift Valley fever and Argentine
hemorrhagic fever (AHF) caused by the Junin arenavirus (Pittman and Plotkin, 2004). The latter live product has been found to be 95% effective in preventing
disease in endemic settings in formal phase II testing
in humans (Maiztegui et al., 1998); it is currently used
to protect civilians in Argentina.
Viral hemorrhagic fevers of significant military
importance but for which vaccines remain largely elusive and in active development include dengue, hantaviruses, and disease caused by the filoviruses Marburg
and Ebola. Novel strategies, based on advances in
molecular biology and genetics, are being applied to
these pathogens; much of the research is being driven
by or involves collaboration with military scientists, a
testament to the relevance of these pathogens to the
military’s mission (Thomas et al., 2005).

CONCLUSIONS
The development of safe and effective vaccines targeting diseases related to other biological weapons,
such as plague and tularemia in addition to improved
anthrax and smallpox vaccines, is a high priority and
of obvious military application. Similarly, based upon
the sheer global burden of disease, malaria continues
to pose a significant threat to military forces deployed
in many parts of the world. While a vaccine solution
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to this enormous public health problem remains elusive, substantial resources are engaged to achieve this
goal. Military medical research has been a leader in
the development of malaria vaccines to date and will
likely be a major consumer of future effective products for both combat and humanitarian operations
(Ockenhouse et al., 2005).
HIV-1 also represents a global threat to militaries.
As with other sexually transmitted and blood-borne
pathogens, HIV-1 may represent a direct threat to
military forces in sporadic fashion (Artenstein et al.,
1995; Brodine et al., 1995). However, the most significant threat posed by the worldwide HIV epidemic
to deployed military forces is its deleterious impact
on global security and the stability of governments,
especially those in developing nations. The destabilizing influence of the HIV-1 epidemic serves to create
or exacerbate humanitarian crises that subsequently
involve military forces in expanded roles. Thus, an
effective vaccine against HIV-1 may have important
military application.
A variety of infectious threats continually face military forces as occupational hazards related either to
the epidemiology of deployments, wartime vulnerabilities, or based upon the epidemiology of troop
encampments and training environments. While many
such threats have been controlled or prevented with
vaccines, others remain. Vigorous research continues
toward the goal of developing safe and effective products against these incompletely addressed pathogens.

References
Ahlborg, B., Linroth, K. and Nrodgren, B. ECG-changes without
subjective symptoms after smallpox vaccination of military personnel. Acta Med. Scand. 1969; 464(Suppl.):113–126.
Alexander, C.E., Sanborn, W.R., Cherriere, G., Crocker, W.H., Jr.,
Ewald, P.E. et al. Sulfadiazine-resistant group A Neisseria meningitides. Science 1968; 161:1019.
Artenstein, A.W. Anthrax: from antiquity to answers. J. Infect. Dis.
2007; 195:471–473.
Artenstein, A.W., Coppola, J., Brown, A.E., Carr, J.K., Sanders-Buell, E.
et al. Multiple introductions of HIV-1 subtype E into the Western
Hemisphere. Lancet 1995; 346:1197–1198.
Artenstein, A.W., Opal, J.M., Opal, S.M., Tramont, E.C., Peter, G.
et al. History of U.S. military contributions to the study of vaccines against infectious diseases. Mil. Med. 2005; 170:3–11.
Artenstein, M.S. and Gold, R. Current status of prophylaxis of
meningococcal disease. Mil. Med. 1970; 135:735–739.
Artenstein, M.S., Gold, R., Zimmerly, J.G., Wyle, F.A., Schneider, H.
et al. Prevention of meningococcal disease by group C polysaccharide vaccine. N. Engl. J. Med. 1970; 282:417–420.
Baker, M.S. and Ryals, P.A. The medical department in military
operations other than war. Part I. Planning for deployment. Mil.
Med. 1999; 164:572–579.
Barquet, N. and Domingo, P. Smallpox: the triumph over the
most terrible of ministers of death. Ann. Intern. Med. 1997;
127:635–642.

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

22_P369408_Ch18.indd 281

10/31/2008 9:57:08 AM

282

VACCINES FOR MILITARY APPLICATION

Barrett, P.N., Dorner, F., Ehrlich, H. and Plotkin, S.A. Tick-borne
encephalitis virus vaccine. In: Vaccines (S.A. Plotkin and
W.A. Orenstein, Eds.), 4th ed., pp. 1039–1055. Philadelphia, PA:
Elsevier, Inc., 2004.
Benenson, A.S. Immunization and military medicine. Rev. Infect.
Dis. 1984; 6:1–12.
Berezuk, G.P. and McCarty, G.E. Investigational drugs and vaccines
fielded in support of Operation Desert Storm. Mil. Med. 1992;
157:404–406.
Borio, L., Inglesby, T., Peters, C.J., Schmaljohn, A.L., Hughes, J.M.
et al. Hemorrhagic fever viruses as biological weapons: medical and public health management. J. Am. Med. Assoc. 2002;
287:2391–2405.
Brodine, S.K., Mascola, J.R., Weiss, P.J., Ito, S., Porter, K.R. et al.
Detection of diverse HIV-1 subtypes in the United States. Lancet
1995; 346:1198–1199.
Burnham, B.R., Wells, T.S. and Riddle, J.R. A cost-benefit analysis
of a routine varicella vaccination program for United States Air
Force Academy cadets. Mil. Med. 1998; 163:631–634.
Centers for Disease Control and Prevention Achievements in public
health, 1900–1999 impact of vaccines universally recommended
for children—United States, 1990–1998. Morb. Mortal. Wkly.
Rep. 1999; 48:243–248.
Christopher, G.W., Agan, B.K., Cieslak, T.J. and Olson, P.E. History
of U.S. military contributions to the study of bacterial zoonoses.
Mil. Med. 2005; 170:39–48.
Clardy, W.F. Susceptibility in USAF recruits to vaccine-preventable
diseases. Vaccine 1993; 11:573–575.
Collis, P.B., Dudding, B.A., Winter, P.E., Russell, P.K. and Buescher, E.L.
Adenovirus vaccines in military recruit populations: a cost-benefit analysis. J. Infect. Dis. 1973; 128:745–752.
Craig, S.C., Pittman, P.R., Lewis, T.E., Rossi, C.A., Henchal, E.A.
et al. An accelerated schedule for tick-borne encephalitis vaccine: the American military experience in Bosnia. Am. J. Trop.
Med. Hyg. 1999; 61:874–878.
Dooley, D.P. History of U.S. military contributions to the study of
viral hepatitis. Mil. Med. 2005; 170:71–76.
Dudding, B.A., Top, F.H. and Winter, P. Acute respiratory disease
in military trainees: the adenovirus surveillance program, 1966–
1971. Am. J. Epidemiol. 1973; 97:187–198.
Earhart, K.C., Beadle, C., Miller, L.K., Pruss, M.W., Gray, G.C. et al.
Outbreak of influenza in highly vaccinated crew of U.S. Navy
ship. Emerg. Infect. Dis. 2001; 7:463–465.
Enders, J.F., Bell, J.A., Dingle, J.H., Francis, T., Hilleman, M.R. et al.
“Adenoviruses”: group name proposed for new respiratory tract
viruses. Science 1956; 124:119–120.
Gaydos, C.A. and Gaydos, J.C. Adenovirus vaccine. In: Vaccines
(S.A. Plotkin and W.A. Orenstein, Eds.), 4th ed., pp. 863–885.
Philadelphia, PA: Elsevier, Inc., 2004.
Gellis, S.S., Stokes, J., Jr., Brother, G.M., Hall, W.M., Gilmore, H.R.
et al. The use of human immune serum globulin (gammaglobulin) in infectious (epidemic) hepatitis in the Mediterranean
theater of operations. I. Studies on prophylaxis in two epidemics
of infectious hepatitis. J. Am. Med. Assoc. 1945; 128:1062–1063.
Gold, R. and Artenstein, M.S. Meningococcal infections 2. Field trial
of group C meningococcal polysaccharide vaccine in 1969–1970.
Bull. World Health Organ. 1971; 45:279–282.
Goldschneider, I., Gotschlich, E.C. and Artenstein, M.S. Human
immunity to the meningococcus I. The role of humoral antibodies. J. Exp. Med. 1969a; 129:1307–1326.
Goldschneider, I., Gotschlich, E.C. and Artenstein, M.S. Human
immunity to the meningococcus II. The development of natural
immunity. J. Exp. Med. 1969b; 129:1327–1348.
Gotschlich, E.C., Liu, T.Y. and Artenstein, M.S. Human immunity
to the meningococcus III. Preparation and immunochemical

properties of the group A, group B, and group C meningococcal
polysaccharides. J. Exp. Med. 1969a; 129:1349–1365.
Gotschlich, E.C., Liu, T.Y. and Artenstein, M.S. Human immunity to
the meningococcus IV. Immunogenicity of group A and group
C meningococcal polysaccharides in human volunteers. J. Exp.
Med. 1969b; 129:1367–1384.
Gotschlich, E.C., Liu, T.Y. and Artenstein, M.S. Human immunity to
the meningococcus V. The effect of immunization with meningococcal group C polysaccharide on the carrier state. J. Exp. Med.
1969c; 129:1385–1395.
Grabenstein, J.D., Pittman, P.R., Greenwood, J.T. and Engler, R.J.M.
Immunization to protect the U.S. armed forces: heritage, current
practice, and prospects. Epidemiol. Rev. 2006; 28:3–26.
Granoff, D.M., Feavers, I.M. and Borrow, R. Meningococcal vaccines. In: Vaccines (S.A. Plotkin and W.A. Orenstein, Eds.), 4th
ed., pp. 959–987. Philadelphia, PA: Elsevier, Inc., 2004.
Gray, G.C., Callahan, J.D., Hawksworth, A.W., Fisher, C.A. and
Gaydos, J.C. Respiratory diseases among U.S. military personnel: countering emerging threats. Emerg. Infect. Dis. 1999;
5:379–387.
Hilleman, M.R. Personal historical chronicle of six decades of basic
and applied research in virology, immunology, and vaccinology.
Immunol. Rev. 1999; 170:7–27.
Hilleman, M.R., Bunyak, E.B., Weibel, R.E. and Stokes, J., Jr.
Live attenuated mumps-virus vaccine. N. Engl. J. Med. 1968;
278:227–232.
Hilleman, M.R. and Werner, J.H. Recovery of new agent from
patients with acute respiratory illness. Proc. Soc. Exp. Biol. Med.
1954; 85:183–188.
Hoke, C.H. History of U.S. military contributions to the study of
viral encephalitis. Mil. Med. 2005; 170:92–105.
Hoke, C.H., Nisalak, A., Sangawhipa, N., Jatanasen, S.,
Laorakopongse, T. et al. Protection against Japanese encephalitis
by inactivated vaccines. N. Engl. J. Med. 1988; 19:608–614.
Inglesby, T.V., O’Toole, T., Henderson, D.A., Bartlett, J.G., Ascher, M.S.
et al. Anthrax as a biological weapon, 2002: updated recommendations for management. J. Am. Med. Assoc. 2002;
287:2236–2252.
Innis, B.L., Snitbhan, R., Kunasol, P., Laorakpongse, T.,
Poopatanakool, W. et al. Protection against hepatitis A by an
inactivated vaccine. J. Am. Med. Assoc. 1994; 271:1328–1334.
Karjalainen, J., Heikkila, J., Nieminen, M.D., Jalanko, H., Kleemola, M.
et al. Etiology of mild acute infectious myocarditis. Relation to
clinical features. Acta Med. Scand. 1983; 213:65–73.
Katz, S.L., Kempe, C.H., Black, F.L., Lepow, M.L., Krugman, S. et al.
Studies on an attenuated measles virus vaccine VIII. General
summary and evaluation of results of vaccine. N. Engl. J. Med.
1960; 263:180–184.
Lincoln, A.F. and Siverson, S.E. Acute phase of Japanese B encephalitis: two hundred and one cases in American soldiers, Korea,
1950. J. Am. Med. Assoc. 1952; 150:268–273.
Maiztegui, J.I., McKee, K.T., Jr., Barrera Oro, J.G., Harrison, L.H.,
Gibbs, P.H. et al. Protective efficacy of a live attenuated vaccine against Argentine hemorrhagic fever. AHF Study Group.
J. Infect. Dis. 1998; 177:277–283.
Meiklejohn, G. Viral respiratory disease at Lowry Air Force Base in
Denver, 1952–1982. J. Infect. Dis. 1983; 148:775–784.
Meyer, H.M. and Parkman, P.D. Rubella vaccination: a review of
practical experience. J. Am. Med. Assoc. 1971; 215:613–619.
Moloo, H. and Artenstein, A.W. History of vaccines. In:
Encyclopedia of Public Health (C.J. Murray, Ed.), Elsevier,
Oxford, UK, 2008; in press.
Murray, C.K. and Horvath, L.L. An approach to prevention of infectious diseases during military deployments. Clin. Infect. Dis.
2007; 44:424–430.

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

22_P369408_Ch18.indd 282

10/31/2008 9:57:08 AM

CONCLUSIONS

Norman, J.E., Beebe, G.W., Hoofnagle, J.H. and Seeff, L.B. Mortality
follow-up of the 1942 epidemic of hepatitis B in the U.S. Army.
Hepatology 1993; 18:790.
Ockenhouse, C.F., Magill, A., Smith, D. and Milhous, W. History of
U.S. military contributions to the study of malaria. Mil. Med.
2005; 170:12–16.
Ottolini, M.G. and Burnett, M.W. History of U.S. military contributions to the study of respiratory infections. Mil. Med. 2005;
170:66–70.
Parish, H.J. A history of immunization. London: E & S Livingston
Ltd., 1965.
Parkman, P.D., Buescher, E.L. and Artenstein, M.S. Recovery of
rubella virus from Army recruits. Proc. Soc. Exp. Biol. Med.
1962; 111:225–230.
Pierce, W.E., Rosenbaum, M.J. and Edwards, E.A. Live and inactivated adenovirus vaccines for the prevention of acute respiratory illness in naval recruits. Am. J. Epidemiol. 1968; 87:237–246.
Pittman, P. and Plotkin, S.A. Miscellaneous limited-use vaccines.
In: Vaccines (S.A. Plotkin and W.A. Orenstein, Eds.), 4th ed., pp.
989–998. Philadelphia, PA: Elsevier, Inc., 2004.
Poland, G.A., Grabenstein, J.D. and Neff, J.M. The US smallpox vaccination program: a review of a large modern era smallpox vaccination implementation program. Vaccine 2005; 23:2078–2081.
Redfield, R.R., Wright, D.C., James, W.D., Jones, T.S., Brown, C.
et al. Disseminated vaccinia in a military recruit with human
immunodeficiency virus (HIV) disease. N. Engl. J. Med. 1987;
316:673–676.
Ryals, P.A. and Baker, M.S. Military medicine in operations other
than war part II: humanitarian relief missions for naval reserve
fleet hospitals. Mil. Med. 1996; 161:502–504.
Sever, J.L., Brenner, A.I., Gale, A.D., Lyle, J.M., Ward, B.J. et al.
Safety of anthrax vaccine: an expanded review and evaluation of adverse events reported to the Vaccine Adverse Event
Reporting System (VAERS). Pharmacoepidemiol. Drug Saf. 2004;
13:825–840.

283

Sharp, T.W., Wightman, J.M., Davis, M.J., Sherman, S.S. and
Burkle, F.M. Military assistance in complex emergencies:
what have we learned since the Kurdish relief effort? Prehosp.
Disaster Med. 2001; 16:197–208.
Smoak, B.L., Novakoski, W.L., Mason, C.J. and Erickson, R.L.
Evidence for a recent decrease in measles susceptibility among
young American adults. J. Infect. Dis. 1994; 170:216–219.
Stokes, J., Jr. and Neefe, J.R. The prevention and attenuation of
infectious hepatitis by gamma-globulin: preliminary note. J. Am.
Med. Assoc. 1945; 127:144–145.
Taubenberger, J.K. and Morens, D.M. 1918 Influenza: the mother of
all pandemics. Emerg. Infect. Dis. 2006; 12:15–22.
Theiler, M. and Smith, H.H. The use of yellow fever virus modified
by in vitro cultivation for human immunization. J. Exp. Med.
1937; 65:787–800.
Thomas, S.J., Lawler, J.V. and Endy, T.P. History of U.S. military
contributions to the study of viral hemorrhagic fevers. Mil. Med.
2005; 170:77–91.
Top, F.H., Buescher, E.L., Bancroft, W.H. and Russell, P.K.
Immunization with live types 7 and 4 adenovirus vaccines. II.
Antibody response and protective effect against acute respiratory disease due to adenovirus type 7. J. Infect. Dis. 1971b;
124:155–160.
Top, F.H., Grossman, R.A., Bartelloni, P.J., Segal, H.E., Dudding, B.A.
et al. Immunization with live types 7 and 4 adenovirus vaccines.
I. Safety, infectivity, antigenicity, and potency of adenovirus type
7 vaccine in humans. J. Infect. Dis. 1971a; 124:148–154.
Woodward, T.E. The Armed Forces Epidemiological Board: its
first fifty years 1940–1990. In: Textbooks of Military Medicine
(R. Zajtchuk and D.P. Jenkins, Eds.), pp. 1–150. Washington, DC:
Department of the Army, Office of the Surgeon General and
Borden Institute, 1990, Section 1.

II. FUNDAMENTAL ASPECTS OF VACCINOLOGY

22_P369408_Ch18.indd 283

10/31/2008 9:57:08 AM

S E C T I O N

III

VIRAL VACCINES

23_P369408_Ch19.indd 285

11/5/2008 6:41:28 PM

C H A P T E R

19
Dengue
1

David W. Vaughn1, Stephen S. Whitehead2 and Anna P. Durbin3

Military Infectious Diseases Research Program, US Army Medical Research and
Development Command, Fort Detrick,
MD, USA
2
Laboratory of Infectious Diseases, National Institute of Allergy and Infectious
Diseases, Bethesda, MD, USA
3
Centre for Immunization Research, Department of International Health,
Johns Hopkins Bloomberg School of Public Health,
Baltimore, MD, USA

O U T L I N E
Introduction

Treatment

History of Dengue Disease

Pathogenesis

Etiologic Agent

Vaccines
History
Animal models
Vaccines in development
Live vectored vaccines

Protective Immune Response
Antibody-mediated protection
Cell-mediated immunity
Epidemiology
Significance as public health problem
Potential as biothreat agent

Prospects for the Future
Key Issues

Clinical Disease
Classic dengue fever
Dengue hemorrhagic fever/shock syndrome

Vaccines for Biodefense and Emerging and Neglected Diseases

23_P369408_Ch19.indd 287

287

© 2009, Elsevier Inc.

11/5/2008 6:41:28 PM

288

DENGUE

ABSTRACT
Molecular evolution studies suggest that dengue virus (DENV) evolved 1000 years ago and entered a sustained
human–mosquito cycle between 125 and 320 years ago. While it is unlikely that DENV would be used as a biothreat
agent, DENV has emerged since World War II as the most important mosquito-borne viral pathogen infecting an
estimated 100 million persons each year. Infection with any of the four DENV serotypes (DENV-1, 2, 3, and 4) can
be inapparent, result in classic dengue fever with high fever, headache, eye pain and muscle ache, or progress at
the time of defervescence to dengue hemorrhagic fever (DHF) characterized by hemorrhagic manifestations and
plasma leakage that can lead to shock and death. The immunopathological mechanisms by which DENV causes
the clinical features of DHF are intricate and include aberrant humoral and cellular immune responses. Previous
DENV infections may predispose to more severe disease by the induction of enhancing antibody and cross-reactive
T cells. Treatment is supportive relying upon careful fluid management which can be lifesaving. Prevention
currently depends on vector control which has been largely unsuccessful. Several dengue vaccine candidates have
advanced to clinical trials to include classically and molecularly attenuated live virus vaccines, chimeric vaccines
using dengue and yellow fever virus backbones, and DNA vaccines. Whole virus inactivated and recombinant
subunit vaccine candidates should soon enter into clinical testing. Live attenuated DENV vaccines offer the most
promise in terms of broad, long-lasting protection, and although they are economical to produce, they may carry
the risks of enhanced reactogenicity in recipients with preexisting flavivirus antibodies, adverse events among
the immunocompromised, vaccine virus transmission by vector mosquitoes, and the risk of adventitious agents.
Chimeric vaccine approaches use the same gene sequence for the nonstructural proteins for each of the four DENV
serotypes avoiding the need for attenuating mutations in the structural genes and potentially reducing interference
in the replication of the four virus vaccine components within the multivalent vaccine recipient. DNA vaccines,
in combination with other approaches, may increase the complexity and effectiveness of the immune response.
Whole inactivated virus approaches have been used successfully for other viral diseases, reduce interference
issues in multivalent vaccines, and have protected nonhuman primates from viremia following challenge with
wild-type virus. Recombinant subunit vaccines have also protected nonhuman primates from viremia and offer a
more focused approach in an attempt to tailor antibody and cell-mediated immure responses. While pathogenesis
studies seek to dissect immune responses in an attempt to avoid vaccine-related disease enhancement, these risks,
which apply to all vaccine approaches, may need to be evaluated empirically.

INTRODUCTION
Despite the fact that approximately 2.5 billion
people live in regions where dengue virus (DENV)
transmission by mosquito is possible, and despite
the resurgence of dengue disease over the last 25
years, dengue remains classified as a neglected tropical disease by the World Health Organization. This
neglect may be compounded by the low likelihood
that DENV would be used as an agent of bioterrorism. Nevertheless, the disease burden created by
DENV is significant, especially among children living
in endemic regions of Southeast Asia, the Indian subcontinent, and Central and South America. Because
the vast majority of DENV infections are asymptomatic, many would consider these infections unimportant. However, previous infection with DENV or
the presence of maternally derived DENV antibodies
is the most recognized risk factor for the progression
to serious dengue disease. Therefore, all DENV infections are significant, whether they are inapparent or
result in dengue fever (DF) or the more severe dengue hemorrhagic fever (DHF). Although vector control is currently the most effective measure to reduce

the impact of DENV, its effectiveness is dependent
on the intensity and sustainability of such programs,
which are tenuous at best. Recent advances in our
understanding of dengue pathogenesis and in vaccine
development show promise to deliver effective and
long-lasting dengue control.

HISTORY OF DENGUE DISEASE
Epidemics of DF-like illness have been identified in the medical literature as far back as 992 CE or
1014 years ago. A Chinese “encyclopedia of disease
symptoms and remedies” described an illness called
“water poison” associated with flying insects and
water that included rash, fever, eye pain, arthralgias,
myalgias, and hemorrhagic manifestations (Nobuchi,
1979; Gubler, 1997). If this was truly a description of
a dengue epidemic then recent molecular evolution
studies of DENV suggest that this was one of the first.
According to Twiddy et al. (2003), DENV may have
evolved approximately 1000 years ago, transferred
from solely a monkey–mosquito sylvatic cycle to a
sustained human–mosquito cycle between 125 and
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320 years ago, and diversified into the four DENV
serotypes only in the last 100 years. While the name
“dengue” probably comes from Africa (see below),
the virus itself most likely originated in Asia as all
four DENV serotypes have been identified in sylvatic
cycles in Asia while only DENV serotype 2 (DENV-2)
has been identified in forest cycles in Africa (Gubler,
1997).
More commonly cited as the first clinical description of dengue was that provided by Dr. Benjamin
Rush, a signer of the United States Declaration of
Independence and Surgeon in Charge of Hospitals
during the American Revolutionary War under
General George Washington (Rush, 1789). Following
the epidemic of fever in Philadelphia in the summer
of 1780, Dr. Rush provided the following description:
This fever generally came on with rigor, but seldom with
a regular chilly fit.…The pains which accompanied this fever
were exquisitely severe in the head, back, and limbs. The
pains in the head were sometimes in the back parts of it,
and at other times they occupied only the eyeballs.…A few
complained of their flesh being sore to the touch, in every
part of the body. From these circumstances, the disease was
sometimes believed to be a rheumatism. But its more general
name among all classes of people was, the Break-bone fever.

Dr. Rush did not use the term “dengue” but rather
“bilious remitting fever” and “break-bone fever” and
was probably describing febrile illnesses with multiple etiologies. Donald Carey agrees that Rush was, for
the most part, describing what is currently referred
to as DF (illness associated with DENV infection).
However, the disease referred to as dengue throughout most of the 19th century more closely resembled
the clinical syndrome now associated with chikungunya virus infection (Carey, 1971) (see Chapter 32
for Chikungunya). The term dengue was first used in
Cuba in 1928 meaning “affected.” The Spanish term
may have been based on the Swahili term “dinga”
or “dyenga” meaning “a sudden cramp-like seizure”
used during chikungunya-like epidemics on the
East Coast of Africa in 1823 (Rigau-Perez, 1998). The
term dengue and the virus (chikungunya) may have
traveled to the Caribbean as a part of the slave trade.
With infrequent epidemics the terms “break-bone
fever” and “dengue” were confused. Toward the end
of the 19th century, the term dengue was increasingly
applied to Rush’s break-bone fever including outbreaks in Australia reported in 1898 (Hare, 1898). The
disease previously known as dengue became chikungunya meaning “that which bends up” following outbreaks in East Africa in 1952 with the isolation of that
alphavirus (Robinson, 1955).
In 1906, US Army physicians Ashburn and Craig,
working in the Philippines, demonstrated that

dengue was caused by an “ultramicroscopic nonfilterable agent” or virus by injecting healthy volunteers with filtered serum from febrile dengue patients
using syringe and mosquitoes (Ashburn and Craig,
1907). This dispelled earlier contentions that dengue
was caused by a bacteria or parasite. This was only
the second human viral pathogen described following
the yellow fever virus (YFV) described by Reed et al.
(1901). Their work also confirmed the work of Graham
(1903) at the Syrian Protestant College in Beruit (now
American University) that DENV was transmitted by
mosquito vectors. With controlled experimental infections and careful clinical descriptions the clinical label
of dengue became fixed.
The Japanese and United States accelerated dengue research during World War II leading to DENV
isolation by intracranial injection of mice with patient
serum. Dr. Hotta and Dr. Kumura isolated DENV-1
from specimens collected between 1942 and 1945
(Hotta, 1952) and Dr. Sabin and Dr. Schlesinger isolated DENV-1 and DENV-2 from specimens collected
in Hawaii/India and New Guinea, respectively,
in 1944 (Sabin and Schlesinger, 1945; Sabin, 1952). In
1956, a DHF epidemic occurred in Manila resulting in
the identification and naming of DENV-3 and DENV4 viruses by Dr. Hammon (Hammon et al., 1960).

ETIOLOGIC AGENT
DENV is a member of the Flavivirus genus of the
virus family Flaviviridae. The virus is a spherical
particle containing a single-strand, positive-sense
RNA genome about 11 kb in length. The genome of
the virus contains a single open reading frame which
is expressed as a large polyprotein subsequently processed by virus-encoded and host cell proteases into
three structural and at least seven nonstructural (NS)
proteins. The termini of the genome contain untranslated regions (UTRs) that are important for viral
replication. The 5⬘ UTR is relatively short (approximately 100 nucleotides) and has a type I cap structure
(m7GpppA), while the 3⬘ UTR (approximately 450
nucleotides) contains a number of conserved RNA
structures and lacks a terminal poly(A) tract. The
overall genome organization is 5⬘UTR-C-prM-E-NS1NS2A-NS2B-NS3-NS4A-NS4B-NS5-3⬘UTR (C, capsid;
prM, membrane precursor; and E, envelope). The
infectious virion is approximately 50 nm in diameter
and has a relatively smooth surface consisting of a
compact arrangement of 180 copies of the E glycoprotein on the virus lipid envelope (Fig. 19.1). Immunity
to the virus is mediated primarily by neutralizing
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FIGURE 19.1 Arrangement of the E proteins on the surface of
the mature virus (Kuhn et al., 2002). The virus surface is covered
with 30 protein “rafts,” each containing three anti-parallel dimers of
E protein. Each monomer is colored as follows: red, domain I (central region); yellow, domain II (dimerization and fusion region); blue,
domain III; green (receptor-binding region) (see color plate section).

antibodies to the E glycoprotein which also defines
each of the four DENV serotypes (DENV-1, DENV-2,
DENV-3, and DENV-4).
Recent crystallographic and cryo-electron microscopic techniques have greatly advanced the understanding of the E glycoprotein structure and its
organization on the surface of the virus (Modis et al.,
2005; Mukhopadhyay et al., 2005). The molecular conformation of E protein is highly dependent on the pH
of the environment: at relatively alkaline pH, the E
protein molecules are arranged in a dimeric conformation and lay flat along the virus surface in a herringbone pattern, giving the virus its characteristically
smooth appearance; at the relatively acidic pH of the
endosomal compartment, the E protein molecules
shift to a trimeric conformation and protrude from
the virus surface during the process of viral and endosomal membrane fusion which facilitates release of the
viral genome into the cell cytoplasm. It is the inherent
flexibility of the E protein structure which allows for
these considerable conformational changes required
during virus maturation and infection. Recent studies
have demonstrated that glycosylation sites on neighboring E proteins are bound by a single carbohydrate
recognition site of DC-SIGN, a proposed receptor of
DENV (Pokidysheva et al., 2006). As the sole protein

exposed on the virus surface, the E glycoprotein must
function to bind cellular receptors, interact with host
cell membranes, direct viral assembly and budding,
as well as display antigenic determinants that elicit
immune responses.
The primary antigen of DENV is the E glycoprotein, although antibody responses directed toward
prM and NS1 have been identified. The E glycoprotein monomer can be divided into three structural/
functional domains, I, II, and III (Fig. 19.1). Recent
crystallographic studies have suggested that epitopes
located among each of the three domains may impart
different functionality to the elicited immune response
(Modis et al., 2005). Serotype-specific, neutralizing
antibodies are generally elicited by epitopes on the
surface of domain III, which has also been implicated
in cell–surface receptor binding. Although antibodies
against epitopes in domain I are generally nonneutralizing, antibodies that recognize epitopes in domain II,
which contains the fusion peptide region, have been
shown to neutralize virus, probably by inhibition of
membrane fusion. Therefore, it is possible that neutralization of DENV can occur not only at the level of
virus attachment, but also at the level of membrane
fusion and viral entry, as first demonstrated for West
Nile virus (Gollins and Porterfield, 1986).

PROTECTIVE IMMUNE RESPONSE
Antibody-Mediated Protection
Humoral immunity is thought to play both a protective and a permissive role in DENV infection. Early
studies in mice found that antibody, but not cellmediated immunity, was critical to the recovery from
acute DENV infection (Chaturvedi et al., 1977, 1978).
In addition, epidemiologic data suggests that maternal antibody protects infants from DENV infection
for the first few months of life (Halstead et al., 2002).
Solid protection against a second infection with a
homotypic DENV has been demonstrated for as long
as 18 months after primary infection but is believed to
be much longer, perhaps even lifelong (Sabin, 1952).
The evidence for long-lasting homotypic immunity is
derived primarily from in vitro studies that detected
neutralizing antibody in the sera of persons infected
with DENV more than four decades earlier (Halstead,
1974; Papaevangelou and Halstead, 1977; Okuno et al.,
1983). Sabin (1952) suggested that short-lived heterotypic immunity may exist resulting in milder illness
up to 9 months following primary infection. Animal
studies in nonhuman primates have also found little evidence of long-lived cross protection between
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heterologous DENV (Halstead et al., 1973a; Whitehead
et al., 1970; Scherer et al., 1972).
The kinetics of antibody production following primary and secondary DENV infections are quite different (Russell et al., 1967, 1969; Innis et al., 1989).
In primary DENV infection, IgM antibodies appear
first, generally between the 4th and the 7th day of illness, peak within 2 weeks, and then decay to undetectable levels within 6 months after infection (Innis
et al., 1989; Vaughn et al., 1997). In contrast to the high
levels of IgM antibody that are present early after
primary infection, only low levels of IgG antibodies
against DENV are detected during the acute phase of
illness. IgM antibody levels greatly exceed IgG levels for 2–4 weeks following primary infection. Both
IgG and IgM antibodies have the ability to neutralize
virus and to inhibit the hemagglutination (HI) of gander red blood cells but only IgG antibody has complement fixation (CF) activity. Secondary DENV infection
produces an anamnestic response as the result of
common antigens shared by DENV. Characteristic of
an anamnestic response, IgG is the primary antibody
produced; IgM antibody is markedly reduced. High
levels of IgG antibody are detected early and rise dramatically in contrast to IgM antibody levels, which are
elevated only modestly. Secondary infection is associated with high neutralizing, HI, and CF antibody titers that have broad cross-reactivity and are comprised
almost entirely of IgG. For this reason, the hemagglutination-inhibition titer has been used to classifying DENV infections as primary or secondary, and a
patient with an HI titer of ⱖ1:2560 in an acute specimen is defined as having a secondary flavivirus infection (Anonymous, 1997).
Different methods of detecting dengue antibody
vary in their specificity and their sensitivity over
time. HI antibodies are usually cross-reactive, even
in primary DENV infections, for months to years
(Whitehead et al., 1970; Scherer et al., 1978; Scott et al.,
1976; Vaughn et al., 1997). The HI serotype specificity
response is variable over years; becoming monotypic in
some patients, remaining heterotypic in some patients,
and disappearing altogether in others (Hammon
et al., 1966; Scott et al., 1976; Papaevangelou and
Halstead, 1977). For this reason, the absence of HI antibody is an unreliable criterion for defining a denguenaive individual. Of the methods used to measure
dengue antibody, the neutralizing antibody test exhibits the greatest dengue serotype specificity (Scherer
et al., 1978, Russell et al., 1967). Neutralizing antibody
titers to homologous virus following primary infection are usually below 1:1000 and cross-reactions tend
to be low titered. In addition, neutralizing antibody
titer to homologous virus can increase progressively
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over a period of at least 6 months. Neutralizing antibody produced following secondary infection is
broadly cross-reactive and can remain so for years
(Russell et al., 1967; Papaevangelou and Halstead,
1977). The specificity may narrow over time but this
is variable among individuals (Innis, 1997). Despite
the induction of heterologous antibody with secondary infection, DENV have been shown to demonstrate
the phenomenon of original antigenic sin (Halstead et
al., 1983). During secondary DENV infection, Halstead
demonstrated that neutralizing antibody responses
were detected against both homotypic and heterotypic viruses but the highest titers were detected to the
original infecting DENV serotype. In general, the presence of neutralizing antibody to more than one DENV
serotype in late convalescent serum indicates a history
of multiple prior DENV infections, or at least prior flavivirus infection, and only the absence of neutralizing
antibody to all four DENV serotypes is evidence that
no previous DENV infection has occurred.
Inhibition of virus attachment and virus-mediated
membrane fusion are thought to be the mechanisms
of DENV neutralization (Gollins and Porterfield, 1986;
Roehrig et al., 1998). The DENV E protein is considered to be the major antigen participating in antibodymediated neutralization of virus. In primary DENV
infection in humans, the E protein elicits the first
immune responses and the ones with the longest duration (Churdboonchart et al., 1991). Monoclonal antibody (MAb) studies have corroborated the E protein
as a target for neutralizing antibodies (He et al., 1995;
Kaufman et al., 1987, 1989). MAb against DENV-2
E and prM proteins protected mice against challenge
with both heterologous and homologous DENV.
Neutralization activity correlated well with protective
ability for E monoclonal antibodies. Although prM
monoclonal antibodies were also protective, their protective ability did not correlate as well with neutralizing activity. Antibodies to the NS proteins can also
be detected following primary and secondary DENV
infection. NS1, NS3, and NS5 are detected following primary infection and antibodies to C, prM, NS1,
NS3, NS4A, and NS5 can be detected in the convalescent sera of patients with secondary DENV infection
(Kuno et al., 1990; Churdboonchart et al., 1991; Huang
et al., 1999). Although NS1 antibodies do not have
neutralizing activity, NS1 MAbs were able to partially
protect passively immunized mice from intracerebral
challenge with DENV-2 virus (Henchal et al., 1988). In
these experiments solid protection equivalent to that
conferred by polyclonal neutralizing antibody was
achieved with one pair of DENV-2 NS1 MAbs given
as a combination. NS1 is a soluble, complementfixing antigen that is expressed on the surface of

III. VIRAL VACCINES

23_P369408_Ch19.indd 291

11/5/2008 6:41:30 PM

292

DENGUE

DENV-infected cells. Studies have suggested that
NS1 antibody may be protective by promoting complement-mediated lysis of infected cells (Schlesinger
et al., 1986, 1987; Falgout et al., 1990). What role, if
any, antibody to the other NS proteins plays in the
immune response to DENV has not been clarified.

Cell-Mediated Immunity
Although virus-specific cytotoxic T lymphocytes
(CTL) have been reported to be important in the
recovery from certain viral infections such as influenza (Wells et al., 1981; Yap et al., 1978), the role of
CTL in recovery from DENV infection is less defined
and has not been studied to the same extent as the
antibody response. Both CD4⫹ CD8⫺ and CD4⫺ CD8⫹
DENV-reactive memory T cells are generated after primary DENV infection. In a study of volunteers who
developed DF in response to infection with a candidate live dengue vaccine, activation of CD4⫹ T cells
occurred during the presence of viremia and activation of CD8⫹ T cells followed CD4⫹ T cell activation
(Kurane et al., 1995). Activation of T cells preceded the
disappearance of viremia and T cell activation gradually subsided once viremia ended, suggesting that
T cell activation contributed to the control of DENV
infection. The presence of DENV-specific CD4⫹ CD8⫺
T lymphocytes has been detected in peripheral blood
mononuclear cells (PBMC) collected from persons
naturally infected with DENV or immunized with live
attenuated candidate dengue vaccines (Kurane et al.,
1989a, 1989b; Dharakul et al., 1994). The proliferative
responses of CD4⫹ CD8⫺ T lymphocytes in bulk culture after primary infection are both serotype-specific
and serotype-cross-reactive memory responses, however when examined at the clonal level, the responses
are mainly dengue serotype-cross-reactive (Kurane
et al., 1991a). DENV-specific CD4⫹ T lymphocyte
clones were established from a volunteer who had
been immunized with yellow fever vaccine 2 years
prior to being infected with DENV-3.
Although CD4⫹ CD8⫺ T lymphocytes from this
volunteer were primarily serotype-specific in bulk
culture, at the clonal level there were serotype-crossreactive and flavivirus-cross-reactive responses.
DENV-specific CD4⫹ T cell clones established from
other DENV recipients also demonstrated a heterogenous response (Kurane and Ennis, 1994b), indicating
that both serotype-specific and serotype-crossreactive CD4⫹ memory CTL are present in most individuals after primary DENV infection. Activated
CD4⫹ CD8⫺ T lymphocytes produce a predominantly Th-1 response consisting of high titers of IFN-γ

and IL-2, and are effective at lysing DENV-infected
cells expressing the MHC class II phenotype (Kurane
et al., 1990). CD4⫹ T cells can efficiently lyse both
target cells expressing DENV antigen as well as uninfected bystander cells, perhaps contributing to the
hepatocyte damage observed during acute dengue illness (Gagnon et al., 1999). In addition, the expression
of IFN-γ by activated CD4⫹ CD8⫺ T lymphocytes may
also contribute to the pathogenesis of DHF/DSS (see
below).
Although cytolytic responses to DENV have been
detected in CD4⫹ T cell populations, CD8⫹ cytotoxic T
cells are thought to contribute the majority of the cytolytic activity (Mathew et al., 1996). Following primary
DENV infection, CD8⫹ T lymphocytes exhibit significant serotype-specific proliferation with a variable
level of serotype-cross-reactivity (Gwinn et al., 2003;
Mathew et al., 1996; Dharakul et al., 1994; Bukowski
et al., 1989). Although proliferative responses are generated to one or more heterologous DENV, the most
significant proliferative and cytolytic responses are
nearly always directed toward the homologous serotype. The cross-reactivity among DENV memory
T cells is contributed to by the relatively high degree
of sequence homology between the viruses. Studies
of T cell clones from DENV-infected individuals have
identified clones that not only recognize DENV, but
also recognize other flaviviruses such as YFV, West
Nile virus, Kunjin virus, and Japanese encephalitis virus (JEV) (Spaulding et al., 1999; Mathew et al.,
1998; Kurane et al., 1991a). The NS3 protein is highly
conserved across the flaviviruses and NS3 has been
identified as an important target of CD4⫹ and CD8⫹
T cells (Zivna et al., 2002; Spaulding et al., 1999;
Mathew et al., 1998). NS3 was found to be the most
frequently recognized viral antigen by the T cells of
Vietnamese adults experiencing a secondary DENV
infection (Simmons et al., 2005). These studies have
demonstrated that most DENV NS3-specific T cells
are serotype-cross-reactive. The E protein, capsid protein, and NS proteins other than NS3 have also been
identified as targets of CD4⫹ and CD8⫹ T cells from
DENV-infected individuals (Bukowski et al., 1989;
Simmons et al., 2005; Mathew et al., 1996; Green et al.,
1997; Livingston et al., 1994; Gagnon et al., 1996).
T cell activation appears to contribute to the resolution of DENV infection and IFN-γ receptor-dependent
immune responses have been demonstrated to mediate early DENV clearance in a mouse model, although
IFNα/β receptor pathways were more crucial in limiting initial DENV replication (Shresta et al., 2004b).
Although activation of T cells may contribute to the
control of DENV infection it may also contribute to
the immunopathogenesis of DHF/DSS. Markers of
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T cell activation such as sIL-2R, sCD4, sCD8, IL-2,
CD69, and IFN-γ have been measured during acute
DENV infection with wild-type or vaccine candidate
viruses (Kurane et al., 1991b, 1995; Green et al., 1999a).
A significant increase in the percentage of CD8⫹ and
NK cells expressing CD69 during the febrile period
of illness was found in children with DHF compared
to those with DF or other nondengue viral illnesses.
Evidence of marked T cell activation, including higher
levels of sIL2-R, sCD4, IL-2, and IFN-γ, were found in
the sera of Thai children with DF or DHF compared
with sera from healthy Thai children. In addition,
higher levels of sCD8 were found in the sera of DHF
patients, but not patients with DF, suggesting greater
T cell activation in DHF. Hospitalized children suffering from acute secondary DENV infection had higher
circulating numbers of NS3-specific CD8⫹ T cells
than did normal DENV-immune individuals. During
acute infection, these CD8⫹ T cells exhibited a huge
proliferative response balanced by massive apoptosis
(Mongkolsapaya et al., 2003). The clones that proliferated demonstrated a relatively lower affinity for the

DENV causing the secondary infection and a higher
affinity for serotypes that were presumed to be from a
prior DENV infection. These CD8⫹ T cells may be less
effective at clearing DENV encountered in secondary
infection. In addition, patients infected with DENV-1
or DENV-4 mounted IFN-γ responses to DENV-2
peptides that were equivalent in strength to those of
patients infected with DENV-2. This suggests that,
in contrast to primary infection, serotype-cross-reactive rather than serotype-specific T cells dominate the
acute response during secondary infection. The role
of T cell activation in producing the clinical signs and
symptoms of DHF/DSS is discussed below and schematized in Fig. 19.2.

EPIDEMIOLOGY
Significance as Public Health Problem
More than 2.5 billion persons in 100 countries are
at risk for dengue by virtue of living in areas with the
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necessary vector mosquitoes (primarily Aedes agypti,
A. albopictus, and A. polynesiensis) and a tropical or
subtropical climate (Fig. 19.3). It has been estimated
that DENV infects 100 million people each year. Most
infections are subclinical or result in self-limited
febrile illness though up to 500,000 cases of DHF occur
each year and more than 60,000 deaths due to dengue have been reported to date (Thomas et al., 2003;
Gubler, 1998). DHF, a severe form of DENV infection,
has been widely recognized since DENV infection
was associated with Philippine hemorrhagic fever
and Thai hemorrhagic fever in the 1950s (Hammon
et al., 1960; Halstead et al., 1963). However, the literature documents dengue outbreaks with hemorrhagic
manifestations including epistaxis, hematemesis, and
gingival bleeding occurring as early as the late 1890s
in North Queensland (Hare, 1898). DHF was reported
sporadically from the Americas (Honduras, Jamaica,
Puerto Rico, Curacao) in the late 1960s and 1970s
(Anonymous, 1990). The Cuban DHF outbreak in
1981 marked the start of severe dengue disease in the
Americas (Kouri et al., 1989).

Dengue epidemics can be intense both in terms
of clinical attack rates when large numbers of
nonimmune individuals are exposed (e.g., 20,000
cases among US forces on Saipan during World War
II over a 3-month period) and morbidity and mortality (e.g., 344,203 reported cases, 10,312 severe cases,
and 158 deaths in the Cuba outbreak of 1981 (Pinheiro
and Corber, 1997) or 711,919 cases of DF and 2229
cases of DHF in Brazil in 2002). While dramatic outbreaks have occurred in Central and South America,
India, Southeast Asia, and the Pacific Islands, there
have been few reports of dengue for Africa (Thomas
et al., 2003). In fact, no dengue cases were reported
to the WHO between 1998 and 2001 (Anonymous,
2001) though there are rare reports of clinical disease (Durand et al., 2000). This may be due to limited circulation of DENV, under reporting (limited
surveillance and laboratory capabilities) or reduced
virus virulence in genetically African populations
(Halstead et al., 2001). Many of the reported dengue
outbreaks in Africa are among foreigners (Thomas
et al., 2003).

A decade of dengue: 1995–2005
⬎100,000 DF/DHF cases during a single year
10,000–100,000 DF/DHF cases during a single year
100–10,000 DF/DHF cases during a single year
⬍100 DF/DHF cases during a single year or no report

FIGURE 19.3 Countries reporting dengue fever (DF) and dengue hemorrhagic fever (DHF) from 1995 through 2005. Source of information:
WHO DengueNet (www.who.int/csr/disease/dengue/denguenet) and PAHO (www.paho.org/english/ad/dpc/cd/dengue.htm).
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CLINICAL DISEASE

When dengue first enters a community it affects
all age groups. In hyperendemic areas where all four
DENV serotypes circulate, adults become immune
and dengue becomes a disease of children. In the past,
dengue was considered to be an urban disease where
large numbers of susceptibles could sustain transmission. However, with modern intensity and rapidity
of transportation, incidence rates in more rural areas
equal those in urban centers (Cummings et al., 2004).
A person infected with DENV can travel to any population center worldwide with dengue vectors during
the asymptomatic incubation period.

Potential as Biothreat Agent
Viruses causing viral hemorrhagic fevers (VHFs)
have been classified by both the CDC and NIAID as
Category A priority pathogens. Although DENV can
cause hemorrhagic fever, it has relatively low potential for use as a biothreat agent due to its very low
incidence of person-to-person spread and inability to be transmitted by the aerosol route. Initially
the NIAID listed DENV as a Category A pathogen,
but recommended in its 2003 Research Agenda for
Category B and C Priority Pathogens that DENV be
transferred from Category A to Category C (http://
biodefense.niaid.nih.gov). However, according to
the 2006 Progress Report of the NIAID Biodefense
Research Agenda for Category A Agents, DENV is
still included as a Category A pathogen. Currently,
the CDC does not include DENV on the Bioterrorism
Agents/Diseases list (http://www.bt.cdc.gov/agent/
agentlist-category.asp). In its 2002 Consensus Statement,
the Working Group on Civilian Biodefense excluded
DENV from the list of hemorrhagic fever viruses that
pose serious risk as biological weapons because it is
not transmissible by small-particle aerosol, and primary DENV infection rarely causes hemorrhagic fever
(Borio et al., 2002).

CLINICAL DISEASE
Infection with DENV may result in a spectrum of
outcomes ranging from clinically inapparent infection to life-threatening hemorrhagic fever accompanied by vascular compromise and shock (Guzman
et al., 2000; Anonymous, 1997; Burke et al., 1988; Endy
et al., 2002). The WHO has provided case definitions
for the major clinical syndromes caused by DENV:
classic DF, DHF, and dengue shock syndrome (DSS)
(Anonymous, 1997). All four serotypes of DENV can
cause the full clinical spectrum of illness; it is primarily
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the degree of vascular leak that differentiate these
syndromes.

Classic Dengue Fever
Most symptomatic cases of dengue present as classic DF, the clinic course and presentation of which
has been well described in both experimental and
natural infection studies (Simmons, 1931; Eram et al.,
1979; Siler et al., 1926; Sabin, 1952; Liu et al., 1989;
Halstead et al., 1969). The incubation period of dengue can range from 3 to 14 days but is generally 4–7
days. Dengue presents with a sudden onset of fever
accompanied by headache; pain in the eyes, muscles, back, and joints; flushing of the face; anorexia;
abdominal pain; nausea; occasionally vomiting; and
rash. The epithet break-bone fever was given to dengue
due to the back, limb, and joint pains that can be so
severe as to be incapacitating. The fever that accompanies dengue generally does not exceed 40°C and
typically has a duration 3–5 days, but may last a week
or longer. Clinicians have described a two-peaked
fever pattern in some dengue patients: the saddlebacked curve (Simmons, 1931; Siler et al., 1926). In
these instances, fever begins with the onset of symptoms and may subside on the 3rd or 4th day only to
return 1–3 days later. The saddle-backed fever pattern was noted in 40–85% of patients infected experimentally with a DENV. Rash is a common physical
finding in dengue with a reported incidence in some
studies of greater than 80%, however it is often evanescent and polymorphic in its appearance (Siler et
al., 1926; Sabin, 1952; Halstead et al., 1969, 1970; Liu et
al., 1989; Lai et al., 2004). The rash is most commonly
seen on the trunk, inside of the arms and thighs, and
the plantar and palmar surfaces. It may present as
macular, maculopapular, morbilliform, scarlatiniform,
or petechial in character. Intense pruritus and desquamation of the rash have been reported. DENV infection tends to present as a milder illness in younger
children compared with older children and adults
who more typically manifest the symptoms of classic
DF described above (Halstead et al., 1969, 1970; Innis,
1995). In young children, DENV infection is often
subclinical or a mild undifferentiated febrile illness.
Respiratory symptoms, including cough; pharyngeal injection; sore throat; and rhinitis are frequently
present in children with primary or secondary DENV
infection (Halstead et al., 1969). Hepatomegaly may be
present in children, especially in those with the more
severe DHF or DSS (Eram et al., 1979; Nimmannitya,
1987; Nimmannitya et al., 1969; Kalayanarooj et al.,
1997; Wichmann et al., 2004). Common laboratory
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abnormalities reported with DENV infection include
leukopenia, thrombocytopenia, and elevation in serum
transaminases (Siler et al., 1926; Sabin, 1952; Kuo
et al., 1992; Kalayanarooj et al., 1997; Simmons, 1931;
Souza et al., 2004). These laboratory abnormalities
are transient. Leukopenia is most marked during the
febrile period and is thought to be due to bone marrow suppression by the virus (La Russa and Innis,
1995). Full recovery from DF can be expected, however it may be prolonged with many patients complaining of weakness and depression for many weeks
following recovery from the acute phase illness.

Dengue Hemorrhagic Fever/Shock Syndrome
DHF is a more severe form of DENV infection that
is characterized by fever, thrombocytopenia, hemorrhagic manifestations, and evidence of altered vascular
permeability with leakage of intravascular fluid into
interstitial spaces (vascular leak syndrome) (Carlos et
al., 2005; Nimmannitya, 1987; Kalayanarooj et al., 1997;
Gubler, 1998; Hayes et al., 1988). DHF is primarily a
disease of children less than 15 years of age in hyperendemic areas (Anonymous, 1997; Eram et al., 1979).
The presence of plasma leakage and thrombocytopenia is the critical feature that distinguishes DHF from
DF. The hemorrhagic manifestations of DHF include
capillary fragility; petechiae, ecchymoses, or purpura;
bleeding from the mucosa, gastrointestinal tract, or
other site; and hematemesis or melena. Capillary fragility can be documented by a positive tourniquet test.
This test is performed by inflating the blood pressure
cuff midway between the diastolic and systolic blood
pressure for 5 min and then counting the number of
petechiae in a defined area. Twenty or more petechiae
in a 2.5 cm2 area is considered a positive test. The WHO
has classified DHF into four severity grades (Table
19.1) where Grades III and IV are designated DSS
(Anonymous, 1997). The clinical course of DHF resembles classical DF in its initial presentation of abrupt
onset of high fever and other nonspecific constitutional
signs of a few days duration. Shortly before, during, or
after the time of defervescence, the patient’s condition
suddenly deteriorates with the advent of hemorrhagic
manifestations and symptoms of hypovolemia due to
plasma leakage. Hepatomegaly may become evident
in a high percentage of children, particularly those
in Thailand where up to 98% of children diagnosed
with DHF were reported to have liver enlargement
(Nimmannitya, 1987; Eram et al., 1979; Wichmann
et al., 2004). In the study by Nimmannitya, liver
enlargement was not necessarily accompanied by
elevated transaminases as 74% of pediatric dengue

cases in that study had normal ALT levels despite
clinical hepatomegaly. However, mild-to-moderate
elevations in both AST and ALT have been commonly reported in dengue patients, with more severe
enzyme elevations observed in DHF and DSS cases
(Nguyen et al., 1997; Souza et al., 2004). Increased
vascular permeability allows the loss of plasma into
the interstitial spaces. Pleural effusion, especially
right-sided, is nearly always present in DHF patients
(Nimmannitya, 1987; Pramulijo and Harun, 1991;
Venkata Sai et al., 2005; Kalayanarooj et al., 1997).
Ascites is also common, with a reported incidence of
more than 50% in DHF patients examined by ultrasound (Venkata Sai et al., 2005; Pramulijo and Harun,
1991). Hemoconcentration occurs as a result of plasma
leakage and an increase in the hematocrit of ⱖ20%
over the course of illness or recovery is a diagnostic
criterion for DHF. Hypovolemic shock ensues with
sufficient leakage of plasma into the interstitial spaces.
In mild cases of DHF (Grades I and II), the degree of
plasma leakage is such that there is little effect on the
blood pressure. In Grades III and IV, the shock is profound; the patient is often restless and irritable with
cool, clammy extremities and a rapid, weak pulse. The
course of shock is short but life-threatening; patients
usually succumb or recover within 24 h of the onset of
shock. The tourniquet test may be negative in patients
who present in frank shock but will generally turn
positive once the patient is hemodynamically stable
(Innis, 1995).
Fulminant liver failure and neurological manifestations have been described in patients with dengue (Subramanian et al., 2005; Lawn et al., 2003;
Nimmannitya et al., 1987; Patey et al., 1993; Solomon
et al., 2000). There have been case reports of children
and adults with confirmed DENV infection whose
clinical presentation included fever, jaundice, altered
sensorium, and liver transaminase levels in the thousands. Histological examination of the liver has
shown marked steatosis, hepatitis with necrosis, and
Councilman bodies in some of these cases. Reye’s syndrome associated with dengue has also been reported
(Kho et al., 1981; Alvarez and Ramirez Ronda, 1985).
Encephalopathy, convulsions, meningismus, coma,
and transverse myelitis have been reported neurological complications of DENV infection, although they
are infrequent in occurrence and difficult to distinguish from co-morbidities that include DENV infection (Solomon et al., 2000).
Early diagnosis of dengue can be difficult as the
symptom complex produced by DENV infection is
similar to that of many other infectious diseases. In
addition, the diagnosis of dengue can be definitively
proven only by recovery of the virus or viral antigen
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TABLE 19.1

Dengue hemorrhagic fever case definition adapted from WHO (1)

Platelet count
Dengue fever

Hemorrhagic manifestations

Plasma
leakage1

Circulatory compromise

Variable

Variable, includes petechiae,
epistaxis

Absent

No

Grade 1

< 100,000/mm3

Positive tourniquet test and/or
easy bruising

Present

No

Grade II

< 100,000/mm3

Spontaneous bleeding in
addition to manifestations of
grade I

Present

No

< 100,000/mm3

May be hemorrhage

Present

Rapid, weak pulse and
narrow pulse pressure
or hypotension, with the
presence of cold, clammy
skin and restlessness

Present

Profound shock with
undetectable blood pressure

Dengue hemorrhagic
fever

Dengue shock
syndrome
Grade III

Grade IV

< 100,000/mm3

May be hemorrhage

1
Objective evidence of plasma leakage includes fluctuation in the hematocrit ⱖ 20% during the course of illness or clinical signs
such as pleural effusion, ascites, or hypoproteinemia.

from blood or tissue of a patient, or by serological
confirmation. The combination of a positive tourniquet test, depressed total white cell count, depressed
absolute neutrophil count, and elevated AST level
were found to be predictive in discerning DF from
other febrile illnesses in children (Kalayanarooj et al.,
1997). Even when dengue is suspected, it is difficult to
predict which patients will deteriorate to DHF/DSS.
Frequency of abdominal pain, restlessness, epistaxis,
thrombocytopenia, and increased hematocrit have
been found to be higher in those children hospitalized with DHF compared with those hospitalized
with DF (Carlos et al., 2005; Eram et al., 1979; Hayes
et al., 1988; Cohen and Halstead, 1966). Individual risk
factors that may predispose to severe disease include
underlying chronic disease, age, and race (Bravo et al.,
1987; Guzman et al., 2002).

TREATMENT
Typical DF is a self-limited illness that can be managed at home. However, DF is often managed in
hospital as prior to defervescence, DF and DHF are
indistinguishable and the onset of shock with DHF can
be rapid. If managed at home, patients or their parents
should be instructed on the early signs and symptoms
of plasma leakage, and have a means of quick transport to the hospital. Antipyretics may be useful to

reduce the risk of febrile convulsions in young children. Acetaminophen, dosed according to age, is preferred over salicylates which may increase the risk of
bleeding complications (Anonymous, 1997).
The successful management of DHF relies upon
a high index of suspicion to promptly recognize the
onset of plasma leakage followed by frequent assessment of intravascular volume status with monitoring
for hemorrhagic complications. A rise in hematocrit
with concomitant drop in platelet count may precede the onset of clinically apparent shock. A treatment algorithm developed at the Bangkok Children’s
Hospital (now the Queen Sirikit Institute of Child
Health) outlines the importance of and approach to
careful fluid management (Vaughn and Green, 2000).
Careful and rapid replacement of plasma losses can
reverse or prevent shock and prevent complications
due to shock and electrolyte imbalances such as disseminated intravascular coagulation. Over hydration
must be avoided. Colloid solutions (e.g., Dextran 70)
appear to restore cardiac index and blood pressure
and normalize hematocrit more rapidly than crystalloids (e.g., Ringer’s lactate) (Dung et al., 1999; Soni
et al., 2001; Khongphatthanayothin et al., 2003). Drug
interventions have yet to be shown to improve outcomes over careful fluid management (Tassniyom
et al., 1993; Leyssen et al., 2000; Atrasheuskaya et al.,
2003).
A lack of improvement may indicate inadequate
fluid resuscitation, internal bleeding, or iatrogenic
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fluid overload. Fresh whole-blood transfusions may
be required or fluid restriction and treatment with
furosemide. Fresh frozen plasma or platelets may
also be considered in cases where disseminated intravascular coagulation (DIC) or other coagulaopathies
complicate the clinical course (Anonymous, 1997;
Mairuhu et al., 2003). The Queen Sirikit Institute of
Child Health has seen a steady decline in case fatality rates, from 10% in 1970 to 2% in 1984 to 0.2% in
1990 (Nimmannitya, 1997). Mortality is usually linked
to delayed provision of supportive treatment and/or
premorbid chronic illness (Anonymous, 1997).

PATHOGENESIS
DHF is defined by symptoms of DF accompanied
by vascular leakage and evidence of capillary fragility
and bleeding. Fluid extravasation secondary to vascular leak may become so severe as to result in hemodynamic compromise and shock (DSS). Plasma leakage
into the serous spaces is evident in most cases of DHF.
As described previously, the pleural spaces are those
most commonly involved, but the pericardial and
peritoneal effusions are not uncommon. In addition,
serous membranes of involved spaces are notably
edematous. Microscopic studies of autopsy specimens
show pericapillary edema in soft tissues and swelling
of capillary endothelial cells (EC). In general, the tissue damage observed is not very severe compared to
the severity of illness (Bhamarapravati et al., 1967).
The immunopathologic mechanisms driving these
clinical manifestations are complex and not entirely
understood. Components of both the humoral and
cellular immune systems play a role in precipitating events that result in severe disease (Green and
Rothman, 2006). Antibody-dependent enhancement
(ADE) and cross-reactive T cell responses are thought
to be important immunologic mediators of DHF.
Secondary DENV infection with a serotype different
from that causing primary infection has been identified as a major epidemiologic risk factor for DHF
(Sangkawibha et al., 1984; Burke et al., 1988; Halstead
and Yamarat, 1965). ADE of infection is produced
upon secondary DENV infection when heterologous
antibody present in the host binds to the infecting
DENV but is not able to neutralize the virus. These
DENV–antibody complexes then attach to the Fcγ
receptors on circulating monocytes aiding entry of
the DENV into this target cell. Halstead demonstrated
that peripheral blood leukocytes (PBL) from both
nonimmune rhesus monkeys and humans were nonpermissive for DENV infection, in contrast to PBLs

from immune rhesus monkeys and humans which
supported the replication of DENV to high titer
(Halstead et al., 1976; Marchette et al., 1976). He later
demonstrated nonpermissive cultured PBLs could
become permissive to DENV infection when nonneutralizing antibody was added to the culture medium
(Halstead and O’Rourke, 1977a, 1977b). The ability
of passively transferred DENV antibody to enhance
DENV infection has been demonstrated in vivo in rhesus macaques, substantiating the theory of ADE. Titers
of DENV were significantly higher in nonimmune
rhesus monkeys given dengue-immune human cord
blood serum than in those monkeys that received normal cord blood serum (Halstead, 1979). In addition,
a role for ADE in the development of severe dengue
disease in endemic areas is suggested by the timing of
DHF in young infants 6–12 months of age when maternally derived DENV antibody titers decline below protective levels (Kliks et al., 1988; Pengsaa et al., 2006).
It is during this critical time period that infants are
at increased risk for severe disease following DENV
infection despite the fact that they have never been
previously infected with DENV and lack DENV-specific cellular immunity. Eventually with the complete
degradation of maternal antibody, infants emerge from
this period of enhanced susceptibility to DHF.
Investigators have found a correlation between the
level of viremia and the severity of dengue disease,
as higher levels of viremia were found in DHF/DSS
patients than in those with DF (Libraty et al., 2002;
Murgue et al., 2000; Vaughn et al., 2000). ADE may provide a mechanism for increased viral entry into monocytes leading to higher levels of viral replication in
these patients. As discussed previously, during secondary DENV infection activated T cells produce IFN-γ.
It has been reported that IFN-γ increases the number
of Fcγ receptors on human monocytes (Perussia et al.,
1983; Guyre et al., 1983). DENV infection of U937 cells,
a human monocytic cell line, can be augmented by IFNγ in the presence of anti-DENV antibody (Kontny et al.,
1988). In addition, the percentage of DENV-infected
cells appears to correlate with the number of Fcγ receptors on the U937 cells. Elevated levels of IFN-γ have
been documented during the acute phase of DHF/DSS
and in one study, peak IFN-γ levels occurred within 2
days of peak viremia (Nguyen et al., 2004; Libraty et al.,
2002). Induction of Fcγ receptors on monocytes could
potentially lead to increased viral entry and replication
within monocytes, leading to higher levels of viremia
and potentially, more severe disease.
Increased vascular permeability with resultant
plasma leakage into the serous cavities is the clinical
hallmark of DHF/DSS. The lack of structural damage to EC demonstrated in autopsy studies and the
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short-lived nature of the vascular leak syndrome
implicate serum inflammatory mediators as inducers of altered vascular permeability in serous tissues
(Bhamarapravati, 1961; Bhamarapravati et al., 1967). A
number of different cytokines as well as anaphylatoxins
have been identified as putative effectors of the vascular
leak syndrome. Complement activation has also been
implicated in the pathogenesis of DHF/DSS (Russell
et al., 1969; Churdboonchart et al., 1983; Suvatte et al.,
1973). Depressed levels of complement; particularly C3,
C4, and C5, have been documented in patients with
DHF/DSS. The nadir of C3 and C4 coincided with, or
occurred within 24 h of, the onset of shock. The nonstructural protein NS1 has been identified as a possible precipitator of complement activation in patients
with DHF (Avirutnan et al., 2006). The authors demonstrated that NS1 purified from DEN-infected cells activated complement and that significantly higher levels
of NS1 were found in patients with DHF compared
with DF. In addition, serum and pleural fluid levels of
the terminal complement complex SC5b-9 were highly
correlated with disease severity in this study. The role
of complement activation in the vascular leak syndrome of dengue is further evidenced by the finding of
elevated levels of C3a and C5a (anaphylatoxins) in DSS
patients, which occurred at or around the time of defervescence (Bokisch et al., 1973; Malasit, 1987). Elevated
plasma levels of C3a correlated with severity of disease
in these patients. Both C3a and C5a cause the release of
histamine, increase vascular permeability, and produce
vasodilation providing a mechanism for the extravasation of plasma into the serous cavities.
It is becoming evident that an excessive cellular
immune response to DENV infection, driven by activated, cross-reactive memory T lymphocytes, is critical
to the immunopathology associated with DHF/DSS.
Markers of T cell activation such as CD69, IFN-γ,
interleukin-2 (IL-2), soluble interleukin -2 receptor
(sIL-2R), soluble CD4 (sCD4), and soluble CD8 (sCD8)
have been detected in the blood of patients with
DHF/DSS (Kurane et al., 1991b; Green et al., 1999a),
suggesting that such activation may play a role in
the pathogenesis of severe dengue disease. In addition, elevated levels of tumor necrosis factor alpha
(TNF-α), soluble TNF-α (sTNF-α), IL-2, interleukin 6
(IL-6), interleukin-8 (IL-8), and interleukin-10 (IL-10)
measured in the blood of patients with DHF/DSS have
correlated with severity of disease (Kurane and Ennis,
1994a; Hober et al., 1993, 1996; Bethell et al., 1998;
Green et al., 1999b, 1999c; Raghupathy et al., 1998;
Juffrie et al., 2000; Kuno and Bailey, 1994; Nguyen
et al., 2004). Significantly elevated levels of TNF-α
and/or sTNFR have been detected in the blood of
patients DHF/DSS compared to both DF patients and
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normal controls (Hober et al., 1993, 1996, 1998; Gagnon
et al., 2002; Nguyen et al., 2004; Iyngkaran et al., 1995).
TNF-α is known to activate cultured EC and increase
vascular permeability (Pober and Cotran, 1990). In
in vitro studies, TNF-α has been demonstrated to
increase the permeability of DENV-infected human
EC, perhaps by inducing a morphological change in
the cells (Dewi et al., 2004). Additionally, serum collected from four dengue patients during the acute
phase of their illness induced the activation of human
EC, with sera taken on the day of defervescence having the strongest activating effect (Cardier et al., 2005).
TNF-α levels were markedly elevated in these samples
and pretreatment of the dengue sera with anti-TNF-α
antibody inhibited the EC activating effect, suggesting
that TNF-α was critical for activation. Additionally,
TNF-α may play a role in the hemostatic defects associated with DHF/DSS. Elevated TNF-α concentrations
were significantly more common in the plasma of DF
patients presenting with hemorrhagic manifestations
than in those patients without hemorrhagic manifestations (Azeredo et al., 2001). Individuals with a
TNF-α polymorphism that is associated with higher
levels of TNF-α were 25 times more likely to develop
DHF than those individuals without the polymorphism (Fernandez-Mestre et al., 2004).
IL-8 has also been implicated as a mediator
of increased vascular permeability in DHF/DSS
patients. It is secreted by a variety of cells including
macrophages, monocytes, EC, and neutrophils. IL-8
is known to promote neutrophil adherence to vascular endothelium as well as to cause morphological
changes to the EC that directly affects the permeability
of the EC (Talavera et al., 2004). DENV infection of EC
and monocytes in vitro induces the production of IL-8
and significantly higher levels of IL-8 have been found
in DHF/DSS patients (Raghupathy et al., 1998; Juffrie
et al., 2000; Bosch et al., 2002; Huang et al., 2000c). In
addition, elevated levels of IL-8 and RANTES were
detected in the pleural fluid of DHF/DSS patients
(Avirutnan et al., 1998).
The underlying mechanisms responsible for the
bleeding manifestations in DHF are not well understood. Postmortem studies of DHF/DSS cases have
demonstrated the presence of hemorrhage and fibrin
thrombi in the various tissues, suggesting the occurrence of DIC, at least in the most severe cases (Fresh
et al., 1969; Srichaikul et al., 1975). Disturbances of
coagulation and fibrinolysis have been demonstrated
in all grades of DHF, with some correlation between
the magnitude of derangement and the severity
of disease (Srichaikul et al., 1977; Bhamarapravati,
1989; Isarangkura et al., 1987; Huang et al., 2001;
Krishnamurti et al., 2001; Carlos et al., 2005). The
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degree of DIC observed in most cases of DHF is not
severe and is not thought to be the major cause of
bleeding and shock in these patients (Srichaikul et al.,
1977; Mitrakul et al., 1973). The most frequent laboratory findings of coagulopathy reported in DHF
are markers of coagulation activation and include an
elevated partial thromboplastin time (PTT), elevated
thrombin time (TT), decreased fibrinogen level, and
decreased platelet count. When compared to DIC
induced by bacterial sepsis, fibrinogen is only moderately depleted and fibrin degradation products are not
as elevated in DHF (Suvatte et al., 1973). Activation of
the coagulation system occurs during the acute febrile
phase of illness and is generally more pronounced
than activation of the fibrinolytic system (Van Gorp
et al., 2002; Srichaikul et al., 1977; Avila-Aguero et al.,
2004). It is thought to occur primarily by the stimulation of the intrinsic pathway as the PTT is abnormal in
nearly all cases of coagulopathy and the prothrombin
time (PT) is often normal. Tissue factor, a critical procoagulant protein responsible for initiating the coagulation cascade, is synthesized predominantly by
monocytes and EC. Levels of tissue factor and plasminogen activator inhibitor type 1 (PAI-1), a major
inhibitor of fibrinolysis, were shown to be elevated in
children admitted to hospital with DSS (Wills et al.,
2002). Elevated levels of these procoagulant factors in
the blood of DSS patients suggests that factors produced by activated monocytes, EC, or platelets may
be responsible for initiation of the coagulation system. A variety of cytokines, including IL-6, have been
described as activators of the coagulation system (van
der Poll et al., 2001; Huang et al., 2003b) and may contribute to the coagulopathy observed in DHF. Elevated
levels of IL-6 have been documented in the blood
of patients with DHF/DSS (Kuno and Bailey, 1994;
Nguyen et al., 2004; Juffrie et al., 2001; Avila-Aguero
et al., 2004; Huang et al., 2000c, 2003b) and may be
associated with the hemostatic defects observed in
severe dengue. DENV-infected EC produce IL-6 and
tPA, a mediator of fibrinolysis and increased levels
of IL-6 were shown to correlate with elevated levels
of tissue plasminogen activator (tPA) in the blood of
DHF/DSS patients (Huang et al., 2003b). In addition,
anti-IL-6-antibody inhibited the production of tPA by
cultured EC suggesting that IL-6 can regulate DENVinduced tPA production by EC. TNF-α may indirectly
influence coagulation activation by its effect on IL-6
and may play a direct role in fibrinolysis. Suharti et al.
(2002) reported that TNF-α levels were significantly
associated with d-dimer formation, an activation
marker of fibrinolysis, in patients with DSS .
Thrombocytopenia is a hallmark of DHF and is
present, to some degree, in all patients with DHF.

The etiology of thrombocytopenia in dengue is twofold: increased destruction and decreased production of platelets. Platelet kinetic studies done in DHF
patients have demonstrated hepatic sequestration
and increased destruction of platelets, possible due to
antigen–antibody immune complex formation on the
platelet surface (Boonpucknavig et al., 1979; Mitrakul
et al., 1977). Aspirates of bone marrow taken from
DENV-infected patients early in infection documented
a hypocellular marrow with reduced megakaryocytopoiesis (Nelson et al., 1964; Putintseva et al., 1986).
Reduced granulocytopoiesis and erythrocytopoiesis
in the bone marrow were also evident early in infection, indicating that the cause of the hypocellularity
was at the level of a pluripotent hematopoietic stem
cell or that DENV was infecting all cells lines. Studies
using long-term marrow culture (LTMC) as a surrogate for bone marrow established that DENV-induced
suppression of hematopoiesis occurred and was most
consistent with altered cytokine production by stromal cells (La Russa and Innis, 1995; Murgue et al.,
1997). Bone marrow stromal cells are very permissive
for DENV infection and have been demonstrated to
produce cytokines including IL-8, macrophage inflammatory protein-1α, and TNF-α, which can induce
myelosuppression. Numerous studies have correlated
elevated IL-10 levels with the severity of thrombocytopenia in DHF patients (Perez et al., 2004; Libraty
et al., 2002; Azeredo et al., 2001). Although the role of
IL-10 in causing thrombocytopenia in DHF is not yet
known, IL-10 has been demonstrated to reduce the
platelet count in normal healthy volunteers, primarily by reducing platelet production (Sosman et al.,
2000). In DHF patients, IL-10 levels peaked at or near
the time of defervescence and also correlated with the
degree of plasma leakage. Because IL-10 is a known
inhibitor of proinflammatory cytokines, it is thought
that IL-10 may increase in response to elevated levels
of INF-γ and TNF-α as a negative feedback mechanism (Green et al., 1999c).
Hepatic enlargement and elevation of liver
transaminases are common clinical findings in children with DHF. Histopathological evaluation of liver
biopsies has demonstrated a variety of abnormal
findings including foci of midzonal hepatocellular
necrosis, microvesicular steatosis, and the presence
of Councilman bodies (Bhamarapravati et al., 1967;
Huerre et al., 2001). Although the type of cell infected
by DENV is controversial, DENV antigen has been
found in the hepatocytes and Kupffer cells (Jessie
et al., 2004; Huerre et al., 2001; Hall et al., 1991; Lucia
and Kangwanpong, 1994). Despite the presence of
antigen in hepatic cells, it remains unclear whether or
not viral replication occurs in the liver and whether
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or not DENV is directly hepatotoxic. Although DENV
readily infects primary Kupffer cells in culture, viral
replication was aborted and the infected Kupffer cells
underwent rapid cell death by apoptosis (Marianneau
et al., 1999). Libraty et al. (2002) reported that hepatic
transaminase elevation was associated with sIL-2R, a
marker of immune activation, and not with virus titer.
Immune activation may be the primary mechanism
of hepatocellular necrosis as CD4⫹ T cell clones from
a DENV-4-infected donor induced the lysis of cognate cells as well as bystander HepG2 cells (Gagnon
et al., 1999). It is possible that hepatocyte damage is
incurred when DENV-specific CTL are activated by
DENV-infected Kupffer cells and then lyse hepatocytes via a bystander effect.
In summary, the immunopathological mechanisms
by which DENV causes the clinical features of DHF
are intricate and include aberrant humoral and cellular immune responses. Previous DENV infections
may predispose to more severe disease by the induction of enhancing antibody and cross-reactive T cells.
Upon secondary infection, DENV utilizes enhancing
antibodies to gain entry to its primary target cell, the
monocyte, leading to higher viral titers in the host. In
addition, CD4⫹ and CD8⫹ T cells recognizing crossreactive DENV epitopes become activated and induce
the production of proinflammatory cytokines initiating the cytokine cascade. Dysregulation of these
cytokines culminates in the clinical features of DHF/
DSS; plasma leakage, hemoconcentration, and hemorrhagic manifestations.

VACCINES
History
Blanc and Caminopetros (1929) were the first to
publish an approach to dengue vaccine development. They attempted to produce an attenuated
living virus that would give rise to low-grade “symptomless” dengue with subsequent immunity. It was
thought that DENV in blood could be attenuated by
mixing it for 5 min with one-twentieth of its volume
of ox bile, while the virus was killed by similar exposure to one-fifteenth of its volume of bile. Twenty-two
persons were doubly inoculated, first with the 1:15
bile virus and later with the 1:20 bile virus; and when
tested for immunity by challenge with wild-type virus
3 weeks later only two of the individuals developed
dengue. It is not known which DENV serotype or
serotypes were being used in this work.
Simmons et al. (1931) developed the US military’s first dengue vaccine in 1929. These researchers
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conducted investigations in which 100% of 35 individuals experimentally infected with dengue were
later found to be resistant to a second attack 400 days
later. This suggested the possibility of durable immunity and a prophylactic vaccine. They benefited from
the work of Siler et al. (1926) who confirmed that
DENV was transmitted by Aedes aegypti, determined
the period of infectivity of dengue patients, and determined the extrinsic incubation time for virus replication in A. aegypti. Simmons and colleagues prepared a
“mosquito” vaccine by grinding 2010 DENV-infected
A. aegypti mosquitoes in a sterile porcelain mortar with
a salt solution and chemically pure phenol and formalin. After the suspension had stood for 48 h, it was
transferred to a sterile bottle with the addition of 10 cc
of sterile physiologic salt solution to further dilute the
preservatives. It stood another 8 days to destroy bacteria and 20 cc of salt solution was added. This solution
was slowly centrifuged to eliminate remaining insoluble matter. Before use, the vaccine was examined for
bacteria (10 day aerobic and anaerobic cultures), bacterial toxins, and safety tested in rabbits, guinea pigs,
and white mice, all of which remained normal. One
milliliter doses were given to each of the three authors
and then two volunteers. While these injections failed
to prevent subsequent infection and disease, some of
the volunteers developed only mild cases of dengue.
In retrospect, the weakness of their approach was to
give two doses of vaccine just 4 days apart and to
challenge just 1 week after the second dose. Based
on the work of Blanc and Caminopetros, the authors
started to pursue a live attenuated vaccine derived by
serial passage from mosquito to mosquito.
Both the Japanese and Americans made significant
contributions to dengue vaccinology during WWII
(Kimura and Hotta, 1944; Sabin, 1952). Sabin (1952)
used a dermal neutralization test to show that there
were two different DENV serotypes, the Hawaii and
New Guinea strains B, C, and D later designated
as DENV-1 and DENV-2 respectively. The test was
performed by mixing and then incubating convalescent serum with acute serum containing known
virus. The mixture was then injected intracutaneously
into a human volunteer. The virus was considered
neutralized if the subject did not develop local or systemic signs of infection. He confirmed that serotypespecific antibody was protective and observed that
heterologous cross protection lasted for at least 2
months. He adapted the Hawaii strain virus by mouse
brain passage for use as a vaccine in man. Tests conducted in human subjects showed that the virus
became attenuated in humans after the 7th mouse
brain passage (Sabin, 1952). Schlesinger et al. (1956)
similarly adapted the New Guinea strain in mouse
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brain and tested it as a monovalent vaccine or in
combination with the attenuated Hawaiian strain
and yellow fever 17D. The Sabin DENV-1 mouse
brain adapted virus underwent a further seven passages in suckling mouse brain. Fourteen human subjects received this strain, designated MD-1, and were
immunized without disease (Wisseman et al., 1963).
In 1963 Wisseman and colleagues (Bellanti et al.,
1966) conducted a field trial of a mouse brain adapted
DENV-1 virus among 1113 adolescent males in Puerto
Rico during a DENV-3 epidemic. Among the 561 vaccine recipients, the attack rate of DF was 39% of the
rate observed for the placebo control group. Further
work in mouse brain derived live virus vaccines were
curtailed due to concerns with host cell contaminants
and adventitious agents (Wisseman, 1966).

Animal Models
An immense hurdle to understanding the role of
the immune system in the control of DENV infection,
as well as its contribution to the immunopathology
of DHF/DSS, is the lack of an animal model that reliably reproduces human disease. Dengue viruses have
only three known natural hosts: humans, various nonhuman primates, and mosquitoes. In rural areas with
a low prevalence of human DENV infection, sylvatic
transmission of DENV has been documented (RicoHesse, 1990; de Silva et al., 1999; Fagbami et al., 1977;
Wolfe et al., 2001) and nonhuman primates are thought
to be the primary mammalian hosts (Rudnick, 1966).
For these reasons, several species of nonhuman primates have been evaluated as animal models for both
primary and secondary DENV infection (Halstead
et al., 1973b, 1973c; Whitehead et al., 1970; Scherer
et al., 1972, 1978; Schiavetta et al., 2003). Rhesus
macaques have been the most extensively used nonhuman primate model for dengue. In studies done
in the early 1970s, macaques were infected with each
of the four DENV serotypes at doses ranging from
as low as 8–50 pfu to as high as 50,000 pfu (Halstead
et al., 1973b). As in human infection, monocytes were
determined to be the cells in the peripheral blood
of monkeys that were permissive for DENV infection (Halstead et al., 1977). These studies determined
that the onset and duration of viremia in macaques
after primary DENV infection was similar to that
seen in humans, however peak virus titers were generally lower. In addition, the serological response
of macaques was very similar to that described in
humans. Despite the confirmation of viremia in the
monkeys, they developed few clinical signs of dengue, even after secondary DENV infection. Modest

axillary and inguinal lymphadenopathy was reported
4–10 days after infection and some animals developed
leukopenia. In studies of heterologous DENV infection in more than 100 macaques, no animal developed
a classic DHF/DSS syndrome (Halstead et al., 1973c).
However, there was a significant increase in peak
viremia titer in secondary DENV-2 infection compared
to primary infection. One animal that received DENV2 challenge 3 months after a primary DENV-4 infection
developed some laboratory abnormalities associated
with DHF including thrombocytopenia, elevated PT,
decrease in complement level, and an early unsustained elevation in hematocrit. Additionally, the tissue
distribution of DENV was studied after primary and
heterologous secondary infection in these macaques
(Marchette et al., 1973). Prior to the period of viremia,
virus could be recovered only from the skin at the
inoculation site and regional lymph nodes. During the
period of viremia, virus was recovered primarily from
the skin at the inoculation site and less frequently,
from skin at remote sites and axillary and inguinal
lymph nodes. Virus was only occasionally recovered
from other sites such as the thymus, spleen, lung, and
gastrointestinal tract. Interestingly, there was suggestive evidence of a greater amount and wider distribution of virus in the tissues after secondary infection.
Other nonhuman primates that have been demonstrated to support DENV infection include chimpanzees, gibbons, and owl monkeys. Chimpanzees
experimentally inoculated with low-passaged clinical
isolates of DENV strains 1–4 had the onset of viremia
around day 2 postinfection and a duration ranging from 5 to 9 days (Scherer et al., 1978). The mean
peak titers in the animals were lower than that generally seen in human infection and none of the animals
developed clinical or laboratory evidence of dengue.
Secondary challenge with a heterotypic virus was
done in a subset of animals, none of which developed
any clinical illness. Gibbons infected sequentially with
heterologous DENV all became viremic after primary
infection (Whitehead et al., 1970). Gibbons were challenged at 6 and 12 weeks after primary infection and
low-level viremia was detected in some of the monkeys, primarily in those challenged at 12 weeks. No
animal developed illness that was dengue-related
after primary or secondary infection. Owl monkeys
infected with 20,000 pfu of DENV became viremic but
the susceptibility to the different DENV serotypes was
inconsistent and the duration of viremia quite short
(Schiavetta et al., 2003). Six of the 20 infected owl monkeys developed neutropenia. Overt illness, described
as extreme lethargy and markedly decreased appetite,
was reported in two of the infected owl monkeys,
however one of these monkeys was never viremic.
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The prohibitive cost and restricted availability of
nonhuman primates has prompted investigators to
evaluate other less expensive, more available species
as potential animal models for dengue. A number
of different inbred, gene knockout, and immunodeficient strains of mice have been used in the evaluation of potential dengue vaccines as well as to study
the immune response to wild-type DENV infection.
Suckling mice can be infected intracerebrally (i.c.) with
nonadapted DENV and although the animals develop
fatal neurological symptoms, they do not become
viremic and do not develop clinical or laboratory evidence of DHF/DSS (Raut et al., 1996). Passaging of
DENV in suckling mouse brain was an early method
of developing candidate dengue vaccines, as some
viruses would become attenuated with multiple passages (Schlesinger et al., 1956; Hotta, 1969; Sabin,
1952). In addition, the attenuation phenotype could
be assessed in this model by the amount of neurological disease that developed after i.c. inoculation. Adult
mice, in contrast, do not develop any symptoms of
illness when infected peripherally with nonadapted
DENV. To produce symptoms of encephalitis in adult
mice requires challenge with highly mouse-adapted
strains of DENV. DENV-2 antigen could be recovered
from young adult mice inoculated intraperitoneally
(i.p.) with a nonadapted DENV-2 virus, however
no replicating virus was recovered from the sera or
organs of infected animals and none of the animals
became symptomatic (Boonpucknavig et al., 1981).
Because nonmouse adapted DENV do not replicate well, if at all, in older mice, more sophisticated
mouse models have subsequently been developed.
Numerous models utilizing severe combined immunodeficient (SCID) mice have been developed to
improve DENV replication in the mouse. SCID mice
reconstituted with human peripheral blood lymphocytes (PBL) were inoculated with DENV-1 to
determine if these mice would support DENV replication (Wu et al., 1995). The infection rate of the
hu-PBL-SCID mice was quite low, possibly due to a
small number of human target cells in the reconstituted mice, and none of the mice produced antibody.
In another experiment, investigators engrafted SCID
mice with various hemopoietic cell lines to determine
if mice could be infected peripherally with DENV (Lin
et al., 1998). Only those SCID mice engrafted with
K562 cells, an erythroleukemia cell line, were susceptible to DENV infection. Mice did not become infected
with DENV unless the virus was injected directly
into the K562 tumor mass. Infected mice exhibited
limb weakness and paralysis and died approximately
4 weeks postinfection. High titers of virus were recovered from the brain and peripheral blood of infected
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mice and the titer of virus appeared to correlate with
the extent of neurological symptoms. To improve
the peripheral infectivity of DENV in a SCID mouse
model, SCID mice were transplanted with a human
hepatocarcinoma cell line, HepG2, which is known to
support DENV replication (An et al., 1999). Although
the HepG2 cells were injected into the spleen of the
SCID mice, the majority of cells translocated to the
liver soon after injection. At approximately 2 months
after transplantation of the HepG2 cells, mice were
infected i.p. with DENV-2. Approximately 80% of
the infected mice became viremic by day 8 postinfection and developed titers ranging from 3.2 log10 to 6.8
log10 pfu/ml. Virus was detected in the livers of all
infected animals with the HepG2 cells appearing to be
the major target of infection, as the majority of these
cells were destroyed during infection. The infected
mice developed anorexia, weight loss, and eventually
hindleg paralysis. Significant laboratory abnormalities that developed in infected mice included reduced
platelet counts, elevated PTT, and an elevated serum
TNF-α that developed with the onset of paralysis.
Mice also developed an elevated HCT but this could
be attributed to dehydration caused by the paralysis.
The HepG2-engrafted SCID mouse model has been
used to evaluate the role of DENV-specific CD8⫹ cells
in secondary DENV infection (An et al., 2004). The
DENV-2 specific T cell clone 2D42 was isolated from
infected BALB/c mice. 2D42 is a CD8⫹ T cell clone that
recognizes epitopes on the NS3 protein of DENV-2.
Two days after HepG2-SCID mice were inoculated
with 2D42 cells, they were infected with DENV-2
virus. The HepG2-SCID mice inoculated with 2D42
cells prior to infection developed dramatically lower
platelet counts and died sooner than HepG2-SCID
that did not receive the CD8⫹ T cells. HepG2-SCID
mice that received normal thymocytes prior to
DENV-2 infection died earlier than did the mice that
received the 2D42 cells indicating that DENV-specific CD8⫹ may provide both a protective and pathogenic role in secondary DENV infection. Whether this
model can be expanded to other DENV and other
T cell clones has yet to be determined.
The nonobese diabetic (NOD)/SCID mouse has
recently been described as a model for DF (Bente
et al., 2005). Mice transplanted with human cord
blood hematopoietic progenitor (CD34⫹) cells
developed a full range of dendritic cells, defined as
CD11⫹ or CD123⫹ lineage negative, HLA-DR⫹ cells.
Eight or more weeks posttransplant the mice were
infected subcutaneously with DENV-2 strain K0049, a
strain selected for its ability to replicate well in human
dendritic cells in vitro. The humanized NOD/SCID
mice developed a significant decrease in platelets on
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day 8 postinfection and a marked erythema of the skin
in the majority of mice on days 2–4 postinfection that
continued through day 14 in some mice. Viremia was
detected by RT-PCR and peaked on day 2 and lasted
until day 14 postinfection. Nonhumanized NOD/
SCID control mice demonstrated lower viremias and
did not develop erythema or decrease in platelet
count. Virus could be detected in the spleen, liver, and
skin of some of the hu-NOD/SCID mice but not in
any of the control mice.
Because SCID mice do not have an intact immune
system, other mouse models are being developed to
help identify which components of the immune system are critical for the control of DENV infection,
as well as those that may contribute to the immunopathology of DHF/DSS. Knockout mice deficient in
both the IFN-α/β and IFN-γ receptor genes (AG129)
were infected i.p. with both mouse-adapted and nonadapted strains of DENV-2 (Johnson and Roehrig,
1999). Only AG129 mice infected with the mouseadapted strain became symptomatic indicating that
both IFN-α/β and IFN-γ systems are important for the
control of DENV. These mice developed neurological
symptoms by day 7 that progressed to death by day
21 postinfection. Virus was recovered from the serum
of AG129 mice, peaking at day 3 and persisting at low
levels until day 9. Virus was also recovered from the
spleens and brain tissue of the infected AG129 mice.
In contrast, none of the wild-type 129 (WT129) mice
developed any symptoms and no virus was recovered from tissues or serum. Additional studies with
the IFN-α/β receptor deficient (A129), IFN-γ receptor deficient (G129) and AG129 mice determined that
the activities of both IFN-α/β and IFN-γ are vital for
protection against primary DENV infection (Shresta et
al., 2004b). IFN-α/β may be important in the control
of early DENV dissemination to CNS as well as other
tissues. AG129 mice were more susceptible to both
mouse-adapted DENV-1 and DENV-2 viruses, indicating that IFN-γ action may be more critical for protection against DENV than IFN-α/β. The DENV strain
PL046 was further adapted to AG129 mice by alternating passages in AG129 mice and C6/36 cells (Shresta
et al., 2006). Although the adapted virus, designated
D2S10 did not cause significantly higher viremia titers
in AG129 mice than did PL046, it was more virulent.
Mice infected with D2S10 developed hunched posture,
ruffled fur, and lethargy by day 3 or 4 postinfection.
Interestingly, there was evidence of increased vascular
permeability of the large and small intestine in these
mice, although no evidence of increased vascular
permeability of the pleural, pericardial, or peritoneal
membranes was detected. TNF-α was implicated in
these studies as a mediator of disease.

Unlike the IFN receptor knockout mice described
above, the A/J mouse strain is an inbred immunocompetent strain that can be infected with high titers
of a nonmouse adapted DENV-2 strain (Huang et al.,
2000b). DENV-2 virus causes a nonfatal paraplegia in
approximately 70% of infected A/J mice 2–3 weeks after
infection. In addition, 10–14 days after infection, mice
developed thrombocytopenia thought to be the result
of anti-platelet antibody. Indeed, anti-platelet antibody was detected in the serum of infected A/J mice as
early as 4 days postinfection and antibody levels were
maintained for 2–3 weeks. Based on these results, other
investigators have characterized the primary immune
response to DENV-2 in this model (Shresta et al., 2004a).
They confirmed that A/J mice can be infected peripherally with a nonmouse adapted strain of DENV-2 and
that a proportion of mice develop paralysis. DENV-2
virus was recovered from CNS tissue of infected
mice but not from the serum or any other organs.
DENV-infected mice were found to have an increased
number of NK cells expressing CD69, an early activation marker, at 3 days postinfection. In addition, there
were a significant number of activated B cells detected
in the spleens of DENV-infected mice compared with
controls. Although an increase in activated T cells was
also noted, it was not as significant. The only other
DENV strain that was tested in this model was DENV-2
16881 and no mice developed paralysis after infection
with the 16881 strain. This suggests this model may be
restricted in its ability to evaluate other DENV.
As stated above, the time course of DENV replication and antibody response in nonhuman primates is
comparable to what occurs in humans. For this reason, the attenuation phenotype and immunogenicity
of experimental dengue vaccines can be evaluated in
monkeys to identify the best candidate to be taken into
human clinical trials. In addition, refinement of this
model may prove useful for the study of the immunopathology of DHF/DSS. Mouse models have become
helpful in dissecting out important components of the
immune response to dengue and have provided some
clues to which factors may be involved in DHF/DSS.
In addition, mouse models that support virus replication of different nonmouse adapted DENV play an
important role in the early evaluation of potential vaccine candidate viruses.

Vaccines in Development
While several candidate dengue vaccines have
entered clinical trials in recent years, the development
of safe and effective dengue vaccines faces many
challenges. Dengue vaccine development proceeds
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TABLE 19.2 A partial list of dengue vaccines under active development including the general
approach, developers, number of dengue virus (DENV) genes in the vaccine for each serotype, and
the clinical phase of development
Vaccine approach

Developer(s)

DENV genes

Status

Live-attenuated
(traditional)

Sanofi-pasteur/Mahidol
University

10

Tetravalent Phase 2

Live-attenuated
(traditional)

GlaxoSmithKline
Biologicals/Walter Reed
Army Institute of Research
(WRAIR)

10

Tetravalent Phase 2b

Molecularly attenuated

US National Institutes of
Health

10

DENV-1 and 4 Phase 1

Molecularly attenuated

US Food and Drug
Administration/WRAIR

10

Preclinical

Live chimeric (YFV)

Acambis/sanofi-pasteur

2

Live chimeric (DENV-4)

US National Institutes of
Health

2⫹8

DENV-2 and 3 Phase 1

Tetravalent Phase 2

Live chimeric (DEN-2)

InViragen/CDC

2⫹8

Preclinical

DNA

Naval Medical Research
Center/WRAIR

2

Preclinical

Purified inactivated virus

WRAIR

3

Preclinical

Recombinant subunit

Hawaii Biotech, Inc.

2

Preclinical

without the benefit of a full understanding of the
pathogenesis of severe dengue disease or an adequate
animal disease model. And unlike other multivalent
vaccines where vaccines can be developed and fielded
as they are developed, four dengue vaccines must be
developed and combined as a single vaccine to avoid
the theoretical risk of antibody-dependent immune
enhancement of disease severity with subsequent
natural exposure if a broadly protective immune
response is not elicited with vaccination. Table 19.2
outlines nine leading approaches to vaccine development. The order of vaccine candidates reflects the bias
that the presentation of more genes offers a greater
opportunity for adequate immune responses across
a genetically diverse human population and that live
approaches are superior to inactive approaches.
Live Attenuated Virus Vaccines (Traditional
Approach)
Most licensed human vaccines in the United States
are empirically derived attenuated live viral vaccines
[measles, mumps, rubella, adenovirus 4, adenovirus 7,
varicella, rotavirus, smallpox, yellow fever, and influenza]. Note that one of these vaccines protects against
another flavivirus (YFV) and that there is a live attenuated Japanese encephalitis vaccine available in China
and elsewhere raising expectations for the development
of a successful dengue vaccine. In 1971, a Dengue Task

Force was formed by the Virus Commission, United
States Armed Forces Epidemiology Board to foster
cooperative efforts to develop dengue vaccines using
traditional methods (Halstead, 1978). Subsequently,
research teams from Mahidol University (Bangkok,
Thailand) and the Walter Reed Army Institute of
Research (WRAIR, Silver Spring, MD) independently
developed monovalent, bivalent, trivalent, and tetravalent dengue vaccine candidates.
The Mahidol vaccine virus candidates, DENV-1
16007 PDK-13, DENV-2 16681 PDK-53, DENV-3 16562
PGMK 30/FRhL3, and DENV-4 1036 PDK-48, were
clinical isolates grown in either primary dog kidney
(PDK) cells (DENV-1, 2, and 4) or primary African
green monkey kidney (PGMK) cells and then in fetal
rhesus lung (FRhL) cells (DENV-3). Similarly the
WRAIR candidates, DENV-1 45AZ5 PDK-27/FRhL3,
DENV-2 16803 PDK-50/FRhL3, DENV-3 CH53489
PDK-20/FRhL3, DENV-4 341750 PDK-6/FRhL3 were
all grown in PDK cells with terminal passages in FRhL
cells (Bhamarapravati and Yoksan, 2000).
The Mahidol University monovalent vaccines were
well-tolerated in adult flavivirus-naive volunteers in
Thailand (Bhamarapravati et al., 1987; Bhamarapravati
and Yoksan, 1997, 2000) and the United States (Vaughn
et al., 1996; Kanesa-thasan et al., 2001b). Phase 1 clinical testing identified passage levels with minimal
reactogenicity while inducing 100% seroconversion
for all four monovalent components (some with a
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booster dose) (Bhamarapravati and Yoksan, 1997).
Bivalent and trivalent formulations using DENV-1, 2,
and 4 vaccine candidates elicited uniform seroconversions in Thai subjects (Bhamarapravati and Yoksan,
1989). However, when all four serotypes were combined into a tetravalent vaccine and given in a single
dose, only DENV-3 viremia and neutralizing antibody
were elicited (Kanesa-thasan et al., 2001b). Studies
evaluating formulations using lower doses of DENV-3
with one or two boosters were subsequently pursued
to overcome this apparent viral interference phenomenon. New formulations were evaluated in adults
(Sabchareon et al., 2002) and children (Sabchareon
et al., 2004). While immunogenicity remained high
following multiple dosing (up to 100% seroconversion following three doses of tetravalent vaccine over
12 months), moderate reactogenicity, which included
one child who had a week long dengue-like illness
and nearly universal systemic reactogenicity among
Australian adult volunteers, prompted development
of a replacement DENV-3 component (Kitchener et al.,
2006). However, a new biologically cloned DENV-3
component was also highly reactogenic (Sanchez
et al., 2006) and this vaccine development approach is
not currently active.
While the WRAIR vaccine demonstrated protective efficacy as a tetravalent formulation in rhesus
macaques (Sun et al., 2006), like the Mahidol vaccine,
it has primarily been developed through a series of
Phase 1 evaluations of monovalent and tetravalent vaccine candidates (Sun et al., 2003; Edelman et al., 2003;
Kanesa-thasan et al., 2002). Among the initially selected
passage levels, the seroconversion rates were 100, 92,
46, and 58% for single dose of DENV-1-4, respectively.
The WRAIR DENV-2, 3, and 4 vaccine viruses were
well-tolerated by volunteers. However, the DENV-1
PDK-20/FRhL3 monovalent candidate was associated with increased reactogenicity with 40% developing fever and generalized rash (Edelman et al., 1994;
Mackowiak et al., 1994). In an effort to reduce reactogenicity, the DENV-1 component was replaced with
a further passaged virus (PDK-27 rather than PDK-20)
and to improve immunogenicity, the DENV-4 component was replaced with a lower passaged virus (PDK-6
rather than PDK-20). Current tetravalent formulations
are in Phase 2 testing in North America and Asia.
There are important safety issues for live dengue
vaccines. Foremost, is the theoretical risk of enhanced
disease due to natural DENV exposure in endemic
regions following DENV vaccination. Less than
tetravalent dengue vaccines have not been fielded to
date due to the generally accepted need for a vaccine
to induce primary-type immune responses to all four
DENV serotypes simultaneously. The simultaneous

production of neutralizing antibodies to all four serotypes of DENV is predicted to minimize the risk of
disease enhancement following natural infection. ADE
appears to occur with neutralizing antibodies at subneutralizing concentrations, so a vaccine that induces
protection for a period of time may later increase the
risk for enhanced disease. This is particularly a concern for vaccines that induce low levels of neutralizing antibodies (Burton et al., 2000), but could be a
problem for any vaccine given enough time. The lessons learned with inactivated respiratory syncyntial
virus (RSV) and measles vaccines suggest that lowlevel neutralizing antibody responses, lack of induction of neutralizing antibody to important epitopes
(e.g., G protein in RSV), high CD4⫹ proliferation, and
absent CD8⫹ memory responses are associated with
exaggerated disease with subsequent natural infection
(Murphy et al., 1986). Skewing toward a Th-2 type
response by vaccination may also play a role in disease enhancement (Griffin et al., 1994; Graham et al.,
1993). It is anticipated that tetravalent seroconversion
with adequate CD8⫹ memory responses will preclude
enhanced disease even many years following vaccination. Broad Th-1 responses seem most likely with live
virus approaches to vaccine development.
A second concern is that enhanced vaccine reactogenicity is possible when a live tetravalent DENV
vaccine is administered to persons with preexisting anti-flavivirus antibody. Specifically, preexisting
monovalent anti-DENV antibody could neutralize one
component of a live tetravalent vaccine and enhance
the replication of heterologous viral components to
cause DF or DHF. To date, enhanced disease has not
been observed in yellow fever immune vaccine recipients (Bancroft et al., 1984), volunteers receiving closely
spaced sequential DENV of different serotypes, or in
volunteers screened for flavivirus antibody yet experiencing anamnestic antibody response patterns following vaccination (Kanesa-Thasan et al., 2003). In this
last group, volunteers were screened using the plaque
reduction neutralization assay for DENV. Preexisting
flavivirus antibody was probably nondengue and
perhaps represents a lesser risk. Empiric administration of tetravalent vaccines to volunteers with documented preexisting partial DENV immunity has yet
to demonstrate an increased risk though the numbers
of volunteers tested is small to date (Kanesa-thasan
et al., 2002). There have been recent suggestions
that wild-type DENV-4 and DENV-2 viruses may be
naturally attenuated in many flavivirus-naive hosts
(Vaughn, 2000). Safety data for DENV-4 and DENV-2
component vaccines administered to flavivirus-naive
volunteers must be considered in this context. Given
the observation that secondary DENV infections are
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also largely subclinical (Burke et al., 1988; Endy et al.,
2002), large numbers of partial dengue-immune volunteers will need to receive candidate vaccines before
this risk can be adequately assessed. However, since
live attenuated vaccine viruses replicate to very low
levels in vaccinees, it is unlikely that ADE would be
capable of increasing titers to levels associated with
serious disease (Vaughn et al., 2000).
Other safety concerns with live attenuated vaccines
include cell culture-derived adventitious agents, community spread of vaccine virus by local vector mosquitoes, vaccine virus neurovirulence, and the effects of
vaccine administration to immunocompromised hosts.
Live Virus Vaccines Attenuated by Engineered
Mutations
Identification of mutations capable of appropriately attenuating DENV for vaccine use has been a
fundamental goal of dengue vaccine development. As
described above, passage of DENV in PDK cells has
lead to the accumulation of mutations associated with
an attenuation phenotype, however, it was not until
2000 that specific mutations derived by this empirical approach were identified as contributing to the
attenuation of the DENV-2 PDK-53 vaccine candidate
(Butrapet et al., 2000). In a separate vaccine strategy
developed at the Laboratory of Infectious Diseases
(NIAID, NIH, Bethesda, MD), the DENV-4 full-length
cDNA clone was used to engineer deletion mutations
in the 5⬘ UTR for structure/function analysis of this
region (Cahour et al., 1995). Although several mutant
constructs yielded virus, the resulting viruses were
not always genetically stable and were not further
developed as vaccine candidates. However, deletion
mutations introduced into the 3⬘ UTR of DENV-4 were
more stable and conferred varying levels of attenuation in rhesus monkeys compared to the wild-type
parent virus (Men et al., 1996). Among the deletions
created, which ranged from 30 to 262 nucleotides, the
3⬘ 172-143 deletion mutation, later referred to as Δ30,
showed a desirable balance between level of attenuation and immunogenicity in monkeys. The DENV-4
virus containing the Δ30 mutation was subsequently
evaluated in adult human volunteers and was shown
to be safe, asymptomatic, and immunogenic at all
doses administered (101–105 pfu) (Durbin et al., 2001,
2005).
The favorable evaluation of the DEN4Δ30 vaccine in humans supported a unique strategy to create
vaccine candidates for the other three DENV serotypes. Because the structure of the DENV 3⬘ UTR is
well conserved among all four serotypes, it was reasoned that deletion of nucleotides analogous to the

Δ30 mutation in each serotype would likely result
in attenuation. Introduction of the Δ30 mutation
into DENV-1 resulted in a vaccine candidate attenuated to levels similar to that observed in monkeys
for DEN4Δ30 (Whitehead et al., 2003a) and well tolerated and immunogenic in humans (Durbin et al.,
2006a). Although introduction of the Δ30 mutation
into DENV-2 conferred only a modest level of attenuation (Blaney et al., 2004b), introduction of the Δ30
mutation into DENV-3 failed to attenuate the resulting virus (Blaney et al., 2004a). Nevertheless, the Δ30
mutation has been shown to contribute to the attenuation observed for chimeric viruses DEN2/4Δ30 and
DEN3/4Δ30 (Blaney et al., 2004b; Whitehead et al.,
2003b) and tetravalent formulations containing these
viruses along with DEN1Δ30 and DEN4Δ30 have
been tested in monkeys and shown to be attenuated
and elicit balanced antibody responses (Blaney et al.,
2005).
Other strategies to identify attenuating mutations
for DENV have included the generation of point
mutations throughout the virus genome. Chemical
mutagenesis has been successfully used to identify
point mutations exhibiting a range of useful phenotypes, including temperature sensitivity, small plaque
size, enhanced replication in Vero cells, reduced replication in mouse brain, reduced replication in SCID
mice transplanted with human liver cells, and reduced
infectivity for mosquitoes (Blaney et al., 2002, 2003;
Hanley et al., 2003). Paired charge-to-alanine mutagenesis of the DENV-4 NS5 coding region has yielded
a menu of attenuating mutations (Hanley et al., 2002),
and viruses bearing several of these mutations have
been successfully tested in monkeys (Hanley et al.,
2004) and are currently being evaluated in humans.
Substitution or deletion of noncontiguous nucleotides in the 3⬘-terminal stem-loop structure of DENV
genome has yielded viruses DEN2mutF, with reduced
replication in tissue culture mosquito cells (Zeng
et al., 1998), and DEN1mutF, with reduced replication
in mosquito cells and attenuated replication in monkeys (Markoff et al., 2002). It is possible that the mutF
set of mutations could be introduced into the remaining DENV serotypes to develop a tetravalent vaccine
in a manner analogous to that proposed for the Δ30
mutation.
Live Attenuated Virus Chimeric Virus Vaccines
Recombinant DNA technology has made it possible to expedite the development of several unique
attenuated DENV vaccine candidates. For more than a
decade it has been possible to produce chimeric
DENV in which the structural protein coding region of
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TABLE 19.3 Intertypic and interspecific chimeric viruses expressing dengue structural genes
Structural genes

Genetic
background

Tested in
monkeys

Tested in
humans

References

GenBank
accession no.

DENV-1 PR/94

DENV-4Δ30

X

DENV-2 NGC proto

DENV-4Δ30

X

X

Whitehead et al. (2003b)

AY243467

DENV-3 Sleman/78

DENV-4Δ30

X

X

Blaney et al. (2004a)

AY656168

DENV-1 WP

DENV-4 814669

X

Bray and Lai (1991)

DENV-2 NGC proto

DENV-4 814669

X

Bray et al. (1996)

DENV-2 NGC mouse

DENV-4 814669

DENV-3 CH53489

DENV-4 814669

DENV-1 16007

DENV-2 PDK-53

X

Huang et al. (2000a)

DENV-3 16562

DENV-2 PDK-53

X

Huang et al. (2003a)

DENV-4 1036

DENV-2 PDK-53

X

DENV-1 PUO359

YF-17D

X

X

Guirakhoo et al. (2001)

DENV-2 PUO218

YF-17D

X

X

Guirakhoo et al. (2000)

AF038402

DENV-3 PaH881/88

YF-17D

X

X

Guirakhoo et al. (2001)

AF349753

DENV-4 1228

YF-17D

X

X

DENV-2 PR159

YF-17D

van Der Most et al. (2000)

M19197

DENV-2 NGC

YF-17DD

Caufour et al. (2001)

M29095

DENV-2 NGC/40247

YF-17DD

Caufour et al. (2001)

DENV-2 PUO218

YF-17D

Chambers et al. (2003)

DENV-4 VR-1257

YF-17D

Chambers et al. (2003)

DENV-2 PUO218

JEV Nakayama

Chambers et al. (2006)

DENV-4 S-14

JEV JaOArS982

Mathenge et al. (2004)

Blaney et al. (2007)

Bray and Lai (1991)
Chen et al. (1995)

a flavivirus is replaced by that from a specific DENV
serotype. The generation of chimeric DENV was first
reported by scientists at the NIH in 1991 (Bray and
Lai, 1991) shortly after their recovery of DENV-4 from
a full-length cDNA clone (Lai et al., 1991). Since that
beginning, numerous chimeric viruses expressing
DENV structural proteins have been created, as listed
in Table 19.3. Intertypic DENV representing all four
serotypes have been developed using various DENV2 and DENV-4 viruses as the genetic background. In
addition, interspecific chimeric DENV have been generated using flavivirus species such as YFV and JEV as
the genetic background. Although the genetic materials for each chimeric virus approach have differed,
the goal has remained the same: use chimerization to
bring together the immunogenic structural genes of
DENV and the attenuated NS genes of a related flavivirus to create safe vaccine candidates for each of the
four DENV serotypes.
For the generation of chimeric viruses, it is generally accepted that the genetic backbone should be
attenuated. However, experience has shown that chimerization itself can lead to attenuation. Intertypic
chimeric viruses created with a wt DENV-4 background and wt DENV-2 structural genes were shown

AF180817

Huang et al. (2003a)

Guirakhoo et al. (2001)

AF038402

AY559316

to be significantly attenuated compared to either wt
parent virus in mice, mosquitoes, or rhesus monkeys
(Whitehead et al., 2003b). Nevertheless, the use of an
attenuated background further augmented the level of
attenuation of the DENV-4/DENV-2 chimeric viruses
(Whitehead et al., 2003b). Several attenuated vaccine
viruses or vaccine candidate viruses have been used as
the genetic background for creating chimeric dengue
vaccine candidates. These include the use of YFV vaccine strain 17D (van Der Most et al., 2000; Guirakhoo
et al., 2001; Caufour et al., 2001; Chambers et al., 2003),
PDK passaged DENV-2 vaccine candidate PDK-53
(Huang et al., 2003a), and genetically modified vaccine
candidate DEN4Δ30 (Whitehead et al., 2003b; Blaney
et al., 2004b). For the most part, wild-type, unaltered
dengue structural genes have been used with these
attenuated backgrounds, which should ensure that
infectivity and immunospecificity is preserved.
For chimeric viruses expressing DENV structural
genes, it is clear that the level of attenuation observed
for the background virus is maintained in the chimeric
virus without the need for attenuating mutations in
the structural genes. However, this has not been the
case for certain other chimeric flaviviruses, such as
chimeric YFV/JEV in which it was necessary to use
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structural genes from an attenuated strain of JEV in
order to create an attenuated chimeric virus, even
though the genetic background was YF vaccine strain
17D (Chambers et al., 1999). It is unclear why chimerization itself leads to attenuation of the resulting virus.
It is reasonable to assume that tropism, attachment,
and infectivity of the dengue chimeric viruses is not
altered compared to the parent virus from which the
structural gene is derived since both viruses are coated
on their surface with the same authentic E glycoprotein, an attractive feature of the chimeric virus vaccine
approach. The basis of the observed attenuation is
likely the result of decreased virus replication due to
reductions in gene expression, genome replication, or
packaging efficiency. The suggestion has been made
that attenuation may reflect the relative incompatibility of the structural and NS proteins such as proteases
(Bray and Lai, 1991). Chimeric DENV resulting from
the substitution of the capsid C protein along with the
prM and E proteins have been more attenuated than
substitution of only the prM and E regions. In fact,
substitution of the C, prM, and E region of DENV-2
into DEN4Δ30 resulted in a chimeric virus that replicated in tissue culture, yet demonstrated minimal
replication in mice and undetectable replication in
monkeys, possibly the result of an inefficient, hostmediated interaction between the DENV-2 C protein
and the DEN4Δ30 genome during virus assembly
(Whitehead et al., 2003b).
Several promising chimeric dengue vaccine candidates have been successfully evaluated in preclinical
studies and in human studies. In general, the chimeric
vaccine candidates that have been evaluated in nonhuman primates have demonstrated decreased levels of viremia and a reduced number of viremic days
compared to parental viruses from which the structural genes were derived (Whitehead et al., 2003b;
Bray et al., 1996; Guirakhoo et al., 2002, 2004; Blaney
et al., 2004a). Based on the success of these nonhuman primate studies, selected vaccine candidates
have been evaluated in human clinical trials. The
ChimeriVax platform, developed by Acambis, Inc.
(Cambridge, MA), is based on YFV 17D, and has been
used to create chimeric vaccine candidates for each of
the dengue serotypes. The monovalent ChimeriVaxDEN2 vaccine candidate was successfully evaluated
in humans and shown to be safe and immunogenic
(Guirakhoo et al., 2006). Early reports of the Phase 1
testing of the ChimeriVax tetravalent vaccine indicate
that it is safe without any serious adverse side effects.
Phase 1 testing of the NIH chimeric vaccine candidate
DEN2/4Δ30 has shown it to be safe and immunogenic
at a dose of 103 pfu (Durbin et al., 2006b), and clinical
evaluation of DEN3/4Δ30 is currently underway.

309

Live Vectored Vaccines
Although numerous recombinant vector systems
have been used to express DENV antigens, the resulting vaccine candidates have achieved very limited
success. Early vaccine candidates including recombinant vaccinia viruses (VV) expressing C-prM-ENS1-NS2A (Zhao et al., 1987), C-prM-E (Deubel et al.,
1988), or E (Hahn et al., 1990) failed to induce significant DENV-specific antibodies in rodents or monkeys,
although 3-week-old offspring born to immunized
mice were resistant to dengue encephalitis following
intracerebral challenge with wt DENV (Bray et al.,
1989). Since mice were also protected against encephalitis following immunization with VV expressing nonstructural protein NS1 (Falgout et al., 1990), it would
appear that cell-mediated immunity in the absence of
a neutralizing antibody response to E protein plays a
significant role in protection afforded by VV vectors.
Recombinant VV vectors expressing full-length E protein have been shown to express only intracellular E
protein, therefore, VV expressing C-terminal truncated
E proteins lacking the hydrophobic membrane anchor
region and subsequently secreted from the cell have
been shown to be more immunogenic (Men et al.,
1991). By analogy to other flavivirus expression systems, it has been suggested that expression of DENV
prM and E leads to the formation of empty virus-like
particles, and that co-expression of the C protein may
destabilize or prevent secretion of these particles,
thereby decreasing overall immunogenicity (Fonseca
et al., 1994). In an updated approach, the replication-deficient modified vaccinia Ankara (MVA) was
used as a vector to express the C-terminal truncated
E protein of DENV-2 (Men et al., 2000). For studies in
monkeys, two doses of this vector conferred relatively
low levels of neutralizing antibody and only partial
protection upon virus challenge, while three doses
resulted in higher levels of neutralizing antibody and
complete protection following challenge. Construction
of MVA vectors expressing E protein of the other three
dengue serotypes has not been reported.
Because of their safety and low pathogenicity in
humans, replication-defective adenoviruses vectors
have been used to express the E protein of DENV-2
(Jaiswal et al., 2003). Three doses of this vector were
required to achieve a significant antibody response in
mice. Because of the ability of the adenovirus genome
to accommodate lengthy insertions, it is envisioned
that a single recombinant adenovirus vector can be
constructed to express the E proteins from all four
dengue serotypes, and such work is reportedly underway (Jaiswal et al., 2003). Prime-boost strategies using
adenovirus expressing domain III of the DENV-2
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envelope protein or DNA vectors expressing the same
domain have been shown to be immunogenic in mice
(Khanam et al., 2006).
The rationale behind the live vectored vaccine
approach is the proven safety of the vectors used to
generate the various vaccine candidates. In addition,
poxviruses and adenoviruses have been shown to be
potent inducers of both humoral and cellular immunity. However, there is widespread immunity in the
human population to both of these vectors. Recent
evaluation in humans of a vaccinia-JEV vaccine candidate demonstrated that while vaccinia-naive volunteers mounted a neutralizing antibody response,
vaccinia-immune volunteers failed to develop neutralizing antibodies (Kanesa-thasan et al., 2001a),
indicating that preexisting antivector immunity may
have rendered the recombinant vaccine ineffective.
Nevertheless, several solutions have been proposed to
overcome the observed immune inactivation. Priming
with a DNA expression vector prior to boosting
with the virus vector has been shown to circumvent
antivector immunity (Yang et al., 2003). In addition,
adenoviruses and poxviruses from other animal species have been suggested for use as vectors.
Nucleic Acid Vaccines
DNA vaccines consist of DNA constructs that are
introduced into cells and subsequently translated
into immunogenic proteins. The DNA construct is a
plasmid that contains a eukaryotic promoter and termination sequences to drive transcription of DENV
target genes in the vaccine recipient (Whalen, 1996).
After the DNA vaccine enters cells, transcribed RNA
is translated to produce proteins to be processed and
presented to the immune system in the context of
MHC molecules and generate humoral and cell-mediated immune responses. A variety of adjuvants have
been studied in conjunction with the DNA vaccines
to enhance immune responses. In addition, various
routes of administration and methods of delivery
have been investigated.
DNA vaccines afford advantages over conventional
vaccines including ease of production, stability, and
transport at room temperature, decreased likelihood
of replication interference as can been seen with live
attenuated approaches, and it is possible to vaccinate
against multiple pathogens in a single vaccination
(Gurunathan et al., 2000).
Preclinical evaluation of the first dengue DNA vaccine candidate expressing the PrM and E genes was
published in 1997 (Kochel et al., 1997) following the
early successes in animals with DNA vaccines targeting
HIV (Wang et al., 1993), influenza (Ulmer et al., 1993),

and malaria (Sedegah et al., 1994). Work by Kochel
et al. at the Naval Medical Research Center (NMRC,
Bethesda, MD) evaluated two eukaryotic plasmid
expression vector systems expressing the PrM protein and 92% of the E protein for DENV-2 virus (New
Guinea C strain). Both constructs induced neutralizing antibody in all mice (Kochel et al., 1997), with a
subsequent improvement seen with the addition of
immunostimulatory CpG motifs (Porter et al., 1998).
In subsequent experiments using genes from the West
Pacific 74 strain of DENV-1 virus and the pVR1012
plasmid, it was determined that the full-length E gene
with PrM served as a better immunogen (Raviprakash
et al., 2000) and was shown to reduced the frequency
and duration of viremia in rhesus macaques following challenge with wild-type virus (Raviprakash et al.,
2006). Konishi et al. (2000) successfully immunized
mice with a similar DENV-2 vaccine construct using
C-PrM-E genes, Purdy and Chang (2005) have
expressed virus-like particles expressing PrM and
E proteins in Chinese hamster ovary cell culture, and
Costa et al. (2006) have shown protection in mice using
a DENV-2 NS-1 construct. The NMRC has also pursued
“DNA shuffling” and screening with some success in
mice (Apt et al., 2006). At present, the DNA approach
has produced modest neutralizing antibody levels
in nonhuman primates with only a portion of animals fully protected from viremia (Putnak et al., 2003;
Raviprakash et al., 2001, 2003). With the recognition
that skin dendritic cells are high permissive for DENV
replication (Wu et al., 2000), ongoing efforts are focused
on vaccine delivery systems to target these cells.
DNA vaccines used in combination with other
approaches, such as inactivated virus vaccines discussed below may increase the complexity and effectiveness of the immune response (Eo et al., 2001;
Doolan and Hoffman, 2001; Tellier et al., 1998).
Preliminary studies in mice and monkeys at the
NMRC suggest that this approach may be effective
for dengue (Simmons et al., 2001b, 2006). In the mice,
DNA vaccination alone elicited primarily an IgG2a
antibody response while the recombinant protein
used elicited an exclusive IgG1 antibody response.
Vaccination with different products in sequence or
simultaneously elicited a more balanced distribution of both antibody subclasses. However, for a vaccine targeted for 1 billion children in the tropics, an
8-component vaccine will present obstacles of cost
and complexity. The NMRC DNA vaccine is currently
undergoing Phase 1 clinical testing to be followed by
the assessment of prime-boost strategies.
The DNA approach also carries its own risks
(Klinman et al., 1997). These include the theoretical risk
of nucleic acid integration into the host’s chromosomal
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DNA to potentially inactivate tumor suppressor
genes or activate oncogenes. This risk appears to be
well below the spontaneous mutation frequency for
mammalian cells (Nichols et al., 1995; Martin et al.,
1999). However, if a mutation due to DNA integration is a part of a multiple hit phenomenon leading to
carcinogenesis, it could take many years before this
problem became evident. Another concern is that foreign DNA might induce anti-DNA antibodies leading
to autoimmune diseases such as systemic lupus erythematosis. However, studies in lupus-prone mice,
normal mice, rabbits, and people to date have not validated this concern (Parker et al., 1999; Mor et al., 1997)
and, in fact, DNA vaccines are being proposed as an
approach to the management of autoimmune diseases
(Prud’homme et al., 2001; von Herrath and Whitton,
2000; Karin, 2000).
Infectious virus RNA derived directly from cDNA
has been used to successfully immunize mice with
nanogram amounts of tick-borne encephalitis virus
(Mandl et al., 1998; Dubensky et al., 1998). This
approach mimics natural infection with advantages of
increased vaccine purity and stability over traditional
cell culture-based approaches. It also eliminates the
risk of DNA integration and anti-DNA autoimmune
disease.
Whole Virus Inactivated Vaccines
Inactivated whole virus vaccines are the second
most common type of licensed vaccine in the United
States after live attenuated viral vaccines. Inactivated
vaccines have at least two advantages over live attenuated vaccines; inactivated vaccines cannot revert to a
more pathogenic phenotype and they are unlikely to
interfere with each other in combination. Moreover,
induction of cell-mediated and humoral immune
responses has been demonstrated with inactivated
flavivirus vaccines (Aihara et al., 2000). On the other
hand, inactivated or killed vaccines express only the
part of the viral genome that encodes structural proteins resulting in a less broad immune response. Other
potential disadvantages of these vaccines are the difficulty in manufacturing preparations of sufficient titer,
their increased cost per dose, and current requirements
for multiple immunizations. Even so, two successful inactivated flavivirus vaccines are safe, effective,
and licensed for use to prevent Japanese encephalitis
(Hoke et al., 1988) and tick-borne encephalitis (Craig
et al., 1999). Inactivated dengue vaccine may be useful as a traveler’s vaccine or as a part of a prime-boost
strategy with live or replicating vaccines.
A purified, inactivated DENV-2 vaccine compliant with good manufacturing practices has been
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manufactured by the Department of Biologics Research
(WRAIR, Silver Spring, MD) and a DENV-1 equivalent will soon enter clinical trials (Putnak et al., 1996a,
1996b). For preparation of DENV-2-PIV, DENV-2
strain S16803, Vero cell passage three, was propagated
in certified Vero cells. Virus from the culture supernatant fluid was concentrated by ultrafiltration and
purified on sucrose gradients. The high-titer purified
virus (approximately 9 log10 pfu/ml) was inactivated
with formalin at 22°C for 10 days. The DENV-2 vaccine with alum and other adjuvants induced high
neutralizing antibody levels and protection against
viremia in a primate model (Putnak et al., 1996a, 2005;
Simmons et al., 2006).
Recombinant Subunit Vaccines
Dengue antigens, primarily prM and E proteins, can be expressed in bacteria, yeast, mosquito
cells, or mammalian cells, and then purified to
prepare nonreplicating, subunit vaccines. In general, a truncated E protein is expressed that lacks its
carboxy-terminal hydrophobic membrane anchor
region in an effort to maximize the secretion and
solubility of the protein. These modified E proteins
were shown in 1991 to be immunogenic and protective in mice following inoculation with recombinant vaccinia virus expressing the truncated
E protein (Men et al., 1991) or with baculovirusexpressed truncated E protein (Putnak et al., 1991).
Since that time, a number of expression systems have
been used to generate E proteins: E. coli expressing
domain III of the E protein of DENV-2 as a fusion
protein with the maltose-binding protein (Simmons
et al., 2001a), E-NS1 protein of DENV-2 as a fusion
protein with staphylococcal protein A (Srivastava
et al., 1995); Pichia pastoris expressing E protein of
DENV-4 (Guzman et al., 2004), DENV-2/hepatitis B
surface antigen hybrid (Bisht et al., 2002), or subviral
particles of DENV-1 (Sugrue et al., 1997); baculovirus
expression in Spodoptera frugiperda cells of full-length E
protein aggregates of DENV-2 (Kelly et al., 2000), Histagged E protein of DENV-2 (Staropoli et al., 1997),
hybrid E protein of DENV-2/DENV-3 (BielefeldtOhmann et al., 1997), or E proteins of DENV-2 and
DENV-3 (Delenda et al., 1994); Drosophila melanogaster
cells (Schneider-2) stably expressing E protein of
DENV-2 (Putnak et al., 2005); and CHO-K1 cells stably
expressing subviral particles of DENV-2 (Konishi and
Fujii, 2002). Not surprisingly, all the subunit preparations listed above elicited moderate to high levels of
antibody following immunization of mice. Although
such vaccines are anticipated to achieve a high level
of safety, it is generally accepted that multiple doses
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will be required and that adjuvants will be needed to
increase immunogenicity.
To date, a DENV subunit vaccine has not been
tested in humans. However, two studies in macaques
have recently been completed using monovalent
DENV-2 or DENV-4 truncated E proteins. Guzman
et al. (2003) immunized macaques with four doses of
100 μg of E protein (DENV-4), using alum as an adjuvant. DENV antibody titers were barely detectable by
ELISA and hemagglutination-inhibition following all
four doses and at the time of virus challenge, neutralizing antibody titers were only 1:30. Although partial
protection against wt DENV-2 challenge viremia was
demonstrated, the researchers considered the results
insufficient to recommend the subunit preparation as
a vaccine candidate and suggested that factors including conformational differences between recombinant
and native E protein, antigen presentation, and immunization schedule could have influenced the lack of
full protection.
In collaboration with Hawaii Biotech, Inc. (Alea,
Hawaii), Putnak et al. (2005) immunized macaques
with two doses of DENV-2 truncated E protein produced in drosophila cells and formulated with each of
five different adjuvants containing alum salts with or
without the addition of 3D-MPL (Corixa, Inc.) or QS-21
(Antigenics, Inc.) adjuvants. Additional macaques
were immunized with experimental preparations of
live attenuated vaccine virus or formalin inactivated
vaccine virus. DENV neutralizing antibody titers
prior to challenge varied widely (1:60–1:5300) among
the subunit vaccinated monkeys and several exhibited significant challenge virus replication even in
the presence of relatively high levels of virus neutralizing antibody. Nevertheless, one group of monkeys
receiving the highest dose of antigen along with both
3D-MPL and QS-21 were completely protected, an
improvement over previous results with baculovirusexpressed structural proteins of DENV-4 (Eckels et al.,
1994). In all of the reported macaque studies, there
was no evidence of enhanced challenge virus replication, even in the presence of minimally protective
antibody levels. It is likely that additional vaccination
regimens including higher antigen doses or more frequent boosting will be required to maintain antibody
titers at protective levels.

PROSPECTS FOR THE FUTURE
In recent years there has been heightened awareness of the global morbidity and mortality related
to dengue. As a result, there has been a resurgence

in dengue research, particularly in the area of vaccine development. Vaccination is thought to have the
greatest potential to reduce the incidence of dengue in
endemic areas. As discussed in previous sections, the
prospect of an effective vaccine for the prevention of
dengue is closer to becoming a reality. The number of
candidate dengue vaccines has expanded to include
live attenuated dengue vaccines, both recombinant
and biologically derived; subunit protein vaccines;
DNA vaccines; vectored vaccines; and whole virus
inactivated vaccines. The pace of vaccine development has increased but the challenges to the implementation of a successful dengue vaccine program
are still significant. Prior to the initiation of large-scale
vaccine trials in endemic regions, the infrastructure
must be in place to determine not only the efficacy of
the vaccine but to also evaluate the impact of vaccination on disease severity in dengue-exposed as well
as dengue-naive individuals. It will be essential that
accurate case definitions for DF/DHF/DSS be consistently applied during these trials. The WHO classification system of dengue disease, although useful for
decades, may need to be refined to more effectively
identify and triage which dengue patients will go on
to develop severe disease (Deen et al., 2006). Efforts to
this end are ongoing and it is expected that the WHO
will provide guidelines for the design and conduct of
dengue vaccine trials in endemic areas.
An expanding area of dengue research is that
of therapeutics. As discussed above, the treatment
for dengue is limited to supportive measures only.
Currently there are no licensed antiviral or other
therapeutic agents available for the treatment acute
dengue illness. Several possible targets for antiviral
therapy have been identified including viral attachment, the viral polymerase, and other components of
viral replication (Takhampunya et al., 2006; Vasudevan
et al., 2001; Altmeyer, 2004). In addition, further
understanding of the aberrant immune response may
provide opportunities for the use of immune modulating drugs to prevent or treat disease progression in
dengue.
A third area of intensive research in dengue is the
development of an animal model that reproducibly
mimics the clinical picture seen in humans. Such a
model would be extremely useful in determining the
components of the immune response that contribute to the hemorrhagic and vascular leak syndromes
so characteristic of severe dengue. Novel diagnostic
and therapeutic agents could then be evaluated and
optimized in preclinical testing, improving the ability to identify the most useful agents for clinical practice. Vaccine development would also benefit from
an animal model which reproducibly mimics human
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disease; to not only identify attenuation characteristics, but to also assess the risk of DHF/DSS conferred
by vaccination to populations of dengue-endemic
regions. Progress continues to be made toward the
development of a useful animal model and, with the
ability to genetically manipulate specific components
of the immune response in mice expanding, such a
prospect may not be far off.

KEY ISSUES
●

●

●

●

●

●

●

●

●

●

●

DENV is the most important mosquito-borne viral
pathogen infecting more than 100 million persons
annually.
There are four serotypes of DENV, each capable of
causing the full spectrum of clinical disease.
Epidemiological studies have demonstrated the
greatest risk factor for severe dengue disease
is secondary infection with a DENV serotype
different from that which caused primary infection.
The immunopathologic mechanisms of severe
or enhanced dengue are complex and involve
elements of both the humoral immune system, via
ADE, and the cellular immune system.
Neutralizing antibody directed against the
structural protein E is thought to be the most
important mediator of protection from DENV.
Long-lasting, perhaps lifelong, homotypic
immunity is generated after primary DENV
infection.
Only short-term heterotypic immunity is generated
after primary infection.
There are currently no antiviral treatments for
DENV; treatment is supportive only.
There are currently no licensed vaccines for the
prevention of dengue disease, however numerous
candidate vaccines are in development.
A viable vaccine for the prevention of dengue
will have to protect against all four serotypes of
DENV.
Future areas of DENV research include continued
vaccine development and implementation,
development of novel diagnostic and therapeutic
agents, and further characterization of aberrant
immune response seen in severe dengue.
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ABSTRACT
Marburg virus (MARV) and Ebola virus (EBOV), family Filoviridae, were discovered in 1967 and 1976, respectively,
but remained largely unknown until 1995 when EBOV reemerged in Kikwit, Democratic Republic of the Congo
(DRC). Since then Angola, DRC, Gabon, Republic of Congo, Sudan, and Uganda have experienced outbreaks of
EBOV and MARV hemorrhagic fever, which varied from a few cases to several hundreds with case fatality rates
ranging from 50–90%. In addition, EBOV has emerged as a devastating pathogen for the great apes in some of
these countries leading to a dramatic reduction of these endangered species. More recently, different fruit and
insectivore bats have been implicated as potential reservoirs for MARV and EBOV. Being highly pathogenic for
human and nonhuman primates, and the subject of former weapon programs, makes filoviruses one of the most
feared pathogens worldwide today. The lack of pre- and post-exposure intervention makes the development of
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rapid diagnostics, new antivirals, and protective vaccines a priority for the preparedness of many nations. Further
insight into the immunology and pathogenesis of filoviruses will help to establish the urgently needed immune
protective markers to evaluate experimental vaccine candidates. This chapter reviews and evaluates the current
status of filovirus vaccine research, a field that has made tremendous progress in the past decade leading to several
promising vaccine platforms of which one is currently in phase I clinical trials. All these platforms show excellent
pre-exposure protective efficacies in macaques, the gold standard animal model, but in particular one candidate
vaccine has proven promising in post-exposure treatment. It is expected that within the next decade a vaccine for
MARV and EBOV will be available.

INTRODUCTION
Marburg virus (MARV) was identified as the causative agent of several human cases of hemorrhagic fever
that occurred in Marburg, Germany, in 1967 (Siegert
et al., 1967). The first recorded emergence of Ebola
virus (EBOV) was in Central Africa, in southern Sudan
and northern Zaire, now the Democratic Republic of
the Congo, in the summer of 1976. Both viruses were
classified in the order of Mononegavirales, as they are
using a non-segmented, negative-strand RNA genome
as a genetic template for replication. The family of
Filoviridae was proposed in 1982 to segregate EBOV
and MARV on the basis of newly characterized morphological, physiochemical, and biological features
(Feldmann et al., 2003; Kiley et al., 1982). The family of Filoviridae is divided into the Marburgvirus
and Ebolavirus genera which are further subdivided
into distinct species such as Lake Victoria marburgvirus
(LVMARV) and Zaire, Reston, Sudan or Cote d’Ivoire
ebolaviruses (ZEBOV, REBOV, SUBOV, or CIEBOV,
respectively) (Feldmann et al., 2004).

a truncated version of the glycoprotein, designated
soluble glycoprotein (sGP), which is secreted into the
extracellular environment of infected cells. NP, VP30,
VP35, and the L protein are associated with the virus
genomic RNA to form the ribonucleoprotein complex
(RNP). NP, VP35, and L are essential and sufficient for
the transcription and replication of MARV, whereas
EBOV also require the presence of VP30. The inside
of the viral membrane is coated with the matrix protein VP40 and a second membrane-associated protein
VP24. The external surface of the virus membrane is
spiked with homotrimers of GP1,2 which are processed
through the endosomal pathway including folding,
disulfide bridge formation, glycozylation, and cleavage of the precursor GP into GP1 and GP2 by furin
or a furin-like endoprotease. Trimers of GP1,2 spikes
mediate receptor binding and fusion and are thus the
major target for neutralizing host immune responses
(Feldmann et al., 2001).
GP1,2

VP35
L

VP40/VP24

ANTIGENS ENCODED BY AGENT
Filoviruses are long, cylindrical, filamentous, enveloped particles that can be straight, curved, or coiled
and of variable lengths although with a consistent
diameter of approximately 80 nm (Fig. 20.1). Their
negative-strand RNA genome is non-segmented and
measures approximately 19 kb in length (Feldmann
et al., 2003; Sanchez et al., 2007). The genomes of filoviruses encode for seven genes, although EBOV has
the distinctive feature of expressing an additional
protein through RNA editing (Sanchez et al., 1996;
Volchkov et al., 1995). MARV and EBOV express
a nucleoprotein (NP), a transmembrane glycoprotein (GP), an RNA-dependent RNA polymerase (L),
and four additional virion structural proteins: VP24,
VP30, VP35, and VP40 (Feldmann and Kiley, 1999;
Sanchez et al., 2007) (Fig. 20.1). For EBOV, RNA editing occurs in the GP gene and results in expression of

VP30

NP

FIGURE 20.1 Schematic illustration of a filovirus particle.
Four proteins form the RNP: polymerase or large (L) protein, NP,
virion structural protein 30 (VP30), and virion structural protein
35 (VP35). The glycoprotein (GP) is anchored with the carboxyterminal part in the virion membrane. Homotrimers of GP form
the spikes on the surface of the virion. VP40 is the matrix protein
and VP24 another membrane-associated protein. Adapted from
Feldmann et al. (2003) (see color plate section).
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CLINICAL DISEASE, PATHOGENESIS, AND TREATMENT

EPIDEMIOLOGY
Outbreaks of filovirus infections have primarily
been localized to Central Africa (Fig. 20.2) and despite
their dramatic consequences on affected communities they are of relatively low impact on global human
health (Sanchez et al., 1995). However, filovirus infections are feared worldwide as imported cases or the
result of an intentional release (Borio et al., 2002). With
mortality rates ranging from 23–90% and documented
human-to-human transmission, the introduction or
intentional release of adequately formulated filoviruses in a densely populated area, such as a major
city, could be devastating. No clinical modalities are
currently available to the general public. However,
several strategies, including vaccines and antiviral
drugs, are being evaluated and a few promising candidates have successfully passed advanced preclinical
testing.

CLINICAL DISEASE, PATHOGENESIS,
AND TREATMENT
Filoviruses cause hemorrhagic fever with a survival
rate that can be as low as 10% among infected individuals, listing them among the most lethal viruses
known to man (Wilson et al., 2001a, 2001b). The mode
of primary transmission to humans remains evasive.
Fruit bats are suspected to be a natural reservoir of
EBOV and MARV, and could also act as a primary

source of infection to the great apes, which in turn
have transmitted infections to humans in the past
(Leroy et al., 2005; Towner et al., 2007). Filoviruses
are extremely infectious in experimental animal models, although natural spread among apes and humans
is less efficient and normally requires direct contact.
However, there is experimental and epidemiologic
evidence indicating that filoviruses can also be transmitted through mucosal exposure (Jaax et al., 1996;
Johnson et al., 1995). The disease course of a filovirus
infection in human or nonhuman primates is dramatic,
leading to a fulminant syndrome characterized by systemic inflammation, multi-organ failure, and coagulopathy with hemorrhages (Borio et al., 2002; Feldmann
et al., 2003; Sanchez et al., 2007). The incubation period
may vary from 6 to 21 days. Initial symptoms are nonspecific, such as fever, headache, nausea, diarrhea, and
abdominal pain. Severe clinical cases rapidly progress
over a 7–14-day period to the fully blown hemorrhagic
fever syndrome and death (Baskerville et al., 1978;
Bowen et al., 1978; Fisher-Hoch, 1983; Sanchez et al.,
2007). The virus appears to initially infect monocytes,
macrophages, and dendritic cells leading to dysregulation of the innate immunity and a systemic inflammatory response syndrome. The end result is massive
destruction of critical organs (e.g., liver), vascular
damage, and hemorrhages (Feldmann et al., 2003).
While its clinical course is well described, the specific
mechanisms underlying the pathogenicity of filovirus
infections have not been defined due to difficulties in
obtaining clinical specimens, studying the disease in
remote areas where outbreaks occur, and the level of

FIGURE 20.2 Summary of location, timeline,
and types of filovirus outbreaks in Africa. RC,
Republic of Congo; DRC, Democratic Republic
of Congo. Adapted from Groseth et al. (2007).
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biohazard containment required for clinical analysis.
In addition, the rapid progression of the disease has
afforded little opportunity to develop acquired immunity and has hindered identification of the components
of the immune system that may protect against filovirus infections.

VACCINES
Attempts to develop vaccines for filoviruses began
shortly after MARV and EBOV were discovered.
Immunization regimens of formalin-fixed or heatinactivated virion preparations were first evaluated in
guinea pigs and nonhuman primates. Unfortunately,
the level of protection achieved was inconsistent
among different studies. However, all studies demonstrated partial protection of vaccinated guinea pigs or
nonhuman primates suggesting that complete protection could be generated with a more efficient immunization strategy (Bausch and Geisbert, 2007; Chupurnov
et al., 1995; Geisbert et al., 2002, 2003; Ignatyev et al.,
1994, 1996; Lupton et al., 1980; Mikhailov et al., 1994).
More recently, the focus of filovirus vaccine development has been more on EBOV (Table 20.1). Protocols
have mainly concentrated on the use of subunit vaccines based on a single or a combination of viral structural proteins to induce protective immunity against
EBOV. The GP, NP, and the viral structural proteins
VP24, VP30, VP35, and VP40 were evaluated as potential antigenic determinants of protective immune
responses in different immunization strategies (Table
20.1). Initially, vaccine carriers of viral antigens
included naked DNA, liposomes, vaccinia, alphavirus replicons, and virus-like particles (VLPs) (Geisbert
et al., 2002; Pushko et al., 2000, 2001; Vanderzanden
et al., 1998; Warfield et al., 2003; Wilson et al., 2001a;
Xu et al., 1998). DNA immunization of mice with both
EBOV GP and NP constructs stimulated detectable
cytotoxic T cell responses to both antigens and some
degree of protection (Vanderzanden et al., 1998; Xu
et al., 1998). However, the optimal protocol of DNAbased vaccine with GP and NP in guinea pigs resulted
only in partial protection against EBOV (Chupurnov
et al., 1995; Vanderzanden et al., 1998; Xu et al., 1998).
Immune sera from vaccinated guinea pigs did not
inhibit EBOV replication in vitro and passive transfer
in naïve animals failed to protect them against EBOV.
Recombinant vaccinia viruses expressing EBOV NP,
VP35, VP40, or VP24 failed to protect guinea pigs
from a lethal challenge with EBOV. Vaccinia-encoding
GP was the only construct capable of inducing some
levels of protection in guinea pigs but failed to protect

Cynomolgus macaques (Geisbert et al., 2002). Serum
antibody titers by ELISA and endpoint titers in the
80% plaque reduction neutralization test (PRNT80),
which detect neutralizing antibody (NAB) remained
low following immunization with vaccinia expressing EBOV GP. Immunization with VEEV replicons
expressing GP resulted in low but detectable endpoint
titers of NAB in PRNT80. Specific, non-neutralizing
antibodies were also detected by ELISA in response
to immunization with EBOV VP24, VP30, VP35, VP40,
and NP but it is not clear what role these antibodies
may play in protection against the lethal challenge.
The best immunization strategy with VEEV-based
vaccine resulted in mixed protection in mice and
guinea pigs and failed to protect nonhuman primates
(Pushko et al., 2000).
Complete protection of nonhuman primates against
EBOV was first reported in 2000 with the use of naked
DNA in combination with replication incompetent
adenoviruses (Ads) based on serotype 5 (Adhu5)
administered in a prime-boost regimen (Sullivan et al.,
2000) (Table 20.1). This approach was later improved
by a single immunization with recombinant Adhu5
expressing GP and NP (Sullivan et al., 2003). A vaccine
based on vesicular stomatitis virus (VSV) was also
shown to protect nonhuman primates against a lethal
challenge with EBOV (Jones et al., 2005). Recently,
a recombinant human parainfluenza virus type 3
(HPIV3) vector expressing ZEBOV GP also showed
full protection of guinea pigs and nonhuman primates
against a homologous ZEBOV challenge (Bukreyev
et al., 2006, 2007) (Table 20.1).
However, the first success in fully protecting nonhuman primates against a lethal challenge of filovirus
was demonstrated against MARV following immunization with a VEEV-based vaccine expressing GP and
NP (Hevey et al., 1998). Several immunization strategies were also evaluated in parallel against MARV
including DNA, Adhu5, alphavirus replicons, VSV,
VLPs, vaccinia, and bacculovirus vaccine platforms
(Table 20.2) (Becker et al., 1996; Daddario-DiCaprio
et al., 2006a; Hevey et al., 1997, 1998, 2001; Jones et al.,
2005; Riemenschneider et al., 2003; Swenson et al.,
2005; Warfield et al., 2004). Similarly to EBOV vaccinated
animals, MARV infection resulted in variable protection of immunized animals depending on the vaccine
strategy and animal model selected. Remarkably, the
first demonstration of post-exposure filovirus vaccine
efficacy in nonhuman primates was demonstrated
against MARV with 100% survival of VSV-MARV vaccinated animals (Daddario-DiCaprio et al., 2006b). This
was also done more recently for EBOV with 50% survival among VSV-EBOV vaccinated animals (Feldmann
et al., 2007).
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TABLE 20.1 Vaccine strategies against Ebola virus
Vector

Antigen

Animal model

Protection

GP

Mouse
Guinea pig
Mouse
Guinea pig

Partial
Partial
Partial
Partial

GP ⫹ NP
sGP

Guinea pig
Guinea pig

Full
Partial

Xu et al. (1998)
Vanderzanden et al. (1998)
Chupurnov et al. (1995)
Xu et al. (1998), Vanderzanden et al. (1998),
Chupurnov et al. (1995)
Sullivan et al. (2000)
Xu et al. (1998)

Vaccinia

VP24
VP35
VP40
GP

Guinea pig
Guinea pig
Guinea pig
Guinea pig
Macaque

No
No
No
Partial
No

Geisbert et al. (2002)
Geisbert et al. (2002)
Geisbert et al. (2002)
Geisbert et al. (2002)
Geisbert et al. (2002)

VEEV replicon

GP

VP24
VP30
VP35
VP40

Mouse
Guinea pig
Macaque
Mouse
Guinea pig
Macaque
Mouse
Guinea pig
Macaque
Mouse
Mouse
Mouse
Mouse

Full
Full
No
Full
Partial
No
Full
Full
No
Partial
Partial
Partial
Partial

Pushko et al. (2000)
Pushko et al. (2000)
Geisbert et al. (2002)
Geisbert et al. (2002)
Pushko et al. (2001)
Wilson and Hart (2001)
Pushko et al. (2001)
Pushko et al. (2001)
Geisbert et al. (2002)
Wilson et al. (2001b)
Wilson et al. (2001b)
Wilson et al. (2001b)
Wilson et al. (2001b)

DNA ⫹ Adhu5

GP ⫹ NP

Macaque

Full

Sullivan et al. (2000, 2003)

VSV

ΔGP

Macaque

Full

Jones et al. (2005)

HPIV3

GP

Guinea pig
Macaque

Full
Full

Bukreyev et al. (2006, 2007)
Bukreyev et al. (2006, 2007)

DNA

NP

NP

GP ⫹ NP

References

Baculovirus

GP

Guinea pig

No

Riemenschneider et al. (2003)

DNA ⫹ Baculovirus

ΔGP

Guinea pig

Partial

Riemenschneider et al. (2003)

Note: GP: glycoprotein; ΔGP: recombinant GP protein; sGP: secreted GP; NP: nucleoprotein; AdHu5: recombinant adenovirus
serotype 5; VSV: recombinant vesicular stomatitis virus; VEEV: Venezuelan equine encephalitis virus; HPIV3: human
parainfluenza virus type 3; VP: viral protein.
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Adenovirus as Vaccine Vectors
Vectors based on recombinant adenoviruses (Ads)
were initially mostly considered in the setting of gene
therapy. A number of different serotypes of Ads have
been isolated from humans causing a spectrum of illnesses ranging from upper respiratory tract infection
to diarrheal diseases (Horwitz, 2001). These viruses
are non-enveloped with linear double-stranded
genomes of approximately 36 kb in length (Shenk and
Williams, 1984).
The initial applications of Ads as vectors for gene therapy were based on recombinants in which the immediate
early gene E1 is deleted (Rosenfeld et al., 1991; StratfordPerricaudet et al., 1990). This substantially attenuated the virus, diminishing its toxicity and allowing

for expression of heterologous genes. Virtually all
experiments performed to date with adenoviral vectors
utilized a construct based on Adhu5 for adenovirus serotype 5 (Adhu5). Ad vectors were shown to elicit vibrant
B and T cell responses to both the Ad capsid proteins
as well as the transgene products (Yang et al., 1994a,
1994b). Consequently, re-administration of the vector is
ineffective because of neutralizing antibodies fiber capsid protein. In addition, target cells expressing the transgene product are quickly eliminated as a result of rapid
re-activation of cytotoxic T lymphocytes (CTL) to both
the transgene product as well as residually expressed
viral genes. The intensity of the immune response
is promoted mainly through the transduction of
antigen-presenting cells in vivo (Jooss et al., 1998).
The strength and amplitude of the immune
response following in vivo administration of Ads compelled several scientists to consider them as vaccine
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TABLE 20.2 Vaccine strategies against Marburg virus
Vector
DNA

Antigen
GP (Musoke)

Animal model

Protection

References

Partial
Partial
Partial
Full

Hevey et al. (1998)
Riemenschneider et al. (2003)
Riemenschneider et al. (2003)
Riemenschneider et al. (2003)

GP (Ravn)

Guinea pig
Guinea pig
Macaque
Guinea pig

DNA and bacculovirus

GP (Musoke) ⫹ GPΔTM

Guinea pig

Full

Hevey et al. (2001)

Vaccinia

GP (Musoke)

Guinea pig

No

Becker et al. (1996)

VLP

GP ⫹ VP40 (Musoke)

Guinea pig

Full

Warfield et al. (2004);
Swenson et al. (2005)

VLP

GP (Musoke) ⫹ VP40 (Ebola)

Guinea pig

Full

Swenson et al. (2005)

VLP

GP (Ebola) ⫹ VP40 (Musoke)

Guinea pig

Partial

Swenson et al. (2005)

VEEV replicon

GP (Musoke)
GP (Musoke)
NP (Musoke)
VP40 (Musoke)
GPΔTM (Musoke)
VP24 (Musoke)
VP30 (Musoke)
VP35 (Musoke)
GP (Musoke)
GP ⫹ NP (Musoke)
NP (Musoke)

Guinea pig
Guinea pig
Guinea pig
Guinea pig
Guinea pig
Guinea pig
Guinea pig
Guinea pig
Macaque
Macaque
Macaque

Partial
Full
Full
Partial
Full
Partial
No
Partial
Full
Full
Partial

Hevey et al. (1998)
Hevey et al. (2001)
Hevey et al. (1998)
Hevey et al. (1998)
Hevey et al. (1998)
Hevey et al. (1998)
Hevey et al. (1998)
Hevey et al. (1998)
Hevey et al. (1998)
Hevey et al. (1998)
Hevey et al. (2001)

VSV

GP

Macaque

Full

Jones et al. (2005)

Note: GP: glycoprotein; GPΔTM: recombinant GP protein; NP: nucleoprotein; VSV: recombinant vesicular stomatitis virus; VEEV:
Venezuelan equine encephalitis virus; VLP: virus-like particle; VP: viral protein.

carriers. In recent years adenoviral vectors have
been shown to elicit important immune responses
to various antigens including bacterial, viral, and
even self-antigens in the context of cancer vaccines.
Antigens derived from pathogens such as anthrax,
plague, hepatitis C, rabies, and SARS were successful
at stimulating strong immune responses often correlating with protection of susceptible animals against
challenge with the infectious agent (Gao et al., 2003;
Makimura et al., 1996; Tan et al., 2003; Vos et al., 2001).
In conjunction with naked DNA, Ad vector was the
first vaccine capable of protecting nonhuman primates
against ZEBOV challenge (Sullivan et al., 2000). In that
study, cynomologus monkeys were immunized three
times with a mixture of plasmid DNAs encoding the
NP of ZEBOV and GPs of different EBOVs (ZEBOV,
SEBOV, CIEBOV) followed by a booster of Ad
expressing ZEBOV GP five months after priming with
DNA. The monkeys were challenged with a low dose
of ZEBOV (6 plaque-forming units (pfu) per animal)
and only vaccinated animals survived the challenge.
Antibody responses, T-cell proliferation, and CTL
responses indicated that antibody and T-helper CD4⫹
cells were important for protection and that cell-mediated immunity although possibly important might
not have been an absolute requirement. This would be

in agreement with observations that passive transfer
of EBOV immune serum can be protective in different animal models normally susceptible to infection.
This approach was further improved to obtain complete protection of cynomolgus macaques to ZEBOV
only 28 days post-vaccination with a single dose of
Adhu5 expressing GP mixed with Ad expressing
NP (Sullivan et al., 2003). This work led to a Phase I
clinical trial by the U.S. National Institutes of Health
(NIH) with early results demonstrating that the DNA
component is well tolerated and capable of eliciting an
immune response against EBOV GP in normal adults
(Martin et al., 2006). More recently, the NIH initiated
another Phase I clinical trial in normal adults immunized with the first-generation Adhu5 expressing the
EBOV GP with the objective of evaluating safety and
immune responses to the vaccine (http://clinicaltrials.gov/show/NCT00374309).
An important problem in the use of currently
available adenoviral vector for human vaccines is
natural pre-exposure to the virus, which leads to a longlasting immunity capable of compromising vaccine
efficacy. Infection with natural Ads is frequent during the first quarter of life resulting in high levels of
serum NAB to Ad serotype. Approximately 30–50%
of the human population in North America and over
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90% in developing countries has levels of NAB capable of compromising Ad vaccine efficacy against
EBOV in different animal models (Kobinger et al.,
2006). Several studies have shown that these levels
of NABs can also neutralize relatively high doses of
different vaccine vectors based on Adhu5 (Chirmule
et al., 1999; Fitzgerald et al., 2003; Xiang et al., 2002).
Experimental studies demonstrated that several animal models including mice, guinea pigs, and nonhuman primates could no longer generate a protective
immune response in the presence of circulating NAB
against the Ad particles (Kobinger et al., 2006; Nanda
et al., 2005). Results from the STEP HIV clinical trial
reported an increased number of HIV seroconversionin Ad-vaccinated individuals with prior immunity to adenovirus (Moorel et al., 2008). Consequently,
alternate strategies such as the evaluation of different
vaccine vectors based on distinct serotypes of human
or simian Ads that are not commonly circulating in
the human population as well as different routes of
immunization are currently being investigated (Jones
et al., 2007; Kobinger et al., 2006; Nanda et al., 2005;
Patel et al., 2007; Roy et al., 2004). Human Ad serotype
6, against which the prevalence of NAB in humans is
less than 5%, has shown comparable immunogenicity
to Adhu5 in nonhuman primates (Capone et al., 2006).
A vaccine regimen based on chimpanzee Ads were
also shown to be protective against ZEBOV and SARS
viruses in different animal models pretreated with
human NABs capable of inhibiting the efficacy of Ad
serotype 5-based vaccine (Kobinger et al., 2006).

Vesicular Stomatitis Virus as Vaccine Vectors
VSV is a non-segmented negative-stranded RNA
virus and belongs to the family Rhabdoviridae, genus
Vesiculovirus (Lyles and Rupprecht, 2007). Its simple
structure and rapid high-titered growth in mammalian
and many other cell types have made it a preferential tool for molecular and cell biologists in the past 30
years (Lyles and Rupprecht, 2007). Naturally occurring
human infections with VSV are rare. However, several
cases of VSV infection have been reported in individuals directly exposed to infected livestock and researchers
directly exposed within laboratory environments (Lyles
and Rupprecht, 2007). Most VSV infections are thought
to be asymptomatic in humans; however, febrile illness,
including chills, myalgia, and nausea, has been reported
in infected individuals (Roberts et al., 1999).
The VSV genome is simple and well characterized
at the molecular level, which makes the manipulation
and production of VSV vaccine vector relatively easy.
Replication of the virus occurs within the cytoplasm
of infected cells and is not known to undergo genetic
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recombination or integration into the cellular genome.
Similar to Ad-based vector, recombinant VSV is able to
accommodate relatively large inserts and multiple genes
in its genome. This ability to incorporate multiple inserts
of significant sizes also offers advantages over other
RNA virus vectors, such as those based on alphaviruses
and poliovirus (Davis et al., 1996; Liljestrom and Garoff,
1991; Morrow and Rixon, 1994; Xiong et al., 1989).
VSV can stimulate robust immune responses against
self as well as foreign viral antigens making this virus
a potent vaccine carrier. Several candidate vaccines
based on VSV were shown to elicit immune protection
correlating with strong humoral and cellular immune
responses in different animal models (Dietzchold and
Rupprecht, 1996; Zinkernagel et al., 1978). The VSV
vaccine platform was the first to prevent AIDS in nonhuman primates infected with SHIV, a hybrid human
and simian immunodeficiency virus that is lethal to
macaques (Li et al., 1992). VSV-based vaccine has since
then demonstrated efficacy against a number of pathogens, such as herpes simplex 2, tuberculosis, Listeria
monocytogenes, SARS, Lassa virus, EBOV, and MARV
viruses, in different animal models including mouse,
guinea pigs, and nonhuman primates (Geisbert et al.,
2005; Jones et al., 2005; Kapadia et al., 2005; Klas
et al., 2006; Natuk et al., 2006; Xing and Lichty, 2006).
Neutralization of VSV-based vaccines is unlikely to
be problematic in humans since there is a low rate of
preexisting immunity to VSV as demonstrated by
the low seroprevalence of VSV antibodies in the general population (Roberts et al., 1999). Several of these
VSV vaccine vectors remain replication-competent,
which probably explains, at least in part, the substantial immunogenicity inherent to this vaccine carrier. A
unique and remarkable ability of VSV-based vaccine is
the rapidity by which immunization induces protection. Nonhuman primates can survive a lethal challenge when vaccinated 30 minutes after exposure to
EBOV (Feldmann et al., 2007) and MARV (DaddarioDiCaprio et al., 2006a, 2006b). Cross-protection was
also demonstrated with the VSV-MARV vaccine in
nonhuman primates against a closely related strain of
MARV. However, cross-protection against EBOV was
not achieved following immunization with the VSVMARV vaccine (Daddario-DiCaprio et al., 2006a).

Routes for Vaccine Delivery
The route of vaccine administration can have a significant effect on the strength of the immune response
against a given pathogen. In general, parenterally administered vaccines largely stimulate systemic responses, whereas vaccines administered by
a mucosal route may lead to efficient mucosal and
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systemic responses through different mechanisms
(Lajeunesse et al., 2004; Boyaka et al., 2003). Mucosal
vaccination can also overcome barriers of parenteral
immunization caused by preexisting systemic immunity to the vaccine carrier from previous exposure
(e.g., natural infection, vaccination) (Basset et al., 2003;
Zhou and Ertl, 2006). Rapid progression of filovirus
infections and the level of biohazard containment
required for analysis of clinical samples have significantly hindered identification of the components of
the immune system necessary for effective protection
against infection. A prominent feature of fatal EBOV
infection is the relative lack of a virus-specific immune
response (Baize et al., 1999, 2002; Heffernan et al.,
2005). In contrast, survivors have exhibited strong
IgM antibody responses, clearance of viral antigen,
and sustained T cell responses (Ksiazek et al., 1999;
Leroy et al., 2001; Sanchez et al., 2004). This strongly
suggests that both cellular and humoral immune
responses are necessary for protection against EBOV
infection. Administration of filovirus vaccines currently in development by various routes may provide
some insight to the types of immune responses necessary for protection against infection.
To date, the primary method of administration of
filovirus vaccine candidates is by intramuscular injection (Bramwell et al., 2005; Jones et al., 2005; Sullivan
et al., 2000), the same route by which many newly
approved vaccines are being administered (Arvin
and Greenberg, 2006). Although this route of delivery ensures that the entire vaccinating dose and formulation enters the body intact, it poses significant
safety risks for healthcare providers, patients, and the
community. This is especially important in developing countries where not only is the demand for these
vaccines high, but also the rate of occupational
needle-stick injuries (Pruss-Ustun et al., 2005). As a
result, significant training programs must be in place
prior to mass vaccination campaigns, which may be
necessary in the event of a sudden outbreak of infection. In addition, actions necessary to prevent disease
transmission significantly reduce the number of people that can be vaccinated in a reasonable amount
of time, and limit the utility of this delivery method
when national vaccination campaigns are required.
Needle-free vaccine delivery is an attractive vaccination strategy for many reasons. Vaccines administered in this manner will offer improved safety
with respect to disease transmission and reduce the
pain associated with vaccination. In many cases, selfvaccination may be possible. This approach also
increases the potential for the vaccine to be formulated
and produced in a manner that may reduce or abolish
the necessity for maintaining the “cold chain” required

for proper storage of vaccines to remote areas, which
has been estimated to burden worldwide programs
(Das, 2004). For these reasons, this method of delivery is supported by many public health organizations,
including the World Health Organization, the Global
Alliance for Vaccines and Immunization and the
Centers for Disease Control and Prevention (Giudice
and Campbell, 2006). Currently, needle-free vaccine
delivery approaches focus on administration under the
skin (the subcutaneous route), the external surface of
the skin (the transdermal route) and mucosal surfaces,
specifically oral and nasal immunization. To date,
mucosal immunization is the only method of needlefree vaccine delivery that has been commonly and successfully used in vaccination programs and which may
be useful in the design of vaccination strategies against
filoviruses (Bramwell et al., 2005; Levine and Sztein,
2004; Neutra and Kozlowski, 2006).
Several Ad or VSV-based vaccine candidates
designed to afford protection against infection with
Mycobacterium tuberculosis, influenza, papilloma virus,
rabies, measles, respiratory syncytial virus, and HIV
have also been administered by the intranasal route
(Jiang et al., 2006; Kahn et al., 2001; Publicover et al.,
2005; Reuter et al., 2002; Roberts et al., 1998; Schlereth
et al., 2003; Xing and Lichty, 2006; Zhou et al., 2006).
A recombinant HPIV3 vector expressing the EBOV
GP could fully protect guinea pigs following intranasal vaccination (Bukreyev et al., 2006). Two doses
of this vector with granulocyte-macrophage colonystimulating factor could also afford complete protection
to nonhuman primates vaccinated through the respiratory route (Bukreyev et al., 2007). Results from many
studies strongly suggest that both Ad and VSV vectors
are capable of crossing the respiratory tract and inducing strong cellular and humoral immune responses
after a single immunization. Recently, reports indicated
that nasal administration of Ad or VSV-based Ebola
vaccine induces full protection of mice against a lethal
challenge with ZEBOV (Jones et al., 2007; Patel et al.,
2007). In the future, intranasal vaccination strategies
against filovirus infection may prove a useful alternative to intramuscular immunization. This may become
extremely relevant in the context of sudden outbreaks
and malicious intentional release.

PROSPECTS: PHARMACOLOGY AND
TOXICOLOGY OF VACCINES AND
VACCINE VECTORS
In general, the primary component of a vaccine is
either the pathogen of interest in an inactivated or
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an attenuated form, a purified protein subunit of the
pathogen, or a plasmid or other vector (virus or bacterial) capable of eliciting endogenous production of
antigenic components of the target pathogen (Barouch,
2006; Clark and Cassidy-Hanley, 2005; Dudek and
Knipe, 2006; Mayr et al., 2005). Other components of
vaccine products, which cannot be discounted during preclinical development, are adjuvants to promote
and strengthen the immune response, excipients for
stabilization of antigens and vectors, and the delivery
device/container closure system. The pharmacology
and toxicology of filovirus vaccines is not well studied
and relevant studies are currently in progress.

●

●

●

PROSPECTS FOR THE FUTURE
Despite several promising results, vaccine development is still in the experimental stages. The process of
moving an experimental vaccine candidate into clinical trials is a time-consuming and expensive process.
It has become clear that the rodent models (mouse and
guinea pig), although important for the development
of antivirals, therapeutics, and vaccines, are not necessarily predictive for the efficacy of the same drugs in
nonhuman primates, which are the gold standard for
predicting efficacy in humans. A lack in proper biocontainment, in particular animal space, has been a
major drawback in the process of vaccine development against filoviruses and related high-containment
pathogens. This lack will most likely be properly
addressed in the future with the current construction
of several facilities in the United States and worldwide.
Vaccine development also needs industrial partners,
which are largely missing today. Programs need to be
established that will make it interesting for companies
to contribute to the development of approved vaccines
for human use. Nevertheless, it is expected that a firstgeneration MARV and EBOV vaccine will be available
over the next decade at least for medical, personal, first
responder, and other high-risk professional groups.

KEY ISSUES
●

●
●

●

Ebola and Marburg hemorrhagic fevers are
considered highly communicable diseases.
Bats might serve as reservoirs for EBOV and MARV.
Currently there is no licensed treatment for or
vaccine against EBOV and MARV.
Progress has been made to understand
the pathogenesis of EBOV and MARV in
experimentally infected animals, and massive virus

●

replication, immune suppression, vascular leakage,
and organ destruction have been identified as key
determinants.
Several vaccine candidates have shown promising
results in the protection against EBOV and MARV
challenges in different animal models. The most
promising candidates are based on replicationdeficient Ad vectors, replication-competent vesicular
stomatitis and HPIV3 vectors, and VLP preparations.
There is little understanding about protective
parameters in the host and correlates of protective
immunity have not been well defined.
To have utility in outbreak and biodefense settings
as well as for laboratory exposures, the ideal
preventive vaccines against EBOV and MARV need
to confer protection in a single-dose regime and/or
work in post-exposure prophylaxis.
It is expected that first-generation vaccines will be
available against EBOV and MARV over the next
decade at least for high-risk exposure groups and
post-exposure treatment.
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ABSTRACT
Alphaviruses that typically cause encephalitis include eastern (EEEV), Venezuelan (VEEV), and western
equine encephalitis viruses (WEEV). All are important emerging viral pathogens of humans, equids, and other
domesticated animals. Although these viruses do not exhibit the high human fatality rates characteristic of
some more virulent biothreat viruses, all are highly infectious via the aerosol route and highly incapacitating,
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making them biothreat agents. Despite vaccine development efforts dating back many decades, licensed human
vaccines are not available. Investigational new drug vaccines against VEEV and EEEV are offered to at-risk
laboratory workers through the U.S. Army Special Immunizations program. However, these vaccines suffer from
reactogenicity and poor rates of seroconversion (VEEV) and poor immunogenicity requiring multiple doses and
frequent boosters (EEEV). Veterinary vaccines are widely available in America but most suffer from poor and
short-lived immunogenicity, and the risk of residual, virulent virus in inactivated preparations. Recent advances
in understanding of molecular aspects of alphavirus pathogenesis and genetics promise improvements in liveattenuated vaccines against all three encephalitis alphaviruses, as well as safer virus strains for inactivated vaccine
preparations. Virus-like particles that express either alphavirus or other antigens, based on alphavirus replicon
genomes, are also being widely developed as vaccine platforms.

INTRODUCTION
Alphaviral encephalitides comprise three groups
of viruses in the family Togaviridae, genus Alphavirus:
the eastern (EEEV), western (WEEV), and Venezuelan
equine encephalitis viruses (VEEV) (Weaver et al.,
2005). Like most alphaviruses, they are all mosquitoborne, relying on biological (requiring replication in
the mosquito vector), and horizontal transmission in
nature (Griffin, 2007). All are also zoonotic viruses
that rely on birds or small mammals as reservoir hosts
within enzootic foci of transmission. These viruses
regularly cause encephalitis in humans and equids
in many regions of the tropical, subtropical, and temperate Americas (Tsai et al., 2002). Although other
alphaviruses, including Sindbis and Semliki Forest
viruses, cause encephalitis in laboratory mice, and
have been used as models of human encephalitis, only
EEEV, VEEV, and WEEV cause encephalitis during
natural transmission. All three were isolated during
the early part of the 20th century and are relatively
well understood from an epidemiologic and ecologic
standpoint. However, little progress has been made
in preventing or controlling human disease. Effective
veterinary vaccines have contributed to reducing
disease in equids and other domestic animals, but
no licensed human vaccines have been produced.
Furthermore, no effective antivirals have been identified and protection of the human population remains
focused on vector control and limiting exposure to
mosquito bites (Tsai et al., 2002).

SHORT HISTORY OF THE DISEASES
Alphaviral encephalitides were first recognized
in the 19th century in the northeastern United States,
where outbreaks of equine encephalitis consistent
with EEE were noted (Hanson, 1957). Equine outbreaks consistent with VEE were first recognized in

northern South America during the 1920s (Walton
and Grayson, 1988), and WEE outbreaks were first
recognized in California in 1930 (Reisen and Monath,
1988). Virus isolations were made shortly after the
recognition of a likely viral etiology for these epizootics; EEEV was first isolated from horses in Argentina
in 1930 (not identified until later) and in the eastern
United States in 1933 (Ten Broeck and Merrill, 1933);
VEEV was first isolated from a horse in Venezuela in
1938 (Kubes and Rios, 1939; Beck and Wyckoff, 1938),
and WEEV was isolated from a horse in California in
1930 (Meyer et al., 1931). Human isolates of all three
viruses followed soon thereafter, although VEEV was
not recognized as an important human pathogen until
the 1960s (Weaver et al., 2004). These three different
alphaviruses were quickly recognized as distinct using
in vivo neutralization tests, and later characterized in
greater detail using complement fixation, hemagglutination inhibition, plaque reduction neutralization, and
other serological tests.

ETIOLOGIC AGENTS
Classification
The alphaviruses were initially categorized as
group A arboviruses based on antigenic relationships and virion morphology (Calisher et al., 1980).
Although originally grouped with the flaviviruses as
members of the family Togaviridae, genetic studies later
revealed fundamental differences in genome organization, and other genetic and replication characteristics.
Eventually, the alphaviruses became one of two genera in the family Togaviridae, the other being Rubella
virus, the sole member of the genus Rubivirus (Weaver
et al., 2005). Currently, the genus Alphavirus includes
29 species; several include antigenically or genetically
based subtypes, which can have fundamental differences in epidemiological and virulence properties. All
alphaviruses are arthropod vector borne except for
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Salmon pancreatic disease and Southern elephant seal
viruses, which have not been demonstrated to have
vectors.

Trimers
Skirt
Nucleocapsid

Lipid bilayer

Antigens Encoded by Agent
The alphavirus genome encodes seven major proteins; four of these are called nonstructural because
they are not incorporated into virus particles (Fig.
21.1). The nonstructural proteins are translated from
genomic, positive strand RNA in the cytoplasm and
participate in various ways in genome replication and
modifications, and in their own nonstructural polyprotein processing. Differential temporal cleavage patterns
of the nonstructural polyprotein regulate the synthesis of plus and minus strand RNA during replication.
The structural proteins are encoded by a separate open
reading frame that is transcribed as a subgenomic message and synthesized in excess of the genomic RNA.
The structural polyprotein is translated in the cytoplasm in the following order; the capsid, followed by
the E2 and E1 envelope glycoprotein. The capsid possesses a serine protease activity, cleaves itself from the
nascent polyprotein, and remains in the cytoplasm.
The remainder is processed through the secretory
apparatus with cellular proteases responsible for further cleavages. Both E2 and E1 are glycosylated, and
become embedded into the plasma membrane as heterodimers. Virions mature when 240 copies of the capsid protein combine in the cytoplasm with 1 molecule
of genomic RNA to form a nucleocapsid; the nucleocapsid then recognizes the cytoplasmic tail of the E2
protein to initiate budding, which results in envelopment of the virion by the plasma membrane and
240 copies of the embedded E2/E1 dimer. The final
arrangement includes 80 trimers of the E2/E1 dimers, which form spikes on the virion surface (Fig. 21.1).
The E2 proteins protrude to form the outer part of
these spikes, while the E1 protein lies primarily underneath, parallel with the envelope (Pletnev et al., 2001).
Of the structural proteins, only the E1 structure has
been solved to atomic resolution, and is homologous
to the flavivirus E protein (Lescar et al., 2001).
Preparation of alphavirus antigens for serological tests can rely on cell cultures or animal tissues
(Beaty et al., 1989). In either case, antigens extracted
are composed primarily of the structural proteins,
which are produced in much greater quantities than
the nonstructural proteins in infected cells. Antigens
produced from purified virus include only the structural proteins. Hemagglutination relies primarily on
the E1 protein, which contains a highly conserved
fusion motif thought to mediate endosome membrane

ssRNA

FIGURE 21.1 Cryo-electron microscopic reconstruction of
the VEE virion at 14 Å resolution. Upper left, external view of the
virion showing the envelope glycoproteins on the surface; upper
right, cross section of the virion showing the RNA genome at the
center surrounded by 240 copies of the capsid protein, the bilipid envelope derived from the host cell plasma membrane, the
E1 envelope glycoprotein lying parallel to the envelope, and the
E2 envelope glycoprotein forming spikes on the surface; lower,
nucleocapsid showing the capsid proteins in T ⫽ 4 icosahedral symmetry. Courtesy of Angel Paredes and Wah Chiu, Baylor College of
Medicine, and Stanley Watowich and Scott Weaver, University of
Texas Medical Branch (see color plate section).

fusion at low pH for entry into the cytoplasm following receptor-mediated endocytosis. However, E2
also has some involvement. This E1 fusion motif is
exposed upon a reduction to acidic pH (Gibbons et al.,
2004). Most neutralization epitopes, determined by
the binding sites of monoclonal antibodies that neutralize infectivity, are found on the E2 protein, with
a few mapped to E1. The E2 protein is also thought
to be the most important for interactions with cellular receptors, which are poorly understood for
alphaviruses. The E1 protein contains more epitopes
conserved among alphaviruses than E2, and this probably explains the greater cross-reactivity seen among
alphaviruses in E1-dependent hemagglutination inhibition tests than in neutralization. Specific E2 and/or
E1 epitopes have been mapped and characterized
in some detail for VEEV, WEEV, and EEEV (Roehrig
and Bolin, 1997; Roehrig, 1993; Pereboev et al., 1996;
Roehrig et al., 1990).

PROTECTIVE IMMUNE RESPONSE
Antibody
Alphavirus infection induces a typical humoral
immune response, with IgM appearing within one
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week of infection and persisting for a few months.
The IgG response usually appears after 1–2 weeks and
persists for years. A variety of evidence indicates that
titers of serum-neutralizing antibodies are strongly
predictive of protection against alphaviral disease
(Griffin, 2007; Tsai et al., 2002). The end of viremia
often coincides with the first appearance of IgM, and
passive transfer studies have demonstrated that antibodies can protect against VEE and WEE, including
both neutralizing and non-neutralizing, and those
directed against E2 and E1 (Hunt and Roehrig, 1985;
Roehrig, 1993). Protection from VEEV infection is
apparently mediated primarily by antibody. However,
the correlation between protection and neutralizing
serum antibody titers is inconsistent when infection is
aerosol-mediated (Elvin et al., 2002); induction of local
respiratory tract immunity, including specific IgG and
IgA, potentially correlates with protection against
aerosol exposure.

Cell-Mediated Immunity
Alphaviruses induce cell-mediated immunity
including CD4 and CD8 T lymphocytes, and macrophages. The role of cell-mediated immunity in
recovery and protection from disease is not well
established (Griffin, 2007). In fact, some studies have
failed to identify any cell-mediated immunity after
VEEV (Jones et al., 2003) and Sindbis infection of mice
(Rowell and Griffin, 2002). However, cell-mediated
immunity in combination with innate and humoral
immunity may be required to prevent the development of encephalitis and/or for clearance from the
brain. Mice with selective immune deficiencies can be
protected by vaccination against VEEV, with the α/β
T cell subset playing a more important role than γ/δ
T cells (Paessler et al., 2007). Sindbis virus RNA has
been shown to persist in the brains of infected mice,
and can be cleared noncytolytically by a combination
of antibodies directed at the E2 protein and interferon
gamma (Griffin et al., 1997; Binder and Griffin, 2001).
Attenuated variants of VEEV replicate persistently
in the brains of some immunodeficient animals after
challenge with wild-type virus (Paessler et al., 2007).

EPIDEMIOLOGY
All three alphaviral encephalitides are zoonotic,
mosquito-borne viruses that are maintained in enzootic
cycles by small mammalian or avian reservoir hosts.
VEEV occurs in forest or swamp habitats ranging from
North to South America (Fig. 21.2). VEEV emerges to

cause equine epizootics and epidemics when enzootic
variants, generally in subtype ID that occur in northern South America, mutate to become equine virulent
and viremia competent (Weaver et al., 2004; Greene
et al., 2005b; Anishchenko et al., 2006). Equine amplification in agricultural settings results in widespread
spillover to humans who reside near horses, donkeys,
and mules. In contrast, EEEV and WEEV do not rely
on amplification in secondary hosts, but spill over
directly from enzootic, avian cycles into humans and
domestic animals that reside near these habitats. In the
case of EEEV, enzootic circulation in North America
occurs in hardwood swamp habitats inhabited by the
enzootic vector, Culiseta melanura, and possibly other
Culex spp. vectors (Cupp et al., 2004; Weaver, 2001). In
Central and South America, forest habitats are the sites
of enzootic foci and Culex (Melanoconion) spp. are the
most common vectors. In Latin America, EEEV is associated with little human disease, probably due to inherently reduced virulence compared to North American
strains (Aguilar et al., 2005, 2007a). WEEV occurs in
avian cycles associated with agroecosystems in western
North America, South America, and probably Central
America. In North America, Cx. tarsalis is the principal
vector, while other mosquitoes probably transmit in
Latin America (Reisen, 2001; Reisen and Monath, 1988).

Significance as Public Health Problem
Of the three alphaviral encephalitides, VEEV is by
far the most important pathogen both from a human
and equine standpoint. Epidemics and equine epizootics have typically involved up to hundreds of
thousands of cases in both hosts, with high mortality
rates in equids and high morbidity in humans. Attack
rates in both hosts often exceed 50% in affected areas,
and most human infections are apparent (Bowen and
Calisher, 1976). Mortality in horses, usually due to
overt encephalitis, is typically 30–80%. Humans usually develop a severe, highly debilitating febrile illness, and some patients, especially children, develop
neurological disease with convulsions, disorientation,
and drowsiness, occasionally culminating in coma and
death. Although overall mortality rarely exceeds 1%
in humans, rates of neurological disease and permanent sequelae are usually 5–15%. Epidemiologic studies have also identified teratogenic effects of human
VEEV infection with many premature abortions and
stillborn births during outbreaks (Rivas et al., 1997;
Briceno Rossi, 1967), and nonhuman primate studies
have confirmed these findings (London et al., 1977).
Historically, EEEV and WEEV have caused massive equine epizootics involving thousands to tens
of thousands of cases in North and South America.
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FIGURE 21.2

Map showing the distribution of the encephalitic alphaviruses: (a) VEEV, (b) EEEV, and (c) WEEV.

III. VIRAL VACCINES

25_P369408_Ch21.indd 343

11/5/2008 10:36:27 AM

344

ALPHAVIRAL ENCEPHALITIDES

In North America, EEEV is also an important pathogen of emus, pheasants, turkeys, pigs, sheep, deer,
and a variety of bird species (Beckwith et al., 2002;
Gottdenker et al., 2003; Tate et al., 2005; Weaver, 2001;
Bauer et al., 2005; Day and Stark, 1996). In recent decades, WEE epizootics have declined dramatically for
unknown reasons (Reisen, 2001; Reisen and Monath,
1988), while EEEV has continued to cause sporadic
epizootics involving hundreds of horses, primarily
in states along the Atlantic and Gulf coasts (Weaver,
2001; Morris, 1988). However, human cases with both
EEEV and WEEV have averaged only about 5 and 15
annually, respectively, since 1964.
In summary, EEEV and WEEV generate only small
numbers of human cases and there is probably no
potential for a commercial human vaccine market for
these biothreats. VEEV causes considerable endemic
and epidemic disease, but principally in developing
countries of Latin America, so a commercially viable
vaccine would need to be inexpensive.

Potential as Biothreat Agents
All three alphavirus encephalitides are considered
potential biothreat agents (Sidwell and Smee, 2003).
All can cause severe human disease, culminating in
fatal encephalitis. However, rates of attack and apparent infection vary widely. VEEV causes high attack
rates and high rates of apparent infection, but human
cases are rarely fatal. The nonspecific febrile disease
that precedes encephalitis is, however, highly debilitating as well as immunosuppressive. These characteristics of typical human VEE suggest that VEEV would
be highly effective at immobilizing armed forces.
Although mortality rates are low, the combination of
extremely efficient aerosol infectivity and moderate
(5–15%) rates of neurological disease in children also
suggests that VEEV might be used for terrorism. In
contrast to VEEV, EEEV causes high rates of inapparent human infections during natural epidemics; during
a 1959 epidemic in New Jersey, the apparent: ratio was
estimated at 1:23 (Goldfield et al., 1968). However, also
in contrast to VEEV, apparent EEE cases usually lead
to neurological disease that is often fatal. Survivors of
EEEV infection often suffer permanent neurological
sequelae, making it a feared virus in endemic locations.
Although laboratory infections probably attributable
to aerosol exposure have been reported, these cases
are far fewer in number than for VEEV despite the fact
that EEEV is isolated regularly in many state health
laboratories in North America. This history, along with
higher aerosol EEEV doses required to initiate primate
disease (Reed et al., 2007) compared to VEEV (Reed

et al., 2004, 2005b), suggests that EEEV is less infectious via the aerosol route.
The long history of laboratory infections suggests
that VEEV is more infectious for humans than EEEV
or WEEV (SALS, 1980; U.S. Department of Health and
Human Services, 1999). Experimental aerosol infections
of cynomolgous macaques corroborate these data; the
VEEV ID50 is 7 ⫻ 104 PFU (Reed et al., 2004), while EEEV
is more than 10 times higher (106 PFU) (Reed et al., 2007),
as is WEEV (2 ⫻ 106 PFU, LD is ⬎7.3 log10 PFU) (Reed
et al., 2005a).

CLINICAL DISEASE
EEEV
According to the U.S. Centers for Disease Control
and Prevention, 220 confirmed cases of EEE occurred in
the U.S. from 1964 to 2004. EEEV is the most virulent of
the encephalitic alphaviruses, with a case-fatality rate
estimated at ⬎33%. After a very short (4–10 days) incubation period symptoms begin with sudden onset of
fever, headache, and general muscle pains of increasing
severity. In human cases of encephalitis, fever, headache, vomiting, respiratory symptoms, leucocytosis,
hematuria, seizures, and coma may occur. Surviving
children generally suffer more severe sequelae. Death
due to encephalitis usually occurs 2–10 days after the
onset of signs and symptoms, and survivors generally suffer progressive, disabling mental and physical
sequelae. These survivors usually live a normal life
span, but without gainful employment, and a patient
with sequelae costs an average of US$3 million in
treatment expenses (Villari et al., 1995).
In Latin America, equine EEE outbreaks are common in some regions but there is little evidence of
human disease (Weaver, 2001). EEEV-specific human
antibodies have been reported in many regions of
Latin America. However, no evidence of human disease has been found in Argentina despite intensive
epidemiological studies following extensive equine
epizootics, or in an enzootic focus near Iquitos, Peru
where people are undoubtedly exposed to the virus
(Aguilar et al., 2007a). It is likely that the South
American variety of EEEV is less infectious and/or
less virulent for humans than is the North American
variety (Weaver, 2001).

VEEV
In equines and humans, VEEV causes a spectrum of
disease ranging from unapparent to acute encephalitis
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in all age groups, with no sex bias observed. However,
children are more likely to develop fatal encephalitis and suffer permanent neurological sequelae than
adults. VEEV also infects the fetus in pregnant women
and causes birth defects as well as spontaneous abortions and stillborn births. In humans, the incubation
period is usually 2–5 days (Johnson and Martin, 1974).
Most infections are apparent with high attack rates
during epidemics. Symptoms appear abruptly, including malaise, fever, chills, and severe retroorbital or
occipital headache. Myalgia typically centers in the
thighs and lumbar region of the back. Signs usually
include leukopenia, tachycardia, and fever, frequently
accompanied by nausea, vomiting, and diarrhea. Signs
and symptoms of central nervous system (CNS) disorders occur less frequently and typically include convulsions, somnolence, confusion, and photophobia.
Acute disease usually subsides 4–6 days after onset,
followed by asthenia that can last for several weeks.
The illness is sometimes biphasic with recurrence 4–8
days after onset. A small proportion of human cases
proceed to stupor and coma, sometimes followed by
death (generally less than 1% of cases).

WEEV
Following an incubation period of about 2–10 days,
WEEV causes a broad spectrum of human disease
ranging from unapparent to fatal encephalitis. Illness
typically begins with the sudden onset of headache,
followed by dizziness, chills, fever, myalgias, and
malaise (Tsai et al., 2002). Prodromal symptoms intensify over several days, often with an acute exacerbation of dizziness and vomiting, increasing somnolence
or confusion. Neck stiffness is present in about 50%
of cases, and neurologic signs usually include weakness and generalized tremulousness, especially of the
hands, lips, and tongue. Stupor or coma develop in
⬍10% of cases. General improvement begins several
days after the defervescence of fever, typically within
a week to 10 days after the onset. In infants, the initial
presentation and clinical progression is more rapid,
evolving from a nonspecific illness of fever, irritability, and diarrhea to convulsions and coma. Overall,
mortality is 4% and is highest among the elderly,
although serious sequelae are more common in recovered infants and children, including extensive brain
damage resulting in mental retardation, developmental delays, convulsions, spasticity, and extrapyramidal
movement disorders. Perinatal illness following late
trimester or postpartum maternal infection have also
been reported.

TREATMENT
Treatment of VEE, EEE, and WEE is limited to
supportive therapies to maintain fluid balance and
prevent intracranial pressure. Little can be done to
prevent neurological disease and death in infected
patients (Tsai et al., 2002; Weaver, 2001). Intracranial
pressure, which contributes to morbidity and mortality, can be treated, as well as convulsions. Airway
protection is needed in patients with loss of consciousness, along with hyperventilation accompanied
by anesthesia and sedation. Cerebral blood flow can
be maintained via PaCO2 regulation. Brain swelling
can be minimized by regulating serum sodium and
osmolarity.
Because EEEV, VEEV, and WEEV are maintained
in zoonotic mosquito-borne transmission cycles often
found in swamps and forests, little can be done in an
ecologically acceptable manner to control virus circulation (Weaver, 2001). Control usually relies on early
detection of enzootic amplification in birds or rodents,
followed by mosquito control to reduce vector populations. Sentinel birds used for detection of seroconversion, as well as adult female mosquito collections
for virus isolation, can detect high levels of EEEV and
WEEV circulation. Equine disease usually precedes
human VEE disease. Personal protection against mosquito bites is usually the most effective means of VEE,
EEE, and WEE prevention, especially for individuals
who reside, work, or recreate near equids (VEE) and
enzootic habitats (EEE, WEE). Equine vaccination is
effective in preventing VEE epizootics and epidemics, but must be maintained continuously, especially in
northern South America where the progenitors of major
outbreaks occur (Weaver et al., 2004).
Although Ribavirin has been shown to have some
inhibitory effect on alphaviruses in vitro, no human
trials have been described. Because neurological disease follows a prodromal illness for at least several
days to about a week, human cases are often diagnosed when acquired immunity is already detected
and virus is cleared from the periphery. At this time,
it is unlikely that antiviral treatment alone can control CNS disease. Stimulators of innate immunity,
such as poly-IC, or interferons administered directly
are known to prevent alphaviral disease in animals
when administered before or soon after infection
(Worthington et al., 1973; Worthington and Baron,
1971; Finter, 1966; Bradish and Titmuss, 1981; Aguilar
et al., 2005). However, early treatment is generally
impossible because the alphavirus incubation period
is usually 24 h or longer. Based on previous studies

III. VIRAL VACCINES

25_P369408_Ch21.indd 345

11/5/2008 10:36:28 AM

346

ALPHAVIRAL ENCEPHALITIDES

(Coppenhaver et al., 1995), combination treatments
of poly-IC and alphavirus antibodies (Phillpotts et al.,
2002) may protect against disease even if administered
after invasion of the CNS, and should be explored
further.

PATHOGENESIS
Description of the Disease Processes
EEEV
Pathogenesis of EEEV infections leading to invasion of the human CNS is poorly understood. Clinical
studies using magnetic resonance imaging and computed tomography show changes in the basal ganglia and thalami suggesting brain edema, ischemia,
and hypoperfusion in the early stage of disease
(Deresiewicz et al., 1997). Gross pathological investigations of fatal human cases report brain edema with
necrosis, facial or generalized edema, vascular congestion and hemorrhage in the brain and visceral organs
(Farber et al., 1940; Femster, 1938, 1957; Getting, 1941;
Azimi and Grossman, 1997; Jordan et al., 1965; Bastian
et al., 1975). Loss of neurons, perivascular cuffing,
microglial proliferation, vasculitis, and focal inflammatory infiltration are the most typical findings of
human encephalitis. Vascular lesions are also common with thrombi and extravasation of red cells, and
necrosis and demyelinization also occur (Rozdilsky
et al., 1968). In the brain, antigen is localized to
the perikaryon and neuronal dendrites, with little
detected in glial cells (Garen et al., 1999). Cell death
by apoptosis is conspicuous, primarily in glial and
inflammatory cells. Neuronal death is associated with
cytoplasmic swelling or eosinophilia and nuclear pyknosis. The degree of inflammation is not correlated
with the presence of antigen, especially in cerebral cortex and spinal cord, where infected cells already have
presumably been cleared before death of the patient.
EEEV infection is also accompanied by visceral and
pulmonary congestion. Apoptosis occurs in glial and
inflammatory cells, but is less commonly associated
with neuronal cell death (Garen et al., 1999). Similar
lesions occur in primates after intracerebral inoculation (Nathanson et al., 1969).
Mice (Liu et al., 1970), hamsters (Paessler et al.,
2004), guinea pigs (Walder et al., 1980), and rhesus
(Nathanson et al., 1969) and Cynomolgus macaques
(Reed et al., 2007) have been used for experimental
EEE pathogenesis studies. Murine models for EEEV
(Liu et al., 1970) reproduce the lymphoid involvement
and cerebral pathology. Most strains of EEEV produce

high rates of fatal encephalitis in peripherally infected
mice (Schoepp et al., 2002; Liu et al., 1970); hamsters
more faithfully reproduce the vasculitis associated
with microhemorrhages in the brain that dominates
the pathological picture in fatal human EEE (Paessler
et al., 2004). In mice, initial replication is detected in
fibroblasts, osteoblasts, and skeletal muscle myocytes
near the site of subcutaneous infection (Vogel et al.,
2005). Virus is first detected in the brain one day after
infection, with rapid interneuronal spread leading to
direct neuronal death by day 4. Invasion of the CNS
by EEEV probably occurs by a vascular route, rather
than via peripheral nerves or the olfactory bulb like
VEEV. In hamsters, neuronal cell death is detectable
only in late stages of disease after EEEV replicates in a
variety of visceral organs, produces viremia, and penetrates the brain (Paessler et al., 2004). In general, the
virus is capable of establishing productive infection in
all parts of the mouse or hamster brain. Experimental
studies have suggested early infection of periventricular and perivascular neuronal cells in the basal
ganglia and hippocampus (Paessler et al., 2004).
In contrast to VEEV, EEEV appears to rapidly infect
the brain of animals via the blood, and the first
antigen-positive neuronal cells are located in the
basal ganglia and brain stem in the hamster model
(Paessler et al., 2004). Certain findings in animal models, such as the hamster, are similar to early clinical
manifestations of EEEV infections in humans. The
inflammatory response can be very prominent in
the brain if animals survive at least five days and is
usually produced by macrophages, lymphocytes,
and neutrophils. Some of the animal models also display the peripheral pathological changes described in
fatal human EEE cases, including congestion and
numerous microhemorrhages in the liver, spleen, and
lung (Fig. 21.3).
VEEV
The infection of humans mostly produces a “flulike” disease, and neurological disease (VEE) may be
characterized by disorientation, ataxia, mental depression, and convulsions, which can be detected in up
to 14% of infected individuals, especially children
(Johnson and Martin, 1974). Overall mortality rates
during epidemics rarely exceed 1%. Sequelae following VEE-related neurological disease in humans and
rats is common and described elsewhere (Leon, 1975;
Garcia-Tamayo et al., 1979). The typical complication of VEEV infections that is reported is a long-term
immunosuppression in patients upon clinical recovery.
The predominant pathological findings in fatal human
VEE cases reveal: (a) in the CNS: edema, congestion,
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FIGURE 21.3 Illustration of VEEV and EEEV pathogenesis based on findings in the mouse models. WEEV pathogenesis is less well understood, but probably more closely resembles that of EEEV because there is little evidence of extensive lymphoid involvement. Most studies of
peripheral infection have used needle inoculation of animals, but mosquitoes deposit alphavirus-infectious saliva both intra- and extravascularly in the dermis (Smith et al., 2006; Turell and Spielman, 1992), so natural, mosquito-borne pathogenesis could differ.

hemorrhages, vasculitis, meningitis, and encephalitis; (b) in the lungs: interstitial pneumonia, alveolar
hemorrhage, congestion, and edema; (c) in lymphoid
tissue: follicular necrosis and lymphocyte depletion;
and (d) in the liver: diffuse hepatocellular degeneration (de la Monte et al., 1985; Ehrenkranz and Ventura,
1974; Johnson et al., 1968). Laboratory mice, hamsters,
and guinea pigs are well developed as animal models for VEE, with a murine model for VEEV-induced
encephalitis and lymphotropism being established
(Davis et al., 1994, 1995; Kundin, 1966; Jackson et al.,
1991). Previous studies have demonstrated that the
murine model is characterized by biphasic disease,
which starts with the productive infection of lymphoid tissue and ends in the destruction of the CNS
by viral replication and a “toxic” neuroinflammatory
response, which is uniformly lethal (Gorelkin, 1973;
Grieder et al., 1995, 1997; Schoneboom et al., 1999,
2000; Garcia-Tamayo et al., 1979; Ryzhikov et al., 1991,
1995). By the time encephalitis has developed in an
infected mouse, the infectious virus is usually absent
from the peripheral organs and blood. However,
virus replicates to high titers in the brain and mice
die 5–7 days after infection due to fatal encephalitis (Anishchenko et al., 2004; Paessler et al., 2003).
The route of VEEV invasion of the CNS has been

studied extensively, and appears to rely on entry into
the brain via the olfactory nerve and possibly the dental nerves (Ryzhikov et al., 1995; Charles et al., 1995;
MacDonald and Johnston, 2000; Aronson et al., 2000).
All VEEV strains including enzootic and epizootic
produce similar disease in a variety of mouse strains,
both inbred and outbred (Wang et al., 1999).
WEEV
Like the other human alphaviral encephalitides,
WEE pathogenesis is poorly understood. In postmortem examinations the brain appears normal or exhibits a moderate degree of vascular congestion (Tsai
et al., 2002). Perivascular infiltrates of lymphocytes,
plasma cells, and neutrophils are characteristic, along
with vascular necrosis in some cases. Lesions are distributed mainly in the subcortical white matter, the
internal capsule, thalami, basal ganglia, substantia
nigra, dentate nucleus, and molecular layer of the cerebellum and gray matter of the brainstem and spinal
cord. Neurons are found in various stages of degeneration. Widely scattered focal areas of demyelination
are seen.
Although pathogenesis studies of WEEV in small
animal models are quite limited, the mouse has
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received most of the focus. With many WEEV strains,
only partial mortality occurs following peripheral infection; higher levels of mortality accompany
intracranial and intranasal infection (Liu et al., 1970;
Julander et al., 2007). Bianchi et al. (1993) studied three
epizootic (associated with equine epizootics) WEEV
strains (McMillan, CBA87, and CBACIV 180) and an
enzootic strain (AG80-646). Neurovirulence and neuroinvasiveness for adult mice correlated with viremia
and virus replication in the brain. Epizootic viruses
were neurovirulent and neuroinvasive, whereas
the enzootic strain was attenuated. Intranasal infectivity of eight WEEV strains revealed that all were
100% lethal for adult BALB/c mice, with some variation in the time to death (Nagata et al., 2006). Based
on the time of death the high-virulence phenotype
(rapid death) included strains California, Fleming,
and McMillan, and the low-virulence group included
CBA87, Mn548, B11, Mn520, and 71V-1658.
Histopathological findings of WEEV infection in
baby mice include lesions in muscle, cartilage, and
bone marrow (acute necrotizing degeneration), while
infection in three-week-old mice causes diffuse meningoencephalitis and lesions in the heart, lungs, kidney,
liver, and brown fat (Aguilar, 1970; Monath et al.,
1978). In addition to mice, guinea pigs, rabbits, and
newborn chickens have also been evaluated as models
for WEE along with hamsters. Guinea pigs suffer fatal
disease from epizootic strains but survive enzootic
AG80-646 strain infection. However, rabbits showed
the inverse pattern of disease, with the enzootic
strain lethal (Bianchi et al., 1997). Viremia level correlated with the virulence in all of these models. In
hamsters, (Julander et al., 2007) infected intraperitoneally, disease progression is rapid, with viremia and
virus replication in the brain, liver, and kidney 2–4
days after inoculation. Foci of virus replication occur
in neurons of the cerebral cortex and midbrain. In
cynomolgous macaques, WEEV produces partial fatality when administered in high doses via the aerosol
route (Reed et al., 2005a). Three to four days of fever
occur four to six days after infection. Clinical signs of
encephalitis begin coincident with fever onset, and
progress rapidly, accompanied by elevated white cell
counts (predominantly neutrophils and monocytes).
Immunohistochemical evidence of WEEV antigen
is found in the brain and CNS, along with a marked
lymphocytic infiltrate (Reed et al., 2005a).

Immune Response to Infection
IFN-α and -β are important in protecting against
alphaviral disease (Grieder and Vogel, 1999; Spotts
et al., 1998). Previous studies showed a correlation

between alphavirus virulence and resistance to IFN-α
and -β. Some studies with VEEV suggested that the
IFN-α and -β resistance or sensitivity phenotype correlated with epizootic potential and equine virulence
(Spotts et al., 1998; Jahrling et al., 1976), although
others observed little or no difference (Anishchenko,
2004). In contrast, IFN-γ is believed to have a lesser
role in protecting against alphavirus infection.
The appearance of neutralizing IgM usually coincides with the clearance of peripheral infection, but
replication in the CNS continues. Noncytolytic clearance of SINV from the murine CNS involves immunemediated, noncytolytic clearance from neurons, an
activity that requires both CD4⫹ and CD8⫹ T cells,
and that T cells mainly require IFN-γ for clearing virus
from certain neuron populations (Binder and Griffin,
2001). However, RNA can persist after infectious virus
is no longer detected. The early lymphoid phase of
VEEV infection ends with the appearance of IgM
about 3–4 days postinfection, and the CNS pathology
in a VEEV-infected mouse has a significant immunologic component in addition to direct killing of neurons via apoptosis (Charles et al., 2001). Although
neutralizing antibodies are believed to be the principal determinants of immune protection, recent studies
of vaccinated mice with immune deficiencies indicate
that antibodies are not absolutely required for protection, and that α/β T cells can also protect against fatal
disease (Paessler et al., 2006, 2007). IFN-γ receptor KO
mice did not show any major difference in viremia
or mortality compared to wild-types, supporting the
conclusions of previous studies that showed no difference in disease outcome in IFN-γ-receptor deficient
mice infected with SFV (Muller et al., 1994).
Detailed studies of the immune response to VEEV
strain TC-83 demonstrate immune responses in draining lymph nodes 24 h following murine vaccination,
with increased levels of activated B cells and both
CD4(⫹) and CD8(⫹) T cells (Bennett et al., 2000).
Activated monocyte/macrophages and natural killer
cells are also seen between 6 h and 7 days postvaccination. VEEV-specific IgG appears in the serum on day 5
postvaccination, with titers rising on days 7, 14, and 21.
Isotypes of IgG measured on days 7 and 21 are predominantly of the IgG2a subclass, indicating a Th1mediated response. Cytokine mRNAs detected in the
serum include the Th1 cytokine IFN-γ and the inflammatory cytokine TNF-α, whereas the Th2 cytokine IL4
is not detected (Bennett et al., 2000).
In studies with Sindbis virus as a model of alphaviral encephalitis, cellular genes such as bax, bak, and
bcl-2, which regulate the apoptotic pathway, can modulate the outcome of infection (Jan et al., 2000). During
Semliki Forest virus–induced murine encephalitis,
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infiltrating leukocytes and neural precursor cells
undergo apoptosis, while productively infected neurons undergo necrosis (Sammin et al., 1999). Immature
mouse neurons infected with Sindbis or Semliki Forest
viruses die of caspase-dependent apoptosis, while
mature neurons survive by producing factors inhibiting
viral-induced apoptosis. Apoptosis is induced at the
time of alphavirus fusion with the cell membrane, and
virus replication is not required (Jan and Griffin, 1999).
Virus fusion apparently initiates the apoptotic cascade
by inducing sphingomyelin degradation and ceramide
release. In mature mice, antibody clears virus from the
infected cells, however, viral RNA persists in infected
neurons. The interruption of continued antibody production leads to viral reactivation. In contrast, T cells
are not protective, although CD8(⫹) cells may act indirectly, possibly via cytokines, to assist in the clearance
of viral RNA from neurons.

VACCINES
History
VEEV Vaccines
Vaccines to protect equines and humans against
VEEV were first produced soon after the virus was
isolated in 1938 (Beck and Wyckoff, 1938; Kubes and
Rios, 1939). These formalin-inactivated preparations
were initially made from mouse brain and other animal tissues following infection with virulent, unmodified subtype IAB strains (Randall et al., 1949). Genetic
studies showing an extremely high degree of sequence
conservation among IAB strains isolated from 1938 to
1973 (Kinney et al., 1992; Weaver et al., 1999), as well
as the isolation of live virus from at least one human
vaccine preparation (Sutton and Brooke, 1954). The
lack of IAB outbreaks since 1973, coincident with the
replacement of inactivated VEEV vaccines by the liveattenuated TC-83 strain, supports the vaccine origin
hypothesis for all IAB outbreaks during the 1960s and
1970s.
The TC-83 attenuated VEEV vaccine strain was
produced in 1961 by 83 serial passages of the subtype IAB stain Trinidad donkey in guinea pig heart
cells (Berge et al., 1961), and soon thereafter was
administered to humans at risk for laboratory infection (McKinney et al., 1963). Reverse genetic studies
indicate that two mutations are the principal determinants of attenuation: genome nucleotide position 3 in
the 5⬘ untranslated region, and amino acid position 12
in the E2 envelope glycoprotein (Kinney et al., 1993).
TC-83 is generally administered in live form prepared
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from chicken embryo cells (Cole et al., 1976) as U.S.
Food and Drug Administration (FDA) Investigational
New Drug No. 142 (Pittman et al., 1996). A formalininactivated version called C84 has also been used in
humans since the 1970s as FDA IND No. 914 (Pittman
et al., 1996; Edelman et al., 1979). Evaluation of
821 vaccinated laboratory workers, including some
boosted with C-84, showed 82% seroconversion (80%
plaque reduction neutralization titers ⱖ1:20). Side
effects occurred in 23% of vaccinees but no long-term
sequelae were noted (Pittman et al., 1996).
In the case of contraindications or lack of seroconversion to TC-83, a formalin-inactivated version, C-84
is used (Cole et al., 1974). Unlike TC-83, this vaccine
produces only occasional, mild, local, and systemic
reactions; it augments preexisting VEEV antibody titers in seropositive recipients of TC-83, and induces
high titers of cross-reactive antibodies in nonimmune
subjects after one primary and two booster vaccinations, with circulating antibody persisting for at least
14 months (Edelman et al., 1979). However, some
rodent studies indicate that TC-83 protects mice better
against aerosol challenge (Jahrling and Stephenson,
1984). Other studies using cynomolgous macaques
indicate that TC-83 (single dose) and C-84 (3 doses)
elicit similar neutralizing antibody responses and protect against peripheral infection, but neither protects
all animals against aerosol exposure (Pratt et al., 1998).
Neither pre-challenge antibody titers nor lymphoproliferative responses predicted well the outcome of
challenge. Microspheres composed of poly (DL-lactideco-glycolide) augmenting IgG antibody levels and
neutralization titers to the C84 inactivated VEEV
vaccine and afford enhanced protection against VEEV
challenge (Greenway et al., 1995).
The TC-83 vaccine induces VEEV-specific IgM
and IgG in the respiratory tracts of immunized mice,
and passive intranasal immunization with IgG protects against aerosol challenge (Phillpotts, 1999). The
mucosal lymphotropism of attenuated VEEV strains
probably explains their efficacy against aerosol challenge of mice (Charles et al., 1997), although a role for
cell-mediated immunity in protection has also been
suggested (Elvin et al., 2002). Some studies have shown
that TC-83 induces limited cross-immunity against heterologous VEEV subtypes (Fillis and Calisher, 1979);
others showed breakthrough infections and disease
only after aerosol challenge. The risk of breakthroughs
appears to increase with time after vaccination, and
is more likely with epizootic, homologous serogroup
IA/B viruses than with enzootic, heterologous strains
(Phillpotts and Wright, 1999).
Another issue with live alphavirus vaccines is
immunologic interference with a second vaccination.
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Persons previously vaccinated with VEEV strain
TC-83 exhibit poor neutralizing antibody responses to
a live-attenuated chikungunya virus (CHIKV) vaccine,
and vice versa. ELISA antibody responses demonstrate
cross-reactive IgG to VEEV after primary CHIKV
immunization, followed by an anamnestic response
upon subsequent VEEV vaccination (McClain et al.,
1998).
EEEV and WEEV Vaccines
Although live-attenuated WEEV (Hughes and
Johnson, 1967; Binn et al., 1966) and EEEV (Brown
and Officer, 1975; Brown et al., 1975) vaccine strains
were tested in the 1970s, only multivalent, formalininactivated vaccines against VEEV, EEEV, and WEEV
are currently administered to horses. In equids, these
vaccines protect against challenge after two initial
doses (Barber et al., 1978) but require frequent, lifelong boosters (Waldridge et al., 2003). The EEEV vaccine is also immunogenic and efficacious in some but
not all avian species (Tengelsen et al., 2001; Snoeyenbos
et al., 1978; Olsen et al., 1997; Clark et al., 1987). Both
immunologic cross-reactivity among alphaviruses and
extensive strain variation are potential issues with
alphavirus vaccines. For example, the presence of preexisting EEEV or WEEV antibodies appears to interfere
with TC-83 immunogenicity in horses (Vanderwagen
et al., 1975; Ferguson et al., 1978). Due to antigenic differences among EEEV strains, the inactivated vaccine
prepared from a North American strain elicits highneutralizing titers against most or all North American
isolates, but not against South American strains (Strizki
and Repik, 1995). These data suggest that the current
equine vaccines produced in the U.S. may not be efficacious in Latin America. The risks of using wild-type,
virulent alphavirus strains in inactivated vaccine preparations continue despite indications that this virus
was responsible for initiation of VEE epizootics from
the 1940s to 1970s (Weaver et al., 1999). The occurrence
of EEE in a California horse shortly after vaccination,
also suggesting residual live virus, also underscores
the risks associated with these vaccines (Franklin et al.,
2002).

the predicted infection threshold of epizootic vectors
(Baker et al., 1978), vaccine virus was isolated from
mosquitoes in Louisiana (Pedersen et al., 1972), raising environmental concerns. In Texas, TC-83 proved
minimally reactive with no documented abortions or
deaths attributable to vaccination, and most antibody
titers were maintained for at least 11 months. Vaccine
virus was isolated 1–14 days after vaccination and
antibody appeared about a week after vaccination.
The lack of VEEV isolations from horses with antibodies against EEEV and WEEV suggested some degree
of cross-protection (Calisher and Maness, 1975), as
did some serologic (Ferguson et al., 1977) and animal
model studies (Cole and McKinney, 1971).

Duration of Immunity
Human and murine immunity generated by TC-83
against homologous subtype IAB strains lasts at least
7–9 years, while cross-reactive immunity against
other subtypes is not as long lived (Burke et al., 1977;
Fillis and Calisher, 1979). Most human TC-83 vaccinees retained neutralization titers for at least 6 years,
and many TC-83 responders who were also boosted
with C-84 remained seropositive for over 10 years.
However, many TC-83 nonresponders who were
boosted with C-84 failed to retain titers ⱖ1:20 for more
than 1–2 years (Pittman et al., 1996).

Contraindications of Vaccination, Including
Special Risk Groups
Pregnant women, persons infected with human
immunodeficiency virus (HIV), or persons in any
way immunosuppressed or immunocompromised
are excluded from vaccination under the U.S. Army’s
Special Immunization Program. A known allergy to
egg products also grounds for exclusion. Pancreatic
involvement in hamster infections with VEEV
(Gorelkin and Jahrling, 1974) is the rationale for exclusion of diabetic persons from vaccination with strain
TC-83.

Veterinary Vaccines

Adverse Events

The TC-83 vaccine strain was initially used in
live form during the 1969–1971 epizootic that swept
through much of Central America, Mexico, and into
Texas. Extensive field testing in horses showed live
TC-83 vaccine to be safe and efficacious (Walton
et al., 1972) with long-lasting immunity (Walton and
Johnson, 1972). Viremia titers were generally below

Adverse reactions to the TC-83 live VEEV vaccine strain have included a mild, febrile illness often
including malaise, headache, fever, chills, myalgia,
sore throat, and occasionally, nausea, arthralgia,
anorexia, vomiting, diarrhea, erythema, and rash.
Adverse events to the inactivated VEEV and EEEV
vaccines include typical local and systemic allergic
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TABLE 21.1 New alphavirus vaccines under development
Agent
VEEV

Vaccine type
Live virus

EEEV

Various

Replicon particle

Attenuation or immunogenicity strategy

References

Ablation of E3-E2 cleavage site,
compensatory mutation in E1 protein gene
SINV/VEEV nonstructural/structural
protein gene chimeras

Davis et al. (1995), Pratt et al.
(2003), Reed et al. (2005b)
Paessler et al. (2003, 2006)

Phase I human studies
completed
Preclinical

WEEV/EEEV nonstructural/structural
protein gene chimeras
SINV/EEEV nonstructural/structural
protein gene chimeras

Schoepp et al. (2002)

Preclinical

Wang et al. (2007)

Preclinical

Defective genome expressing some critical
antigenic proteins, packaged by envelope
glycoproteins supplied in trans

Frolov et al. (1997),
Pushko et al. (2000)

Preclinical (for expression of
alphavirus antigens)

reactions. Long-term sequelae following alphavirus
vaccination have not been reported. A case of hydrops
fetalis and fetal demise resulting from TC-83 vaccination of a pregnant woman indicated that this vaccine
should not be used during pregnancy (Casamassima
et al., 1987).

Current Licensed Vaccines
Although EEEV, VEEV, and WEEV vaccines have
been administered to persons at risk by the U.S. Army
under IND protocols since the 1960s, there are no
alphavirus vaccines licensed for human use. Human
vaccines against alphaviruses have never been
licensed.

VACCINES IN DEVELOPMENT
Past alphavirus vaccine development has focused
on the use of live, attenuated viruses or inactivated,
whole virus. Although some recent development
strategies have utilized DNA that encodes alphavirus structural proteins (Riemenschneider et al., 2003)
most recent efforts have focused on improved strategies for alphavirus attenuation and the use of replicon
particles.

Need for Improved Alphavirus Vaccines
As with other live RNA virus vaccines including
polio where attenuation was derived via cell culture
adaptation, resulting in a small number of attenuating point mutations, the TC-83 VEEV strain is probably unstably attenuated due to selection in humans
or domestic animals for reversions. This inherent problem, probably reflected in the high rates of

Stage of development

reactogenicity among human vaccinees (Pittman et al.,
1996), was the impetus for the development of new
live vaccine strains using genetic engineering strategies for improved stability of attenuation. Currently,
two basic attenuation strategies are under development, along with the use of replicon particles that are
limited to a single cycle of replication in vaccinees
(Table 21.1).

Discovery/Basic Science
Antigen Discovery
Little effort has been reported on attempts to
discover and exploit new alphavirus antigens for
vaccines.

Preclinical Development
Adjuvant Development
The IND alphavirus vaccines described above are
generally used with only Alum adjuvant. However,
microspheres composed of poly (DL-lactide-co-glycolide)
enhance IgG and neutralizing antibody responses as
well as mucosal immunity to the VEEV C-84 vaccine
(Greenway et al., 1995, 1998) and thus show promise
for further development. Recent studies indicate that
the alphavirus replicon particles have intrinsic systemic and mucosal adjuvant activity due to their RNA
replication activity (Thompson et al., 2006).
Delivery Technology
Delivery of alphavirus structural proteins as DNA
vaccines has shown promise in mice (Riemenschneider
et al., 2003), but results with primates or large animals
have not been reported.
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Development of Animal Models
As described above, mice, hamsters, and guinea
pigs have been used most commonly as animal
models for human and equine EEE, VEE, and WEE.
Recently, Reed and colleagues have conducted
detailed pathogenesis studies using cynomolgous
macaques exposed to alphavirus aerosols. These
primates develop fever 4–6 days after WEEV exposure, with a duration of 3–4 days (Reed et al., 2005a).
Clinical signs of encephalitis begin after the cessation
of fever, with elevated white blood cell counts dominated by neutrophils and monocytes. In animals that
die, immunohistochemical evidence of viral antigen
is found in the brain and CNS with marked lymphocytic infiltrates. Experimental aerosol infections
of cynomolgous macaques with VEEV subtypes IE or
VEE complex subtype IIIA Mucambo virus develop
fever, viremia, and lymphopenia in a dose-dependent
manner (Reed et al., 2004). Most develop clinical
signs of encephalitis, including loss of balance and
hypothermia. Following aerosol exposure to EEEV,
cynomolgus macaques develop encephalitis that
corresponds with the onset of fever and tachycardia
(Reed et al., 2007). Viremia is transient or undetectable and the onset of illness was dose dependent.
A prominent leukocytosis occurs, with neutrophils
predominating.
New Alphavirus Vaccine Platforms
Although a bacterially expressed E1 envelope glycoprotein from WEEV was shown to be immunogenic
in mice, it exhibited poor protection (Das et al., 2004).
The entire structural protein region (C-E3-E2-6K-E1),
or the complete glycoprotein region (E3-E2-6K-E1) of
VEEV expressed by baculoviruses are highly immunogenic in mice and protected these animals against
challenge, while individual glycoprotein regions (E3E2 and 6K-E1) are incompletely processed but nevertheless provide complete protection (Hodgson et al.,
1999). Vaccinia-based VEEV vaccines have also been
produced and shown to be immunogenic and protective in the mouse model (Kinney et al., 1988a, 1988b;
Bennett et al., 1998). Various vaccinia constructs
including all or only some of the structural proteins
protect mice well against peripheral challenge but provide only partial protection against aerosol exposure
(Phillpotts et al., 2000). The inability of these vaccines
to elicit a sufficient IgA response may be responsible
for the lack of efficacy against airborne challenge.
Recombinant, defective type 5 adenoviruses
expressing the E3-E2-6K structural genes of VEEV
protect against homologous challenge virus but less
so against enzootic VEE complex strains (Phillpotts

et al., 2005). A DNA vaccine against VEEV has also
been shown to be efficacious in mice (Riemenschneider
et al., 2003).
Purified envelope glycoproteins extracted from
VEEV, EEEV, and WEEV are also immunogenic and
protective (Pedersen, 1976). Novel gene-shuffling
techniques are also under development to produce
multivalent alphavirus vaccines (Locher et al., 2005).
DNA vaccines against WEEV has shown partial efficacy in mice (Nagata et al., 2005).
New Alphavirus Vaccine Concept Development
Two main discoveries that led to the novel alphavirus attenuation strategies are outlined in Table 21.1.
First, the discovery that WEEV is the descendent of
a recombinant alphavirus (Hahn et al., 1988; Weaver
et al., 1997) led to the interest in generating by recombinant DNA technology artificial recombinants to
study interactions among alphavirus genes (Kuhn
et al., 1996). These studies determined that chimeric alphaviruses involving two different species
are highly attenuated, although the mechanism of
attenuation is not known. The lack of attenuation in
chimeras derived from different strains of the same
alphavirus, for example, different subtypes of VEEV
(Greene et al., 2005a; Powers et al., 2000), suggests
that incompatibilities between more distantly related
sequences or proteins results in suboptimal interactions and replication efficiency, although this is manifested more in vivo than in vitro. This attenuation has
been exploited to develop several chimeric vaccine
candidates against VEEV and EEEV (Table 21.1). The
second basic discovery that led to a new alphavirus
attenuation strategy was the identification of VEEV
mutants that result in a lack of cleavage between the
E3 and E2 proteins during secretory processing of the
PE2 polyprotein (Davis et al., 1995). RNA transcripts
derived from cDNA clones containing deletions in
this cleavage site are nonviable but give rise to a small
proportion of viable revertants with second-site suppressor mutations and incorporate unprocessed PE2
into virions. The combination of the lethal PE2 cleavage mutation and a suppressor mutation at E1 position 253 is highly attenuated and immunogenic (Pratt
et al., 2003; Reed et al., 2005b; Hart et al., 2000).
Another basic alphavirology development that
has translated into new vaccine strategies is the replicon particle. Because only the nonstructural proteins and cis-acting RNA sequences are required for
alphavirus genome replication, the structural protein
genes can be replaced by foreign antigens that are
expressed at high levels in infected cells (Frolov et al.,
1997; Liljestrom and Garoff, 1991). However, for these
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replicon genomes to enter the cytoplasm for replication, they must be either introduced by chemical or
electromagnetic transfection methods, or packaged
into virus-like particles by capsid and envelope proteins provided in trans from a second genetic construct. Often, two separate, transcribed “helper”
plasmids encode the structural packaging proteins
to avoid the generation of complete viral genomes
via recombination (Pushko et al., 1997). Another
approach is to develop packaging cell lines that constitutively express the structural proteins (Polo et al.,
1999). Because the replicon genomes are defective and
cannot produce structural proteins, they express the
foreign genes during only one round of replication
and cannot spread to other cells, an important safety
consideration. The alphavirus replicon systems have
been used primarily to express immunogens from
other viruses or proteins (Zhou et al., 1994; Davis
et al., 2002), but can also be used to immunize against
homologous or heterologous alphaviruses without the
safety concerns of a live replicating virus.
Another recent discovery that will probably lead to
new, live alphavirus vaccine development approaches
is the molecular basis of the shutoff of vertebrate
host cell gene expression that occurs during alphavirus infections which undoubtedly contributes to
virulence. Unlike the Old World Sindbis and Semliki
Forest viruses that regulate this shutoff via their nsP2
(Frolova et al., 2002; Garmashova et al., 2006), EEEV
(Aguilar et al., 2007b), and VEEV (Garmashova et al.,
2007) use the capsid protein for this purpose. The
mechanism of WEEV host cell gene expression shutoff
is unknown, but the derivation of its capsid gene from
an EEEV ancestor suggests it also uses the capsid protein. Inactivation of this capsid function could therefore be exploited for alphavirus attenuation.

neurovirulent in mice than TC-83 (Ludwig et al.,
2001). V3526 also appears to have a lower risk for
environmental transmission and distribution (Turell
et al., 1999; Rao et al., 2004). Although this vaccine
strain elicits neutralizing antibodies in macaques only
against homologous subtype IAB VEEV strains, it
protects against both IAB and IE strains in aerosol
challenges (Reed et al., 2005b).
Chimeric alphaviruses have recently been developed as vaccine candidates. A chimera derived from
a cDNA clone including the 5⬘ 2/3 of the WEEV
genome, encoding the nonstructural proteins, and
the 3⬘ 1/3 of the EEEV genome, encoding structural
proteins, is highly attenuated in mice (Schoepp et al.,
2002). This chimera protects against EEEV but not
WEEV challenge. A chimeric clone encoding the nonstructural proteins of Sindbis virus and the structural
proteins of the VEEV TC-83 strain is also highly attenuated and protects against wild-type VEEV challenge
(Paessler et al., 2003).

Clinical Trials
Phase I
Clinical Phase I trials of the VEEV TC-83 and C-84
vaccines are described above (Pittman et al., 1996).
Results of Phase I trials of the U.S. Army’s inactivated
EEEV and WEEV vaccines have not been published.
A Phase I trial of the V3526 attenuated VEEV vaccine
was completed in 2006, but the results have not yet
been reported. No Phase II or III studies have been
undertaken for any alphavirus vaccines.

POSTEXPOSURE
IMMUNOPROPHYLAXIS

Attenuated VEEV Strain V3526
Because of the human reactogenicity of the TC-83
vaccine and other concerns from animal studies such
as glucose intolerance and reduced insulin release
after vaccination (Rayfield et al., 1976), next generation, live-attenuated VEEV vaccine strains have been
developed using infectious cDNA clones derived
from the Trinidad donkey strain. Attenuation was
achieved by inserting either attenuating mutations or
a PE2 cleavage-signal mutation combined with an E1
gene resuscitating mutation. The latter strain, called
V3526, is immunogenic for mice and nonhuman primates (Pratt et al., 2003). V3526 induces systemic
and mucosal protection in mice more efficiently than
TC-83 (Hart et al., 2000) and is stably attenuated
after cell culture and mouse passages, remaining less

No studies of alphavirus immunoprophylaxis have
been reported.

PROSPECTS FOR THE FUTURE
Several new strategies for generating robustly and
stably attenuated alphaviruses have been described
recently, and offer promise for the generation of
improved, live virus vaccines. However, the stability of
the attenuation phenotypes will require close scrutiny
due to the potentially fatal consequences of reversion
to wild-type virulence. Additional studies of the determinants of attenuation will be required to predict phenotype stability, as well as experiments to test stability
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empirically. These new attenuation strategies should
also lead to improvements in the efficiency and safety
of inactivated vaccine production for both human and
veterinary use, which currently rely on the propagation of wild-type, virulent, select agent strains in some
cases. Replicon particles, which combine most of the
safety of inactivated vaccines with improved immunogenicity, also offer promise not only for alphaviral
disease, but for other antigenic targets using alphavirus vectors. Further effort is needed to better define
the critical determinants of both humoral and cellular
immunity, so that other new strategies such as viruslike particles or DNA-based immunization can be
exploited for alphaviruses.

KEY ISSUES
●

●

●

●

●

●

●

No human alphavirus vaccine suitable for licensure
is currently in clinical development.
An ideal alphavirus vaccine for biodefense
purposes would require only one dose, generate
long-lasting immunity, be relatively inexpensive to
produce, and be stable for long-term storage.
An ideal human vaccine for protection against
endemic and epidemic VEE in Latin America
would have the same properties, but cost would be
an overriding issue.
Because EEEV and WEEV typically cause only
small numbers of human cases in the U.S., there
is probably not a sufficient market for commercial
vaccine development.
A safe and effective equine vaccine is critical for
preventing epidemics of VEE, which rely on equine
amplification for transmission to large numbers of
people.
The current equine vaccine against VEEV relies on
only two point attenuating mutations, suggesting
the possibility that reversion could generate a VEE
epidemic involving large numbers of human cases.
Further identification and characterization of
critical alphavirus antigens is needed to exploit
newer vaccine platform technologies for biodefense.
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ABSTRACT
Foot-and-mouth disease (FMD) is a devastating disease of livestock that has had a significant impact on world
economies and public health. Its importance to mankind is confirmed by the fact that FMD virus (FMDV) was the
first animal virus discovered, and that FMD was among the first animal diseases for which vaccines were developed.
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FOOT-AND-MOUTH DISEASE

Due to its rapid spread and the high cost of eradication campaigns, countries that are free of the disease are
susceptible to huge economic losses if the disease were to be introduced either accidentally or deliberately in an act
of agroterrorism. Vaccines developed in the 1950s and 1960s have helped to control this scourge in many nations,
and these products have been further developed and refined over the last 30 years. Although these vaccines are very
useful as part of eradication campaigns in countries where FMDV is enzootic, it is not feasible to use these products
in prophylactic vaccination of entire regions. In addition, these vaccines are not ideally suited to control outbreaks in
disease-free countries. Thus, for the portions of the world that are currently FMD free, there is a need for new vaccines
that can be applied in the areas surrounding an outbreak to rapidly dampen the spread of infection. Although the
market for this type of vaccine is small, there are several groups trying to satisfy this important need. This chapter will
detail the history of FMD vaccine development emphasizing recent advances and prospects for future development.

INTRODUCTION
The first reports of foot-and-mouth disease (FMD)
date from 1514, when a livestock disease compatible with the signs of FMD was described. These
signs include the formation of fluid-filled vesicles on
the mouth, feet, nares, and teats of the affected animals, producing severe discomfort but rarely death.
Although this gruesome disease is limited to clovenhoofed animals, it has severely affected mankind
through its impact on animal agriculture. In areas of
the world where food and draft animals are essential for subsistence agriculture, FMD can affect nutrition. In countries that have highly developed animal
industry and free trade, outbreaks cause economic
devastation. This latter aspect of the disease has raised
concern that the etiologic agent of the disease, FMD
virus (FMDV), could be used as a bioterrorist weapon.
Due to its economic importance, high virulence,
and utility as a model for studying virus evolution
and speciation, FMD has been extensively examined
and is the subject of many reviews (Brown, 2003;
Doel, 2003; Domingo et al., 2003; Grubman and Baxt,
2004; Jackson et al., 2003; Knowles and Samuel, 2003;
Mason et al., 2003; Sutmoller et al., 2003; Thomson
et al., 2003). The purpose of this chapter is to briefly
recount the development of vaccines that can be used
to effectively reduce the impact of FMD in enzootic
countries and to describe the development of secondgeneration vaccines with enhanced safety and/or efficacy that may be particularly well suited to use in the
face of an outbreak as “emergency vaccines.”

Brief History of FMD
FMDV was responsible for thousands of outbreaks
of the disease in Europe at the end of the 1800s, prompting the German government to provide funding to
Frederick Loeffler to identify the etiologic agent of the
disease and develop methods to control it. Loeffler
applied state-of-the-art ceramic filter technology that

had been used to separate disease-causing bacteria
from their toxins to demonstrate that the infectious
agent or “instigator” in the lymph from FMD vesicles
was smaller than the smallest known bacteria. Since
he reasoned that the disease-causing agent could have
been a toxin, he undertook serial animal-to-animal
passages with diluted filtered preparations to demonstrate that the “instigator” was infectious. The results of
these studies, which were published in 1898 (Loeffler,
1898; Loeffler and Frosch, 1898), heralded the start of animal virology. A summary of Loeffler’s achievements with
FMD was published several years later (Loeffler, 1909).
This document recounted his studies demonstrating that
FMD induces a protective immunity to reinfection, and
that convalescent serum could be used as a “highly beneficial prophylactic.” In the same work, Loeffler reported
how convalescent serum could be successfully administered in the field and indicated that administration of
serum followed by the “instigator” present in the lymph
of diseased animals could induce active immunity to
FMD. In this report, Loeffler emphasized the value of
developing both serum and active immunity to control
FMD; however, his death a few years later prevented his
pursuit of more effective products to control FMD.
During the first few decades of the 1900s, studies
on FMD helped to further characterize the nature of
the agent and the immune response it elicited, demonstrating among other things that there were multiple
serotypes of the virus, providing a preview for one of
the largest obstacles to controlling the disease, namely,
the need for multivalent vaccines.
In the first third of the 20th century, the United States
experienced multiple outbreaks of FMD. Most of these
outbreaks appeared to result from direct importation of virus-contaminated products. In the case of the
1908 outbreak, retrospective analyses ascribed the
mode of introduction as an FMDV-contaminated seed
stock of vaccinia virus that was imported from Japan
for production of the human smallpox vaccine (Mohler
and Rosenau, 1909). The outbreak in 1914, the most
severely experienced in U.S. history, affected 22 states
and the District of Columbia. Control of this outbreak,
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which lasted for 20 months, included the destruction
of over 170,000 animals (Mohler, 1924). The last outbreak in the United States, which occurred in 1929, was
ascribed to importation of infected garbage offloaded
from ships and fed to pigs, in clear violation of the U.S.
Department of Agriculture (USDA) regulations (Mohler,
1929). Ironically, this mechanism of transmission is still
repeating itself 75 years later, as evidenced by a similar
episode that introduced the Pan-Asian strain of FMDV
into the port of Durban, South Africa, in 2000.
The United States has remained FMD free since 1929.
This situation can be attributed to a number of factors,
including the extensive efforts by the United States,
from 1946 to 1954, in assisting Mexico to eliminate FMD
by a combination of slaughter and ring vaccination and
the absence of land routes connecting the United States
to FMD-affected areas (the United States helps to maintain an FMD vaccination-free “sentinel” zone along the
northern border of Colombia, permitting rapid detection of FMD that could threaten disease-free Central
America). The USDA also maintains strict import restrictions on biological products (including foods, medicines,
and animal-derived research products) and live animals,
thus helping to reduce the likelihood of accidental introduction of FMD. Recently, the Department of Homeland
Security has initiated programs to help prevent deliberate introduction of FMD into the United States.

363

Economic Impact and International Agencies
that Control FMD
In the early 20th century, the devastating nature of
outbreaks of animal diseases imported into Europe
resulted in the formation of an international agency,
the Office International des Épizooties (OIE). Although
founded originally to control rinderpest, which had
been introduced into Europe by trade with Africa, FMD
soon became one of the most important diseases that
the OIE tracked and controlled. Today, the OIE receives
voluntary reports of the activity of FMD and several
other animal diseases and has the ability to declare
countries “free” of FMD, following a rigorous investigation of a country’s surveillance data and infrastructure. The FMD “disease-free” status, which is used by
trading partners to control importation of live animals,
can add considerable value to a country’s animal products. As a result, countries that cannot prove they are
free of FMD have a severe economic disadvantage, and
when outbreaks occur in countries that wish to quickly
regain their disease-free status, national agricultural
authorities may implement draconian slaughter policies to eliminate the disease. In this context, the fact
that FMD vaccination can actually mask the circulation
of live FMDV can provide an economic disincentive for
vaccination (see below). Figure 22.1, which shows the

FIGURE 22.1

Countries that reported FMD between January 2003 and August 2007 (courtesy of Nick J. Knowles, World Reference
Laboratory for Foot-and-Mouth Disease).
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current distribution of FMD in the world, demonstrates
the presence of the disease in many developing countries and absence from large industrial countries that
pay the highest prices for animal products.
Due to these economic factors, as well as its potential
to directly affect animal productivity (and hence human
nutrition), the Food and Agriculture Organization
(FAO) of the United Nations (UN), the World Health
Organization (WHO), and the Pan American Health
Organization (PAHO) all maintain programs for tracking and controlling FMD.

DESCRIPTION OF THE DISEASE
Disease Presentation and Pathogenesis
The signs of FMD are variable, depending on both
host and virus strains. Susceptible hosts include essentially all cloven-hoofed animals, but the majority of
research efforts have been focused on economically
important livestock species: cattle, pigs, and sheep.
Among these three species, disease signs may vary substantially, and altered pathogenic properties have been
associated with individual isolates. In susceptible hosts
infected with virulent isolates, FMD is characterized
by fever, vesicular lesions, and erosions of epithelium
of the mouth, tongue, nares, muzzle, feet, and teats of
affected animals (Grubman and Baxt, 2004). Signs of
disease can appear within 24 h of contact with the agent,
but the time of onset of the disease and the severity of
infection depend on the infectious dose, the individual
isolate, the host species, and the individual animal’s
age and health status. Recovery of large amounts of
virus from vesicular lesions indicates that FMDV replicates to high titers in oral and pedal epithelial tissues,
but recovery of the virus from the blood and exhaled
breath indicates replication in other sites contribute to
pathogenesis and spread.
FMDV can spread by many different methods;
direct inoculation by multiple routes can reproduce
the disease, and contact transmission among animals
occurs quite readily. The virus can also persist on surfaces in animal containment facilities and can be transferred by workers or equipment. These methods of
spread are of major importance in outbreak propagation, but airborne spread is perhaps the most dreaded
mechanism since it is the least likely to be controlled
by sanitary measures, even those that involve destruction of affected herds. Once FMDV enters a susceptible
animal, it rapidly reproduces, permitting shedding to
surrounding animals by highly efficient contact transmission. Early studies on the development of FMD
lesions in a guinea pig model for FMD demonstrated

that following establishment of foci of infected cells in
the stratum spinosum layer of the epithelium, lesions
progressed, filling with vesicular fluid and ballooning
cells that are a hallmark of the infection (Galloway and
Nicolau, 1928). Twenty years later, an “explant” tissue
culture system was used to demonstrate a similar progression of infection in fragments of bovine lingual
epithelium (Frenkel, 1949).

Carrier State
Almost a century ago, Loeffler predicted that animals
that had recovered from FMD could become chronic
carriers of the agent of the disease, and that the existence of such carriers could explain some outbreaks
of FMD (Loeffler, 1909). However, it was not until
the late 1950s that a chronic infection defined as the
“carrier state” was definitively demonstrated (van
Bekkum et al., 1959). In this work, van Bekkum and
coworkers demonstrated that infectious FMDV could be
recovered from the oral/pharyngeal tract of convalescent
animals, using an apparatus (a cup probang) designed
for the recovery of tuberculosis bacilli. Subsequent studies on the carrier state demonstrated that up to 50% of
convalescent bovines become carriers (as defined by
recovery of live virus 28 days or later postinfection), and
that these animals can carry the virus for many years.
It has also been demonstrated that vaccinated animals
exposed to live virus can become carriers (Sutmoller
et al., 2003). In addition, Cape buffalo (an important
wildlife reservoir of FMDV in sub-Saharan Africa)
appear to become carriers for life, and sheep but not
pigs also become carriers (Sutmoller et al., 2003).
To date, there has been no documented experimental transmission of FMDV from carrier cattle to naive
livestock animals in the laboratory; however, laboratory
transmission has been observed from Cape buffalo to
domestic cattle (Thomson et al., 2003). Further, molecular epidemiological analyses of an outbreak in northern
Zimbabwe in 1991 strongly suggest a role for carrier buffalo in disease transmission to livestock (Thomson et al.,
2003). Despite the paucity of data on a role for carriers
in sustaining or generating outbreaks, the fact that carriers can be readily generated among apparently healthy
animals that have been vaccinated and then deliberately infected (Sutmoller et al., 2003) has led to important rules for certification of “FMD disease-free status”
by the OIE. Specifically, the possibility that vaccinated
animals could become subclinically infected and subsequently become carriers has contributed to the development of OIE guidelines that permit a country to be
declared free of FMD only after a year without evidence
of infection if animals vaccinated to control the outbreak
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5⬘-terminal uridine to a small protein, 3B (also known
as VPg). The genome encodes a single long polyprotein that is co- and posttranslationally processed into
a large number of mature products by viral-encoded
proteinases. Figure 22.2 shows a schematic diagram
of the genome with the “mature” protein products
identified; however, it is likely that several partially
cleaved precursor products serve essential functions
in viral replication (Mason et al., 2003).
The FMDV genome begins with a long 5⬘-untranslated region (5⬘UTR) that has a highly conserved
secondary structure containing several sub-features.
At the 5⬘-end of the genomic RNA is a 370-base domain
originally identified by enzymatic digestion with
nucleases that cleaved this short portion of the genome
from the downstream poly(C) tract (Mason et al., 2003;
Fig. 22.2). This highly structured RNA, known as the
S-fragment, can be folded into a long stem-loop structure (Fig. 22.2). The poly(C) tract is followed by a
series of pseudoknots of unknown function. Naturally
occurring strains can have three or four pseudoknots,
but viruses with as few as two pseudoknots have also
been identified (Mason et al., 2003). The pseudoknots
are followed by a short stem loop, the cre (cis-acting
replicative element), that is an essential RNA replication element (Mason et al., 2003). The cre is followed by
a complex RNA structure that was defined almost two

are not destroyed. On the other hand, OIE guidelines
for disease-free status require only 3 months without
evidence of infection if vaccination is not employed.
These guidelines were responsible, in part, for the fact
that all vaccinated animals were destroyed in the aftermath of the 2001 outbreaks in the Netherlands (Bouma
et al., 2003). After the 2001 FMD outbreak in Europe, the
1-year period required in countries that have vaccinated
was reduced to 6 months to help reduce pressure on
countries to implement widespread slaughter of apparently healthy vaccinated animals.

MOLECULAR BIOLOGY OF FMDV
Genome Structure and Polyprotein Synthesis
FMDV is the type member of the genus Aphthovirus
of the family Picornaviridae and is an antigenically
variable virus consisting of seven serotypes: A, O, C,
South African Territories (SATs) 1–3, and Asia-1.
Although the FMDV genome shares many features
with other picornavirus genomes, it contains several
features that are either unique to FMDV, its genus, or
in other cases only present in a subset of picornavirus
genomes. Like all picornaviruses, FMDV has a positive-sense RNA genome that is covalently linked via a
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FIGURE 22.2 Schematic diagram of the FMDV genome showing the position of the genetic elements. Open boxes indicate protein-encoding
regions; lines indicate RNA structures; UTR ⫽ untranslated region; S-fragment ⫽ short fragment of the genome; poly(C) ⫽ poly cytosine tract;
PK ⫽ pseudoknot; cre ⫽ cis-acting replicative element; IRES ⫽ internal ribosome entry site. Reprinted with permission from Mason et al. (2003).
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decades ago as the internal ribosome entry site (IRES)
(Mason et al., 2003). The IRES directs host cell ribosomes to the initiation codons at the start of the viral
polyprotein-coding region, which in the case of FMDV
are found over 1200 bases from the 5⬘-end of the viral
genome. Translation initiation from an IRES, differs
from translation initiation of the majority of cellular
mRNAs, which initiate protein synthesis following
ribosome binding to the 7-methyl-guanosine (MeG)
cap found at the 5⬘-end of the mRNAs. IRES function is critical to the pathobiology of FMDV and other
picornaviruses since the utilization of an alternative
translation initiation system permits the virus to shut
off translation of critical host cell factors, allowing the
virus to outrun its host (Mason et al., 2003).
Unlike most picornaviruses, the aphthovirus polyprotein does not initiate with its structural proteins;
rather, it initiates with the leader proteinase (Lpro). Lpro
cleaves the polyprotein between its C-terminus and
the N-terminus of the capsid precursor protein P1-2A.
This cleavage releases the growing polypeptide chain
with a free N-terminal glycine on protein 1A, which
is subsequently myristylated by cellular enzymes. In
addition to its role in maturation of viral proteins, Lpro
cleaves cellular proteins—including eIF-4G, an essential protein in recruitment of RNAs to the ribosome—
and has been identified as an important virulence
factor (Mason et al., 2003).
The P1-2A capsid precursor is cleaved at its
C-terminus by 2A, a short peptide that autocatalytically removes itself from the P2 polyprotein and
remains associated with P1 until subsequent processing (Mason et al., 2003). The P2 and P3 precursor
polypeptides code for a number of viral nonstructural
(NS) proteins, including the 3C proteinase, 3Cpro, and
the RNA-dependent RNA polymerase, 3Dpol. 3Cpro is
responsible for most of the cleavages of the viral polyprotein, including the processing of P1-2A into the
capsid proteins 1AB, 1C, and 1D (Mason et al., 2003).
The processing of capsid protein 1AB occurs by an
unknown mechanism, is autocatalytic, and is required
for generation of infectious virus (Mason et al., 2003).

Virion Structure
The FMDV virion is composed of 60 copies of each
of four different proteins encapsidating the 3B-linked
genome. Of these four proteins, three—1B, 1C, and
1D—are externally exposed while the fourth, 1A, is
entirely interior in the virion. X-ray crystallographic
analyses have revealed that like other picornaviruses,
the FMDV surface proteins have a conserved eightstranded β-barrel structure (Acharya et al., 1989).

Further, two of these proteins, 1C and 1D, contain
internal N-terminal extensions that appear to be missing on 1B. However, protein 1A appears to serve as the
N-terminal extension of 1B during folding, consistent
with the fact that 1AB is present at the early stages of
virion morphogenesis (Jackson et al., 2003). Although
much of the impetus for determining the structure
of the FMDV capsid came from the pursuit of better
vaccines, the first crystallography studies on a type O
virus (Acharya et al., 1989) failed to reveal an ordered
structure for the loop between the G and H β-barrels
of protein 1D, which had been shown by a variety of
methods to contain strongly neutralizing epitopes
(Brown, 1992). Interestingly, this loop is also disordered in the structures for type C (Lea et al., 1994)
and type A (Fry et al., 2005) viruses but was present
on forms of a type O virus crystallized under reducing
conditions (Logan et al., 1993). These data are consistent with a large number of epidemiology-, peptide-,
and epitope-mapping studies indicating that this portion of the capsid has genetic and structural flexibility
that appears to contribute to the ability of the virus to
rapidly undergo antigenic variation (Domingo et al.,
2003), complicating vaccine-based control of FMD (see
Antigenic Variation).

Antigenic Variation
Early work on FMDV discovered the existence of
multiple serotypes by demonstration that convalescent
animals could not be reinfected by the same isolate but
were susceptible to diseases caused by isolates from a
different location (Vallée and Carré, 1922). These studies were repeated in a second laboratory (Waldmann
and Trautwein, 1926) that used similar techniques to
show that there were three different serotypes of virus
circulating in Europe in the early 1900s (originally
designated A, B, and C, but later renamed A, O, and
C to be consistent with the A and O strains identified
by Vallée and Carré). The ramifications of these finding are very significant. Despite the ability of animals
to be resistant to reinfection with the same serotype,
they can be infected with a different serotype, so naive
animals can suffer multiple episodes of FMD. Thus,
countries with multiple serotypes of FMDV need multivalent vaccines, and countries that want vaccines to
protect their animals from all strains of FMDV need to
vaccinate with a heptavalent vaccine.
An additional problem with vaccination coverage
is that FMDV can evolve rapidly in the field, and as
a result, vaccines for individual serotypes, particularly type A, can rapidly become out-of-date, as field
strains evolve (Doel, 2003). A portion of the reason
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for this rapid evolution appears to be the flexibility
of the G–H loop of the capsid structure (see Virion
Structure), which has also appeared to limit the utility
of peptide-based vaccines (see Protein and Synthetic
Peptide Vaccines) targeted to this region of the virion
surface (Domingo et al., 2003).
The ability of FMDV to undergo extensive genetic
variation in cell culture as well as in the field has
made it a model for the study of viral quasispecies
and evolution (Domingo et al., 2003). In addition,
this flexibility, most easily recognized by sequencing
the 1D portion of the genome, has revolutionized the
study of FMD outbreaks, allowing readily comparable
sequence data generated from multiple laboratories to
be utilized in place of serology to identify serotypes
and subtypes, and even track viral changes during
individual outbreaks (Knowles and Samuel, 2003).

DEVELOPMENT OF TRADITIONAL
VACCINES FOR FMD
Animal-Derived Vaccines
In the 1930s, as technology progressed in the
development of vaccines for both animal and human
diseases, the methods utilized to formalin-inactivate
toxins were applied to material derived from FMDVinfected animals. This procedure involved the growth
of FMDV in the tongues of live animals, followed by
slaughter 2 days later, and the collection of the diseased epithelium. The epithelial material containing
large quantities of viral antigen was then inactivated
with formaldehyde-containing solutions and then formulated into a vaccine using an aluminum hydroxide adjuvant. Using this method, only 200 doses of
vaccine could be made from each animal (Sutmoller
et al., 2003), thus requiring a large number of animals
for commercial vaccine production. To obtain this
large number of animals, these vaccines were produced in animals housed near slaughterhouses, and
for economic reasons, the meat from the infected animals was then sold in the market. Given our knowledge of how easily FMD outbreaks can be propagated,
these combination vaccine plant and slaughterhouse
facilities were likely to have generated their own vaccine business since they could have been a source for
outbreaks in the surrounding community. Despite the
somewhat barbaric process of intentionally causing
disease in food animals, the vaccines were efficacious.
Nevertheless, the need to infect live animals, the large
volume of material needed, and the presence of a significant amount of bovine antigens in the preparation
left considerable room for further development.

Cell Culture-Derived Inactivated Vaccines
The development of Frenkel’s tongue epithelium
method to cultivate FMDV produced a method of vaccine generation that was safer and more economically
effective than vaccines derived from infected live animals. The basis of the vaccine was an “organ culture”
produced by sterile removal of the epithelium of the
tongue from freshly slaughtered cows, followed by mincing and suspension in a nutrient broth in large fermenters (Frenkel, 1951). Virus harvests from these fermenters
were formaldehyde-inactivated using methods similar
to those applied to the homogenates of diseased epithelium prepared directly from infected cattle (see AnimalDerived Vaccines). These vaccines were among the first
to be used extensively in Europe, and their application
in the Netherlands coincided with a dramatic drop in the
number of FMD outbreaks (Brown, 1992).
The next generation of vaccines for FMDV followed
the rapid acceleration of eukaryotic cell cultivation
technology developed for basic research and human
vaccine production in the 1950s and early 1960s. Work
at the USDA’s Plum Island laboratory demonstrated
that primary cultures of embryonic bovine kidney cells
were an effective substrate for virus growth and vaccine preparation (Bachrach et al., 1955). Later work with
the baby hamster kidney (BHK) cell line demonstrated
that this cell line could be used to grow virus (Mowat
and Chapman, 1962), and BHK cells have become the
“workhorse” for FMDV antigen production system
being used at large manufacturing plants throughout
the world to produce essentially all of the antigens now
used to prepare FMD vaccines. In some cases, vaccines
are prepared using suspended cultures of BHK cells,
but there is clear evidence that growth of cells in suspension can result in selection of viruses with altered
antigenic properties (Bolwell et al., 1989). More recent
studies indicate that tissue culture propagation can
select viruses with altered receptor utilization, antigenic structure, and virulence (Sa-Carvalho et al.,
1997), probably because selection of viruses in cell
culture to permit utilization of different receptors can
result in changes in the virion structure that affect both
tropism in vivo and antigenic structure. Antigenic variants selected in vitro can be as important to FMD control as the evolution of variants in the field since efforts
to produce vaccine strains with improved growth
properties in cell culture can select variants with altered
cell-binding properties and antigenic structures yielding vaccine antigens with inferior immunogenicity.
A major advance in the production of safe and
effective FMD vaccines came from the realization that
formaldehyde-inactivated virus harvests could contain residual infectivity, and thus FMD vaccines could,

III. VIRAL VACCINES

26_P369408_Ch22.indd 367

11/5/2008 10:37:00 AM

368

FOOT-AND-MOUTH DISEASE

in some cases, produce outbreaks. Fears that FMD
vaccines themselves could cause outbreaks have contributed to the “curious” resistance to FMD vaccination that is perceived by many practitioners of human
health as an inability of the animal health community
to understand basic vaccination strategies.
The problem with formaldehyde inactivation is not
limited to FMD vaccines. In the case of poliovirus, formalin inactivation was essential to the production of
the first inactivated polio vaccine (IPV). However, soon
after IPV went into widespread use, the investigations of the “Cutter incident” demonstrated that certain
lots of formaldehyde-inactivated IPV made by Cutter
Laboratories were linked to cases of poliomyelitis, and
that live virus could be recovered from these lots of IPV
(Nathanson and Langmuir, 1963). These findings attributed the infection of vaccinees to the inability of formaldehyde to penetrate aggregates of poliovirus in the
viral harvests used as the source of antigen for IPV. This
problem in vaccine manufacture was eventually remedied by introduction of a filtration step, whereas in the
case of FMD vaccines, an alternative inactivant replaced
formaldehyde (see below). In the case of polio, the relatively low infectivity of the virus (less than 1% of those
infected were expected to develop symptoms of the
disease) made the incidence of disease due to “incomplete” inactivation rare. In the case of FMDV, which is
much more virulent, the incompletely inactivated virus
in vaccine preparations is much more likely to produce
disease (and outbreaks). However, during early stages
of FMD vaccination campaigns, when outbreaks caused
by “naturally” circulating strains were quite high, the
relatively small numbers of outbreaks that could have
been caused by incompletely inactivated vaccines would
have been difficult to detect. However, the application of
molecular epidemiology to outbreaks in the late stages
of the FMD eradication campaign in Europe revealed
that many outbreaks could be linked to formaldehydeinactivated vaccines prepared from subtypes of FMDV
that were not currently circulating (Beck and Strohmaier,
1987). This seminal work helped to prompt the switch
to a different class of chemical inactivants, the imines.
Imines were introduced as inactivants in the late 1950s
in experimental products (Brown and Crick, 1959), and
unlike aldehyde-based inactivants, imines display linear inactivation kinetics, allowing for greater certainty in
obtaining a completely inactivated product (Bahnemann,
1990). Today, all FMD vaccines produced in European
and South American manufacturing facilities utilize
imine inactivation and, in most cases, employ partial
purification of the viral antigen to remove BHK cell antigens. The resulting viral antigens are then formulated
into vaccines by the addition of aluminum hydroxide/
saponin or a mineral oil emulsion (Doel, 2003).

Live-Attenuated Vaccines (LAVs)
Following adaptation of FMD to grow in suckling
mice (Skinner, 1951), it was soon appreciated that
mouse-passaged viruses were attenuated in some
animal species. This prompted efforts to develop
these adapted viruses as more reliable (and potentially less expensive) vaccines to replace the animaltissue-derived inactivated products available at the
time (see Cell Culture-Derived Inactivated Vaccines).
Thus, live-attenuated products were developed in
the United Kingdom, but large-scale testing in South
Africa revealed their incomplete attenuation, resulting in disease in the vaccinated population, and only
provided protection for about 70% of the vaccinated
animals (Martin and Edwards, 1965). At the same
time, mouse adaptation was pursued in the Soviet
Union as a method to produce LAVs for FMD, and the
technology was transferred to the People’s Republic
of China, which utilized mouse-adapted viruses that
were amplified in rabbits (to produce larger volumes
of inocula) until quite recently (J. Callis and Q. Zhao,
personal communication). Simultaneously with these
animal-based attenuation and propagation methods,
researchers in South America pursued adaptation
of FMDV to chicken embryos to attenuate the virus.
These vaccines also suffered from incomplete attenuation, and as vaccine plants in the Europe and South
America developed better methods to grow a viral
antigen for inactivated vaccines (notably the adoption
of the BHK cell culture system) and reliably inactivated
it, live-attenuated products were largely dropped.

Emergency Vaccines
Although FMD outbreaks in disease-free nations
are devastating, continuous vaccination with the existing products is not cost effective. This is due to multiple factors, including the high cost of vaccination
for a rapidly turned over livestock population, and
the need to vaccinate against all circulating strains of
virus. Furthermore, if the intent is to protect against
deliberate introduction of FMD, the breadth of vaccine coverage would need to be extended to historical
strains that are currently not in circulation. There is
also a concern that vaccination might facilitate undetected spread of infection since animals vaccinated
with existing vaccines can become infected (Orsel
et al., 2007). These and other factors, many of which
are based on economic concerns that vaccination confounds ready detection of a disease, preventing rapid
return of countries suffering outbreaks to trade in
animal products, have led many countries, including
the United Kingdom, to never implement vaccination
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in response to an outbreak. In the case of the United
States, the last FMD outbreak occurred before the
availability of useful vaccines, so the precise criteria
that will be applied in the face of an outbreak remains
unclear. Nevertheless, North America, Europe, and
Japan maintain vaccine banks that could be utilized to
slow outbreaks. Due to the above-mentioned concerns
that vaccines might produce a population of animals
that could become asymptomatic carriers or shedders,
the major utility of these banked vaccines might be to
slow spread of the infection, and all vaccinated animals might be destroyed as part of outbreak control.
This strategy was utilized in the Netherlands in 2001,
where the “vaccinate and destroy” policy was implemented, in part, to allow for more orderly destruction
of all animals in the zones surrounding the confirmed
outbreaks. Interestingly, there were infections detected
on some farms shortly after vaccines were applied,
suggesting that vaccines that induced immunity more
quickly could have utility in outbreak situations.
These latter findings reinforce the need for “outbreak” vaccines that provide a rapid immunity, a
criterion that is less important in a countrywide eradication campaign or prophylactic vaccination of a
border region with a country that has enzootic FMD.
Nevertheless, the horrific outbreak in the United
Kingdom in 2001 has caused several researchers to
focus on the rapid acquisition of immunity for a small,
but potentially profitable, vaccine bank market where
high-priced vaccines might be justified to protect critical genetic stock or rapidly induce immunity in the
ring around an outbreak. Studies to explore the ability
of traditional vaccines to provide the short-term immunity needed for ring vaccination have noted that swine
(which are potent excreters of virus in outbreaks) cannot mount a protective immune response within the
first week of vaccination (Doel et al., 1994). However,
more recent studies, prompted by the catastrophic
depopulation of animals in the United Kingdom in
2001, have demonstrated in cattle that vaccination can
reduce shedding and disease within 4 days of administration (Cox et al., 2005; Golde et al., 2005).

SECOND-GENERATION VACCINES
FOR FMD
Although the traditional cell culture-derived inactivated vaccine is effective, there are a number of concerns with its use, particularly during outbreaks in
disease-free countries. These include difficulty in
differentiating vaccinated animals from the infected
ones, the need to induce rapid protection in the event

of an outbreak in a disease-free country, the inability
of inoculation with this vaccine to block the development of the carrier state, the need for expensive highcontainment facilities for vaccine production, and so
forth. Despite the excellent safety record of these highcontainment facilities, there was an outbreak of FMD
in the United Kingdom in August 2007 on farms near
the Pirbright high-containment laboratory caused
by a strain of virus present in both an FMD vaccinemanufacturing facility and the Institute of Animal
Health located at this site. This occurrence may necessitate further scrutiny of a manufacturing process that
requires the growth of thousands of liters of infectious
FMDV that contains millions of cattle-infectious units
per milliliter (Doel, 2003). Moreover, in terms of manufacture of FMD vaccines in the United States, federal
law only allows work with infectious FMDV at the
Plum Island laboratory. Therefore, the United States
is completely dependent on foreign manufacturers for
vaccines, a situation that has received additional attention following the September 11 terrorist attacks. Over
the past 25–30 years, investigators have attempted to
address these concerns by using new technologies to
develop alternative vaccines.

Genetically Engineered Live-Attenuated or
Inactivated Vaccines
As described above, in the 1950s and the 1960s,
attempts were made to develop live-attenuated
FMD vaccines by classical procedures. Although this
approach was successfully used by Sabin to develop
an oral poliovirus vaccine, it was not successful for
FMDV (see Live-Attenuated Vaccines). With the advent
of recombinant DNA techniques and the construction
of full-length infectious FMDV cDNA clones (Rieder
et al., 1993; Zibert et al., 1990), efforts were made to
design genetically engineered infectious clones that
either had specific mutations in selected regions of the
genome (McKenna et al., 1995) or deletion of an entire
protein-coding region (Piccone et al., 1995).
Mason and coworkers engineered an infectious
clone in which a portion of the G–H loop of 1D
required for virus binding to susceptible cells was
deleted and virus particles were produced that were
unable to bind to cells (McKenna et al., 1995). This
virus did not cause disease in either suckling mice or
swine and cattle inoculated with deleted virus in an
oil emulsion developed an FMDV-specific neutralizing
antibody response and were protected from clinical
disease when challenged with virulent homologous
virus (McKenna et al., 1995). These workers also engineered an infectious clone that contained a serotype
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A virus in which the G–H loop of 1D was substituted
with the homologous region from serotype O or C
(Rieder et al., 1994). Chemically inactivated vaccines
prepared from the chimeric viruses induced antibodies in guinea pigs that neutralized both type A and
either type O or type C viruses. Swine inoculated with
the inactivated A/C chimera were protected from
challenge with type A virus and partially protected
against challenge with type C.
In an alternative approach, Piccone et al. (1995) constructed a full-length clone from a laboratory strain of
type A12 virus that lacked the complete coding region
of an NS protein, Lpro. The advantage of this approach
as compared to the classical method of attenuation is
that the risk of reversion to virulence is significantly
reduced. Virus derived from this clone, leaderless
virus, was infectious in BHK-21 cells demonstrating
that Lpro was not essential for virus growth in this cell
culture system. Subsequent studies demonstrated that
leaderless virus was attenuated in both swine and cattle (Chinsangaram et al., 1998b; Mason et al., 1997).
Based on the above observations, leaderless virus
was examined as an LAV candidate (Chinsangaram
et al., 1998b; Mason et al., 1997). Both swine and
cattle inoculated with this virus developed a
significant neutralizing antibody response but did not
develop clinical disease. Challenge of vaccinated cattle, by both direct inoculation in the tongue and by
contact with a naive infected animal in the same
room, and challenge of vaccinated swine, by exposure
to an infected animal in the same room, resulted in
less severe and delayed clinical disease as compared
to naive animals, but the vaccinated animals were
not completely protected. These results indicate the
potential for the rational design of LAVs by deleting
a particular coding region but demonstrate the difficulty in designing these viruses, so that they do not
cause clinical disease and yet can replicate sufficiently
to induce a protective immune response.
Subsequently, a leaderless virus was constructed
with a capsid-coding region from a field strain of
serotype O in the genetic background of strain A12
(Almeida et al., 1998). This virus was avirulent in cattle but caused a mild disease in swine and was transmitted to a naive animal in the same room. Thus,
although Lpro is a major virulence factor, it is clear
that there are multiple regions of the FMDV genome
involved in pathogenesis, and a more complete
understanding of these factors is necessary in order to
develop a useful LAV.
Nevertheless, attenuated FMDVs including leaderless virus and genetically engineered viruses lacking
or with altered cell-binding sites could be used as a
source of antigen for traditional inactivated vaccines

(Chinsangaram et al., 1998b; McKenna et al., 1995). The
use of these attenuated strains of viruses rather than
highly virulent field strains as a source of antigen for
vaccine production could reduce the risks associated
with virus escape or incomplete virus inactivation.
Moreover, chimeric technology in which capsidcoding regions of difficult-to-cultivate viruses (such
as some SAT types) are inserted into other backbones
may provide alternative methods for the production
of seed viruses for traditional inactivated vaccine
manufacture (van Rensburg et al., 2004).

Protein and Synthetic Peptide Vaccines
Early analyses of the FMDV capsid proteins by
enzymatic treatment identified a protein on the
virus surface, 1D, which was sensitive to trypsin
and absorbed neutralizing antibody [see Mason
et al. (2003) for a review]. Inoculation of this protein
into animals induced both a neutralizing antibody
response and protected swine when subsequently
challenged with virus [see Grubman and Baxt (2004)
for a review]. Soon after these discoveries, Bachrach
and coworkers used recombinant DNA techniques to
create an Escherichia coli-expressed 1D vaccine candidate, and demonstrated that swine and cattle given
two inoculations of this purified recombinant protein developed high levels of neutralizing antibody
and protection against challenge (Kleid et al., 1981).
Subsequent work demonstrated that fragments of 1D,
particularly the C-terminal half of the molecule, could
elicit a neutralizing antibody response (Strohmaier
et al., 1982). Based on the sequence of the 1D protein
from a number of FMDV serotypes, Brown and collaborators identified a region of the protein that was
highly variable (amino acids 141–160) and, using
chemically synthesized peptides, demonstrated that
this region could induce neutralizing antibodies and
protect guinea pigs against virus challenge (Bittle et al.,
1982). Subsequent studies by a number of laboratories
have used chemically synthesized 1D peptides in combination with peptides containing T cell epitopes (to
enhance the humoral immune response) to produce
high-titer antibodies to these 1D peptides (DiMarchi
et al., 1986; Francis et al., 1991; Nargi et al., 1999; Pfaff
et al., 1982). Other groups have used viral vectors,
naked DNA plasmids, transgenic plants, or plants
infected with recombinant viruses to express 1D-coding
regions (particularly the 141–160 region) to produce vaccine candidates with the ability to generate
strong anti-FMDV titers (Kit et al., 1991; Kitson et al.,
1991; Wigdorovitz et al., 1999a, 1999b; Wong et al.,
2000, 2002). While in some cases these immunogens
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induced a significant neutralizing antibody response,
they either did not induce protection in livestock
species or required multiple inoculations to induce
protection (Grubman and Baxt, 2004). All of these
approaches present a limited number of viral epitopes
that represent only continuous regions on the viral
capsid to the inoculated animal. However, some of
the antigenic sites on the FMDV capsid are composed
of discontinuous epitopes corresponding to regions
from more than one structural protein or from different loops on the same protein (Mason et al., 2003).
Thus, with the known variability and quasispecies
nature of FMDV (Domingo et al., 2003), vaccination of
animals with only a subset of epitopes representing a
small number of the continuous epitopes present on
the virus could result in the selection of antigenic variants that could cause outbreaks if these animals were
exposed to an infectious virus. This supposition was
supported by the results of a large-scale synthetic peptide vaccination study that revealed limited protection
against challenge, with disease in the unprotected
cattle arising from antigenic variants with alterations in the regions corresponding to the immunizing peptide (Taboga et al., 1997). Thus, it appears that
development of an efficacious FMD peptide vaccine
will require: (1) new technology to construct peptides
that present discontinuous epitopes and (2) inclusion
of peptides that represent multiple epitopes of |the
virus.

Empty Capsid Vaccines
An alternative approach to the use of immunogens containing only a limited subset of viral capsid
epitopes is the construction of an immunogen that
contains the entire repertoire of immunogenic sites
present on intact FMDV. Empty viral capsids, virus
particles lacking nucleic acid, are naturally produced
in FMDV-infected cell cultures, are antigenically similar to infectious virus, and are as immunogenic as
virions in animals (Rowlands, 1974; Rweyemamu et
al., 1979). Utilizing recombinant DNA technology,
FMDV constructs that contain the portions of the viral
genome required for empty capsid synthesis, processing, and assembly have been produced (Belsham et al.,
1991; Lewis et al., 1991; Roosien et al., 1990). These constructs include the coding region for the viral structural
protein precursor (P1-2A) and 3Cpro (the NS protein
required for capsid precursor processing and assembly) but lack the coding regions for most of the other
NS proteins (see Fig. 22.2). Furthermore, this immunogen lacks FMDV nucleic acid and cannot synthesize infectious viral nucleic acid when inoculated into

371

animals. Thus, this type of vaccine is not infectious,
does not require high-containment facilities for production, and can be produced in the United States. In
addition, vaccines derived from such products could
be easily used as “marker” vaccines since companion
diagnostic assays could be designed to detect antibodies against FMDV NS proteins not present in the vaccine; thus vaccinated animals can be distinguished
from infected animals.
A number of approaches to deliver this type of
empty capsid immunogen to animals have been examined; these include inoculation of proteins expressed
in E. coli (Grubman et al., 1993; Lewis et al., 1991) or
recombinant baculovirus-infected cells (Grubman
et al., 1993; Lewis et al., 1991; Saiz et al., 1994), direct
inoculation of DNA encoding the immunogen (Beard
et al., 1999; Benvenisti et al., 2001; Cedillo-Barron
et al., 2001; Chinsangaram et al., 1998a), or direct
inoculation of recombinant viral vectors encoding
the immunogen (Abrams et al., 1995; Berinstein et
al., 2000; Mayr et al., 1999, 2001; Moraes et al., 2002;
Sanz-Parra et al., 1999a, 1999b). Thus far, the most
effective delivery system is a recombinant, replicationdefective human adenovirus type 5 (Ad5) vector
(Mayr et al., 1999, 2001; Moraes et al., 2002). This vector is derived from the replication-competent form
of Ad5 by deletion of a portion of the genome; the
resulting replication-defective virus has the capacity to incorporate 5–8 kbp of foreign DNA and is only
able to grow in cell cultures that provide the missing Ad5 proteins (Graham et al., 1977). This vector
has a number of positive features including infectivity in multiple animal species, including swine and
bovine (ensuring uptake and expression of foreign
genes in these species) (Prevec et al., 1989), a lack of
pathogenicity in animals, and a predicted high level
of safety in humans (since replication-competent
viruses were used extensively to immunize U.S. military recruits) (Couch et al., 1963; Top et al., 1971). In
addition, since the empty capsids are produced in the
inoculated animal, it can, like FMDV infection, induce
both humoral and cell-mediated immune responses.
Despite their inability to productively replicate in
animals, immunization of a number of animal species with replication-defective Ad5 vectors containing transgenes from other pathogens has resulted in
induction of an immune response against the transgene and protection from challenge (Moraes et al.,
2002; Pacheco et al., 2005; Russell, 2000). Furthermore,
in the case of FMDV, the faithful replication of Ad5
and transgene DNA sidesteps the problem of selection
of antigenic variants during cell passage of FMDV for
traditional vaccine production (see Antigenic Variation
and Cell Culture-Derived Inactivated Vaccines).
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An Ad5-FMDV vector encoding the capsid and
3Cpro regions of a laboratory strain of FMDV, type
A12, induced an FMDV-specific neutralizing antibody
response in swine, and after two inoculations, five of
six animals challenged by contact were protected from
clinical disease (Mayr et al., 1999, 2001). The animal
that was not protected had significantly less severe
disease than the animals in the control group. It has
also been shown that processing of the P1-2A capsid
precursor protein was essential for induction of a neutralizing antibody response and protection since Ad5
vectors either containing an inactive 3Cpro (Mayr et al.,
2001) or lacking the 3Cpro-coding region (Sanz-Parra
et al., 1999b) did not protect animals from challenge.
In subsequent studies, an Ad5 vector was constructed
that contained the P1-2A-coding region from an
FMDV field strain, A24 Cruzeiro, from South America
(Moraes et al., 2002). In these studies, it was demonstrated that a single inoculation of a 10-fold higher
dose than in the earlier study induced a neutralizing
antibody response. The titers of antibodies obtained
were low but detectable at 1 week postvaccination
and increased by the second week. When these swine
were challenged by direct inoculation at 7, 14, or 42
days postvaccination, all vaccinated animals were protected from clinical disease, and no virus was detected
in samples of blood or nasal swabs. Furthermore,
there was no evidence of challenge virus replication
in the vaccinated animals since none of these animals
developed antibodies against the viral NS proteins as
assayed by radioimmunoprecipitation.
The Ad5-A24 vaccine was also tested in cattle since
these are the most economically important animals
susceptible to FMDV (Pacheco et al., 2005). Cattle
were administered a single high dose of vaccine and
co-housed with animals given the same dose of a control Ad5 vector. Seven days later, all animals were
challenged by intradermal inoculation on the tongue.
The control animals developed fever, viremia for
3 days, and lesions on all four feet. None of the Ad5A24-vaccinated animals developed fever or viremia,
and only one animal had a single lesion on the dental
pad. However, this latter animal showed no evidence
of systemic spread of the virus. Sera from these animals were tested post-challenge, and all five animals
showed serological evidence of limited challenge
virus replication.
In a preliminary study in cattle, animals were inoculated with two high doses of Ad5-A24 9 weeks
apart and developed FMDV-specific neutralizing
antibody titers of greater than 1000, but no antibodies against viral NS proteins were detected (Grubman,
2005). These results clearly demonstrate that animals
inoculated with two doses of this subunit vaccine can

be differentiated from infected animals indicating the
utility of this immunogen as a “marker” vaccine.

Cytokine-Enhanced Vaccines
To aid in the control of outbreaks of FMD in diseasefree regions, it is essential to have vaccines that rapidly protect animals from infection, thus limiting virus
spread (see Emergency Vaccines). In these regions,
both traditional vaccines and genetically derived
vaccine candidates, such at the Ad5-vectored empty
capsids, suffer from their inability to induce protective immunity in less than 7 days. The economically
devastating FMD outbreaks in Taiwan in 1997, and
in the United Kingdom and the Netherlands in 2001,
stimulated interest in developing protective measures
to rapidly block or limit virus replication during outbreaks in disease-free countries and thereby contain
disease spread.
The use of cytokines to modulate responses against
immunization with candidate FMD vaccines based
on DNA and recombinant virus vectors, as well as
traditional vaccines, has been investigated by several groups. Interleukin 1 (IL-1) and IL-2 proteins
have been shown to enhance the humoral immune
response to inactivated FMD vaccines in a mouse
model (McCullough et al., 1992). Cedillo-Barron et al.
(2001) demonstrated that the inclusion of the gene for
porcine granulocyte-macrophage colony-stimulating
factor (pGM-CSF) with a DNA empty capsid vaccine resulted in a significant increase in antibody
levels against FMDV and some improvement in
protection from FMD challenge. However, in these
studies, three DNA inoculations were given prior to
challenge. Interestingly, Caron et al. (2005) found that
co-delivery of an Ad5 vector encoding pGM-CSF and
an Ad5-FMDV empty capsid was less effective than
an empty capsid construct alone. However, studies with other immunogens indicate that the adjuvant effect of GM-CSF is most pronounced when this
cytokine is co-expressed in the same vector (Wang
et al., 2002).
Type I interferon (IFNα/β) is a cytokine that provides one of the first lines of host defense against virus
infection (Biron and Sen, 2001) and can rapidly protect
cell culture against infection by all FMDV serotypes
(Chinsangaram et al., 2003; Grubman and Baxt, 2004).
IFN has been used clinically to reduce or block virus
replication, most notably in the treatment of patients
with hepatitis C or B (Grubman, 2003). However, the
half-life of IFN in the blood is approximately 5 h, and
thus clinical use requires multiple, high-dose inoculations that can have adverse systemic effects (Grubman,
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2003). Thus, Chinsangaram et al. (2003) designed
experiments to deliver the IFN gene directly to animals
by using a replication-defective Ad5 vector designed
to produce IFN endogenously, with the hope that
this expression system could deliver the compound
in a manner that would overcome rapid clearance. In
these experiments, swine were inoculated with a single dose of Ad5-porcine IFNα (pIFNα) (or a control
Ad5 vector) and challenged a day later by direct inoculation with virulent FMDV A24. The control Ad5inoculated animals developed typical clinical signs
of disease as well as viremia and antibody response
to viral NS proteins. All animals given a low dose of
Ad5-pIFNα developed clinical disease, but the disease
was delayed and less severe as compared to the control
group. All animals given a high dose of Ad5-pIFNα
were completely protected from clinical disease,
had no viremia, and did not develop antibodies to
FMDV NS proteins (Chinsangaram et al., 2003). There
was a direct correlation between protection and the
level of pIFNα in the blood of these animals. These
studies also showed that Ad5-pIFNα produced detectable IFN within 4 h of administration, and subsequent
studies have shown that the protection observed at
24 h postinoculation lasted for 3–5 days (Moraes et al.,
2003). Furthermore, administration of Ad5-pIFNα a
day after challenge was shown to be capable of reducing viremia, virus shedding, and disease severity
(Moraes et al., 2003). The combination of Ad5-pIFNα
and the Ad5-A24 vaccine appears to afford swine
exposed to FMDV shortly after treatment both rapid
protection and a more robust FMDV-specific neutralizing antibody response than either approach alone
(Moraes et al., 2003). More recent experiments have
shown that, in addition to inducing a rapid antiviral response, IFNα can function as an adjuvant and
enhance the long-term protective response of the
Ad5-A24 vaccine in pigs (de Avila Botton et al., 2006).
In studies in cattle, administration of Ad5-pIFNα
did not completely protect animals from FMDV challenge, although the disease was delayed and less
severe as compared to control animals (Wu et al.,
2003). The incomplete protection in cattle correlated
with the reduced levels of IFN detected in their blood
and was very similar to the results in swine given
the low-dose Ad5-pIFNα that was not protective (see
above) (Chinsangaram et al., 2003). Thus, it appears
that successful application of this approach to cattle
will require an enhancement of the level of IFN activity
by: (1) using promoters that produce higher levels of
IFN, (2) altering the capsid of human Ad5 so that it can
more efficiently infect bovine cells, and/or (3) targeting
the Ad5 vector to cells or tissues that would increase
the effectiveness of the treatment. Other approaches to
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enhance early innate or adaptive immune responses
to FMD vaccines include the addition of multiple
cytokines that can act synergistically or combining
vaccine antigens with other immune stimulating products such as CpG or dsRNA mimetics to enhance protection. In support of this latter approach, Moraes et al.
(2007) have recently demonstrated that the combination of IFNα and type II IFN (IFNγ) can synergistically
inhibit FMDV replication in cell culture and sterilely
protect swine from virus challenge.

PROSPECTS FOR THE FUTURE
The natural or deliberate release of FMDV in many
areas of the world would be devastating. In developed
countries with large naive populations of livestock, an
outbreak would have immediate adverse economic
consequences, and the application of the current control strategy of large-scale slaughter of infected and incontact susceptible animals would be met with massive
public resistance. Thus, despite the availability of vaccines that can be successfully used to control FMD in
long-term eradication campaigns, developed countries
have begun to invest in alternative control measures
that are better suited to emergency vaccination and
vaccination-to-live policies. These latter concerns have
refocused FMD vaccine development on the production of immunogens that lack one or more of the virusencoded antigens that can be use as part of “marker”
vaccines, which allow for unequivocal distinction
between infected and vaccinated animals during postoutbreak serological surveys required to demonstrate
freedom from disease. Vaccines with a higher antigen
load or augmented with adjuvants or cytokines that
stimulate a rapid immune response are also being
investigated. Finally, the demonstration that delivery
of IFNα can induce protection more rapidly than a vaccine has produced a push for development of either
antivirals that do not have vaccine antigens included
in them (and hence eliminate the need for differentiating serological tests post-outbreak) or vaccines that are
augmented by cytokines designed to activate the innate
immune system while vaccine-induced immunity is
being established. The development of this latter technology into a useable combination vaccine product will
require a concerted collaborative effort by governments
of developed countries and veterinary vaccine manufacturers. Recently, the U.S. Department of Homeland
Security and the USDA entered into a collaborative
agreement with GenVec, Inc., a U.S. biotechnology
company, to produce Ad5-vectored FMD vaccines for
the USDA-APHIS National Veterinary Stockpile.
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While the focus on new technologies may produce
products that can limit the spread of FMD outbreaks
in disease-free countries, control of FMD in countries
where the disease is enzootic will continue to rely on
existing vaccines and the diligence of local veterinary
authorities in rapidly identifying outbreaks, ensuring compliance with mandatory vaccination policies,
and controlling trade and animal movement. These
latter activities are likely to become more difficult, as
globalization and economic development increase the
number of animals being produced and the speed at
which animals and their products reach marketplaces
in distant lands. However, increased transparency in
trade and sharing of resources could help to control
this devastating disease worldwide, improving the
economic situation in all countries.

●

New vaccines as well as antivirals/cytokines
that provide immunity more rapidly and/or can
be produced without the need for production of
the tremendous amounts of infectious material
required for manufacture of the current vaccine are
being developed and may provide additional tools
to help control FMD.
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to the need to match the vaccine to the serotype(s)
causing the outbreak.
Vaccination campaigns in the face of spreading
outbreaks are complicated by the fact that the
disease spreads so rapidly from host to host
that the outbreak can arrive to locations before
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prevent viral shedding and/or disease.
Existence of an FMDV carrier state in a portion of
vaccinated animals that have been infected with
the virus and the ability of vaccinated animals to
shed the virus if they become infected have been
used as arguments against vaccination, especially
in the early stages of outbreaks when it appears
that slaughter and quarantine alone can control
spread of the disease.
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ABSTRACT
Hantaviruses are known to cause diseases of military and public health concern. The association of hantaviruses
and war can be attributed to the fact that these viruses are carried by rodents and are transmitted to humans via
rodent excreta. During sustained ground combat operations, human–rodent contact inevitably increases due to
an increased number of personnel working and sleeping in the rodents’ habitat, environmental disruption, and a
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breakdown in hygiene. During the Korean War, casualties caused by hantaviruses impacted military operations
and spurred research aimed at identifying the etiological agent responsible for what was then known as Korean
hemorrhagic fever, and developing countermeasures to prevent and treat the disease. This research resulted in the
identification of multiple hantaviruses responsible for hemorrhagic fever with renal syndrome (HFRS), including
Hantaan virus, Seoul virus, Dobrava virus, and Puumala virus. An ongoing effort to develop vaccines against these
viruses has resulted in inactivated-virus vaccines that have been licensed in Asia. In addition, efforts to develop
safe, effective molecular subunit vaccines against these viruses have shown promise. The only drug to show any
clinical efficacy against HFRS is ribavirin used soon after the first symptoms of the disease. Ribavirin has not been
licensed by the Food and Drug Administration (FDA) for use as a treatment for HFRS. The viruses associated with
HFRS pose a relatively low threat as biological weapons because the viruses are difficult to grow to high titer,
HFRS is not contagious, and the case-fatality rates range between 0.1% and 15%. However, starting in 1993, several
previously unknown, highly pathogenic hantaviruses were discovered in the Americas. At least one of these viruses
poses a substantial bioterrorism threat. Andes virus grows to levels ten times higher than the HFRS-associated
hantaviruses, can spread from person to person under close-contact conditions, and is highly pathogenic (30–50%
cases are fatal). Andes virus and several other newly emerging hantaviruses in the Americas are associated with
rapid onset of pulmonary edema followed by cardiogenic shock. There are no vaccines or effective drugs to prevent
or treat hantavirus pulmonary syndrome (HPS). Here, we review the viruses associated with HFRS and HPS with
an emphasis on ongoing efforts to develop vaccines against these dangerous pathogens.

INTRODUCTION
Hantaviruses are rodent-borne viruses that cause
hemorrhagic fever in humans. These viruses are associated with diverse disease syndromes with varying
degrees of severity. Diseases caused by hantaviruses
are generally manifested as either hemorrhagic fever
with renal syndrome (HFRS) or hantavirus pulmonary syndrome (HPS). The most prevalent and
lethal HFRS-associated hantavirus is Hantaan virus
(HTNV) (20,000–50,000 cases per year, mostly in Asia)
with a case-fatality rate of 5–15% (Fang et al., 2006).
The most prevalent hantavirus in Central Europe,
northern Europe/Scandinavia, and western Russia is
Puumala virus (PUUV); whereas in southern Europe
and the Balkans, both PUUV and Dobrava virus
(DOBV) cause disease. The most prevalent and lethal
HPS-associated hantaviruses are Andes virus (ANDV)
in South America and Sin Nombre virus (SNV) in
North America. There have been close to 2000 cases
of HPS between 1993 and 2007 with an overall mortality rate of approximately 40%, despite state-ofthe-art treatment in modern intensive care units. The
mechanisms underlying the pathogenesis of the vascular leak syndromes associated with HFRS and HPS
remain unknown. There are no vaccines or specific
antiviral drugs licensed by the U.S. Food and Drug
Administration to treat or prevent HFRS or HPS.

SHORT HISTORY OF THE DISEASE
The Western world became aware of hantaviruses
for the first time during an outbreak of HFRS in 1951

during the Korean War. This disease affected nearly
3000 United Nations’ troops by 1954 and exhibited a
mortality rate of 7% (Johnson, 2001). Despite extensive investigations and reports on this outbreak, the
etiologic agent was not identified at that time. Indeed,
the mystery agent for what was then called Korean
hemorrhagic fever remained elusive until HTNV,
named for the Hantaan river that ran near the border between North and South Korea where human
cases were endemic, was isolated in 1978 by Lee
et al. (1978a, 1978b). Shortly after the discovery of
HTNV, other hantaviruses were identified in Eurasia
(Brummer-Korvenkontio et al., 1982, 1980; Gresikova
et al., 1984). It is widely believed that other wartime
epidemics of nephritis and hemorrhagic fever were
caused by hantaviruses. For example, 10,000 German
troops developed epidemic nephritis in Finland during World War II (Stuhlfault, 1943). More recently, epidemics of HFRS occurred in military units engaged in
the conflicts associated with the breakup of the former
Yugoslavia (Markotic et al., 2002; Hukic et al., 1996).
Hantaviruses did not burst onto the American
scene until an outbreak of fulminate pulmonary illness occurred in the southwest of the United States in
1993 (Nichol et al., 1993). Unlike HFRS, this syndrome
largely affected the lungs and was aptly termed HPS.
Evidence that cardiac dysfunction plays an important role in the disease caused by the newly discovered hantaviruses led some groups to call the disease
hantavirus cardiopulmonary syndrome (HCPS). It is
interesting that while it took decades to identify the
causative agent of HFRS, the etiology of HPS was
determined in approximately 30 days (Johnson, 2001).
The agent responsible for this initial outbreak, as well
as the majority of disease in North America since

III. VIRAL VACCINES

27_P369408_Ch23.indd 380

11/5/2008 10:37:42 AM

PROTECTIVE IMMUNE RESPONSES

then, is SNV. Retrospective studies have shown that
HPS was present but unrecognized in North America
before the 1993 outbreak in the Four Corners region
(Frampton et al., 1995; Schwarcz et al., 1996; Zaki
et al., 1996).
After the discovery of pathogenic hantaviruses in
North America, numerous hantaviruses that cause
HPS were identified in Central and South America.
As was the case in North America, HPS was not recognized in Central or South America until outbreaks
of fatal disease occurred. The reader is referred to a
review of recent advances in research on hantaviruses
of Latin America (Pini, 2004). Unlike HFRS and even
HPS in North America, HPS in Chile and Argentina
has occurred in clusters, and there is evidence that the
causative agent, ANDV, can spread from one person to
the other (Lazaro et al., 2007; Toro et al., 1998; Vial et al.,
2006; Wells et al., 1997). This development is a serious
concern, especially as there have been instances where
persons have contracted the disease in South America
and then traveled internationally before developing
symptoms, and fatal disease (Reynolds et al., 2007).
Although person-to-person transmission and the export
of cases are relatively rare occurrences, they are important events in the history of hantavirus disease because
they demonstrate that the disease is capable of spreading beyond the initial human–rodent interactions.

ETIOLOGIC AGENTS
Hantaviruses represent a diverse group of viruses
within a separate genus of the family Bunyaviridae,
each carried by a specific rodent host. The viruses that
have been associated with human disease are listed in
Table 23.1. Viruses not yet associated with disease are
listed in Table 23.2. Members of this genus are pleomorphic (70–210 nm), generally spherical particles
with a distinctive grid-like appearance (Goldsmith
et al., 1995; McCormick et al., 1982; White et al., 1982).
Virions possess a host-derived lipid envelope that is
studded with oligomers of the surface glycoproteins
G1 and G2, now known as Gn and Gc, respectively
(Fig. 23.1). The genome of hantaviruses is tripartite,
negative-sense, single-stranded RNA that encodes
three structural proteins (Schmaljohn and Hooper,
2001). The small RNA segment (S) encodes the nucleocapsid (N) protein, the medium segment (M) encodes
the glycoprotein precursor (GPC) that is processed to
Gn and Gc, and the large segment (L) encodes the viral
RNA-dependent RNA polymerase (RdRp). Each RNA
segment is complexed with multiple copies of N protein to form ribonucleocapsids. It is likely that most
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virions contain single copies of the S, M, and L ribonucleocapsids; however, reassortant studies report
that it is possible for virions to contain multiple copies
of one or more genome segments (Rodriguez et al.,
1998). Hantavirus virions are relatively stable in the
environment. For example, PUUV has been shown to
remain infectious up to 11 days at room temperature
(Kallio et al., 2006).

PROTECTIVE IMMUNE RESPONSES
Humoral Immune Responses
During hantavirus infection, B cells upregulate production of all immunoglobin (Ig) isotypes including
IgA, IgE, IgG, and IgM (Alexeyev et al., 1994; Bostik
et al., 2000; Groen et al., 1994; Lundkvist et al., 1993).
Increases in IgA and IgE antibody titers are typically
seen before and during the acute phase of infection,
while production of IgM and IgG usually occur during and after the acute phase with IgG titers continuing to increase early into the convalescent phase.
While IgM antibodies specific for hantaviral N, Gn,
and Gc proteins can be found during infection with
both HPS and HFRS viruses, anti-N-protein-specific
IgM predominates. Similarly, N-protein is the most
common viral antigen recognized by IgG antibodies,
which are also the most abundant Ig produced during hantavirus infection. Neutralizing antibodies target the hantavirus surface glycoproteins Gn and Gc,
but there is no convincing evidence that antibodies
to the N-protein or RdRp neutralize virus. The ability of N-protein-specific Ig to neutralize virus cannot
be ruled out entirely, however, as passive transfer of
N-protein-specific antibodies delayed time-to-death
after experimental infection of suckling mice
(Yoshimatsu et al., 1993). High levels of neutralizing
antibodies upon hospital admission have been correlated with a milder course of SNV-associated HPS,
suggesting that the production of high titers of neutralizing antibodies can mitigate and possibly protect
against disease (Bharadwaj et al., 2000). In these cases,
mild disease was associated with neutralizing antibody titers less than 1:800 while antibody titers during
severe disease were greater than 1:800. The conclusion
that neutralizing antibodies are sufficient to protect
against hantavirus is supported by numerous passive
transfer experiments involving either monoclonal antibodies, convalescent sera, or sera from vaccinated animals (see “Postexposure Immunoprophylaxis”). Still,
while vaccine studies in animals indicate that neutralizing antibodies are sufficient to protect, they are
not necessary for protection. For example, hamsters
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TABLE 23.1
Disease
A. Old World
HFRSa

Virus species

Hantaan virus

Seoul virus

Dobrava-Belgrade virus

Puumala virus

Hantaviruses known to disease in humans
Virus strain

Amur virus
Hantaan virus-CUMB-B11
virusb
Hantaan virus-76-118 virus
Hantaan virus-HoJo virusb
Hantaan virus-HV114 virus
Hantaan virus-Lee virusb
Seoul virus-HR80-39
Seoul virus-Biken-1 virusb
Seoul virus-HB55 virusb
Seoul virus-KI-83-262 virusb
Seoul virus-KI-85-1 virusb
Seoul virus-KI-88-15 virusb
Seoul virus-L99 virus
Seoul virus-R22 virusb
Seoul virus-SR-11 virus
Dobrava-Aa virus
Dobrava-Af virusb
Saaremaa virus
1324Cg/79 virusb
Bashkiria Cg18-20 virusb
K27 virusb

Abbreviation

AMRV
HTNV

Apodemus peninsulae
Unknown (human isolate)

SEOV

Apodemus agrarius
Unknown (human isolate)
Apodemus agrarius
Unknown (human isolate)
Rattus norvegicus; Rattus rattus

Rattus losea
Rattus norvegicus
DOBV
SAAV
PUUV

Sotkamo virus
Tobetsu-60Cr-93 virusb
Urmurtia/338Cg/92 virus
Vindeln/L20Cg/83 virusb
Vranica virusb

Andes virus

Sin Nombre virus

Laguna Negra virus
New York virus
Black Creek Canal virus
Bayou virus
Unknown
Unknown
Unknown
Unknown
Unknown

Andes virus
Bermejo virus
Lechiquanas virus
Maciel virus
Orán virus
Monongahela virus
Sin Nombre virus-NMH10
Sin Nombre-Convict Creek 107
Laguna Negra virus
New York virus-RI-1 virus
Black Creek Canal virus
Bayou virus
Araraquara virusb
Castelo dos Sonhos virusb
Choclo virusb
Human 39694 virusb
Juquitiba virusb

Apodemus agrarius
Apodemus flavicollis
Apodemus agrarius
Clethrionomys glareolus
Unknown (human isolate)
suggested Clethrionomys sp.
Clethrionomys rufocanus
Unknown (human isolate)
suggested Clethrionomys sp.
Clethrionomys glareolus;
Clethrionomys rufocanus
Clethrionomys rufocanus
Clethrionomys glareolus

Kazan virusb
p360 virusb

B. New World
HPSc

Rodent reservoir

Clethrionomys rufocanus

ANDV
BMJV
LECV
MCLV
ORNV
MGLV
SNV
LNV
NYV
BCCV
BAYV
ARAV
CASV
CHOV
Hu39694
JUQV

Oligoryzomys longicauddatus
Oligoryzomys chacoensis
Oligoryzomys flavescens
Necromys benefactus
Oligoryzomys longicaudatus
Peromyscus maniculatus nubiterrae
Peromyscus maniculatus
Peromycus maniculatus
Calomys laucha
Peromyscus leucopus
Sigmodon hispidus
Oryzomys palustris
Bolomys lasiurus
Unknown
Oligoryzomys fulvescens
Unknown
Oligoryzomys nigripes

Source: Derived from Fauquet et al., 2005; Kariwa et al., 2007; Klein and Calisher, 2007; Muranyi et al., 2005.
Hemorrhagic fever with renal syndrome.
b
Virus not listed in Fauquet et al., 2005.
c
Hantavirus pulmonary syndrome.
a
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TABLE 23.2

Other hantaviruses not yet associated with human disease

Disease

Virus species

Virus strain

Unknown

Andes virus
Cano Delgadito virus
El Moro Canyon virus
Hantaan virus
Isla Vista virus
Khabarovsk virus
Muleshoe virus
Prospect Hill virus

Rio Mamoré virus
Rio Segundo virus
Sin Nombre virus
Thailand virus
Thottapolayam virus
Topografov virus
Tula virusd,e

Pergamino virus
Cano Delgadito virusb
El Moro Canyon virus-RM-97 virus
Da Bie Shan
Isla Vista virus
Khabarovsk virus
Muleshoe virus
Bloodland Lake virus
Prospect Hill virus
Hokkaido virus-Kamiiso-8Cr-95
Muju virus
Rio Mamoré virusc
Rio Segundo virus
Blue River virus
Thailand virusd
Thottapalayam virusd
Topografov virus
Tula virus-Moravia/Ma5302V

PRGV
CADV
ELMCV
DBSV
ISLAV
KHAV
MULV
BLLV
PHV
HOKV
MUJV
RIOMV
RIOS
BRV
THAIV
TPMV
TOPV
TULV

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Tula virus-Tula/Ma76/87
Tula virus-Malacky/Ma32/94a
Calabazo virusa,b
Limestone Canyon virusa
Maporal virusa
Sangassou virusa
Soochong virusa
Alto Paraguaya
Ape Aime-Itapúa virusa
Itapúa37 virusa
Itapúa38 virusa

na
LSCV
MAPV
na
SOOV
ALP
AAI
IP37
IP38

Puumala virus

Abbreviation

Rodent reservoir
Akadon azarae
Sigomdon alstoni
Reithrodontomys megalotis
Niviventer confucianus
Microtus californicus
Microtus fortis
Sigmodon hispidus
Microtus ochrogaster
Microtus pennsylvanicus
Clethrionomys rufocanus
Eothenomys regulus
Oligoryzomys microtis
Reithrodontomys mexicanus
Peromycus leucopus
Bandicota indica; Bandicota savilei
Suncus murinus
Lemmus sibiricus
Microtus arvalis; Microtus
rossiaemeridionalis
Microtus rossiaemeridionalis
Microtus arvalis
Zygodontomys brevicauda
Peromyscus boylii
Oligoryzomys fulvescens
Hylomyscus simus
Apodemus peninsulae
Holochilus chacarius
Akodon montensis
Oligoryzomys nigripes
Oligoryzomys nigripes

Source: Derived from Fauquet et al., 2005; Kariwa et al., 2007; Klein and Calisher, 2007; Muranyi et al., 2005.
Virus not listed in Fauquet et al. (2005).
b
Positive seroconversion without confirmed clinical disease.
c
Emerging evidence that virus may cause symptoms consistent with HPS.
d
Emerging evidence that virus may cause symptoms consistent with HFRS.
e
HFRS disease included pulmonary involvement.
a
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FIGURE 23.1
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Hantaviruses are pleomorphic, generally spherical
viruses with a diameter of 80–120 nm. They contain a host-derived
lipid membrane that contains oligomers of the Gn/Gc glycoproteins.
The three single-strand, negative-sense RNA segments are associated with nucleocapsid (N) protein and the RNA-dependent RNA
polymerase (RdRp).

previously infected with HTNV, Seoul virus (SEOV),
DOBV, PUUV, or SNV were protected against
lethal HPS caused by ANDV despite the absence
of detectable ANDV cross-neutralizing antibodies
(Hooper et al., 2001b). It is likely that cellular responses
to the N-protein and/or glycoproteins contribute to
protection. In this respect, vaccination with purified
N-protein can effectively stimulate T-cell responses and
has been shown to protect in several animal models
in the absence of neutralizing antibodies (Bharadwaj
et al., 2002; de Carvalho Nicacio et al., 2002; Woo et al.,
2005). Immune complexes can be found in the sera and
on platelets of HFRS patients (Kanerva et al., 1998a)
but the role that complement and Fc receptor-bearing
cells play in antibody-mediated protection in vivo
remains unknown. In vitro experiments have demonstrated that adding complement can enhance the
neutralizing activity in sera several fold as measured
by plaque reduction neutralization (Takenaka et al.,
1985); however, activating complement by the classical
pathway has also been correlated with a more severe
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course of nephropathia epidemica (NE) after PUUV
infection (Paakkala et al., 2000).

Cellular Immune Responses
The role of the human cellular immune response
to hantavirus infection is not well defined. During
infection in laboratory mice, CD4⫹ and CD8⫹ T cells
have been shown to protect against HTNV infection in immunocompromised animals (Asada et al.,
1987), and in other models, a strong correlation was
observed between the number of HTNV-specific,
IFNγ⫹ CD8⫹ T cells and the amount of viral antigen
such that mice with large numbers of IFNγ⫹ CD8⫹ T
cells had little to no detectable viral N-protein (Araki
et al., 2003). Unlike human infection, however, hantavirus infection of Mus species does not cause notable
disease (Araki et al., 2004). Hantavirus infection of
humans results in the induction of strong immune
responses. Elevated numbers of circulating T cells
are found during HFRS (Huang et al., 1994), and
biopsies of acute PUUV-infected patients reveal high
numbers of activated and, predominantly CD8⫹,
T cells (Mustonen et al., 1994; Temonen et al., 1996).
Similarly, increased numbers of cytokine-producing
cells are seen in the lungs of patients with HPS (Mori
et al., 1999). Both cytotoxic CD8⫹ T cells and helper
CD4⫹ T cells (TH1 and TH2) appear important for controlling hantavirus infection in humans. CD8⫹ T cell
epitopes can be found in Gn, Gc, and N-proteins, but
like the distribution of serum Ig, N-protein-specific
CD8⫹ T cells appear to be the most abundant (Van
Epps et al., 1999; de Carvalho Nicacio et al., 2001;
Van Epps et al., 2002). Patients diagnosed with PUUV
and HTNV infection have elevated TH1 (TNFα, IFNγ,
and IgG3) and TH2 (IL-6, IL-10, and IgG1) responses and
elevated levels of proinflammatory cytokines such
as interferon (IFN)α and interleukin (IL)-1 (Groen
et al., 1994; Krakauer et al., 1994, 1995; Linderholm
et al., 1996; Lundkvist et al., 1993; Temonen et al., 1996).
The same is true during human infection with HPScausing hantaviruses, where elevated levels of proinflammatory cytokines (IL-1α, IL-1β, and IFNα) and
TH1 (IL-2, IFNγ, and tumor necrosis factor (TNF)) and
TH2 cytokines (IL-4, IL-6, and TNFβ) are seen during fatal HPS cases (Mori et al., 1999). The correlation
between the intensity of the immune response and the
severity of clinical disease has further led to the suggestion that hantavirus disease pathogenesis is mediated by the immune system (see “Pathogenesis”).
A more complete synopsis of all the immunological
changes known to occur during hantavirus
infection was recently reviewed by Klein and
Calisher (2007).

Both TH1 and TH2 responses are characteristic of the
immune responses elicited during the acute phase of
infection of rodent reservoirs such as deer mice (SNV)
(Schountz et al., 2007) and Norway rats (SEOV) (Klein
et al., 2001; Tanishita et al., 1986). Yet as viral persistence is established, T cells from persistently infected
deer mice predominantly expressed TGF-β, and most
expressed FoxP3, consistent with inducible and TH3
regulatory T cells (Schountz et al., 2007), and increased
percentages of CD4⫹CD25⫹FoxP3⫹ regulatory T cells
and TGFβ mRNA expression are found during persistent SEOV infection of Norway rats (Easterbrook et al.,
2007), supporting the hypothesis that suppressing the
rodent host immune response is necessary to achieve
long-term persistence (Meyer and Schmaljohn, 2000).
Little is known about the regulatory T-cell response
during human hantavirus infection, though. The
presence of IL-10, IL-4, and TGFβ during the course
of hantavirus infection could indicate a potential
role for subsets of regulatory cells (Mills, 2004) in
controlling the immune response to and immunopathology of human hantavirus infection. An analysis
of acute dengue virus infection revealed increased
numbers of CD4⫹CD25highFoxP3⫹ T regulatory cells
that are capable of suppressing vasoactive cytokine
production, but due to relatively low frequencies, are
thought to be insufficient to control immunopathology (Luhn et al., 2007). The extent of regulatory T-cell
responses during hantavirus infection is not known,
and what role these cells may play in limiting or contributing to hantavirus disease pathology will need
to be explored.

Immunologic Memory
Secondary exposures to hantaviruses have not
been reported, possibly owing to the formation of
long-lived hantavirus-specific humoral and cellular
immunologic memory. Studies by Ye et al. (2004) and
Valdivieso et al. (2006) demonstrated that convalescent
HPS patients maintain neutralizing antibody titers
through 11 years postinfection. Similarly, high titers of
PUUV neutralizing IgG antibody have been detected
in the serum of convalescent patients up through 20
years postinfection (Horling et al., 1992; Lundkvist
et al., 1993). Moreover, HTNV- and PUUV-specific
memory CD4⫹ and CD8⫹ T cells, with frequencies as
high as 100–300 per 106 for a single epitope, can persist for decades after infection (Van Epps et al., 1999,
2002). Furthermore, given the high degree of crossreactivity of some T-cell N-protein epitopes (Van Epps
et al., 1999) and the suggestion that cross-neutralizing
antibody responses can be generated during infection and vaccination (de Carvalho Nicacio et al., 2002;
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Hooper et al., 2001a, 2006), it is possible that exposure
to one species of hantavirus could afford protection
from a subsequent exposure to multiple species of
hantaviruses.

EPIDEMIOLOGY
As stated above, hantaviruses that cause disease
in humans are carried by rodents. To date, hantaviruses carried by insectivores, such as shrews and
moles, have not been associated with human disease,
although there is anecdotal evidence that these animals
may also harbor pathogenic hantaviruses (Okumura
et al., 2007). In general, infection of the natural rodent
host results in a chronic carrier state without pronounced pathology or signs of disease. However,
in-depth histological studies identified lesions within
the lungs of deer mice infected with SNV and whitefooted mice infected with NY-1 virus (Netski et al.,
1999; Lyubsky et al., 1996). There is also a report that
PUUV-infected animals are less likely to survive the
winter, suggesting that infection has a negative effect
on host fitness (Kallio et al., 2007). Disease in humans
occurs when persons are exposed to contaminated
rodent feces, urine, or saliva. The most common mode
of transmission is thought to be the inhalation of aerosolized rodent droppings; however, contact with open
wounds, rodent bites, and ingestion of contaminated
material are also possible modes of transmission.
Ingestion of virus as a mode of infection is not well
documented; however, laboratory hamsters can be
readily infected through the gut (gavage needle) with
ANDV, supporting the possibility that hantaviruses
could be transmitted by the ingestion of contaminated
food (Hooper et al., 2008).
In humans, hantaviruses cause disease in the
young and old, male and female. In most studies,
HFRS and HPS occurred predominantly in working-age males. The preponderance of disease in this
population is likely related to occupational exposure. Epidemiologic studies of HFRS and HPS report
increased incidence of hantavirus disease in persons
working or sleeping in environments inhabited by
rodents, which include agricultural workers, forest
workers, and soldiers (Mulic and Ropac, 2002; Sinclair
et al., 2007; Vapalahti et al., 2003; Abu Sin et al., 2007).
In many regions, hantavirus disease has a seasonal
peak. For example, most of the cases in the 2005 outbreaks in Europe occurred in June and July (Heyman
et al., 2007). The geographic range of hantavirus disease is shown in Fig. 23.2. The geographic range of
the rodent hosts of pathogenic hantavirus are shown
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in Fig. 23.3. Although disease has not been detected in
all of these regions, the presence of the rodent reservoir indicates that the potential for hantavirus disease
exists. Endemic disease occurs in China, the Korean
peninsula, Russia, Europe, and the Americas. A scan
of the literature indicates that approximately 40 countries have reported hantavirus disease, the presence of
virus, or serological evidence of infection (Figure 23.2
and Table 23.3), while several other countries have
reported rare and sporadic HFRS in port cities that
can probably be attributed to SEOV infections spread
by rats carried port-to-port on ships.

China, Korea, and Far Eastern Russia
HFRS is a major health problem in China. It is estimated that from 1950 to 1997, there were 1.25 million
cases of HFRS with 44,300 deaths (Yan et al., 2007;
Fang et al., 2006; Kariwa et al., 2007). Liaoning province is one area with a particularly high incidence of
HFRS, 141.7 cases/100,000 (Lin et al., 2007). South
Korea reported 3039 cases of HFRS between 1997 and
2006 (DisWeb, 2003). During that time, there has been a
trend of increased frequencies of cases with more than
400 cases per year for the last 3 years. Based on its geographic location, it is very likely that North Korea has
a significant number of HFRS cases; however, as is the
case for many countries, the number of recent HFRS
cases was not readily available. One review from 1996
reported 316 HFRS cases in North Korea from 1961 to
1997 [sic] (Lee, 1996). In Far Eastern Russia, there were
4442 cases of HFRS between 1978 and 1997 (Tkachenko
et al., 1998). Several other countries in Asia, including
Australia, Fiji, Hong Kong, India, Indonesia, Japan,
Malaysia, Mongolia, Myanmar, Singapore, Sri Lanka,
Taiwan, Thailand, and Vietnam, have reported rare or
sporadic cases of HFRS, or seroepidemiological evidence that hantaviruses exist and can cause infections
(reviewed in Kariwa et al., 2007). The major viruses
that cause HFRS in the Far East are HTNV, carried
by Apodemus agrarius and SEOV carried by Ratttus
norvegicus. Inactivated-virus vaccines against HFRS
are licensed for use in China and South Korea (see
“Vaccines”).

Western Russia and Eastern Europe
HFRS has been a reportable disease in Russia since
1978. In a review of HFRS in Russia, (Tkachenko
et al. (1998) reports that between 1978 and 1997, there
were 109,082 cases in western Russia. Specific regions
of Russia have reported relatively large outbreaks.
For example, the Bashkiria region has consistently
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FIGURE 23.2 Distribution of hantavirus disease worldwide. Hantaviruses associated with HPS are found exclusively in North, Central,
and South America. HFRS-associated viruses are widespread throughout Europe, the Balkans, Western Russia, China, and the Korean
peninsula, Asia.

reported high number of cases, including epidemics in 1993 and 1997, where the number of cases
approached 150 and 287 cases/100,000 persons,
respectively (Niklasson et al., 1993; Tkachenko et al.,
1998). More recently (in 2007), there were outbreaks
(more than 3000 cases) in the vicinity of the towns of
Voronezh and Lipetsk (Dybas, 2007). As in China and
Korea, most of the HFRS cases in Russia occur in rural
areas; however, there can be epidemics in urban areas,
as was the situation in the 1997 Bashkiria outbreak
(Tkachenko et al., 1998). In western Russia, most of
the HFRS is caused by PUUV, carried by bank voles,
Clethrionomys glareolus. Case-fatality rates indicate
that strains of PUUV in Russia, such as strain K27 isolated from a fatal human case, cause a more severe
form of disease (0.4% case fatality) than the strains
of PUUV found in Finland and Sweden (0.1% case
fatality) (Tkachenko et al., 1998). Several other countries in Eastern Europe, including Byelorus, Estonia,
Georgia, Latvia, Lithuania, Poland, Romania, and
Ukraine, have reported rare or sporadic cases of HFRS
or serologic evidence that pathogenic hantaviruses

are endemic (reviewed in Tkachenko et al., 1999;
Vapalahti et al., 2003; Avsic-Zupanc, 1998). There is
no HFRS vaccine licensed for use in Russia or Eastern
Europe.

Northern and Central Europe/Scandinavia
A review published in 2003 indicated that 12
countries in Europe reported five or more cases of
HFRS per year (Vapalahti et al., 2003). Other countries in Europe with rare or sporadic cases of HFRS
or seroepidemiologic evidence of infection include
Austria, Czech Republic, Great Britain, Portugal,
and Switzerland (Lee, 1996; Vapalahti et al., 2003).
It is likely that HFRS in Europe is underdiagnosed
because the disease is relatively mild as compared
to HFRS in Asia or HPS in the Americas. A study in
Belgium reported that the seroprevalence was at 3.8%,
well above the number of diagnosed cases (van der
Groen et al., 1983). Sweden and Finland have the most
cases (300 and 1000 per year, respectively) followed by
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(A)

Rodents reservoirs of HFRS-associated hantaviruses

Rodents reservoirs of HPS-associated hantaviruses

Apodemus agrarius
(Striped field mouse)

Microtus arvalis
(Common vole)

Bolomys lasiurus
(Hairy-tailed bolo mouse)

Oligoryzomys microtus
(Small-eared pygmy rice rat)

Apodemus flavicollis
(Yellow-necked field mouse)

Microtus rossiaemeridionalis
(Sibling vole)

Calomys laucha
(Small vesper mouse)

Oligoryzomys nigripes
(Black-footed pygmy rice rat)

Apodemus peninsulas
(Korean field mouse)

Rattus loosea
(Lesser-rice field rat)

Necromys benefactus formerly Bolomys
obscurus (Dark bolo mouse)

Oryzomys palustris
(Marsh rice rat)

Bandicota indica
(Greater bandicoot rat)

Rattus norvegicus
(Brown rat/common rat)

Oligoryzomys chacoensis
(Chacoan pygmy rice rat)

Peromyscus leucopus
(White-footed deermouse)

Bandicota savilei
(Savile’s bandicoot rat)

Rattus rattus
(Black rat/ship rat)

Oligoryzomys flavescens
(Yellow pygmy rice rat)

Peromyscus maniculatus
(Deermouse)

Clethrionomys glareolus
(Bank vole)

Oligoryzomys fulvescens
(Fulvous pygmy rice rat)

Sigmodon hispidus
(Hispid cotton rat)

Clethrionomys rufocanus
(Grey red-backed vole)

Oligoryzomys longicaudatus
(Long-tailed pygmy rice rat)

(B)
0
1
2
3 Number of reservoir
4 species inhabiting a
given area
5
6
7

FIGURE 23.3 Distribution of hantavirus rodent reservoirs. (A)
Schematic representation of the distribution of individual rodent
species that are reservoirs of known pathogenic hantaviruses. (B)
Estimate of the number of different rodent species in a given area
that are reservoirs for hantaviruses known to cause human disease
(see color plate section).
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Germany, France, and Belgium, each with ⬃100 cases
per year. These national numbers mask the health
problem caused by HFRS in specific geographic
regions. For example, the number of cases in northern Sweden is much higher than in the south. Most of
the cases are in Vasterbotten County where the incidence is normally ⬃23.5 cases/100,000 (Settergren
et al., 1988). In Finland, the number of cases in the
province of Mikkeli was 70 cases/100,000, mostly in
farmers (Vapalahti et al., 1999). PUUV is carried by
the red bank vole, C. glareolus, and DOBV is carried by
the yellow-necked mouse, A. flavicollis. These viruses
are believed to cause most of the cases of HFRS in
Northern Europe and Scandinavia.
Recently, HFRS has become more of a health concern
in Europe. In 2005, there was a relatively large series
of outbreaks in Belgium, France, the Netherlands,
Luxembourg, and Germany (1114 cases) caused by
PUUV (Heyman et al., 2007). In Germany, many of
the cases occurred in relatively large cities, including
Osnabuck and Cologne where the annual incidence was
8.5 and 4.2 cases/100,000, respectively (Abu Sin et al.,
2007). In 2007, Sweden experienced an almost 10-fold
increase in the annual number of HFRS (nephropathica
epidemica) cases (Pettersson et al., 2008). Vasterbotten
County accounted for 800 of the 2200 cases, with two
fatalities. In Europe and elsewhere, there is a suspected
link between climate change, food-source production,
reservoir population, and incidence of human disease.
Climatic conditions that result in increased production
of food source (e.g., mast years resulting in high yields
of oak and beech nuts) can, in turn, result in increase in
reservoir population and incidence of human disease
(Heyman et al., 2007; Vapalahti et al., 2003). Although
HFRS in Europe has not resulted in high numbers of
fatalities, this disease does have a substantial impact on
the healthcare system because many patients are hospitalized and some require hemodialysis. There is no
HFRS vaccine licensed for use anywhere in Northern
and Central Europe or Scandinavia.

(Avsic-Zupanc, 1998). Severe cases of HFRS in the
Balkans are usually caused by DOBV carried by the
yellow-necked field mouse, A. flavicollis (Avsic-Zupanc
et al., 1992). PUUV is also circulating in this region
and has been associated with disease (Lundkvist
et al., 1997). There is no HFRS vaccine licensed for use
in Southern Europe or the Balkans.

North America
HPS in the Americas is relatively rare, but the disease is among the most pathogenic of any acute viral
disease. Like HFRS, HPS afflicts mostly working-age
males in rural areas (CDC, 2007). Since the first outbreak of HPS in the “Four Corners region” of the
southwestern United States, there have been approximately 465 cases of HPS with 35% case fatality. In
Canada, there have been ⬃100 cases. The hantavirus
responsible for most of the HPS cases in the United
States is SNV carried by deer mice, Peromyscus maniculatus. Other hantavirues that have caused disease in the
United States include Black Creek Canal virus (BCCV),
Bayou virus (BAYV), and New York virus (NYV). There
is no HPS vaccine licensed for use in North America.

Central America
HPS is not widespread in Central America. The
only country that has reported significant outbreaks
is Panama (Bayard et al., 2004). Specific regions, such
as the Azuero peninsula, have seroprevalance rates as
high as 30% (Armien et al., 2004). A recent serial serosurvey revealed a very high seroprevalence against
hantaviruses in certain communities where changes
in agribusiness may have brought hantaviruscarrying rodents into more frequent contact with
humans. The hantavirus associated with human disease in Panama is Choclo virus, carried by Oligoryomys
fulvescens (Vincent et al., 2000). There is no HPS vaccine licensed for use in Central America.

Southern Europe/Balkans
A review in 1999 indicated that there were approximately 100 HFRS cases per year in the Balkans (AvsicZupanc, 1998). Essentially, all of the countries in the
Balkans have reported cases of HFRS (Table 23.3).
There is also evidence of HFRS in Albania (Antoniadis
et al., 1996). The military conflicts in the former
Yugoslavia resulted in increased numbers of HFRS
cases, as would be expected based on the increased
numbers of personnel working and sleeping outdoors

South America
Several countries in South America have reported
hantavirus disease including Argentina, Bolivia,
Brazil, Chile, Columbia, Paraguay, Uruguay, and
Venezuela (PAHO, 2004). A list of the viruses that
cause HPS in South America is shown in Table 23.1,
and a map of the rodent geographic range is shown
in Fig. 23.3. ANDV, carried by the long-tailed pygmy
rice rat, O. longicauddatus, and related viruses cause
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TABLE 23.3 Worldwide distribution of HPS and HFRS cases
Countrya

Regions of interest

East Asia
China

Number of cases

Years

Reference

20,000–50,000
141.7/100,000
316
100–400

per year
per year
1961–1996
per year

Fang et al. (2006)
Lin et al. (2007)
Lee (1996)
DisWeb (2006)

Hungary

3000
44.6/100,000
136

per year
per year
1952–1980

Vapalahti et al. (2003)
Tkachenko et al. (1999)
Lee (1996)

Northern and Central Europe/Scandinavia
Belgium
Luxenburg rovince
Denmark
Finland
Mikkeli province
France
Ardennes district
Germany
Osnabuck city
Italy
Luxembourg
Netherlands
Norway
Sweden
Vasterbotten county

372
33.8/100,000
10
1000
70/100,000
253
32.7/100,000
448
8.5/100,000
14
14
27
50
300
23.5/100,000

2005b
2005b
per year
per year
per year
2005b
2005b
2005b
2005b
1984–1987
2005b
2005b
per year
per year
per year

Heyman et al. (2007)
Heyman et al. (2007)
Vapalahti et al. (2003)
Vapalahti et al. (2003)
Vapalahti et al. (2003)
Heyman et al. (2007)
Heyman et al. (2007)
Heyman et al. (2007)
Heyman et al. (2007)
Lee (1996)
Heyman et al. (2007)
Heyman et al. (2007)
Vapalahti et al. (2003)
Vapalahti et al. (2003)
Settergren et al. (1988)

Southern Europe/Balkans
Bosnia-Herzegovina
Bulgaria
Croatia
Greece
Macedonia
Montenegro
Serbia
Slovakia
Slovenia

487
399
134
21
10
129
228
10
106

1952–1995
1952–1995
1952–1995
1952–1995
1952–1995
1952–1995
1952–1995
per year
1952–1995

Avsic-Zupanc (1998)
Avsic-Zupanc (1998)
Avsic-Zupanc (1998)
Avsic-Zupanc (1998)
Avsic-Zupanc (1998)
Avsic-Zupanc (1998)
Avsic-Zupanc (1998)
Vapalahti et al. (2003)
Avsic-Zupanc (1998)

North America
Canada
United States

88
465

1993–2004
1993–2007

PAHO (2004)
http://www.cdc.gov

Central America
Panama

35

1993–2004

PAHO (2004)

South America
Argentina
Bolivia
Brazil
Chile
Columbia

592
36
423
331
8

1993–2004
1993–2004
1993–2004
1993–2004
2006

Paraguay
Uruguay
Venezuela

99
48
2

1993–2004
1993–2004
1993–2004

PAHO (2004)
PAHO (2004)
PAHO (2004)
PAHO (2004)
Xinhua news service
14 March 2006
PAHO (2004)
PAHO (2004)
PAHO (2004)

Liaoning province
North Korea
South Korea
Russia and Eastern Europe
Russia
Bashkiria region

a
b

Additional countries reporting hantavirus disease, or seroepidemiological evidence of pathogenic hantaviruses, are listed in the text.
Epidemic year.
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most of the cases in Chile, Argentina. Juquitiba
virus, carried by the black-footed pygmy rice rat, O.
nigripes, is associated with most of the cases in Brazil.
Interestingly, ANDV is the only hantavirus associated
with person-to-person transmission, and many of the
cases in Chile and Argentina have occurred in clusters
(Lazaro et al., 2007; Toro et al., 1998; Vial et al., 2006;
Wells et al., 1997). There is no HPS vaccine licensed
for use in South America.

CLINICAL DISEASE
HPS, HFRS, and NE are three clinical diseases
caused by hantaviruses. The diseases are similar in many respects, and share a number of clinical
manifestations which have been the focus of several
recent reviews (Jonsson et al., 2007; Mertz et al., 2006;
Muranyi et al., 2005). Clinical disease, which is often
divided into four to five distinct phases, occurs after
an incubation period varying from about 7 to 36 days
(Muranyi et al., 2005; Vial et al., 2006; Young et al.,
2000) and results from the infection of endothelial cells
and subsequent increase in vascular permeability.

Hantavirus Pulmonary Syndrome
After the virus incubation period, the onset of HPS
begins with a prodromal, febrile period that typically
lasts 3–5 days but can last as long as 10 days (Hjelle
and Glass, 2000; Peters and Khan, 2002). Symptoms
during the onset of HPS are nonspecific and flulike and include fever, myalgia, malaise, and may
also consist of headache, dizziness, anorexia, abdominal pain, nausea, vomiting, and diarrhea (Enria
et al., 2001). Other reported early symptoms included
a transient skin rash and conjunctival suffusion.
Hantavirus-specific IgG and IgM antibodies can also
be detected during this phase. At the end of this phase,
however, more serious symptoms may present, such as
the abrupt onset of a nonproductive cough, and shortness of breath and tachypnea that mark the beginning
of the cardiopulmonary phase (Hallin et al., 1996; Levy
and Simpson, 1994). It is at this point that most patients
seek medical attention and, in severe cases, may rapidly develop pulmonary edema and respiratory failure,
usually within 4–24 h. Whereas chest radiographs of
patients may be normal during the prodromal febrile
phase, interstitial edema and the presence of bilateral
pulmonary infiltrates usually develop within the first
few hours of the cardiopulmonary phase (Ketai et al.,
1994). A presumptive diagnosis may be made during
this phase based on the presence of pulmonary edema

and an abnormal peripheral blood smear, including
thrombocytopenia, myelocytosis, a lack of significant
toxic granulation in neutrophils, hemoconcentration,
and ⬎10% immunoblastic lymphocytes (Mertz et al.,
2006). Furthermore, the cardiogenic shock syndrome
leads to arrhythmias, lactic acidosis, hypotension, and
oliguria, while pulmonary edema contributes to tachypnea, exertional dyspnea, and nonproductive cough
with hypoxemia as a common feature. Hypovolemia
occurs as a result of high-protein-fluid leakage from the
blood into the lung interstitium and alveoli, and this
further aggravates shock symptoms. The cardiopulmonary phase usually lasts 2–4 days, but in severe cases,
approximately half of the patients succumb to hypoxia
and circulatory compromise within 24–48 h of developing pulmonary edema. Fatality rates for the most common HPS hantaviruses, SNV and ANDV, range from
30% to 50%, respectively, while deaths from other HPS
strains occur in approximately 15% of the cases (Doyle
et al., 1998). Patients that survive the cardiopulmonary
phase enter the third or diuretic phase, resulting in the
rapid clearance of pulmonary edema and spontanteous diuresis followed by cessation of fever and shock.
The final convalescent phase may last up to 2 months
and may be marked by weakness, fatigue, and abnormal pulmonary function including abnormal diffusion
capacity, but usually results in full recovery.
While New World hantaviruses are largely associated with pulmonary dysfunction, cases of renal
involvement have been associated with BCCV and
BYV, and renal failure was a common feature of Oranvirus-associated HPS infection (Levis et al., 1998;
Nichol, 2001). Other clinical symptoms may include
conjunctival injection, facial flushing, pharyngeal congestion, petechiae, abnormal urine analysis, and/or
frank hemorrhages (Lazaro et al., 2000).

Hemorrhagic Fever with Renal Symptoms
The early clinical manifestations of HFRS are similar
to HPS with an initial febrile phase that manifest with
acute flu-like symptoms such as high fever, backache,
abdominal pain, chills, myalgia, malaise, and bradycardia. The febrile phase, which can last 3–5 days, is also
characterized by photophobia, pharynx enathema, diffuse reddening of the face, development of petechia on
the palate, hematuria, atypical gross proteinuria, and
can include conjunctival hemorrhage and transient visual impairment. After the onset of fever, patients enter a
3–6-day hypotensive phase with symptoms of varying
degrees including leukocytosis, thrombocytopenia, elevated serum creatine, tubulinterstitial nephritis, necrotizing glomerulonephritis, IgA nephropathy, petechiae,
and nose bleeds to more severe complications that can
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include intracranial hemorrhages (Linderholm and
Elgh, 2001). Nausea and vomiting with severe clinical
shock and hypotension, likely due to massive capillary leakage, have also been reported during the hypotensive phase (Warner, 1996). Renal complications of
HFRS, acute renal failure caused by interstitial hemorrhage and interstitial infiltrates (Beers and Berkow,
2005; Sirotin and Keiser, 2001), will typically manifest
in the oliguric phase stage of illness. During this phase
that begins approximately 8 days after the onset of
symptoms, hemorrhagic manifestations become prominent, patients have reported abdominal and/or back
pain, and have reduced urinary output. After this, the
polyuric or diuretic phase, beginning approximately on
day 11, is characterized by a dramatic increase in urinary output, as much as 3–6 L/day, and considerable
fluid and electrolyte shifts are observed. The subsequent convalescent phase can last from weeks to several months. Sequelae such as chronic renal failure and
hypertension (Makela et al., 2000) can occur during this
phase but are rare. Approximately 10% to 15% of HFRS
cases are clinically severe with 6–15% of cases becoming fatal. Note that for all phases of HFRS, the overall
number of clinical phases and severity may differ considerably on a patient-to-patient basis. Other clinical
manifestations that may be involved during the course
of HFRS include visual impairment; acute myopia;
CNS involvement, resulting in seizures, myocarditis,
gastrointestinal hemorrhages; and thyroid, liver, pancreas, and lung involvement.

Nephropathia Epidemica
NE is a less severe form of disease similar to HFRS
that is typically caused by PUUV and occurs most
commonly in Scandinavia and Central Europe. The
majority of NE cases are asymptomatic (⬃90%), and
the overall case-fatality rate of severe NE with acute
renal failure is far lower than HFRS (approximately
0.1% to 1% for NE versus 5% for HRFS) (Warner, 1996;
Linderholm and Elgh, 2001). Clinically, NE presents
similarly to HFRS, while severe neurological complications such as paralysis of the bladder or seizures are
reported in approximately 1% of NE patients. After
a 3–4-day febrile phase and a 3-day oliguric phase,
patients develop polyuria. The convalescent phase
may extend over several weeks, and sequelae are rare.

TREATMENT
Treatment of patients with HPS or HFRS remains
largely supportive. With respect to HFRS, fluid
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restriction during the hypotensive and oliguric phases
reduced mortality with KHF (Steer, 1955). Nonsteroid
anti-inflammatory drugs and any drug that is toxic
to the kidneys should be avoided, and close management of electrolyte balance is critical (Linderholm and
Elgh, 2001). Dialysis may be appropriate in severe
cases of HFRS but is rarely needed in cases of NE.
Intensive care for HPS patients includes careful
fluid management, monitoring of cardiac output, and
ventilatory support (Castillo et al., 2001; Hallin et al.,
1996; Levy and Simpson, 1994). Fluid balance must
be vigilantly managed, but not overloaded, due to
complication with pulmonary edema (Warner, 1996).
Cardiac output and function should be monitored
closely and maintained. Supplemental oxygen may
be sufficient to treat patients with mild HPS, but in
severe cases, disease progression and respiratory failure will occur rapidly and may require venoarterial
extracorporeal membrane oxygenation (ECMO) therapy to provide cardiopulmonary support. The efficacy
of ECMO therapy during early HPS cases is debatable
(Hallin et al., 1996; Crowley et al., 1998; Enria et al.,
2001), but more recent studies involving ECMO treatment in the United States (Mertz et al., 2006) and Chile
(Tomicic et al., 2005) have been more promising, with
a survival rate of approximately 85%. Much of this
recent success is attributable to advances in diagnostic
tools (e.g., ELISA, PCR, Western blot, strip immunoblot assay) that provide a more rapid diagnosis resulting in more rapid and aggressive treatment.
The use of steroid therapy has also been reported to
have some effect in influencing the positive outcome of
hantavirus diseases. In two separate cases, patients suffering from PUUV infection improved after extended
administration of corticosteroids (Dunst et al., 1998;
Seitsonen et al., 2006). The use of steroids to treat hantavirus disease is not without drawbacks, though, as
immunosuppression has resulted in the occurrence of
secondary infections (Siqueira et al., 2007). Given the
apparent relationship between the immune response
and pathogenesis of hantavirus disease, the use of methylprednisolone in the treatment of HPS is being investigated in a controlled study in Chile (Mertz et al., 2006).
There is currently no Food and Drug Administration
(FDA) approved antiviral drug or immunotherapeutic
agent approved for the treatment of hantaviral diseases. The antiviral drug ribavirin has shown success
in reducing viral titers, increasing survival rates, and
reducing the severity of HFRS in patients in China
(Huggins et al., 1991) and in HTNV-infected suckling mice (Huggins et al., 1986). The use of ribavirin as a treatment for HPS has not proved successful
(Chapman et al., 1999; Mertz et al., 2004); however, the
number of HPS patients to test the efficacy of ribavirin
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has been inadequate. In these studies, HPS patients
treated with ribavirin did not begin until after the
onset of the cardiopulmonary phase of disease. In contrast, the HFRS patients treated with ribavirin began
treatment before the onset of renal complications, suggesting that the efficacy of ribavirin treatment may
depend largely on the phase of infection and the severity of disease when ribavirin is administered. While
ribavirin may not be effective in treating patients after
the onset of clinical symptoms, it may be possible to
use ribavirin as a prophylactic treatment for people at
high risk of contracting disease such as recent household contacts of ANDV index cases where there is the
threat of person-to-person transmission (Martinez
et al., 2005; Padula et al., 1998). Additionally, evidence
that patients with lower titers of neutralizing antibodies often develop a more severe disease (Bharadwaj
et al., 2000) had led to the speculation that administration of high-dose neutralizing antibodies as a postexposure immunoprophylatic may reduce disease
severity and improve survival (see “Postexposure
Immunoprophylaxis”).

PATHOGENESIS
In rodents, hantavirus infection results in a largely
nonpathogenic, persistent infection (Meyer and
Schmaljohn, 2000). In humans, however, clinically
productive hantavirus infection results in one of the
two diseases, HPS or HFRS, that are both characterized by changes in endothelial cell permeability and
vascular edema (Cosgriff, 1991; Lee, 1991; Nolte et al.,
1995; Zaki et al., 1995). While the mechanisms underlying the pathogenesis of HPS and HFRS are not completely understood, the direct effects of viral infection
of endothelial cells and the immune response to
hantavirus infection have been proposed as playing
important roles.

Possible Direct Role of Viral Infection of
Endothelial Cells on Pathogenesis
Analysis of hantavirus-infected patients (Huang
et al., 1994; Zaki et al., 1995; Nolte et al., 1995) and
experimentally infected hamsters (Hooper et al., 2001b;
Milazzo et al., 2002; Wahl-Jensen et al., 2007) suggests
that endothelial cells are the primary targets of hantaviruses; an observation validated by multiple in vitro
studies (Gavrilovskaya et al., 1998, 1999; Geimonen
et al., 2002; Yanagihara and Silverman, 1990). Infection
of endothelial cells appears to be mediated by the
expression of β1 and β3 integrins on the surface of

endothelial cells as forced expression of these integrins
renders cells permissive to hantavirus infection while
antibody blockade of these integrins prevents infection (Gavrilovskaya et al., 1998, 1999). Hemorrhagic
diseases, in general, are caused by the dysregulation
of permeability of the vascular endothelium. Integrins
expressed by endothelial cells, such as αvβ3, play key
roles in maintaining vascular integrity and regulating permeability (Hynes et al., 1999; Kevil et al., 1998;
Leavesley et al., 1993; Sugimori et al., 1997; Tsukada
et al., 1995). In this respect, several human hemorrhagic diseases, including Glanzmann’s disease and
Goodpasture’s syndrome, and at least three autoimmune hemorrhagic diseases result from the dysregulation of β3-integrin function (Borza et al., 2003; Gunwar
et al., 1991; Hodivala-Dilke et al., 1999; Joutsi-Korhonen
et al., 2004; Kalluri et al., 1994; Watkins et al., 2002).
Moreover, β3-integrin-deficient mice have vascular
permeability defects and mucocutaneous hemorrhage
similar to that seen during HFRS (Hodivala-Dilke
et al., 1999). Accordingly, infection of endothelial cells
by nonpathogenic hantaviruses such as Prospect Hill
(PH) virus involves the β1 integrin, whereas infection by pathogenic hantaviruses is associated with
β3 integrin (Gavrilovskaya et al., 1998, 1999). Pathogenic
hantaviruses bind inactive αvβ3 integrin structures
(Raymond et al., 2005), suggesting that infection may
interfere with the formation of active αvβ3 conformations which subsequently would inhibit normal
β3-integrin function, as seen by Gavrilovskaya et al.
(2002). This has lead to the suggestion that virus binding to αvβ3 integrin may disrupt the integrity of endothelial cell junctional complexes leading to increased
permeability. Endothelial cells are held together by
three major types of junctions, i.e., tight junctions, gap
junctions, and adherens junctions, along with numerous other adhesion molecules including PECAM that
can interact with αvβ3 integrin (reviewed by Bazzoni
and Dejana, 2004; Wallez and Huber, 2007). Inhibition of
αvβ3-integrin signaling has been shown to induce the
formation of incomplete adherens junctions (Ozaki et al.,
2007); however, there is little direct visual evidence
that hantavirus infection in vivo results in gap formation between endothelial cells (Wahl-Jensen et al., 2007;
Zaki et al., 1995). Nevertheless, in vivo disruption of
adherens junctions by targeting VE-cadheren can result
in increased permeability without the formation of
visible gaps (reviewed by Bazzoni and Dejana, 2004).
Still, other in vitro experiments have demonstrated
that infection in and of itself does not affect the integrity of adherens junctions (Sundstrom et al., 2001) or
increase permeability (Niikura et al., 2004; Sundstrom
et al., 2001). Alternatively, hantavirus may influence
permeability by altering the function of endothelial
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cell cation channels by promoting the influx of Ca2⫹
through αvβ3-integrin signaling (Bhattacharya et al.,
2000; Kawasaki et al., 2004). TNFα has been shown to
amplify Ca2⫹ influx and endothelial cell permeability
by increasing the expression of the TRPC1 Ca2⫹ channel (Paria et al., 2004). Moreover, Ca2⫹ signaling can
increase endothelial cell permeability by disassembling VE-cadherin junctions (Sandoval et al., 2001).
Intriguingly, TNFα increased the permeability of
hantavirus-infected cells and further prolonged permeability even after TNFα was removed (Niikura et al.,
2004). Whether this is the result of increased Ca2⫹ signaling is unknown, but it may reflect the importance of
endothelial cell and/or adaptive antiviral responses to
elicit full hantavirus pathogenesis.

Possible Role of Innate Antiviral
Responses on Pathogenesis
Nonpathogenic hantaviruses are not associated
with human disease even though, like pathogenic
species, they can infect human endothelial cells
(Yanagihara and Silverman, 1990). Early experiments
demonstrated that HTNV infection of endothelial
cells can be blocked by adding exogenous type I IFN
(Pensiero et al., 1992), and Geimonen et al. (2002)
demonstrated that there is a distinct temporal difference in the induction of the interferon response
between pathogenic and nonpathogenic hantavirus
strains. Within 24 h of infection, nonpathogenic hantaviruses upregulated numerous interferon-inducible
genes (ISG), whereas pathogenic strains largely failed
to induce ISG expression. Both pathogenic and nonpathogenic viruses induced IFNβ late after infection
(4 days), yet both can inhibit signaling from exogenous type I interferon via STAT-1/2 (Spiropoulou
et al., 2007). How pathogenic hantaviruses regulate
endothelial cell interferon responses is unknown, but
it may relate to portions of the Gn cytoplasmic tail (Alff
et al., 2006) and the presence of immuno-tyrosine activation motifs (ITAMs) (Geimonen et al., 2003), as has
been demonstrated for other viruses (Beaufils et al.,
1993; Dehghani et al., 2002; Lee et al., 1998a; Miller
et al., 1995; Willems et al., 1995; Xu et al., 1999).
Aside from forming a barrier within the vasculature and regulating vascular permeability, endothelial
cells also secrete cytokines and chemokines, and
upregulate adhesion molecules and costimulatory
molecules that can prevent infection and can recruit
and stimulate cells of the immune system (Choi et al.,
2004). Infection of endothelial cells does not appear to
directly affect the expression of many cytokines, adhesion and costimulatory molecules (Sundstrom et al.,
2001). Rather, expression of these molecules appears
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to be regulated by inflammatory cytokines such as
IFNγ and TNFα. Both pathogenic and nonpathogenic hantaviruses have been shown to induce the
translocation of NF-κB and interferon regulatory factors to the nucleus and the subsequent upregulation
of leukocyte chemokines such as RANTES, IL-8, and
IP-10 (Sundstrom et al., 2001), albeit somewhat speciesspecifically. At later times after infection, endothelial cells infected by some pathogenic hantaviruses
have also been shown to upregulate cytokines such as
IL-6, which, along with IL-1 from infected or activated
macrophages, may cause increases in endothelial
permeability (Kerkar et al., 2006; Maruo et al., 1992;
Nooteboom et al., 2006) and have been implicated in
the pathogenesis of HFRS (Linderholm et al., 1996). If
cytokines mediate vascular permeability during hantavirus disease in vivo, then histological evidence from
human cases or experimentally infected hamsters suggests that it does not necessarily involve the restructuring of endothelial gap junctions (Wahl-Jensen
et al., 2007; Zaki et al., 1995). Alternatively, IL-1 and
IL-6 may synergistically induce vascular endothelial
growth factor (VEGF) expression by endothelial cells
(Loeffler et al., 2005; Sironi et al., 1989) and the VEGF
induced under those conditions could lead to the formation of vesiculo-vacuolar organelles (VVOs) within
endothelial cells (reviewed in Dvorak and Feng, 2001;
Feng et al., 1999). These cytoplasmic, grape-like clusters provide a direct link between the luminal and
ablumenal sides of endothelial cells and have been
shown to provide the major route of macromolecular
extravasation at sites of increased vascular permeability in veins associated with experimental tumors and
in animal models of allergic inflammatory eye disease. Further studies are needed to determine if the
plasma leakage in HPS involves a paracellular or transcellular mechanism. Inducible nitric oxide synthase
(iNOS), which can be produced by endothelial cells,
neutrophils, and macrophages and is known to alter
alveolar epithelial and endothelial cell permeability,
is upregulated during HPS (Davis et al., 2002). There
is further evidence that nitric oxide can upregulate
αVβ3-integrin expression on endothelial cells, in vitro
(Lee et al., 2000), suggesting a mechanism by which
the immune response to hantavirus may propagate
hantavirus infection. Additionally, several cytokines
produced by lung endothelial cells, epithelial cells,
and macrophages are known to influence the deposition of fibrin that is characteristic of HPS pathology in
both hamsters (Wahl-Jensen et al., 2007) and humans
(Zaki et al., 1995). Permeability of the vascular
endothelium is accompanied by an influx of plasma
proteins including fibrinogen, which is converted to
fibrin at sites of inflammation. TNFα, possibly from
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macrophages or T cells, can induce the expression of
TGFβ from lung fibroblasts (Sullivan et al., 2005) and
epithelial cells (Warshamana et al., 2001), which can
subsequently act in concert with TNFα to enhance the
formation of fibrin by inhibiting mechanisms of fibrinolysis (Idell et al., 1992). The presence of fibrin can
further enhance vascular permeability, possibly by
directly inducing the secretion of vasoactive IL-1 from
mononuclear cells such as macrophages (Perez and
Roman, 1995). Whether regulatory cytokines such as
IL-10, which can inhibit the synthesis of inflammatory
cytokines and chemokines and decrease fibrin deposition by increasing fibrinolysis (Okada et al., 2000), can
improve the course of HPS has not been investigated.
These data suggest that the ability of pathogenic
hantaviruses to regulate aspects of the endothelial
cell antiviral response may contribute to hantavirus disease pathogenesis. The rapid induction of
type I IFN and leukocyte chemokine responses in
response to nonpathogenic hantaviruses may contribute to decreased viral replication and dissemination, allowing for more rapid viral clearance which
may ultimately lead to a lack of disease. In contrast,
the delayed type I IFN responses stimulated by pathogenic hantaviruses may lead to increased viral replication and dissemination, resulting in large numbers
of infected endothelial cells secreting vasoactive
cytokines and attracting activated leukocytes.

Possible Role of Adaptive Immune
Response in Pathogenesis
The noticeable lack of cytopathic effect after hantavirus infection of endothelial cells and the presence of
activated T cells during hantavirus disease pathogenesis have led to the speculation that hantavirus disease
pathology is mediated, at least in part, by hantavirusspecific effector T cells. Consistent with this idea,
increased numbers of activated CD8⫹ T cells are
observed during the acute phase of HFRS (Huang
et al., 1994) and acute PUUV infections (Mustonen
et al., 1994; Temonen et al., 1996) with disproportionate CD4 to CD8 T-cell ratios (Chen and Yang,
1990). Similarly, large numbers of CD4⫹ and CD8⫹
T cells and large numbers of cytokine-producing cells
are present in the lungs, spleens, and hearts of HPS
patients (Mori et al., 1999; Nolte et al., 1995; Zaki et al.,
1995), and the numbers of T cells present in the blood
of acute HPS patients can correlate with the clinical
severity of the disease (Kilpatrick et al., 2004). In fatal
HPS cases, mononuclear cell infiltrates in these tissues
were found to include a mixed population of macrophages and T cells which consisted of a disproportionately large number of activated CD8⫹ T cells. Further

studies suggest a genetic linkage between the severity of disease, and MHC haplotype has been observed
in patients with NE and HPS, further linking CD8⫹
T cell responses with disease. Makela et al. (2002) and
Mustonen et al. (1996) showed that the HLA-B8-DR3
haplotype was associated with a more severe NE disease outcome) and that the HLA-B27 haplotype was
associated with milder disease (Mustonen et al., 1998).
Other data suggest a link between the HLA-B35 haplotype and a more severe form of HPS caused by SNV
(Kilpatrick et al., 2004).
The extent to which T cells may mediate the pathogenesis of hantavirus infection may also be influenced
by infected endothelial cells themselves (reviewed in
Choi et al., 2004). Human endothelial cells constitutively express both MHC I and MHC II complexes,
allowing them to directly present viral peptides to
both activated CD4⫹ and CD8⫹ T cells. Moreover,
endothelial cells also express a variety of early and late
costimulatory molecules and secrete cytokines that
can augment or prolong T-cell responses, including IL6, which enhances T cell–endothelial cell interactions
(Watson et al., 1996). CD8⫹ T cells typically eliminate
virus-infected cells using either a perforin/granzymeor Fas/FasL-mediated death pathway. However, the
lungs of HPS patients or infected hamsters reveal little obvious damage to endothelial cells (Hooper et
al., 2001b; Nolte et al., 1995; Wahl-Jensen et al., 2007;
Zaki et al., 1995), suggesting that if T cells contribute
to endothelial cell permeability, then vascular leakage
is caused by the release of vasoactive cytokines, rather
that endothelial cell apoptosis. Why infected endothelial cells are not subject to elimination by CD8⫹ T cells
and natural killer (NK) cells is still not clear, but elevated levels of perforin, granzyme B, and the epithelial
cell apoptosis marker caspase-cleaved cytokeratin-18
in the serum of patients infected with PUUV argues
against a global inhibition of perforin and granzyme
synthesis. This suggests that infected epithelial cells
do not benefit from the same type of protection as
endothelial cells (Klingstrom et al., 2006). Increased
levels of TNFα and transforming growth factor beta
(TGFβ) have been found in kidney biopsies from acute
NE patients (Temonen et al., 1996). Moreover, genetic
predisposition to produce high amounts of TNF has
been associated with severe NE (Kanerva et al., 1998b).
Systemic levels of inflammatory cytokines have also
been reported in plasma of HFRS patients and include
TNFα, soluble TNFα receptor, IFNα, IFNγ, IL-6, and
IL-10 (Linderholm et al., 1996). Similarly, Mori et al.
(1999) described an increased prevalence of cytokines
such as IL-1α, IL-1β, IL-2, Il-4, IL-6, TNFα, TNFβ, and
IFNγ in the lungs and spleens of fatal HPS cases. Many
of these cytokines are produced by activated T cells,
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and all of them are implicated in increased vascular
permeability (Beynon et al., 1993; Kerkar et al., 2006;
Kotowicz et al., 2004; Maruo et al., 1992; Nooteboom
et al., 2006). Consistent with a role for TNFα in immunopathology, mouse models of influenza virus (Xu
et al., 2004) and respiratory syncytial virus infection
(Rutigliano and Graham, 2004) have shown that the
lung injury caused during infection is primarily due
to CD8⫹ T-cell-derived TNFα.
Hantaviral antigens have been detected in the macrophages, dendritic cells, and, to a lesser extent, lymphocytes (Huang et al., 1994; Zaki et al., 1995; Nolte
et al., 1995). Whether interactions between T cells and
hantavirus-infected, antigen-presenting cells or direct
infection of T cells can lead to a dysregulated T-cell
responses and overproduction of vasoactive cytokines
or can cause the T-cell apoptosis and lymphopenia as
was observed shortly after infection in both humans
and experimentally infected hamsters (Wahl-Jensen
et al., 2007; Zaki et al., 1995) is not known.
Taken together, these data suggest multiple ways
that the innate and adaptive immune responses may
contribute to hantavirus disease pathology. How
these mechanisms contribute to disease will need to
be explored further in an animal model that mimics
hantavirus pathology in humans (e.g., Syrian hamsters). Ultimately, many of these mechanisms may
work synergistically to promote disease, as shown
in Fig. 23.4. Endothelial cells infected by pathogenic
strains of hantaviruses, likely are unable to upregulate
early type I IFN responses, allowing for efficient viral
replication and dissemination. As T cells become activated, they migrate to the site of infection in response
to endothelial-cell-derived chemokines, and encounter
infected endothelial cells expressing viral antigens.
The continued interactions between activated T cells
and endothelial cells and vasoactive cytokines secreted
by both may then act synergistically to induce changes
in vascular permeability and edema consistently seen
in hantavirus disease pathology.
There is a large body of circumstantial evidence
implicating vasoactive cytokines in the pathogenesis
of hantaviral diseases. Whether T cells are the primary
source of these cytokines has yet to be determined.
Still, it is likely that disease pathogenesis is a product of prolonged exposure to these cytokines and not
merely the presence of these cytokines. Vaccines are
likely to play an important role in limiting the production of these cytokines in the event of subsequent
exposure to hantaviruses by either preventing infection altogether by neutralizing antibodies or by stimulating a rapid and robust memory T-cell response that
will eliminate virus quickly before prolonged exposure
to cytokines can cause disease.

VACCINES
The identification and isolation of the etiologic agent
of HFRS by Lee et al. (1978a) provided a target for the
development of vaccines to prevent HFRS. In general,
two approaches have been used to develop candidate
hantavirus vaccines: inactivated-virus vaccines and
subunit molecular vaccines. To our knowledge, an
attenuated live-virus vaccine approach has not been
attempted. Inactivated hantavirus vaccines involve the
replication of virus in rodent brains or cell culture. The
virus is then chemically inactivated (e.g., formalin or
β-propiolactone), combined with adjuvant (e.g., aluminum hydroxide), and delivered intramuscularly. In contrast, the subunit molecular vaccine approach avoids a
requirement to replicate, purify, and inactivate highly
pathogenic hantaviruses. Rather, modern molecular
techniques are used to produce target immunogens
delivered as proteins or as genes. Both protein-based
and gene-based candidate hantavirus vaccines have
been prepared and tested in animals. One gene-based
molecular vaccine has been tested in phase 1 and 2 clinical trials, and several candidate gene-based vaccines
have been tested in nonhuman primates. A summary
of the published candidate inactivated-virus vaccines
and subunit molecular vaccines is provided below.

Inactivated-Virus Vaccines
Efforts to produce inactivated hantavirus vaccines to protect against HPS have not been reported.
Inactivated-virus HFRS vaccines based on HTNV,
SEOV, and PUUV have been produced and tested in
humans (reviewed in Hooper and Li, 2001; Cho et al.,
2002). Versions of these vaccines are licensed for use in
the Republic of Korea and China. The Korean vaccine,
marketed as Hantavax®, is produced using formalininactivated HTNV grown in mouse brains, precipitated, purified, combined with aluminum hydroxide
as an adjuvant, and administered intramuscularly
twice at a 1-month interval. Hantavax® and a bivalent vaccine (HTNV and PUUV produced in hamster
brains, inactivated with formalin, combined with
aluminum hydroxide, and administered subcutaneously three times at 1-month intervals), were able to
elicit antibodies in humans, as measured by immunofluorescence and, to a lesser extent, by plaque reduction neutralization test (Cho and Howard, 1999; Cho
et al., 2002; Lee et al., 1998b). A vaccine similar to
Hantavax®, but produced in Vero cells, was produced
and tested in mice (Choi et al., 2003). That vaccine was
more immunogenic than Hantavax®, eliciting higher
neutralizing antibody responses, and inducing a
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Virus/inclusion bodies
Active αvβ3 integrin
Inactive αvβ3 integrin: virus complex
Gap junctions
Cytoplasmic vesicles

Type II pneumocyte

Fluid leakage/pulmonary
edema
Fibrin deposits

Type I pneumocyte
(epithelial cell)
Alveolar sac

Basal lamina
Alveolar Mφ (dust cell)/
Dendritic cells (DC)
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Mφ/DC

?
IFNα/β

D
?

?

Cytokine receptor/cytokine
complex

(C)

(D)
IL-1, TNFα

Mφ/DC
Mφ/DC
Cytokines (e.g., IL-1,
IL-6, IFNα, TNFα,
TGFβ, IL-10)

Cytokines (e.g,
IL-2, IL-4, IL-6,
TNFα, IFNγ,
TGFβ)

CD8

?

?

IFNα/β

IFNα/β

?
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IL-8, RANTES,
MCP, MIP-1)

?
?

?
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FIGURE 23.4 Possible mechanisms of hantvirus pulmonary syndrome disease pathogensis. (A) Gross schematic diagram of lung alveoli,
associated cell types, and vasculature. (B) Vascular permeability as a direct result of virus binding. During infection of endothelial cells, hantaviruses may bind to inactive (bent) αvβ3 integrin, inhibiting normal integrin function, which may cause endothelial cell junctions to open,
allowing fluid to pass between endothelial cells and into the alveolar sac. Viral inhibition of type I IFN responses for efficient viral replication
and dissemination. (C) Vascular permeability as a result of endothelial cell responses to infection. Infection of endothelial cells may induce
the upregulation of cytokines and chemokines involved in promoting permeability via endothelial cell junctions and/or transcellular pathways, initiating fibrin deposition and attracting leukocytes,. Alternatively, infection may directly interfere with normal endothelial cell processes leading to abnormal regulation of vascular integrity. (D) Vascular permeability as a result of T-cell activation. Chemokines secreted by
infected endothelial cells may attract activated CD4⫹ and CD8⫹ T cells. As T cells interact with viral antigens presented by infected endothelial
cells and macrophages and dendritic cells, they secrete large amounts of cytokines that promote permeability via transcellular pathways or by
interfering with the normal function of endothelial cell junctional proteins, contribute to fibrin deposition, and further enhance the activation
state of endothelial cells and antigen-presenting cells.
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greater level of protection in a mouse infection model
when lower doses were administered.
In China, the inactivated-virus vaccines have been
produced in cell culture, not in rodent brains. There
are at least three vaccines licensed for use in China
that are described in the literature. One vaccine
involved the growth of Seoul-like virus (strain L99) in
golden hamster kidney cells (GHKC) and inactivated
using 0.025% formalin (Song et al., 1992). Another
vaccine involved the growth of HTNV (strain Z10) in
Mongolian gerbil kidney cells (MGKC) and inactivation by 0.025% β-propiolactone. A third bivalent vaccine manufactured by Tianyuan Corporation involved
the replication of HTNV (strain Z10) and SEOV (strain
Z5) in MGKC and inactivation by β-propiolactone. All
of these vaccines included 0.5 mg/ml of aluminum
hydroxide as adjuvant (Yongxin et al., 1998). In general, the vaccination schedules were an initial series
of three vaccinations at 4- and 2-week intervals followed by a 1-year booster vaccination. All of these
vaccines were similar to Hantavax® in that they elicited good antibodies as measured by IFAT and ELISA.
Neutralizing antibody responses were detected with
lower frequencies than IFAT or ELISA; however, after
three vaccinations the neutralizing antibody titers
could be detected in up to 100% of the vaccine recipients (Song et al., 1992; Zhu et al., 1994; Yongxin et al.,
1998). The inactivated vaccines appear to be safe with
minimal adverse effects, and there has been no evidence of antibody-dependent enhancement of disease.
The protective efficacy of these inactivated-virus
vaccines remains ambiguous. For example, there
are reports that the Chinese MGKC and GHKC vaccines were 94–98% protective in large-scale (tens of
thousands) trials (Yongxin et al., 1998). In contrast,
there are more recent reports published by Chinese
researchers indicating that there is still no effective prophylactic vaccine directed at HFRS (Zhang
et al., 2007). Epidemiologic data suggest that there
are fewer cases of HFRS in areas where the vaccine
has been used; however, there are still 20,000–50,000
cases of HFRS in China per year (Fang et al., 2006). It
remains unclear as to how much of a role change in
hantavirus-related education and/or changes in living conditions have affected the rates of HFRS in Asia.
One epidemiologic study on the efficacy of Hantavax®
reports that the apparent protective effects in Korea
could be due to chance (Park et al., 2004).

Subunit Molecular Vaccines
Regardless of their efficacy, inactivated hantavirus
vaccines have many drawbacks, including difficulty

397

in replicating the virus to high titer, danger of working with high concentrations of a biosafety level 3 or 4
agent, difficulties ensuring complete inactivation of the
virus, and the loss of protective epitopes by the inactivation process. To avoid these caveats, researchers
around the world have embarked on efforts to identify protective immunogens and use those subunits of
the virus as candidate vaccines. A summary of some
of the efforts aimed at ultimately developing subunit
molecular hantavirus vaccines are provided in Tables
23.4 and 23.5.
Protein-Based Vaccines
Several groups have investigated the immunogenicity and protective efficacy of recombinant hantavirus proteins. Technologies to produce the proteins
include recombinant baculovirus, E. coli, yeast, and
most recently, transgenic plants. In some studies, the
N-protein elicited immune responses in vaccinated
mice, hamsters, and bank voles (Dargeviciute et al.,
2002; de Carvalho Nicacio et al., 2002; Geldmacher
et al., 2004a, 2004b; Klingstrom et al., 2004; Lundkvist
et al., 1996; Schmaljohn et al., 1990). In most cases,
anti-N-protein antibodies were detected by ELISA,
while in some studies, the activation of the cellular
immune response was detected (de Carvalho Nicacio
et al., 2002; Klingstrom et al., 2004). In all of these
studies, vaccination with the purified N-protein by the
subcutaneous or intramuscular route elicited partial or
complete protection against infection. An experiment
testing the oral delivery of PUUV N-proteins produced in transgenic plants concluded that N-protein
was not immunogenic by that route because it was
degraded by proteases in the digestive tract (Khattak
et al., 2004). Neutralizing antibodies are not directed
at the N-protein; thus, it is likely that cell-mediated
immunity plays a critical role in protection afforded
by vaccination with purified N-protein.
There is only one published study examining
the immunogenicity and protective efficacy of purified recombinant hantavirus glycoproteins as subunit vaccines. In that study, HTNV Gn or Gc or Gn/Gc
expressed in insect cells infected with recombinant baculovirus was used to vaccinate hamsters (Schmaljohn
et al., 1990). The highest level of neutralizing antibodies, and protection against infection, was elicited when
the vaccine consisted of both Gn and Gc. In another
report, SNV Gn or Gc peptides plus adjuvant were
used as vaccine immunogen in a deer mouse infection model (Bharadwaj et al., 2002). The highest level
of protection was elicited by Gn peptides. To date,
there are no published reports of protein-based subunit hantavirus vaccines being tested in lethal disease
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models, and no studies have been performed in nonhuman primates.

live-virus-vectored molecular vaccines, including
adenovirus-vectored or live-VSV-vectored vaccines,
have not been reported.

Vaccines with Virus-Like Particles
It is often possible to generate excellent immunity
against viruses when the vaccine consists of particles
containing protective immunogens in the form of
virus-like particles (VLP). One of the most exciting recent examples of a successful VLP vaccine is
Merk’s Gardasil®, a VLP vaccine against human papilloma viruses (Stanley, 2007; Villa et al., 2006). VLP
approaches aimed at hantaviruses have been investigated. Ulrich et al. (1998, 1999) have described animal
studies involving chimeric hepatitis B VLP containing N-protein peptides. More recently, a chimericpolyoma VLP approach was used to elicit anti-N-protein
antibodies in mice (Gedvilaite et al., 2004). In another
approach, Lee et al. (2006) demonstrated that vesicular stomatitis virus (VSV) pseudotypes with Hantaan
Gn/Gc on their surface elicited neutralizing antibodies, and protective immunity, in mice. Hantavirus VLP
have not yet been tested in nonhuman primates or in
animal disease models.
Live-Virus-Vectored Vaccines
There has been only one candidate subunit molecular vaccine tested in humans. The vaccine is a recombinant vaccinia virus expressing the HTNV S- and
M-gene products (i.e., nucleocapsid protein, Gn and
Gc). The HTNV Gc/Gn virus-based vaccines, and a similar SEOV-based version, protected against infection
in a hamster or gerbil infection model, respectively
(Chu et al., 1995; Schmaljohn et al., 1990; Xu et al.,
1992). This live-virus vaccine was administered either
subcutaneously or intramuscularly in phase 1and 2
clinical trials (McClain et al., 2000). HTNV neutralizing antibodies were elicited in vaccinia-naïve individuals; however, the level of neutralizing antibodies
elicited in persons who had previously been vaccinated with vaccinia virus (i.e., the smallpox vaccine)
was unacceptably low. Poor immunogenicity in persons previously vaccinated with the smallpox vaccine,
coupled with the dangers associated with live vaccinia virus-based vaccines (e.g., progressive vaccinia,
eczema vaccinatum) (see Chapter 37), discouraged
advanced development of the vaccinia-vectored HFRS
vaccine.
A far more experimental live-virus approach involving recombinant cytomegalovirus expressing SNV Gn
was tested in a deer mouse model and was shown
to elicit a detectable antibody response against Gn
(Rizvanov et al., 2006, 2003). To our knowledge, other

Packaged Replicons
Vaccine platforms involving viruses that infect but
do not replicate have also been used to investigate as
putative approaches to develop hantavirus vaccines.
Sindbis virus replicons expressing the SEOV N-protein
or Gn/Gc were tested in hamsters (Kamrud et al., 1999).
These alphavirus replicons elicited antibody responses,
and in the case of Gn/Gc, neutralizing antibodies
were produced. Hamsters vaccinated with Gn/Gc
replicons were partially protected against SEOV infection. Replicons based on another alphavirus, Semliki
Forest virus, expressing the PUUV N, Gn, Gc, or Gn/Gc
expressed protein in vitro; however, vaccination studies were not reported (Billecocq et al., 2003; KallioKokko et al., 2001).
DNA Vaccines
A great deal of work involving the delivery of plasmid DNA as a vaccine has been performed in recent
years. A summary of many of the studies is provided
in Table 23.4. In general, DNA vaccines have been
delivered as plasmids either by intramuscular injection or by particle-mediated epidermal delivery (gene
gun). In addition, there is one report of an ANDV
M-gene-based DNA vaccine delivered by electroporation (Hooper et al., 2008).
Vaccines involving the delivery of the S gene as
naked DNA or as DNA-launched replicons have elicited antibody responses against SEOV, PUUV, and
SNV (Bharadwaj et al., 2002; Bucht et al., 2001; Hooper
et al., 1999; Kamrud et al., 1999; Lindkvist et al., 2007).
In those experiments, immune responses were detected
(e.g., anti-N-protein antibodies by ELISA) and, in some
instances, partial protection was observed in rodent
infection models (Bharadwaj et al., 2002; Bucht et al.,
2001; Kamrud et al., 1999).
Vaccines involving the delivery of the fragments
(i.e., peptides) of the M gene have shown some efficacy (Bharadwaj et al., 2002); however, much greater
levels of neutralizing antibodies and protection were
observed when the vaccine involved delivery of the
full-length M gene (Custer et al., 2003; Hooper et al.,
1999, 2001a, 2006, 2008). The first DNA vaccine to elicit
high-titer neutralizing antibodies against a hantavirus
was a gene-gun-delivered plasmid containing the
SEOV M gene (Hooper et al., 1999). This was followed by similar vaccines containing the HTNV
M gene, ANDV M gene, and a plasmid containing
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TABLE 23.4

Vaccine
Protein
Baculovirus-derived NP
Baculovirus-derived
NP ⫹ adjuvant
Baculovirus-derived Gn
Baculovirus –derived Gc
Baculovirus-derived Gn/Gc
E. coli-derived
NP ⫹ adjuvant

Subunit molecular vaccines against hantaviruses tested in small animal models

Source of
immunogen

Route of
administration;
no. of
vaccinations;
interval

Measure
of immune
response

Animal
model

Protectiona

Reference

HTNV
PUUV

i.m.; 2; 4-wk
s.c.; 3; 3-wk

NP-ELISA
NP-ELISA

Hamster
Bank vole

Yes
Yes

Schmaljohn et al. (1990)
Lundkvist et al. (1996)

HTNV
HTNV
HTNV
PUUV

i.m.; 2; 4-wk
i.m.; 2; 4-wk
i.m.; 2; 4-wk
s.c.; 3; 3-wk

(⫺)PRNT
(⫺)PRNT
⫹PRNT
NP-ELISA

Hamster
Hamster
Hamster
Bank vole

Most
Some
Yes
Yes

Schmaljohn et al. (1990)
Schmaljohn et al. (1990)
Schmaljohn et al. (1990)
Lundkvist et al. (1996)

PUUV

s.c.; 3; 3-wk

NP-ELISA

Bank vole

Yes (PUUV)

TOPV

s.c.; 3; 3-wk

NP-ELISA

Bank vole

Yes (PUUV)

ANDV

s.c.; 3; 3-wk

NP-ELISA

Bank vole

Some (PUUV)

DOBV

s.c.; 3; 3-wk

NP-ELISA

Bank vole

Some (PUUV)

DOBV
PUUV

s.c.; 3; 3-10wk
i.m.; 3; 1-wk

NP-ELISA
NP-ELISA

Mice
Bank vole

Some
Yes

DOBV

s.c.; 3; 1-wk

NP-ELISA

Mice

nd

Plant-derived NP

PUUV

p.o.; 4; 1, 15,
14 days

(⫺) NP-ELISA

Mice

nd

de Carvalho Nicacio
et al. (2002)
de Carvalho Nicacio
et al. (2002)
de Carvalho Nicacio
et al. (2002)
de Carvalho Nicacio
et al. (2002)
Klingstrom et al. (2004)
Dargeviciute et al.
(2002)
Geldmacher et al.
(2004a)
Khattak et al. (2004)

Virus-like particle
Chimeric HBV VLP (NP
peptides) ⫹ adjuvant

PUUV

s.c.; 3; 3-wk

NP-ELISA

Bank vole

Some

Ulrich et al. (1998, 1999)

PUUV

NP-ELISA

Mice

nd

NP-ELISA

Mice

nd

NP-ELISA

Mice

nd

PUUV

i.p. ⫹ s.c.; 2;
10-days
i.p. ⫹ s.c.; 2;
10-days
i.p. ⫹ s.c.; 2;
10-days
s.c.; 3; 4-wk

NP-ELISA

Mice

nd

Geldmacher et al.
(2004b)
Geldmacher et al.
(2004b)
Geldmacher et al.
(2004b)
Gedvilaite et al. (2004b)

HTNV

s.c.; 3; 3-2 wk

⫹PRNT

Mice

yes

Lee et al. (2006)

Live-virus-vectored
Recombinant-vaccinia NP

HTNV

NP-ELISA

Hamster

No

Schmaljohn et al. (1990)

Recombinant-vaccinia Gn

SEOV
HTNV

NP-ELISA
(⫺)PRNT

Gerbil
Hamster

Most
No

Xu et al. (1992)
Schmaljohn et al. (1990)

Recombinant-vaccinia Gc

HTNV

(⫺)PRNT

Hamster

Most

Schmaljohn et al. (1990)

Recombinant-vaccinia
Gn/Gc

HTNV

⫹PRNT

Hamster

Yes

Schmaljohn et al. (1990)

SEOV
HTNV

1-Scarified; 1-i.p;
4-wk
s.c.; 2; 4-wk
1-Scarified; 1-i.p;
4-wk
1-Scarified; 1-i.p;
4-wk
1-Scarified; 1-i.p;
4-wk
s.c.; 2; 4-wk
i.m.; 2; 30-day

⫹PRNT
⫹PRNT

Gerbil
Hamster

Yes
Yes

Xu et al. (1992)
Chu et al. (1995)

SNV

i.p; 2; 1 year

Gn ELISA

Deer mice

nd

Rizvanov et al. (2003)

Yeast-derived
NP ⫹ adjuvant

DOBV
HTNV
Chimeric polyoma VLP (NP
peptides) ⫹ adjuvant
VSV pseudotype (Gn/
Gc) ⫹ adjuvant

Recombinant-vaccina
NP/Gn/Gc
Recombinantcytomegalovirus (Gn)

(Continued)
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TABLE 23.4 (Continued)

Vaccine
Packaged Replicons
Packaged Sindbis replicon
NP
Packaged Sindbis replicon
Gn/Gc
PCR-generated linear fragments
Linear DNA modified NP
peptide
Plasmid DNA
DNA-launched Sindbis
replicon NP
DNA-launched Sindbis
replicon Gn/Gc
DNA vaccine NP (truncated,
secreted)
DNA vaccine NP

Source of
immunogen

Route of
administration;
no. of
vaccinations;
interval

SEOV

s.c.; 3; 4-wk

NP-ELISA

Hamster

No

Kamrud et al. (1999)

SEOV

s.c.; 3; 4-wk

⫹PRNT

Hamster

Some

Kamrud et al. (1999)

PUUV

Gene gun; 4;
2-wk

NP-ELISA

Mice

nd

Johansson et al. (2002)

SEOV

Gene gun; 3;
3-wk
Gene gun; 3;
3-wk
i.m.; 4; 3-wk

NP-ELISA

Hamster

Some

Kamrud et al. (1999)

⫹PRNT

Hamster

Yes

Kamrud et al. (1999)

NP-ELISA

Mice

Some

Bucht et al. (2001)

NP-ELISA

Hamster

No

Hooper et al. (1999)

Proliferation
NP-ELISA
NP-ELISA

Deer mice
Mice
Mice

Some
Some
Nd

Bharadwaj et al. (2002)
Bucht et al. (2001)
Lindkvist et al. (2007)

NP-ELISA

Mice

nd

Lindkvist et al. (2007)

NP-ELISA

Mice

nd

Lindkvist et al. (2007)

Proliferation

Deer mice

No/yes

Bharadwaj et al. (2002)

⫹PRNT

Hamster

Yes

Hooper et al. (1999)

⫹PRNT

Hamster

Yes

Hooper et al. (2001)

None

Hamster

Nob

Custer et al. (2003)

⫹PRNT

Rabbit

nd

Hooper et al. (2008)

None

Hamster

Nob

Hooper et al. (2006)

⫹PRNT

Hamster

Yes

Hooper et al.
(unpublished)

SEOV
PUUV
SEOV
SNV
PUUV
SEOV
PUUV
SNV

DNA vaccine Gn or Gc
peptides
DNA vaccine Gn/Gc

SNV
SEOV
HTNV
ANDV
ANDV
HTNV/
ANDV
PUUV

Gene gun; 3;
4-wk
i.m.; 3; 3-wk
i.m.; 4; 3-wk
Gene gun; 5;
2-wk
Gene gun; 5;
2-wk
Gene gun; 5;
2-wk
i.m.; 3; 3-wk
Gene gun; 3;
4-wk
Gene gun; 3;
3-wk
Gene gun; 3;
3-wk
Electroporation;
2; 4-wk
Gene gun; 4;
2-1-5-wk
Gene gun; 3;
3-wk

Measure
of immune
response

Animal
model

Protectiona

Reference

Notes: NP, N-protein; Gn, Gn glycoprotein; Gc, Gc glycoprotein; Proliferation, splenocyte proliferation; s.c., subcutaneous; i.m., intramuscular;
i.p., intraperitoneal; p.o., per oral; wk, week; nd, not determined; PRNT, plaque reduction neutralization test; HBV, hepatitis B virus; VLP,
virus-like particle; VSV, vesicular stomatitis virus.
a
Protection against infection after homologous virus challenge, unless otherwise indicated (virus); for ANDV, protection against lethal disease.
b
Same vaccine was immunogenic in nonhuman primates (see Table 23.5).

both the HTNV and ANDV M gene (Custer et al., 2003;
Hooper et al., 2001a, 2006). The SEOV and HTNV
M-gene-based DNA vaccines elicited immune responses
in hamsters that cross-protected against SEOV, HTNV,
and DOBV, but not PUUV (Hooper et al., 2001a).

Several of the full-length M-gene-based DNA vaccines have been tested in nonhuman primates (Table
23.5). Rhesus macaques vaccinated with the SEOV
or HTNV DNA vaccines by a gene gun produced
high-titer neutralizing antibodies that exhibited
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TABLE 23.5

Subunit molecular vaccines against hantaviruses tested in nonhuman primates
Neutralizing antibody

Vaccine

Route of
administration; no. of
vaccinations; interval

Vaccine

First detected

Maximum PRNT50
titer reported

Reference

Recombinant vaccina
N/Gn/Gc (HTNV)

i.m.; 2; 6-wk

Rhesus

After 2 vacc.

640

Hooper et al.
(2001a)

SEOV M-gene-based
DNA vaccine

Gene gun; 3; 3-wk

Rhesus

After 2 vacc.

1280

Hooper et al.
(2001a)

HTNV M-gene-based
DNA vaccine

Gene gun; 3; 3-wk

Rhesus

After 1 vacc.

10,240

Gene gun; 4; 3–6-wk

Rhesus

After 2 vacc.

20,480

Hooper et al.
(2001a)
Custer et al. (2003)

ANDV M-gene-based
DNA vaccine

Gene gun; 4; 3–6-wk
Gene gun; 4; 3-wk
Gene gun; 4

Rhesus
Rhesus
Cynomolgus

After 2 vacc.
After 2 vacc.
nd

20,480
10,240
1280

Custer et al. (2003)
Custer et al. (2003)
Hooper et al. (2006)

HTNV/ANDV
M-gene-based
DNA vaccine

Gene gun; 4; 3-wk

Rhesus

After 2, 4
vacc.

640

Hooper et al. (2006)

PUUV M-gene-based
DNA vaccine

Gene gun; 3; 3-wk

Rhesus

After 2 vacc.

1016

Hooper et al.
(unpublished)

Notes: i.m., intramuscular; PRNT50 titer, reciprocal of the highest serum dilution reducing plaque number by 50% as measured by plaque
reduction neutralization test; nd, not determined.

cross-reactivity with SEOV, HTNV, and DOBV, but
less cross-reactivity against PUUV (Hooper et al.,
2001a). Recently, a PUUV M-gene-based DNA vaccine
was constructed and tested in nonhuman primates.
This vaccine delivered by gene gun elicited neutralizing antibodies against PUUV in nonhuman primates
(Hooper et al., unpublished observations). This same
vaccine elicited PUUV neutralizing antibodies in hamsters and protected against infection with PUUV. A
combined vaccine consisting of the HTNV and PUUV
M-gene-based DNA vaccines, theoretically, should
cross-neutralize against the full spectrum of major
HFRS-associated hantaviruses.
To develop an HPS vaccine, the full-length ANDV M
gene was cloned into a DNA vaccine plasmid and tested
in animal models (Custer et al., 2003). Interestingly, this
vaccine was not immunogenic in hamsters, but was
highly immunogenic in nonhuman primates (i.e., rhesus and cynomolgus macaques) and rabbits (Custer
et al., 2003; Hooper et al., 2006, 2008). The neutralizing
antibody levels produced in the macaques were very
high (Table 23.5). In one study, PRNT50 titers as high as
1:20,480 were produced (Custer et al., 2003). Sera from
the rhesus macaques vaccinated with the ANDV DNA
vaccine using the gene gun cross-neutralized SNV
and BCCV (Custer et al., 2003); however, sera from the
rabbits vaccinated by electroporation failed to crossneutralize (Hooper et al., 2008). Thus, it might be

necessary to construct additional DNA vaccine plasmids (e.g., SNV M-gene-based DNA vaccine) to produce a vaccine that cross-protects against the many
different hantaviruses that cause HPS.
A DNA vaccine containing both the HTNV and
ANDV full-length M genes, pWRG/HA-M, was not
immunogenic in hamsters but was immunongenic in
nonhuman primates (Hooper et al., 2006). The reason why DNA vaccines containing the ANDV M gene
are poorly immunogenic in hamsters, but are immunogenic in nonhuman primates and rabbits, remains
unknown. It is tempting to speculate that this phenomenon could be related to the high virulence of
ANDV in hamsters. A more in-depth discussion of the
ANDV/hamster lethal HPS model is provided in the
“Prospects for the Future” section below.

POSTEXPOSURE
IMMUNOPROPHYLAXIS
There is an unquestioned need for the development
of hantavirus vaccines for use in regions of the world
where there are high numbers of HFRS or HPS cases.
Similarly, vaccines are needed for persons in highrisk groups, including soldiers deployed to endemic
regions. However, HPS and HFRS outbreaks can occur
suddenly in areas previously void of disease where
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pretreatment vaccines are unavailable or impractical. In
such scenarios (including biological weapons attack),
the emergency use of postexposure immunoprophylactic products could be used to prevent disease in potentially exposed individuals, mitigate panic, and contain
the spread of disease. Postexposure immunoprophylactic products might also be used in combination with
emergency vaccination (e.g., as in the case of rabies),
or as part of a therapeutic treatment. Passive antibody
has been used to prevent and treat other viral diseases
including Argentine hemorrhagic fever (Enria et al.,
1984) and has been proposed as a means of defending
against biological weapons threats (Casadevall, 2002).
There is reason to believe that immunotherapeutic
products could be effective in preventing and treating
hantavirus disease. Numerous animal studies have
demonstrated that monoclonal or polyclonal antibodies protected rodents from infection with hantaviruses
(Arikawa et al., 1992; Medina et al., 2007; Schmaljohn
et al., 1990; Xu et al., 2002; Yoshimatsu et al., 1993;
Zhang et al., 1989). One study also found passive
transfer of neutralizing monoclonal antibodies before
challenge could delay the effects of PUUV on the
blood chemistry of one of the two infected nonhuman
primates (Klingstrom et al., 2005).
We used the ANDV/hamster lethal HPS model
(see “Prospects for the Future”) to test whether antibodies could protect before and/or after exposure to
a lethal dose of ANDV (Custer et al., 2003). Serum
from nonhuman primates vaccinated with the ANDV
M-gene-based DNA vaccine containing high levels of
neutralizing antibodies protected hamsters against an
intramuscular challenge with ANDV when given 1
day before challenge. More importantly, passive transfer of the sera up to 5 days after challenge protected
the hamsters. This was an exciting finding because
it demonstrated that a postexposure prophylactic
approach could be a viable way to prevent HPS in
persons exposed or potentially exposed to the virus.
Recently, we produced ANDV-neutralizing antibodies in rabbits using the ANDV M DNA vaccine and
confirmed that pre- or postchallenge passive transfer
of the serum could confer protection against a lethal
mucosal challenge with ANDV (Hooper et al., 2008).
The aforementioned animal experiments suggest
that postexposure use of antibodies could be a way to
prevent disease in exposed individuals. There are clinical data supporting this concept. For example, high
levels of neutralizing antibodies in HPS patients at hospital admission correlated with higher survival rates
(Bharadwaj et al., 2000). Likewise, low levels of viremia
at hospital admission are associated with improved
clinical outcome (Xiao et al., 2006). Clinical studies testing the capacity of human convalescent serum, or

laboratory-derived neutralizing antibodies, to effectively prevent and treat hantavirus diseases are needed.
Examples of possible test sites include Chile and
Argentina, where HPS can occur in clusters (Lazaro et al.,
2007; Toro et al., 1998; Vial et al., 2006; Wells et al., 1997).

PROSPECTS FOR THE FUTURE
As climatic changes affect the environment, we can
expect to see changes in rodent populations and distributions. It is likely that these changes will alter the
ways in which humans come in contact with hantaviruses, and these changes could result in changes
in the rates and distribution of HPS cases in the
Americas and HFRS in Eurasia. Moreover, changes
in interactions between different species of rodents
could, theoretically, increase the possibility that different hantaviruses might coinfect the rodent host
and produce reassortant progeny viruses. There is
evidence that hantaviruses have reassorted in nature
(Henderson et al., 1995; Li et al., 1995). Reassortant
viruses could exhibit altered biological properties
including virulence, as is the case for influenza virus
(genetic shift). Thus, the threat posed by naturally
occurring hantavirus disease is dynamic and must be
carefully monitored.
The threat posed by unnaturally occurring hantavirus disease caused by their intentional use as biological weapons should not be ignored. ANDV is of
particular concern for several reasons including its
availability in nature, high lethality, rapid disease
onset and progression, transmission properties (e.g.,
person-to-person transmission), and replication characteristics (e.g., ANDV replicates to titers as high as
107–8 in cell culture and hamster organs).
The threat posed by hantaviruses is of particular concern when one considers the paucity of effective medical countermeasures to prevent and treat
HPS and HFRS. There is no HPS vaccine available
anywhere in the world. There are no HFRS vaccines,
except the inactivated-virus vaccines in China and
South Korea. There are no antiviral drugs licensed to
specifically treat hantavirus disease. Finally, medical
treatments that due exist such as ECMO for HPS and
hemodialysis for HFRS are extraordinarily expensive
and require a medical infrastructure not available in
many parts of the world.
Providing education on steps that can be taken to
avoid exposure to hantaviruses (e.g., avoid inhalation
or ingestion of rodent excreta) can greatly reduce the
incidence of HPS and HFRS; however, medical countermeasures to prevent and treat these diseases remain
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desperately needed. The development of animal
models that accurately mimic hantavirus disease in
humans should accelerate the development of vaccines, treatments, and an understanding of hantavirus
disease pathogenesis. Such a model was discovered
in 2001. When injected into Syrian hamsters, ANDV
causes a lethal vascular-leak disease that closely
resembled HPS in humans (Hooper et al., 2001b).
Similarities include (1) the incubation time, (2) rapid
disease onset after the first symptoms, (3) infection
of endothelial cells and the absence of necrosis, (4)
severe pulmonary edema and pleural effusion, (5)
mild thrombocytopenia, (6) neutrophilia, and (7) cardiogenic impairment and hypotension (Campen et al.,
2006; Hooper et al., 2001b; Wahl-Jensen et al., 2007).
A second hantavirus, Maporal virus, was reported
to cause similar disease manifestations in Syrian
hamsters (Milazzo et al., 2002). ANDV is highly
pathogenic in adult Syrian hamsters when administered by the intramuscular (LD50 ⫽ 8 pfu, meantime-death ⫽ 13 days), subcutaneous (LD100 ⱕ 2000,
mean-time-death ⫽ 16 days), intranasal (LD50 ⫽ 95
pfu, mean-time-to-death ⫽ 17.5 days), or intragastric routes (LD50 ⫽ 225 pfu, mean-time-death ⫽ 19
days) (Hooper et al., 2001b, 2008). The sex of the animal does not alter the disease course (Hooper et al.,
2008). This lethal disease model of HPS is currently
being used to develop candidate hantavirus vaccines,
immunoprophylactics, and therapeutics. In addition,
experiments using this model are underway to test
hypotheses aimed at understanding the pathogenesis
of hantavirus vascular-leak syndromes. One limitation
on the ANDV/hamster model work is that it requires
the highest level of containment (biosafety level 4).
This constraint will be alleviated as more high containment laboratories become operational around the
world. Another constraint facing the development of
medical countermeasures to HPS and HFRS is limited
funding. International collaboration and coordination, including cost-sharing, will be a key factor in the
future development of vaccines and cures for diseases
caused by hantaviruses.

KEY ISSUES
●

●

Pathogenic hantaviruses pose a danger to persons
working in environments populated by rodents
that carry the virus (i.e., Eurasia and the Americas).
Certain hantaviruses (i.e., ANDV) pose an
increased danger because they are highly
pathogenic and can spread from one person to the
other (close contacts).

●

●

●

There is a small animal model for HPS, but there is
still no small animal model for HFRS.
The pathogenesis of HPS and HFRS is not
understood; and it remains unclear as to what role
the immune response plays in the disease.
There are no FDA-licensed vaccines or drugs to
prevent or cure HPS or HFRS.
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ABSTRACT
Hepatitis C virus (HCV) is a major public health problem, with over 180 million persons infected worldwide and
at risk for developing cirrhosis or liver cancer. Current interferon-based treatment options are expensive, often
associated with considerable toxicity, and moreover are of limited efficacy. Thus, vaccines capable of either preventing
new infections or exerting a therapeutic effect on established infections would be of value. Both types of vaccines
remain elusive goals, however, in part because immunity against the virus is very poorly understood. An impressive
degree of genetic (and likely antigenic) variation among HCV strains is another barrier to vaccine development. In
addition, there are no readily available animal models of hepatitis C, which greatly complicates vaccine development.
Protective immunity has been correlated mainly with virus-specific CD4 and CD8 T-cell responses, while the role
played by antibodies to the virus is less clear but still potentially important. Immunization with recombinant viral
envelope proteins induces primarily antibody and CD4 Th-cell responses. While not preventing acute infection,
such a vaccine may have prevented persistent infection in chimpanzees challenged with a virus closely related to
the vaccine strain. Other vaccine strategies that have been explored include the use of synthetic peptides, genetic
immunization, recombinant vectors, virus-like particles, or combinations of these. While many of these approaches
have induced CD8 T-cell responses, as well as CD4 Th and B-cell responses, few have shown clear evidence of
providing protective immunity against HCV challenge. Other efforts have focused on ex vivo stimulation of dendritic
cells, and passive immunization with polyclonal and monoclonal antibodies. This chapter summarizes what is
known of the immune responses that control HCV infection and different strategies that have been pursued for HCV
vaccine development, and outlines the current status of vaccine candidates in pre-clinical and clinical development.

INTRODUCTION
Hepatitis C virus (HCV) was identified and shown
to be the cause of almost all cases of post-transfusion
“non-A, non-B” viral hepatitis in the late 1980s (Choo
et al., 1989; Kuo et al., 1989). The virus has a unique
capacity to establish long-term, persistent infections in
the majority of acutely infected persons, placing such
individuals at significant risk for progressive hepatic
fibrosis, cirrhosis, and liver cancer. This occurs despite
the activation of virus-specific CD4 and CD8 T
cells and the presence of virus-neutralizing antibodies
in infected persons. HCV has the capacity to disrupt
early events in the innate immune response to infection, but the specific mechanisms underlying viral
persistence and the failure of virus-specific B- and
T-cell responses to eliminate the infection remain
incompletely defined. HCV infection currently
accounts for less than 15% of acute viral hepatitis cases
within the United States. However, it is by far the leading cause of chronic viral hepatitis and is present in
over 40% of persons with chronic liver disease. Efforts
at vaccine development, yet to succeed despite almost
two decades of work, are thus aimed at both prevention of infection (prophylactic vaccines) and treatment
of established infections (therapeutic vaccines).

HEPATITIS C VIRUS
Genome Organization and Virus Structure
HCV is classified within the genus Hepacivirus of the
family Flaviviridae, and it shares a distant phylogenetic

relationship with yellow fever virus and other classical flaviviruses. However, HCV has many features
that distinguish it from other members of this virus
family, including the organization of its polyprotein that contains two envelope glycoproteins, E1
and E2 (Fig. 24.1). Much has been learned about the
molecular virology of HCV and its interactions with
host cells since the discovery of the virus. A complete
description of the agent is well beyond the scope
of this chapter, and for this the reader is referred
to detailed reviews elsewhere (Lemon et al., 2006;
Lindenbach and Rice, 2005). Only a brief summary is
provided here.
Similar to other members of the Flaviviridae, the HCV
genome is comprised of a single RNA molecule that is
single-stranded and messenger sense (Choo et al.,
1989). The genomic RNA has a relatively lengthy 5
nontranslated region of approximately 342 bases,
containing an internal ribosome entry site (IRES) that
directs the 5 cap-independent initiation of viral translation (Lemon and Honda, 1997) (Fig. 24.1). This is followed by a long open reading frame encoding a single
polyprotein that undergoes co-translational processing
events directed by both host cell and virus-encoded
proteases resulting in the production of ten mature
proteins (Fig. 24.1). Proteolytic cleavages directed by
host cell signal peptidases produce a series of structural proteins which include the core, and E1 and
E2 envelope proteins, as well as a small membraneassociated viroporin, p7. Virus-encoded proteases are
responsible for additional processing events that generate the nonstructural proteins of HCV.
There is no high-resolution model of the structure of the envelope proteins, and only a rudimentary
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FIGURE 24.1 Organization of the positive-sense RNA genome of HCV. The noncoding RNA sequences are shown as solid lines, while
the polyprotein coding region is shown as a box. The 5 nontranslated segment of the genome contains an IRES that controls translation of the
polyprotein. The segment of the polyprotein that contains structural proteins (core, E1, and E2) known to be present within the virus particle is
heavily shaded, while nonstructural proteins are lightly shaded; p7 and NS2 are presumed to be not present within the virus particle, but are
also not required for replication of virus RNA.

understanding of their membrane topology. Signal
sequences at the carboxy termini of the core and E1
coding regions direct the secretion of E1 and E2 into
the lumen of the ER; both remain anchored to the
membrane by hydrophobic C-terminal sequences
as type 1 transmembrane proteins. The core protein
is released from the membrane by an intramembranous cleavage carried out by signal peptide peptidase (McLauchlan et al., 2002), and remains within
the cytoplasm where it associates with lipid droplets and mitochondria. E1 and E2 are massively glycosylated within the ER and the Golgi, with about
50% of their mass made up of sugars in their mature
form. This is reminiscent of the “glycan shield” presented by human immunodeficiency virus (HIV), and
may contribute to the relatively poor effectiveness
of virus neutralization by antibodies in vivo. It also
poses challenges for vaccine development. E1 and E2
proteins have strong ER retention signals, and details
of the secretion process remain obscure (Penin et al.,
2004; Dubuisson and Rice, 1996). However, the recent
advent of cell culture-infectious virus systems is providing much new information about viral assembly,
which appears to be dependent upon the association of the core with lipid droplets and involves multiple nonstructural proteins (Miyanari et al., 2007;
Gastaminza et al., 2008).
At least six nonstructural proteins are derived from
the remainder of the polyprotein, each of which likely
has multiple functions, many only partly understood.
These include NS2, which contains in its C-terminal half a unique cysteine protease activity that spans
the NS2/NS3 junction and cleaves in cis at this site.
Crystallographic studies suggest that NS2 functions
as a dimer with composite active sites (Lorenz et al.,
2006). The NS3 protein contains in its amino terminus
residues that function as part of the cis-active NS2/NS3
protease and, after cleavage from NS2 and the intercalation of NS4A, form the mature NS3/4A serine protease that is responsible for all of the other downstream
cleavage events within the polyprotein (Kim et al.,
1996). The carboxy two-thirds of the NS3 protein folds
into a separate functional domain-containing NTPase

and RNA helicase activities that are essential for virus
replication (Yao et al., 1997). In addition to its role as an
NS3 protease accessory factor, NS4A contains a membrane anchor that fixes the NS3/4A complex to cellular
membranes (Lin et al., 1995). NS4B is a hydrophobic
protein; it appears to be responsible for reorganizing
intracellular membranes into a “membranous web”
that appears to be the site of replication of viral RNA
(Moradpour et al., 2003). NS5A is a multi-functional
protein that contributes to interferon (IFN)-resistance
and also plays an essential role in replication of viral
RNA as well as assembly of the virus particle (Enomoto
et al., 1996; Miyanari et al., 2007; Tellinghuisen et al.,
2005); Finally, NS5B, which is derived from the carboxy
terminal portion of the polyprotein, is an RNA-dependent RNA polymerase that forms the catalytic core of the
replicase (Bressanelli et al., 1999).
Many, if not all, of these proteins have important
interactions with cellular proteins that contribute
directly or indirectly to viral RNA replication (Lemon
et al., 2006). Prominent among these interactions is the
ability of the mature NS3/4A protease to proteolytically target key cellular signaling molecules required
for the induction of IFN-mediated antiviral cellular
defenses through both the Toll-like receptor 3 (TLR3)
and retinoic acid-inducible gene I (RIG-I) pathways
(Li et al., 2005a; Meylan et al., 2005).

Virus Structure
Little is known about the structure of the virus particle, and only a few reliable images of HCV particles
obtained from infected humans or chimpanzees exist
(Kaito et al., 1994). These show a rather ill-defined
amorphous membrane enveloping what appears to
be a more ordered nucleocapsid structure. Evidence
suggests that the E1 and E2 glycoproteins form a noncovalent heterodimer that is presented on the surface
of the virion. E2 contains a highly variable domain
near its amino terminus (HVR-1 domain), which is
likely to form an immunogenic loop on the surface of
the virion and which may interact with neutralizing
antibodies (Kato et al., 1993; Bartosch et al., 2003a).
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As such, it may be analogous to the V3 loop of HIV-1.
It may also play a role in determining the interaction
of the E2 protein with SR-B1, a putative co-receptor
important for viral entry into cells (Bartosch et al.,
2003c; Roccasecca et al., 2003). However, this loop
can be deleted without complete loss of infectivity
(Forns et al., 2000b). E2 is considered to be the major
target of neutralizing antibodies. Further details
of the interactions of antibodies with the virus are
described below.
Growing evidence supports the involvement of
apolipoproteins (ApoB and ApoE) produced within
the hepatocyte as an integral component of the viral
structure. Virus found in the serum of infected chimpanzees or humans generally demonstrates a significantly lesser buoyant density than infectious virus
produced in cell culture (see below) (Lindenbach
et al., 2006). Moreover, serum-derived virus can be
precipitated efficiently with antibodies to ApoB and
ApoE, and progressive detergent disruption of these
particles has shown that ApoB remains tightly associated with the virus even after treatment with 0.5%
deoxycholic acid or 0.18% NP-40 (Nielsen et al., 2006;
Diaz et al., 2006). In addition, the production of virus
particles by infected Huh7 cells is blocked by siRNA
knockdown of ApoB as well as inhibition of microsomal transport protein, which participates in the
secretion of triglyceride-rich very-low-density lipoproteins from liver cells (VLDL) (Huang et al., 2007;
Gastaminza et al., 2008). Thus, HCV particles have
been described as “lipoviroparticles” based on a high
content of host lipoproteins and the possible involvement of the apolipoprotein secretory apparatus in
their assembly and release. The implications of this
feature of the virus structure for the success of vaccines remain uncertain. However, the immunoprecipitation of virus from an infected patient was notably
less efficient with antibodies to E2 (⬃25% precipitation) than antibodies to ApoB or ApoE (95%)
(Nielsen et al., 2006). Further studies are needed to
understand the significance of this finding, but it is
possible that the ability of neutralizing antibodies to
access E2 might be limited by the association of infectious virus particles with host lipoproteins.

Lanford et al., 1994). More permissive in vitro cell
culture systems supporting the replication of HCV
would be helpful for gaining a better understanding of
the virus, as well for vaccine development. However,
such systems remain generally elusive.
Infectious cDNA clones of the genome were constructed following identification of HCV, and the
infectivity of RNA transcribed from several of these
was established by direct intrahepatic injection of synthetic RNA in chimpanzees (Kolykhalov et al., 1997;
Yanagi et al., 1997). These early clones benefited many
aspects of HCV research, including the development
of subgenomic HCV RNA replicons in many laboratories. These RNAs encode selectable markers and
a minimal polyprotein segment extending from NS3
to NS5B. They contain authentic 5 and 3 termini,
and undergo efficient autonomous amplification following transfection into permissive cell cultures,
typically human hepatoma (Huh7) cells (Lohmann
et al., 1999). Replicons propelled the field forward
and led to many studies that have usefully characterized various aspects of viral RNA replication. In
general, efficient replication of these replicon RNAs is
associated with the acquisition of specific cell cultureadaptive mutations, often involving the NS5A protein. Importantly, these mutations may be highly
attenuating when introduced back into the wild-type
virus (Bukh et al., 2002).
In recent years, a limited number of HCV strains
that are capable of reproducing the entire replication cycle in cultured cells have become available
(Lindenbach et al., 2005; Yi et al., 2006; Wakita et al.,
2005; Zhong et al., 2005). Most notable among these
viruses is the JFH-1 strain, a remarkable genotype
2a virus that for reasons still unknown is capable of
moderately efficient replication in Huh7 cells (Wakita
et al., 2005). These cell culture-produced viruses are
referred to as “HCVcc.” Important from the perspective of vaccine development, the JFH-1 strain has
been used to construct chimeric viruses with envelope
proteins from different virus genotypes, opening up
new approaches to assessing the presence of serum
neutralizing antibodies (Yi et al., 2007; Pietschmann
et al., 2006).

Cell Culture Replication of Virus

Sequence Diversity among Different
HCV Strains

Wild-type HCV replicates inconsistently in cultures of primary chimpanzee or human hepatocytes; it has also been shown to be capable of very
low level, persistent replication in some B- and T-cell
derived lymphoid cell lines (Shimizu et al., 1992;
Shimizu and Yoshikura, 1994; Shi and Lai, 2001;

Different strains of HCV have been classified into
six distinct major “genotypes” based on nucleotide
sequence divergence (Simmonds, 2004; Simmonds
et al., 2005). The genetic distance between some genotypes is large enough to suggest that there are likely
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FIGURE 24.2 Comparative phylogenetic analyses of sequence
diversity in the envelope protein sequences of HCV and HIV.
Trees, displayed here on the same scale, were generated separately
for both viruses using a maximum-likelihood search method and
amino acid sequences translated from aligned nucleotide sequences
available in the Los Alamos databases. HIV subtypes and HCV
genotypes are labeled. The figure is provided courtesy of Dr. Stuart
Ray, Johns Hopkins University.

to be significant serotypic differences. This is reflected
in substantial differences in the amino acid sequences
of the E1 and E2 glycoproteins of different genotypes,
which are considered to be the major, if not exclusive,
target for neutralizing antibodies. The extent of diversity among these envelope protein sequences exceeds
that existing among the gp160 proteins of different
subtypes of the HIV (Fig. 24.2). Nonetheless, although
this presents a very large hurdle to be overcome for
the development of a successful vaccine, monoclonal
antibodies have been isolated which are capable of
broad recognition of viruses from different genotypes
(Owsianka et al., 2005).
Genotype 1 HCV is considerably more refractory
to IFN therapy than nongenotype 1 strains, with sustained response rates of only about 50% with the bestavailable therapy, a combination of pegylated IFN and
ribavirin. In addition, spontaneous resolution of acute
infection appears to occur with greater frequency in
genotype 3 infections than in infections with other
genotypes (Lehmann et al., 2004). Otherwise, there is
little evidence for differences in the pathogenicity of
various genotypes.

CLINICAL DISEASE AND
PATHOGENESIS
Most acute HCV infections are associated with
minimal symptoms and only rarely with identifiable
jaundice (Feinstone et al., 1975). Thus, patients presenting to physicians with acute hepatitis C are much
more likely to be icteric but represent only a small
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fraction of all acute infections (Alter et al., 1992). The
incubation period extending from exposure to onset
of acute liver disease, when it occurs, is of the order
of 8 weeks. Virus replication is maximal shortly after
infection. The level of viremia declines subsequently
with the appearance of antibody to viral proteins
and T-cell mediated immunity to HCV, and in most
persons remains constant at a relatively fixed level
for many years thereafter (Alter et al., 1992; Thimme
et al., 2002). However, in as many as 20–40% of infected
persons, these immune responses clear the infection
and viral persistence is not established.
Approximately two-thirds of persons who progress
to persistent infection go on to develop persistent or
intermittent elevations in serum alanine aminotransferase (ALT) levels, a marker of hepatic inflammation
(Alter et al., 1992). At liver biopsy, these individuals
may have fibrosis, the extent of which does not correlate with the magnitude of serum enzyme elevations.
As many as a third of these patients will ultimately
develop cirrhosis (Kage et al., 1997; Alter et al., 1992;
Seeff et al., 1992). Cirrhosis may develop within as little as 5 years of the initial infection, but typically is
found in persons who have been infected for several
decades. Factors associated with disease progression
include an older age at infection, regular alcohol consumption, coinfection with HIV or hepatitis B virus,
and obesity and insulin resistance (Strader et al., 2004;
Consensus Development Panel, 2002). Once cirrhosis
is established, there is a substantial risk (perhaps as
high as 3–4% per year) of developing primary hepatocellular carcinoma (Saito et al., 1991). In one US series,
42% of patients with hepatocellular carcinoma had
detectable HCV genomic RNA in liver tissue (Abe
et al., 1998). Liver injury most likely results from the
direct action of virus-specific cytotoxic T-cells, as well
as from secondary mediators of inflammation, such as
IFN-γ, and other cytokines and chemokines, that are
released as a result of a virus-specific T-cell response
(Rehermann and Nascimbeni, 2005; Thimme et al.,
2002). CD8 T-cell mediated responses may suppress
virus replication and lower the magnitude of viremia,
as described below. However, in the absence of eliminating the virus altogether, these T-cell responses may
be destructive and result in significant inflammation
within the liver.
Extrahepatic manifestations of HCV infection are
relatively common, and include glomerulonephritis
and type II mixed cryoglobulinemia associated with
vasculitis (Johnson et al., 1993; Palekar and Harrison,
2005; Agnello et al., 1992; Marcellin et al., 1993). Such
individuals have circulating immune complexes containing viral RNA. Other potentially associated clinical conditions include porphyria cutanea tarda, sicca
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its inception. Chimpanzees remain the only wellvalidated animal model for HCV infections in
humans (Lanford et al., 2001). Chimpanzees recapitulate many features of hepatitis C in humans (Fig.
24.3), but there are significant differences in the course
of infection in chimpanzees and humans. Persistent
infections develop in only 30–50% of experimentally
challenged chimpanzees, less than the 60–80% persistence rate in humans, and moreover are not usually
associated with significant liver disease (Bassett
et al., 1998). Chimpanzees also demonstrate a very
restricted antibody response to the envelope proteins

syndrome, and a variety of autoimmune diseases as
well as B-cell lymphoma. The pathogenesis of these
conditions is poorly understood (Lemon et al., 2006).

ANIMAL MODELS OF HEPATITIS C
In addition to the limited availability of fully
permissive cell culture systems that are capable of
supporting the entire HCV life-cycle, the lack of a
small animal model has bedeviled the field since
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FIGURE 24.3 Typical course of acute resolving and persisting HCV infections in humans and chimpanzees. Top panel: Viremia usually
peaks at 8–12 weeks after infection in acute resolving hepatitis C. Expansion of virus-specific CD4 and CD8 T cells in blood and their
infiltration into liver is temporally associated with a decline in viremia and rise in serum ALT. Successful T-cell responses fully contract only
after apparent resolution of infection. Whether memory T cells reside in the liver is unknown (indicated by “?”). Serum antibody responses to
structural and nonstructural proteins develop within the first month of infection and titers decline in the years following virus clearance; the
kinetics of neutralizing antibody are not known. Spontaneous resolution of acute hepatitis C generally confer only partial protection against
re-infection. Second infections are more likely to resolve and are of shorter duration, at least in part due to rapid expansion of memory CD4
and CD8 T cells. Bottom panel: HCV infections that persist are characterized by variable T-cell responses that often target fewer epitopes and
reach lower peak frequencies. HCV-specific CD4 T-cell responses either never develop or fail before virus is cleared. CD8 T cells are sometimes detected in blood for weeks to months following infection but can persist in the chronically infected liver for decades. Durable serum
antibody responses to viral proteins develop early in infection. Neutralizing antibodies also appear but at least initially have a limited capacity
for recognition of rapidly emerging HCV variants.
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compared to humans (Bassett et al., 1999), which
should raise concerns regarding their use for evaluation of vaccines. Moreover, the availability of this
endangered animal species is limited, and its use
in vaccine studies extraordinarily expensive. As an
alternative, mice with chimeric human livers have
been created by transplanting human hepatocytes
into SCID mice bearing a lethal plasminogen activator transgene (SCID-Alb-uPa) (Mercer et al., 2001).
While difficult to produce, such animals are susceptible to infection with HCV. However, their underlying immune deficiency makes them unsuitable for
most studies of vaccine immunogenicity or protective immunity.

TREATMENT
Current treatment options are limited to recombinant IFN-α-based therapies, which are suboptimal. The best-available therapies, combinations of
pegylated IFN-α and ribavirin, result in sustained
viral clearance in only ~50% in those infected with
genotype 1 viruses, which are most prevalent (Davis
et al., 1998; McHutchison and Fried, 2003). Cures
are possible, and sustained clearance of the virus is
associated with improved clinical outcomes. However,
a recent multi-center, NIH-sponsored study (HALT-C)
indicated that attempts at long-term suppression of
infection with IFN are not beneficial in those who
fail to clear the virus. A number of candidate antiviral compounds with specific activity against HCV are
currently under development. Many of these target
the NS3/4A protease or NS5B polymerase enzymatic

1.0%

1.0–1.9%

activities that are required for viral replication. Early
emergence of resistance has been documented in
phase I/II clinical trials of such compounds, however,
and current concepts call for IFN-α to remain a major
component of therapy in the foreseeable future (Chung
et al., 2008).

EPIDEMIOLOGY
Worldwide, over 170 million people are estimated
to be infected with HCV, reflecting the unique capacity of this virus to establish long standing, persistent
infections. The overall prevalence of active infection
is approximately 2.2% (Fig. 24.4) (Global Burden of
Disease for Hepatitis C, 2004). Within the United
States, HCV infection is the leading cause of chronic
hepatitis and cirrhosis, and an increasingly important
factor in the etiology of hepatocellular carcinoma (Alter
et al., 1999; El Serag, 2004; Vong and Bell, 2004). The
age-adjusted risk for liver cancer increased by 226%
between 1993 and 1999 among Americans over 65
years of age, most likely reflecting prior increases
in prevalence of HCV infection (Davila et al., 2004).
Liver cancer is increasingly found in younger individuals, with African-American and Hispanic males
at particularly high risk. This disparity closely mirrors
racial and gender differences in HCV infection prevalence (Alter et al., 1999). Nonetheless, the incidence of
new HCV infections is relatively low. Only 671 confirmed cases of acute hepatitis C were reported to the
US Centers for Disease Control in 2005, leading (after
corrections for under-reporting) to estimates of about
20,000 new infections nationally. This low estimated

2.0–2.9%

2.9%

Not included in a WHO region

FIGURE 24.4 Global prevalence of HCV infection. Prevalence is based on serological reports available to the World Health Organization
(Global Burden of Disease for Hepatitis C, 2004).
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incidence rate has led some to question the need for
preventive vaccines.
Transmission occurs primarily by percutaneous exposure. While relatively common previously, transmission
by blood and plasma-derived products has been virtually eliminated by donor testing and chemical inactivation procedures in well-developed countries. However,
patient-to-patient transmission of HCV can result from
unsafe therapeutic injections and other health-care procedures, and contributes substantially to the disease
burden in the developing world (Hauri et al., 2004;
Williams et al., 2004). In contrast, the overwhelming risk
factor in industrialized nations is illicit injection drug
use (Shepard et al., 2005). Active HCV infections are
highly prevalent among injection drug users, and transmission is facilitated by sharing paraphernalia for the
preparation of drugs as well as syringes and needles.
Percutaneous exposures are a minor source of infection
among health-care workers in industrialized nations,
and do not result in an increased prevalence of infection in this group above the general population. Sexual
activity appears to be an inefficient means for transmission of this virus. However, some studies have shown
correlations between sexual practices or numbers of
sex partners and the risk of infection with HCV. Recent
outbreaks of hepatitis C have been identified among
homosexual males who were co-infected with HIV
(Gotz et al., 2005; Rauch et al., 2005). Maternal–infant
transmission of HCV also occurs at very low rates, but
is increased when the mother is co-infected with HIV
(Mast et al., 2005; Roberts and Yeung, 2002).
Importantly, HCV can remain viable on surfaces
under ambient environmental conditions for at least
16 h (Kamili et al., 2006). For a variety of reasons, however, HCV poses little risk as an agent of bioterrorism.

ANTIGENS EXPRESSED BY HCV
Antibodies directed against many of the mature
HCV proteins develop during the course of infection
with the virus, including most notably NS3, core, and
E2. Current diagnostic assays use recombinant antigens derived from the core and nonstructural (NS3,
NS4, and NS5) regions of the HCV genome (Centers
for Disease Control and Prevention, 2003). These tests
do not measure immunity to the virus, but are rather
indicators of previous infection with HCV. Antibodies
to E2, the larger of the two envelope glycoproteins,
may possess substantial neutralizing activity (see below),
while there is no evidence that antibodies to core or
to any of the nonstructural proteins are capable of providing protection.

A number of epitopes recognized by virus-specific
T cells have been identified. These map in a distributed
fashion across the polyprotein in a class I histocompatibility antigen-restricted manner. A compendium of
these epitopes is maintained on the web by the Immune
Epitope Database and Analysis Resource (http://www.
immuneepitope.org/). No single HCV protein has been
implicated as dominant in stimulating either CD4 or
CD8 T-cell subsets (Ward et al., 2002).

HOST IMMUNE RESPONSES
While early reports suggested the absence of protection against rechallenge in chimpanzees that had
been experimentally infected with HCV (Farci et al.,
1992), the existence of protective immunity following
the resolution of HCV infection is now well established in the chimpanzee model (Lanford et al., 2004;
Bassett et al., 2001; Weiner et al., 2001). Such immunity
is typically not sterilizing in nature, but can broadly
extend across genotypes, last for many years, and
lead to prevention of long-term viral persistence if not
short-term, acute re-infection. Protection from persistent infection is associated with a vigorous T-cell
response, and has been shown to be dependent upon
both memory CD4 T cell and CD8 T-cell subsets
(Bassett et al., 2001; Grakoui et al., 2003; Shoukry et al.,
2003). As indicated below, the role of antibody in such
protection is less certain. Rechallenge of previously
infected chimpanzees leads to marked increases in
serum antibodies to the envelope proteins, but these
responses generally do not correlate well with the outcome of the infection (Bassett et al., 2001). The existence of this nonsterilizing protective immunity, and in
particular its ability to protect against persistent infection, provides perhaps the best evidence that it might
be possible to develop broadly protective vaccines.

Innate Immune Responses to Infection
The disruption of innate immune signaling pathways that regulate induction of IFN, cytokine, and
chemokine responses could be an important factor
underlying the failure of virus-specific T cells to control the infection. The NS3/4A protease disrupts signal
transduction pathways that normally lead to the synthesis of type 1 IFN α/β and hundreds of IFN-inducible genes (ISGs) in response to virus infection. TLR3
is expressed on the surface of cells, or within intracellular vesicles, activates IFN regulatory factor 3 (IRF-3),
and induces IFN-β synthesis when bound by extracellular dsRNA. Signaling through this pathway is
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abrogated by NS3/4A-mediated cleavage of the TLR3
adaptor protein, TRIF (Toll-IL1 receptor domaincontaining adaptor inducing IFN-β, otherwise known
as TICAM-1), which links TLR3 to a TRAF3 complex
containing noncanonical and canonical kinases of the
IKK complex that are responsible for activation of
IRF-3 and NF-κB (Li et al., 2005a; Ferreon et al., 2005).
In contrast to TLR3, RIG-I is expressed within the
cytoplasm. Upon binding its viral RNA ligand, RIG-I
is recruited to mitochondria, where it interacts with
MAVS (mitochondrial antiviral signaling protein, also
known as IPS-1, VISA, or Cardiff), and initiates formation of a signalosome complex leading to activation of
IRF-3 and NF-κB (Seth et al., 2005; Kawai et al., 2005;
Meylan et al., 2005). The RIG-I pathway is also disrupted by NS3/4A, which directs the specific cleavage
of MAVS (Loo et al., 2006; Meylan et al., 2005; Li et al.,
2005b). The disruption of these signaling pathways
may serve to delay or prevent the synthesis of IFNs
and other cytokines in response to HCV infection.
Hypothetically, this could both impair T-cell activation as well as reduce the recruitment of virus-specific
CD8 cells to the liver (Lang et al., 2006; Kabelitz and
Medzhitov, 2007; Schulz et al., 2005). However, despite
these findings, microarray studies of liver tissues from
infected chimpanzee and humans show abundant
expression of a large number of ISGs (Bigger et al.,
2001, 2004; Su et al., 2002; Lau et al., 2008). The cell
type(s) expressing these ISGs remain undefined, and
many questions remain concerning the disruption of
these innate signaling pathways and how this might
contribute to the lack of host control of HCV infection.

Adaptive T-Cell Responses
Studies in chimpanzees and humans suggest
that a sustained T-cell response targeting multiple
HCV epitopes is usually associated with a successful outcome of infection. The importance of the T-cell
response is also supported by a temporal relationship
in the kinetics of virus-specific T-cell expansion and
reductions in the abundance of circulating virus during acute infection (Cooper et al., 1999; Shoukry et al.,
2003; Lechner et al., 2000; Thimme et al., 2001). In addition, antibody-mediated depletion of memory CD4
helper or CD8 cytotoxic subsets prior to rechallenge
with HCV leads to prolonged viremia in chimpanzees (Shoukry et al., 2003; Grakoui et al., 2003). Other
studies have documented substantial reductions in
the magnitude of the primary viremia in chimpanzees immunized with nonstructural HCV proteins
that are not thought to be targets of neutralizing antibodies (Folgori et al., 2006). Interestingly, the T-cell
response to virus challenge is typically delayed in
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acute infections in chimpanzees. Even when the infection is ultimately cleared, expansion of virus-specific
T-cell subsets and the intrahepatic expression of IFNγ does not occur until 6–8 weeks after acute infection
(Thimme et al., 2002; Woollard et al., 2003). Similar
delays in acute phase adaptive T-cell immunity have
also been described in humans (Shoukry et al., 2004).
Despite a great deal of research over the past
20 years, no clear cut explanation has yet emerged for
the failure of host T-cell responses to clear HCV infections. It is likely that the high frequency of persistent
virus infections results from a combination of several
distinct mechanisms affecting CD4 helper and CD8
cytotoxic T-cell subsets. Failure to sustain a CD4
T-cell response past the point of apparent resolution of
infection is perhaps the most reliable predictor of HCV
persistence (Shoukry et al., 2004). An inability to generate a durable CD4 or CD8 T-cell response may
be caused at least in part by disruption of innate signaling pathways, as described above, and consequently
impaired cytokine responses to infection. The liver is
a classic, immunoprivileged organ, and studies in animal models show that even well-primed liver-specific
cytotoxic T-lymphocyte responses may result in little
if any liver damage in the absence of TLR3 signaling
and appropriate cytokine and chemokine expression
in the liver (Lang et al., 2006).
Beyond the possibility of weak antigen priming,
reasons for impaired CD4 T-cell immunity are still
poorly understood, in part because these cells are difficult to visualize or detect using functional assays in
chronic hepatitis C. Defects underlying failed CD8
T-cell responses are better defined. HCV can persist
despite acute phase CD8 T-cell responses that are
sometimes robust (Lauer et al., 2005). The abundance
of circulating IFN-γ secreting CD8 T cells recognizing
HCV-specific peptides can peak as late as 6–12 months
after acute infection, and is eventually followed
by the loss of some or all epitope reactivities from
blood (Cox et al., 2005a). Nonetheless, HCV-specific
CD8 T-cell populations can survive for decades in
the persistently infected liver. Failure to recognize
and eliminate HCV-infected hepatocytes is probably
caused in part by the accumulation of amino acid substitutions within MHC class I-restricted HCV epitopes
(Bowen and Walker, 2005; Cox et al., 2005b). These
mutations may lead to viral escape from cytotoxic
T-lymphocyte responses, thereby compounding
potentially inadequate T-cell priming or memory
responses. The capacity of the virus to escape from
these controlling T-cell responses represents a significant challenge for vaccine development. However,
it is important to emphasize that escape mutations
do not emerge within all MHC class I epitopes even
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when cognate CD8 T cells are visualized within the
liver with MHC class I tetramers.
HCV-specific T cells are frequently defective in proliferative responses, as well as IFN-γ production and
cytotoxic effector functions (Wedemeyer et al., 2002).
Markers associated with T-cell memory can be reduced
or absent, including the interleukin-7 receptor alpha
(CD127) receptor required for IL-7 driven homeostatic proliferation. Impaired function may be associated with expression of molecules like programmed
death-1 (PD-1) that can transmit inhibitory signals to
antigen-specific CD8 T cells upon engagement of
PD-1 ligand(s) (Radziewicz et al., 2007). Strategies to
interrupt PD-1 signaling, perhaps in combination with
an HCV vaccine, represent promising new approaches
for restoration of T-cell function and therapy of
chronic hepatitis C (Grakoui et al., 2006).

Humoral Immune Responses
The role of B-cell immunity in resolution of acute
infection and prevention of re-infection also remains
incompletely defined. Neutralizing antibodies are typically delayed in appearance in acute HCV infection,
generally do not confer sterile immunity, and are usually present in chronically infected persons (Farci et al.,
1992; Netski et al., 2005; Helle et al., 2007; Lai et al.,
1994; Prince, 1994). Nonetheless, substantial data suggest that virus-specific antibodies exert a level of control over HCV infection. This has been demonstrated in
chimpanzee challenge studies in which antibodies isolated from a patient with chronic hepatitis C were able
to neutralize the infectivity of an inoculum collected
from the same subject 2 years previously (Farci et al.,
1994). Replication of HCV has also been blocked in
chimpanzees by prior in vitro neutralization of an inoculum with antibodies directed against a hypervariable
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region located near the amino terminus of the E2 protein (HVR-1, see Fig. 24.5, Farci et al., 1996), or by incubation with pooled immunoglobulins prepared from
infected individuals (Yu et al., 2004). In other studies,
infection was delayed, but not prevented, by passive
transfer of the immunoglobulin preparation to animals
prior to challenge with infectious virus (Krawczynski
et al., 1996). Human monoclonal antibodies (HMAbs)
that are capable of broadly neutralizing genetically
diverse HCV strains, and protecting against infection
with heterologous HCV in transgenic mice possessing chimeric human livers have been also generated
recently (Law et al., 2008).
The functional activities of antibodies have been
assessed in several different in vitro, cell-based
assays. Antibodies to E2 can block the binding of soluble recombinant E2 glycoproteins to CD81, which
is widely accepted to be a co-receptor for the virus
(Allander et al., 2000; Ishii et al., 1998; Bartosch et al.,
2003c; Pileri et al., 1998). More recently, retrovirus
particles have been pseudotyped with the E1 and E2
proteins (Bartosch et al., 2003b; Hsu et al., 2003) to produce HCV pseudoparticles (“HCVpp”), which have
been used as surrogates for assessing the functional
activities of antibodies. Antibodies that limit the ability of HCVpp to attach to and enter cells are present in
very low abundance and are very strain-specific early
in the course of infection, when antibodies first appear
(Lavillette et al., 2005; Meunier et al., 2005; Logvinoff
et al., 2004; Netski et al., 2005). However, their titer
increases and functional activity broadens after several months of infection so as to include the ability to
neutralize heterologous HCV genotypes (Lavillette
et al., 2005; Meunier et al., 2005; Logvinoff et al., 2004;
Netski et al., 2005). An inverse correlation has been
demonstrated between the magnitude of viremia
and serum HCVpp neutralizing antibody titers in
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FIGURE 24.5

Mapping of neutralization epitopes on the HCV E2 protein sequence. Regions that are associated with CD81 binding hypervariable regions, and glycosylation sites that affect neutralization by domain B-reactive monoclonal human antibodies are labeled. The underlined residues are in the epitope recognized by CBH-2, a domain B-reactive human monoclonal antibody. Leu640, Ala642, and Ala643 (shown
in italics) are necessary for overall E2 structure. Substitution of Ala431 with Glu results in escape from CBH-2 neutralization (Keck et al.,
submitted).
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one study of chronically infected subjects (Lavillette
et al., 2005).
Infectious virus produced in cell culture (HCVcc)
has also been used to document the neutralizing activity of antibodies (Lindenbach et al., 2005; Yi et al., 2006).
Although such data remain limited, they are largely consistent with earlier studies using pseudotyped retrovirus particles, including the limited genotype specificity
of early antibody. In one study, sera collected from two
of three patients about 1 year after acute infection with
genotype 1a virus neutralized only genotype 1a virus,
and not genotype 2a virus, while the third patient had
a much greater titer of neutralizing antibody against
the genotype 1a virus (Yi et al., 2007).
All in vitro neutralization studies should be viewed
with some caution, however, given present uncertainties concerning the structure of HCV described
above, and significant differences in the buoyant densities of HCVcc and HCV found in serum or plasma
(Lindenbach et al., 2006).

VIRAL NEUTRALIZATION EPITOPES
As indicated above, there are no detailed crystallographic or cryoelectron microscopic reconstructions of
the HCV envelope, and thus current understanding of
structure–function relationships within the envelope
are rudimentary and based largely on mutational analyses. Moreover, the envelope glycoproteins display
some of the highest levels of genetic diversity among
the HCV proteins, with E2 displaying greater variability than E1. The hypervariable HVR1 region found at
the amino terminus of E2 (Fig. 24.5) is highly immunogenic, and is a major determinant for isolate-specific neutralizing antibody responses (Farci et al., 1996;
Shimizu et al., 1994). However, such antibody provides little protection against the virus, as the HVR1
sequence continuously evolves during the course of
infection, apparently in response to selective forces
exerted by HVR1-specific neutralizing antibodies on
the viral quasispecies population. This was clearly
demonstrated in a study of sequential HCV sequences
isolated from one patient over a 26-year period, in
which serum antibodies failed to neutralize the concurrent dominant E1E2 species present in the blood (von
Hahn et al., 2007). Escape was associated with mutations within the HVR1 that led to decreased binding
and neutralization by MAbs that were produced to the
HVR1 sequence present in the earliest isolate obtained
from the patient.
More broadly neutralizing antibodies are usually directed against conformational epitopes within
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E2 (Allander et al., 2000; Hadlock et al., 2000; Bugli
et al., 2001; Habersetzer et al., 1998; Ishii et al., 1998).
Cross-competition analyses with HMAbs recognizing
conformational epitopes on the HCV E2 molecules
have delineated at least three immunogenic clusters
of overlapping epitopes with distinct functions and
properties (Keck et al., 2004, 2005). Non-neutralizing
antibodies recognize one cluster, which has been designated as domain A, while neutralizing HMAbs can
be segregated into two distinct groups recognizing
two different clusters of epitopes, designated domains
B and C respectively (Keck et al., 2007).
HMAbs recognizing E2 domain B epitopes demonstrate varying abilities to neutralize HCVpp containing glycoproteins derived from the six different HCV
genotypes (Owsianka et al., 2008). One such antibody,
CBH-5, reduced the infectivity of HCVpp derived
from all genotypes by more than 60%. Importantly,
CBH-5 and other domain B antibodies block the binding of E2 to CD81. Alanine scanning mutagenesis
has shown that four highly conserved E2 residues
(Gly523, Pro525, Gly530, and Asp535) are required for
CBH-5 binding (Owsianka et al., 2008). Two of these
residues (Gly530 and Asp535) have been shown to be
essential for the interaction of E2 with CD81. Another
residue (Gly523) also appears to have involved in
the interaction with CD81, since an alanine substitution at this position lessens CD81 binding by 80% and
HCVpp infectivity by 90% (Owsianka et al., 2006).
The data thus suggest that CBH-5 exerts its potent
and broad neutralizing effect on HCV by competing
with CD81 for binding to conserved residues on E2
that are important for viral entry. Consistent with this,
broadly neutralizing human antibodies derived from
combinatorial libraries isolated from individuals with
chronic hepatitis C also recognize epitopes containing
Gly523, Trp529, Gly530, and Asp535 (Johansson et al.,
2007; Law et al., 2008; Perotti et al., 2008). In addition,
HCVpp bearing an alanine substitution at Asn532
demonstrate enhanced neutralization by sera from
individuals infected with genotype 1a, 1b, 2b, 3, 4, and
5 viruses, suggesting that all of these sera contain antibodies directed at this region (Falkowska et al., 2007).
Taken together, these data suggest that domain B represents a conserved, immunodominant site recognized
by broadly reactive, neutralizing antibodies.
Of particular concern from a vaccine perspective,
single amino acid substitutions within domain B antibodies can lead to virus escape from some domain
B-reactive antibodies, thus recapitulating the escape
observed with antibodies directed against the HVR1
domain. CBH-2 is a HMAb that recognizes a broadly
conserved epitope in domain B that contains residues Gly523, Gly530, and Asp535 (similar to CBH-5).
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These are also contact residues for E2 binding to CD81,
as described above. However, a single amino acid substitution at residue 431, which is located at a considerable distance within the linear sequence of E2 from
other domain B residues (Fig. 24.5), results in complete
escape from CBH-2-mediated neutralization in a genotype 1a virus (Keck et al., 2008, submitted). These
recent results highlight the substantial challenges
inherent in developing HCV vaccines, and show that
an effective vaccine will need to induce antibodies to
both conserved as well as invariant epitopes to lessen
the probabilities of virus escape.

APPROACHES TO VACCINE
DEVELOPMENT
Sterilizing immunity is not essential to the success of a hepatitis C vaccine. The public health consequences of HCV arise from its ability to cause liver
disease in the context of persistent infection, and thus
the ability to prevent persistent infection should be the
goal in vaccine development. As described in greater
detail below, the pre-clinical development of a recombinant envelope protein vaccine was pursued for
more than a decade by Chiron prior to its acquisition
by Novartis, reaching phase I/II safety and immunogenicity trials in humans (Houghton and Abrignani,
2005). Vaccines comprised on recombinant envelope
proteins appear generally safe and capable of eliciting both cellular and humoral immune responses
that may be at least partially protective (Leroux-Roels
et al., 2004; Houghton and Abrignani, 2005; Stamataki
et al., 2007). Immunization with both recombinant
envelope glycoproteins may prevent or delay the
onset of viremia following infectious virus challenge
(Puig et al., 2004; Choo et al., 1994; Houghton and
Abrignani, 2005). However, it is far from certain that
recombinant envelope protein vaccines, which are
designed primarily to elicit neutralizing antibodies
and CD4 T cells, will prove to be sufficiently immunogenic for prevention of persistent human infections.
As indicated above, there are no well defined in
vitro correlates of immunity, either for protection
against acute infection or for prevention of progression of acute infections to long-term persistence of
the virus. Moreover, vaccine developers are severely
handicapped in not having adequate tools available to
study the potential protection afforded by immunization. A number of pre-clinical studies have been carried
out in chimpanzees, but the availability of this animal
model is severely limited and the numbers of animals
included in individual studies typically very small.
In most cases, these studies have involved challenge

with relatively low-titer infectious inocula that were
closely related to the virus from which the vaccine
antigens were taken. The extreme genetic heterogeneity of the envelope glycoproteins of HCV, described
above, is a major challenge to be overcome. Moreover,
chimpanzees appear to have a remarkably high rate of
spontaneous resolution of HCV infection (Bassett et al.,
1998), making determination of the effects of a vaccine
on virus persistence very difficult.
However, as noted above, chimpanzees and possibly also humans who have successfully resolved
previous infections with HCV may have a level of
protective immunity that, while not capable of preventing acute re-infection, may prevent subsequent
progression to persistent infection when rechallenged
with the virus. Substantial data suggest that such
immunity is mediated by CD4 and CD8 T cells
(Bassett et al., 2001; Grakoui et al., 2003; Major et al.,
2002; Shoukry et al., 2003). Thus, the most successful
vaccine strategies may be those designed to stimulate
the T-cell responses elicited during naturally resolving HCV infections. A number of approaches have
been developed for priming class I and II restricted
T cells against HCV (Houghton and Abrignani, 2005;
Inchauspe and Feinstone, 2003). Examples include
the use of virus-like particles (VLP) comprised of the
HCV nucleocapsid and envelope proteins (Lechmann
et al., 2001), recombinant viral vectors (Wuest et al.,
2004; Vidalin et al., 2000; Abraham et al., 2004), and
bacterial vectors (Simon et al., 2003; Wedemeyer et al.,
2001; Abraham et al., 2004), as well as genetic immunization with plasmid sequences encoding segments of
both structural and nonstructural proteins of the virus
(Satoi et al., 2001; Pancholi et al., 2003; Encke et al.,
1998). Some studies have also combined two of these
modalities, such as priming with DNA immunization
followed by boosting with a recombinant poxvirus
vector (Pancholi et al., 2000), or priming with recombinant adenovirus, then boosting with DNA (Folgori
et al., 2006). Although relatively few of these candidate approaches to immunization have been tested
in the chimpanzee model, many have proven capable
of priming specific CD4 and CD8 T-cell responses
against HCV in mice. Several of these vaccine candidates have also been shown to be capable of stimulating HCV-specific T cells in nonhuman primates such
as baboons (Jeong et al., 2004) and rhesus macaques
(Rollier et al., 2005; Polakos et al., 2001; Capone
et al., 2006), which may be more reliable models of
the immunogenic response in humans.
In general, vaccines that are capable of priming
virus-specific T-cell responses have been found to delay
or diminish the magnitude of viremia in immunized
chimpanzees following virus challenge, compared
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to unimmunized control animals (Folgori et al., 2006;
Youn et al., 2005; Rollier et al., 2004; Forns et al.,
2000a). Suppression of viremia was particularly profound with one vaccine that expressed only nonstructural proteins of the virus and thus was incapable of
inducing virus-neutralizing activities (Folgori et al.,
2006). Protection in this case was almost certainly
mediated exclusively by T cells. However, despite evidence of exerting some control over the acute infection, in many studies there has been no evidence of a
reduction in rates of progression to long-term, persistent infection (Forns et al., 2000a; Rollier et al., 2004).
All of these studies have been limited by the small
numbers of animals available, but this is nonetheless a
critical distinction in that the significance of HCV as a
human pathogen relates to its ability to establish persistent infection and cause chronic liver disease. There
is no good explanation for the failure of such T-cell
vaccines to protect against persistent infection, but it
may reflect deficiencies in the frequency and perhaps
breadth of the memory T-cell populations they elicit.
In summary, while there are no clearly established
in vitro correlates of protective immunity against
infection with HCV, strong indications from multiple sources suggest that CD4 and CD8 T-cell
responses, while critical for control of acute infection,
are insufficient for prevention of long-term persistent
infection, at least in chimpanzees. At the same time,
some evidence exists to support the importance of
neutralizing antibody to the virus, and the ability of Bcell responses to modify the course of infection. Thus,
an ideal vaccine should elicit both robust T-cell as well
as B-cell responses. However, despite intensive efforts
on the part of many, and despite continued progress in
the field, no candidate vaccine has yet been shown to
produce the level and/or type of immunity required
for prevention of HCV-associated liver disease
(Table 24.1).

RECOMBINANT PROTEIN VACCINES
Chiron Recombinant gpE1/gpE2
Vaccine
Early work at Chiron, the company that first identified the virus responsible for hepatitis C, focused
on the development of recombinant HCV envelope
glycoproteins as vaccine candidates (Choo et al., 1994).
The E1 and E2 glycoproteins were expressed in mammalian cells with a recombinant vaccinia vector and
found to associate with each other as a noncovalent
heterodimer that bound antibody present in many
serum samples from patients with chronic hepatitis
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C (Ralston et al., 1993). Immunization with this
“gpE1/gpE2” preparation induced virus-specific antibodies and Th-cell responses in naïve chimpanzees
(Houghton and Abrignani, 2005; Choo et al., 1994). In
a landmark series of experiments, chimpanzees were
immunized over a period of 6 months with three doses
of the gpE1/gpE2 vaccine (generally 30–80 μg each) in
an oil/water adjuvant, then challenged intravenously
with 10–100 chimpanzee-infectious doses (CID50) of
virus 2 months later. Remarkably, 5 out of 12 immunized animals were completely protected against
homologous challenge with the strain of virus from
which the vaccine antigen was derived (HCV-1), and
only two of the infected animals progressed to chronic
infection (Houghton and Abrignani, 2005). In contrast,
ten of ten unimmunized control animals (including
nonconcurrently studied historic controls) became
infected, seven of them persistently (Houghton and
Abrignani, 2005). This difference in the proportion
of animals sustaining a chronic infection was statistically significant (p  0.03), but then the rate of persistent infections in the unimmunized animals was higher
than that reported in other studies (Bassett et al., 1998).
Similar protection against persistent infection was
observed following challenge of immunized chimpanzees with a different strain of genotype 1a virus (HCVH): nine of nine immunized animals became infected,
but only one of the nine animals progressed to chronicity. In contrast, 8 of 14 nonimmunized animals
developed chronic infection (all 14 were infected). It is
not possible to predict how protective this genotype 1a
vaccine might be against genotype 1b or genotype 2 or
3 infections.
A significant limitation to the chimpanzee studies
of the gpE1/gpE2 vaccine is the lack of understanding of the significance of protection against an intravenous challenge with 10–100 CID50 of virus. Although
this has become a standard in the field, it is not clear
how it relates to the real-world situation. While a contaminated blood transfusion would provide a challenge many orders of magnitude greater than this,
such an event would be very unlikely today because
of screening procedures in place to protect the blood
supply. The typical inoculum size in the setting of
community-acquired infections is not known and can
only be guessed at. Nonetheless, the data obtained in
these chimpanzee challenge experiments suggest that
the gpE1/gpE2 vaccine may be capable of protecting against persistent infection with at least genotype
1a viruses (Houghton and Abrignani, 2005). This is
likely to be accomplished this via the induction of
neutralizing antibodies, since the existence of sterilizing immunity in some animals correlated at least
roughly with the magnitude of the antibody response
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TABLE 24.1 HCV vaccine candidates that have entered clinical trials
Primary clinical goal

Recombinant protein

Prevention

gpE1/gpE2 in oil/water adjuvant

Chiron/Novartis

Therapy

gpE1 in alum adjuvant (INO-101)

Innogenetics

Therapy

Core protein in ISCOMATRIX®
adjuvant
NS3–NS4–NS5–Core polyprotein in
ISCOMATRIX® adjuvant

Chiron/Novartis
and CSL
Chiron/Novartis
and CSL

Core, NS3, and NS4 peptides with
poly-arginine adjuvant (IC41)
HCV peptides formulated with
influenza virosomes
“Personalized” peptide cocktail
derived from E1, E2, NS3, and NS5A

Intercell

Therapy
Synthetic peptide

Therapy
Therapy
Therapy

Immunogen

Developer

Pevion Biotech
Kurume University

Significant findings

Stage

Induces humoral and cellular immune
responses and may protect against
persistent infection with closely related
virus in chimpanzees
Primes humoral and cellular immune
responses in humans, but did not reduce
liver injury in patients with chronic
hepatitis C
Primes T-cell responses in macaques

Phase 1b

? Phase 1

Primes T-cell responses in chimpanzees

? Phase 1

Induced CD4 and CD8 T-cell responses in
HLA-A2 HCV-infected persons
Induces virus-specific CTL and Th response
in mice
Induced humoral and cellular immune
responses in HCV-infected patients

Phase 2

Discontinued
after Phase 2

Phase 1
Phase 1

DNA

Therapy

ChronVac-C®

Tripep and Inovio

Not available

Phase 1

Recombinant vectors

Prevention

MVA expressing NS3, NS4, and NS5B
(TG 4040)
Heat-killed yeast expressing Core and
NS3 (GI-5005 Tarmogen)

Transgene

Induces T-cell response in mice

Phase 1

GlobeImmune

Primes T-cell response in mice

Phase 1/2

Delayed infection in chimpanzees, but no
impact on HCV viremia in liver transplant
recipients
No statistically significant changes in HCV
viremia in patients with chronic hepatitis C

Phase 2

Therapy
Antibody

Therapy

HCIG human polyclonal antibody
(Civacir®)

NABI/Biotest

Therapy

Ab68  Ab65 monoclonal antibodies
(XTL-6865)

XTL Biopharmaceuticals

Discontinued
after Phase 1

HEPATITIS C
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to E2 as assessed by inhibition of E2 binding to CD81
and neutralization of HCVpp entry (Houghton and
Abrignani, 2005).
Encouraged by these results, a randomized phase
I clinical study has been carried out to evaluate the
safety, tolerability, and immunogenicity of the Chiron
gpE1/gpE2 vaccine given at doses of 4, 20, or 100 μg
with MF59 adjuvant versus a placebo in a total of
60 HCV-naïve subjects. The study was completed in
August, 2005. Results have not been published as of
February 2008, but accounts indicate that all 45 vaccine recipients developed neutralizing antibodies.
Potentially important to the future of the gpE1/gpE2
vaccine, Chiron was acquired by Novartis in 2006,
leading to significant changes in the management of
the development program.

Innogenetics Recombinant E1 Vaccine
Recombinant E1 (in the absence of E2) has also
been evaluated as an immunogen for therapeutic vaccination. The vaccine, developed by Innogenetics,
consisted of a 135 amino acid polypeptide representing carboxy-terminally truncated E1 from a genotype
1b virus, adjuvanted with alum (Nevens et al., 2003).
The underlying rationale behind the selection of E1
as a vaccine immunogen appears to have been based
on correlations observed between high anti-E1 antibody levels and response to IFN therapy, as well as
the absence of high titer anti-E1 antibodies in many
persons with chronic HCV infection (Leroux-Roels et
al., 2004; Nevens et al., 2003). Preliminary studies in
chronically infected chimpanzees immunized with
E1 protein reportedly resulted in improvements in
disease (Maertens et al., 2000). In a phase I immunogenicity and tolerability study involving 20 healthy,
HCV-negative volunteers, a series of three doses of
this vaccine, 20 μg each, given at 3-week intervals,
was well tolerated, and resulted in strong Th1 and
anti-E1 antibody responses that were increased following a fourth dose given at 26 weeks (Leroux-Roels
et al., 2004). In a subsequent pilot study, 35 patients
with chronic hepatitis C were randomized to receive
either five doses of this vaccine (at weeks 0, 4, 8, 12,
and 24, n  26) or placebo (n  9) (Nevens et al.,
2003). By week 48–50, serum ALT levels had declined
significantly in the immunized group, but they were
not different statistically at this point in time from the
ALT values observed in the smaller number of control
patients. Beyond 50 weeks, all of the patients enrolled
in the study were offered an additional series of five
doses of open-label vaccine. Follow-up liver biopsies
suggested improvements in histopathology in 9 of 24
patients, but it is difficult to interpret these data in
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the absence of a bone fide control group. There were
no significant changes noted in the level of viremia
(Nevens et al., 2003). The only conclusion to be drawn
from this study was that further analysis of the vaccine might be warranted.
Results of a follow-up phase IIb trial of the E1 therapeutic vaccine candidate were reported by Innogenetics
in June, 2005, and demonstrated no differences in disease progression in groups of patients with chronic
hepatitis C who were treated with vaccine versus placebo. In September of 2007, Innogenetics announced
the results of a longer, 3 year, prospective, multicenter, randomized, double-blind, placebo-controlled phase IIb trial involving 122 patients. Those in
the vaccine group had received four courses of vaccine consisting of recombinant E1 produced in yeast
at doses of 50 μg each. Liver biopsies taken at the
beginning and end of the study were examined for
the primary clinical end-point which was a reduction
in liver tissue damage. Patients treated with the vaccine were reported to show strong immune responses
against the E1 protein, but failed to demonstrate a significant reduction in liver tissue damage assessed by
histopathologic examination. Following this study, the
E1 therapeutic vaccine program was discontinued.

Other Recombinant Protein Vaccine
Candidates
In studies distinct from the Chiron program, E1E2,
expressed from a recombinant Sindbis virus, has
also been evaluated for its ability to elicit protective
immunity in a small number of chimpanzees. Two
animals were immunized: one who had recovered
from a prior infection with HCV, and another who
received priming doses of a DNA plasmid and a peptide immunogen prior to the recombinant E1E2 (Puig
et al., 2004). The very small number of animals studied, compounded by differences in the pre-immunization history of the animals as well as the adjuvants
and challenge inocula used, preclude any specific
conclusions about the efficacy of the immunization.
However, viremia appeared to have been delayed by
several weeks in the two immunized animals following challenge with 100 CID50 of homologous virus,
when compared with an unimmunized control animal
who was challenged with only 3.5 CID50 (Puig et al.,
2004). The naïve immunized animal that received the
priming dose of the peptide immunogen progressed
to persistent infection, while the other two animals
resolved the infection. Importantly, both immunized
animals became infected despite having developed
robust antibody responses (including to the HVR1
domain of E2) and proliferative T-cell responses.
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Other HCV proteins and several different adjuvants have also been evaluated as potential vaccine
immunogens. Investigators at Chiron and CSL collaborated on evaluation of a prototype core protein-ISCOMATRIX vaccine that elicited high titers of
antibody to core and primed strong CD4 and CD8
T-cell responses in rhesus macaques (Polakos et al.,
2001). As many as 0.30–0.71 and 0.32–2.21% of the circulating CD8 and CD4 T cells, respectively, recognized core peptides by intracellular cytokine staining.
An ISCOMATRIX-adjuvanted NS3-4-5–Core polyprotein is also reported to have elicited broad Th1-like
CD4 and CD8 T-cell responses in chimpanzees;
it may have ameliorated disease but did not prevent
persistent infection following heterologous virus challenge (Houghton and Abrignani, 2005).

SYNTHETIC PEPTIDE VACCINES
Several different candidate vaccines under development incorporate synthetic peptides that represent
conserved epitopes that have been shown to be recognized by HCV-specific T cells. These vaccines are for
the most part being developed for therapeutic rather
than preventive purposes, and are either cocktails of
multiple peptides, or synthetic multi-epitope polypeptides. Several have entered clinical trials. All are potentially limited by the HLA-restricted nature of epitopes
recognized by CD8 T cells, as well as the sequence
diversity existing among different HCV strains.

Intercell IC41 Peptide Vaccine
This therapeutic HCV vaccine candidate contains
peptides representing three Th epitopes and five conserved HLA-A2 restricted cytotoxic T-cell epitopes
derived from the core, NS3, and NS4 sequences, complexed with a proprietary poly-arginine adjuvant
(Schlaphoff et al., 2007; Firbas et al., 2006). Clinical trials have been confined to HLA-A2 individuals, who
comprise about 40–50% of all Caucasians. In a phase
I clinical trial involving ascending doses of the vaccine, 50% and 40% of healthy HCV-naïve adults who
were immunized with 5.0 μg doses of the peptide vaccine developed positive IFN-γ Eli-spot tests for HCVreactive CD4 and CD8 T cells, respectively (Firbas
et al., 2006). Similar responses were not seen in placebo recipients. Comparable results were obtained in
tetramer and proliferation assays, supporting the immunogenicity of the vaccine. In a second clinical study,
HLA-A2 patients with chronic hepatitis C received a
total of six doses of the vaccine at 4-week intervals.

Modest increases in the frequency of HCV tetramerpositive CD8 cells were observed in about one quarter of these patients, but there were no changes noted
in circulating HCV RNA levels (Schlaphoff et al., 2007).
This vaccine remains in development. In February, 2008,
Intercell AG released the results of a study involving 50
patients with chronic genotype 1 infection. Study subjects who received eight intradermal injections of the
IC41 vaccine at bi-weekly intervals were said to have
demonstrated a minimal (40%) but statistically significant reduction in the abundance of circulating virus.

Pevion Biotech Virosome-Formulated
Peptide Vaccine
Pevion is currently enrolling patients in a phase
I clinical trial of virosome-formulated HCV peptides as a
candidate therapeutic immunogen. The concept underlying this vaccine is that reconstituted influenza virosomes
(IRIVs), composed of phospholipids and influenza surface glycoproteins, are capable of efficiently delivering
peptide epitopes to the MHC class I antigen presentation
pathway due to their fusogenic activity. Virosomes containing a 132-amino acid long peptide fragment of the
HCV core protein were capable of inducing virus-specific cytotoxic and IFN-γ-producing T cells in HLA-A2.1
transgenic mice (Amacker et al., 2005).

Other Peptide-Based Vaccine Candidates
An academic group has reported the development
of humoral and cellular immune responses to HCV
peptides that were used to immunize HCV-infected
HLA-A24 patients who had failed IFN therapy
(Yutani et al., 2007). Specific peptide sequences were
selected to immunize each study subject based on preimmunization stimulation of CD8 cytotoxic T cells,
making this a “personalized” vaccine. Reductions
in viral load and improvements in serum ALT levels
were noted in some of these vaccine recipients in this
uncontrolled clinical study.
Several other studies have evaluated different strategies for presenting peptide epitopes to the immune
system in mouse models. A library containing HVR1
peptide variants and a multi-epitope polypeptide
immunogen containing HVR1 sequences both induced
strong and specific antibody responses (Roccasecca
et al., 2001; Torresi et al., 2007). A conceptually different
approach, involving a synthetic multi-epitope polypeptide containing triple tandem repeats of five conserved
epitopes from HCV was capable of inducing antibody
as well as cytotoxic lymphocytes in BALB/c mice
(Chen et al., 2007). The antibody elicited by this peptide
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immunogen was reported to have antiviral activity in
infected transgenic mice harboring chimeric human livers. In a separate study, multi-epitope peptides containing sequences from NS3, NS4, and NS5B were capable
of eliciting both primary and memory T-cell responses
(Fournillier et al., 2006). Whether such immunogens will
eventually make it to clinical trials remains to be seen.

GENETIC IMMUNIZATION
A number of studies have evaluated different
approaches for DNA immunization against HCV in
mice, including the use of DNA encoding a multigenotype E1 library (Encke et al., 2007), envelope
proteins (Nakano et al., 1997; Fournillier et al., 1998;
Tedeschi et al., 1997), a combination of E1 and core
epitopes (Shi et al., 2006), and NS3 (Gao et al., 2006).
In general, the immunization of mice with DNA
results in robust induction of mostly Th1- and CD8
T-cell responses. Efforts to enhance DNA delivery
have involved use of a gene gun (Nakano et al., 1997;
Fournillier et al., 1998; Tedeschi et al., 1997), as well as
in vivo electroporation (Zucchelli et al., 2000; Ahlen
et al., 2007).
In general, naked DNA is less immunogenic in
larger animals than in mice. However, in a small trial
involving two chimpanzees, immunization with DNA
encoding a truncated E2 protein resulted in an anti-E2
antibody response (including to the HVR1 domain).
However, there was little evidence of protective
immunity as both chimpanzees became infected following challenge with 100 CID50 of homologous virus
(Forns et al., 2000a). The immunized chimpanzees
resolved the infection, while a control animal challenged with 3 CID50 of virus did not. Unfortunately,
it is not possible to draw any conclusions from this
study concerning the potential efficacy of DNA
immunization given the small number of animals, as
well as differences in the magnitude of the inocula
used to challenge the control versus the immunized
animals. In another study, DNA encoding the E1E2
envelope proteins was adsorbed onto cationic poly
(lactide co-glycolide) (PLG) microparticles (O’Hagan
et al., 2004). Administered as a series of 3–4 doses, this
DNA vaccine generated antibody responses comparable to MF59-adjuvanted gpE1/gpE2 protein in rhesus macaques, and also was capable of priming for a
response to a protein booster (O’Hagan et al., 2004).
Replication-defective adenoviruses are very effective for delivery of genetic vaccines (Fattori et al., 2006),
and strong immune responses have been observed
following delivery of DNA to chimpanzees by this
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method (Folgori et al., 2006). Recombinant replicationdeficient adenovirus vectors derived from two different adenovirus subtypes were used to deliver the
first three genetic immunizations against genotype 1b
NS3–NS5B proteins, at 0, 4, and 24 weeks, and were
then followed by three doses of DNA given between
weeks 35 and 39. The animals were challenged at
week 49 with 100 CID50 of a heterologous, genotype
1a inoculum (Folgori et al., 2006). Since there are no
neutralization determinants within the NS3–NS5B segment of the polyprotein, this vaccination approach was
designed to elicit T-cell immunity. Proliferative CD4
and CD8 cell responses were observed in five of five
immunized chimpanzees, while potent cytotoxic activity was induced in four animals. Importantly, crossreactive T cells recognizing heterologous genotype 1a
epitopes were detected in four of the five immunized
animals, while intrahepatic HCV-specific CD8 T cells
were detected in all (Folgori et al., 2006). On challenge
with a heterologous genotype 1a virus, viremia was
delayed by at least a week and reduced 100-fold in
magnitude, compared to five control, nonimmunized
chimpanzees. The infection resolved spontaneously in
four of the five immunized chimpanzees, but this also
occurred in three of the five control animals. Strikingly,
none of the immunized animals demonstrated biochemical evidence of acute hepatitis in association
with HCV infection, while ALT elevations were noted
in all of the controls (Folgori et al., 2006).
Although the immunization regimen used in this
study is not one that would be amenable to incorporation into clinical practice, this study is important
because it demonstrated that T-cell immunity, elicited by genetic immunization, can provide protection
against acute liver disease and also limit virus replication following challenge with a heterologous strain of
HCV (Folgori et al., 2006). This latter finding is particularly worthy of emphasis, because the genotype 1b
and 1a viruses used as the basis for immunization and
challenge in this study, respectively, differed from each
other close to the limits of genetic diversity observed
among genotype 1 viruses of both subtypes (Fig. 24.2)
(Folgori et al., 2006). Although the study involved a relatively large number of animals, including five nonimmunized animals studied as contemporary controls, no
conclusions can be drawn from it regarding the ability
of such immunization to prevent viral persistence.
Similar results were obtained in another study, in
which uninfected chimpanzees received three priming
doses of DNA encoding genotype 1b core, E1E2, and
NS3-5 proteins, followed by a recombinant adenovirus
booster expressing the same proteins. This immunization regimen induced HCV-specific antibody and T-cell
proliferation and IFN-γ Eli-spot responses, and resulted
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in a 100-fold reduction in the peak viremia following
challenge with a different genotype 1b virus (Youn
et al., 2005). A prime-boost strategy was also tested in
a study in which two chimpanzees were primed with
plasmid DNA encoding four HCV proteins (core, NS3,
and truncated forms of E1 and E2), followed by a protein boost with the same recombinant proteins. Both of
the immunized animals were infected on heterologous
virus challenge, although the magnitude of viremia
was reduced in comparison to an unimmunized control animal (Rollier et al., 2004). One of the immunized
animals rapidly resolved the infection. Interestingly,
immunization in this animal resulted in a bias towards
Th1-type cytokine responses for E1 and NS3. In yet
another study, immunization of naïve chimpanzees
with DNA encoding core–E1E2 and NS3 followed by
a poxvirus booster immunization using the modified
vaccinia Ankara (MVA) vector resulted in robust HCVspecific immune responses as well as marked reduction
in the magnitude of acute viremia on challenge with
a heterologous virus (Rollier et al., 2007). However,
despite good evidence for partial control of the acute
infection, three of the four immunized animals in this
study progressed to persistent infection.
Taken together, these studies show that genetic
immunization, used either for priming or boosting
immune responses to HCV, can result in robust virusspecific CD4 and CD8 T-cell responses that are
capable of limiting the extent of virus replication upon
challenge with even distantly related heterologous
viruses of the same genotype. However, the bulk of
the evidence would suggest that such immunization
approaches do not provide a level or type of immunity that is sufficient for protection against persistent
infection. This is in contrast with other evidence summarized above that suggests that immunization with
recombinant gpE1/gpE2, while also failing to provide
sterilizing immunity, might provide some protection
against the development of subsequent persistent
infection with closely related virus. Unfortunately,
however, spontaneous resolution of acute HCV infections is a frequent occurrence in nonimmunized, HCVnaïve chimpanzees (Bassett et al., 1998). It is likely that
compelling evidence for vaccine-induced protection
against persistent infections will come only from clinical trials carried out in human subjects.
Genetic immunization is also being considered as
an approach to therapy for persons with established,
chronic HCV infection. A candidate therapeutic DNA
vaccine, ChronVac-C (TriPep), is currently being evaluated in a nonrandomized, open-label phase I study
of safety and immunogenicity. Based on pre-clinical
results obtained in mice (Ahlen et al., 2007), this study
will evaluate the use of electroporation to enhance

delivery of the ChronVac-C vaccine in treatment-naïve
patients with low virus loads.

RECOMBINANT VECTORED VACCINES
A variety of strategies for expression of HCV proteins by viral vectors have been explored extensively
in mice. Viral vectors that have been utilized for the
expression of both structural and nonstructural proteins of HCV include adenovirus (Arribillaga et al.,
2002; Frelin et al., 2004), poxviruses, including canarypox virus and the MVA strain of vaccinia (Pancholi
et al., 2003; Abraham et al., 2004), vesicular stomatitis virus (Majid et al., 2006), alphaviruses (Perri
et al., 2003; Vidalin et al., 2000; Brinster et al., 2002),
and ovine atadenovirus (Wuest et al., 2004). While of
interest, however, such studies are generally not predictive of the immune responses to such immunization in larger animals, including humans. Nonetheless,
a candidate virus-vectored vaccine, TG4040, is being
developed by Transgene for use in humans using the
MVA strain of vaccinia virus as an expression platform. MVA is highly attenuated, and not capable of
replication in mammalian cells. The TG4040 vaccine is
designed to express the nonstructural NS3, NS4, and
NS5B proteins, and is intended to stimulate a therapeutic T-cell response. In transgenic HLA class I mice, an
accelerated schedule of immunization with the vaccine
was capable of inducing virus-specific cytolytic CD8
T cells as well as specific CD4 T responses (Fournillier
et al., 2007). The TG4040 vaccine advanced to early
phase I clinical trials to assess its safety and immunogenicity in 2007.
Bacterial and yeast-derived vectors have also been
evaluated for expression of HCV proteins. The use of
transformed attenuated Salmonella typhimurium AroA
strains expressing core or NS3 has been shown to efficiently prime cytotoxic T cells in mice, and to provide
the ability to immunize mice orally (Liao et al., 2007;
Wedemeyer et al., 2001). Yet another approach is the
GlobeImmune GI-5005 Tarmogen, which is composed
of whole, heat-inactivated recombinant Saccharomyces
cerevisiae expressing a NS3–core fusion protein. In mice,
GI-5005 induced antigen-specific proliferative and cytotoxic T-cell responses associated with Th1-type cytokine
secretion, and led to eradication of tumor cells that
expressed the NS3 protein (Haller et al., 2007). GI5005 is being developed as a potential therapeutic
vaccine. In November, 2007, GlobeImmune announced
plans to advance GI-2005 to a phase II clinical trial
after reporting results of a phase Ib trial in which six
patients were said to have achieved reductions in circulating viral load of 0.75–1.25 log10.
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INACTIVATED HCV AND VIRUS-LIKE
PARTICLE VACCINES
The development of a conventional cell culturepropagated, whole virus vaccine became feasible
with discovery of the genotype 2a JFH-1 virus that
is capable of replication in cultured Huh7 human
hepatoma cells (Lindenbach et al., 2006; Wakita et al.,
2005). Inter-genotypic virus chimeras, constructed
in the JFH-1 background but in which the structural
proteins are derived from more prevalent genotype 1
viruses, are also replication competent and produce
as many if not more virus particles (Pietschmann et
al., 2006; Yi et al., 2007). Based on reported proprietary enhancements in the growth of virus and the
ability of inactivated cell culture-produced virus to
elicit HCVcc-neutralizing antibodies in mice, Toray
Industries, Inc. announced plans in August, 2007, to
develop an inactivated whole virus hepatitis C vaccine in collaboration with the National Institute for
Infectious Diseases in Tokyo. So far, this work has not
been published in the scientific literature, and numerous regulatory obstacles will need to be overcome to
produce an acceptable product. Whether inactivated,
cell culture-produced virus would have advantages
over the use of recombinant proteins as immunogens
is unknown, as is the ability of inactivated virus to
induce protective immunity in animals.
HCV-like particles (HCV-LPs), composed of HCV
structural proteins expressed in insect cells and assembled into particulate structures (Baumert et al., 1998),
represent an interesting alternative to HCV vaccine
development. These particles have a virus-like structure, and so could express conformational determinants that exist naturally but are not present in soluble
recombinant proteins. HCV-LPs have been produced
in insect cells with a recombinant baculovirus expressing cDNA encoding the structural proteins of HCV
(core, E1, and E2, with or without p7) (Baumert
et al., 1998). Morphologic and biophysical studies suggest that such particles may resemble virions present
in infected humans (Baumert et al., 1998). In mice,
HCV-LPs induced both humoral and cytotoxic and
Th-cell responses directed against the core, E1, and
E2 proteins (Baumert et al., 1999; Lechmann et al.,
2001; Murata et al., 2003). Furthermore, immunization
with HCV-LPs was able to protect mice against challenge with a recombinant vaccinia virus expressing
the structural proteins of HCV (Murata et al., 2003).
In another series of studies, HCV-LPs were combined
with a novel adjuvant (AS01B, monophosphoryl lipid
A [MPL], and QS21) to induce increased titers of antibodies directed against E1 and E2 (Qiao et al., 2003).
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However, HCV-specific humoral and cellular immune
responses induced by HCV-LPs in baboons were only
marginally enhanced by the use of adjuvants (Jeong
et al., 2004). In a recent study, chimpanzees immunized with HCV-LPs or HCV-LPs adjuvanted with
AS01B (two animals each) developed IFN-γ, IL-2,
CD4, and CD8 T-cell proliferative responses
specific for core, E1, and E2. Surprisingly, however,
there was little if any antibody response detected.
The immunized chimpanzees were challenged with
100 CID50 of homologous infectious virus. Each of the
immunized animals became infected, but the magnitude and duration of viremia was less than in historic
control animals that had been similarly challenged in
the past (Elmowalid et al., 2007). These early pre-clinical results are promising with regard to the cellular
and humoral immune responses induced by HCVLPs. Chimeric hepatitis B particles have also been
studied as a potential expression platform for HCV
antigens (Vietheer et al., 2007).

DENDRITIC CELL IMMUNIZATION
Ex vivo stimulation of dendritic cells (DC) has been
considered based on the ability of DCs to potently
present antigen and stimulate T-cell responses, and a
large but conflicting body of evidence suggesting that
DC function may be impaired in patients with chronic
HCV infection (Decalf et al., 2007; Kanto and Hayashi,
2007; Kanto et al., 2004; Auffermann-Gretzinger et al.,
2001). To date, this strategy has been studied only in
vitro and in mouse models. In one study, considerably stronger cytotoxic T-lymphocyte responses were
primed by injecting mice with DCs transduced with a
recombinant adenovirus expressing the core protein,
resulting in partial protection against challenge with
a recombinant core protein-expressing vaccinia virus
(Matsui et al., 2002). A second research group has also
demonstrated the induction of humoral and cellular
immune responses, and similar partial protection in a
mouse challenge model, after adoptive immunization
with DCs pulsed with the core protein in vitro (Encke
et al., 2005). Immunization with DCs transduced to
express nonstructural proteins has also been shown
to generate strong virus-specific cytotoxic CD8 and
CD4 Th1 responses (Racanelli et al., 2004; Zabaleta
et al., 2008). Moreover, in recently published work,
adoptive immunization with DCs transduced with
adenoviral vectors encoding NS3 protein resulted
in protection against the growth of NS3-expressing
tumor cells, and also down-regulated intrahepatic
expression of HCV RNA following transfection by
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hydrodynamic injection (Zabaleta et al., 2008). In other
studies, DCs from healthy, HCV-naive human subjects which were transduced to express nonstructural
proteins with recombinant adenovirus were able to
prime for antigen-specific autologous T-cell responses
in vitro (Li et al., 2008). Taken together, these studies
show that adoptive immunization with DCs transduced ex vivo to express HCV proteins has considerable potential to stimulate virus-specific immune
responses. These studies need to be expanded to
include the chimpanzee model in order to determine
whether DC immunization has significant advantages
over other immunization strategies for control of hepatitis C. In the long run, if it proves to be of practical
value, DC immunization is likely be more useful for
therapy than for prevention.

inhibiting HCV infection and reducing viral load in
infected mice with chimeric human livers (Eren et al.,
2006). The administration of high doses of Ab-XTL68
also resulted in transient reductions in HCV RNA in
a randomized, double-blind, placebo-controlled trial
involving chronically infected patients undergoing
liver transplantation (Schiano et al., 2006). However,
in March, 2007, XTL announced that no statistically
significant changes were observed in viral RNA levels
in a phase I, ascending dose study of XTL-6865, which
contains both antibodies. The current development
status of XTL-6865 is uncertain. Genmab is currently
pursuing the pre-clinical development of another
human antibody with potential neutralizing activity
against HCV (Hu-Max-HepC).

KEY ISSUES

PASSIVE IMMUNIZATION
Early support for the potential efficacy of passive
immunization against HCV came from a clinical trial,
carried out prior to the discovery of HCV, in which
the administration of pooled human γ-globulin protected against the development of chronic hepatitis
following acute, transfusion-acquired non-A, non-B
hepatitis acquired by blood transfusion (Knodell
et al., 1976). However, since this study was carried out,
screening for HCV has been introduced into transfusion medicine, and all donor units that test positive
for HCV (and might contain significant levels of neutralizing antibodies to HCV) are discarded and no
longer included in the manufacture of pooled human
immune globulin (IG). Thus, an HCV-specific IG, antiHCV immunoglobulin (HCIG), was developed that
was enriched in antibodies to the virus (Piazza et al.,
1999). The administration of HCIG to chimpanzees
1 h after challenge with infectious virus was found to
extend the incubation period leading to acute hepatocellular disease, but did not delay or otherwise modify
HCV infection (Krawczynski et al., 1996). The greatest
clinical need for such a product would be in prevention of graft infection following liver transplantation
in patients with chronic hepatitis C. However, in a randomized, open-label study involving such patients,
the administration of 17 doses of HCIG (Civacir, Nabi
Biopharmaceuticals) over a period of 14 weeks failed to
suppress HCV infection or reduce viral RNA levels in
transplant recipients (Davis et al., 2005). An expanded
phase II study of Civacir is currently in progress.
HMAbs developed by XTL Biopharmaceuticals
(Ab-XTL68 and Ab-XTL65, formulated as XTL-6865)
recognize different conformational epitopes on the
E2 glycoprotein. These antibodies were capable of
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Immunity to HCV is very poorly understood.
Acute infections progress to chronicity despite the
induction of virus-specific CD4 and CD8 T cells
and virus-neutralizing antibodies. However, prior
infection protects against long-term persistence on
rechallenge of chimpanzees, and this is dependent
on CD4 and CD8 memory subsets. Although
the role of antibodies in such protection is not well
defined, a successful vaccine will likely need to
induce both robust T- and B-cell responses.
The capacity of HCV to persist for years in many
infected persons may stem in part from its ability to
mutate and thereby escape established CD8
T cell responses and antibody-mediated
neutralization.
The six major genotypes of HCV have diverse
genetic sequences. Evidence that immunity of any
type can confer broad protection against infection
with different genotypes is limited.
Vaccine development is hindered by the absence
of a small animal model of hepatitis C, and by the
high costs and lack of availability of the chimpanzee
model.
Significant HCV-related disease (hepatic fibrosis,
cirrhosis, and liver cancer) is typically associated
with chronic infection. Acute infections are generally
not severe. Thus sterilizing immunity is not
required, and a vaccine that is capable of preventing
persistent infection would be of substantial value.
As current IFN-based treatment options for hepatitis
C are inadequate, a therapeutic vaccine would be of
value. Some candidates have entered clinical trials,
but none has yet achieved the desired outcome of
controlling or modifying the course of HCV infection.
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ABSTRACT
Human immunodeficiency virus (HIV) is one of the greatest worldwide public health challenges of the last century.
Since being identified over 20 years ago, HIV has claimed an estimated 25 million lives. Currently, an estimated 33
million individuals are living with HIV/AIDS. Although it causes infections worldwide, this virus has especially
targeted areas of the developing world, with prevalence rates nearing 50% among women of child-bearing age in
some areas of sub-Saharan Africa.
Primary infection may be characterized by an acute viral syndrome or may be entirely asymptomatic, and
individuals are often unaware of their infection. Symptomatic illness usually occurs several years after infection,
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and is manifested by significant-to-severe immune suppression. Although antiretroviral therapy (ART) is generally
effective at suppressing viral replication, treatment is not universally available and is often associated with
serious side effects. Also, due to the high rate of mutation during viral replication, ART may become ineffective in
noncompliant individuals.
The structure, genetics, and replication characteristics of HIV make it a challenging pathogen. HIV is a
remarkably diverse virus, with two major types, and multiple subtypes and recombinant forms circulating
worldwide. The viral envelope varies considerably from isolate to isolate, and has few conserved regions that can
be effectively targeted by host antibody responses. Glycosylation of protein structures on the envelope coating
hinder access by neutralizing antibodies, and widespread mutational change within the genome permits escape
from cellular immune mechanisms. HIV preferentially infects activated host immune cells, which are diverted
from their normal cellular biosynthetic pathways to produce virus particles, and undergo premature apoptosis.
However, infected CD4⫹ T cells may also remain transcriptionally silent, leaving the incorporated proviral HIV
genome dormant for many years. This results in a reservoir of infected cells that persists despite apparently
effective therapy.
The development of an HIV vaccine that is protective and easily and economically deliverable is a daunting
endeavor for scientists, public health officials, and government agencies. The field of HIV vaccine development
has met with a number of recent disappointments. Both the VAXGEN antibody-based vaccine and the Merck
adenovirus T-cell-stimulating vaccine showed no efficacy in protecting from infection or reducing viral loads. In
fact, the Merck product, tested in the Americas and South Africa, may have led to an increased susceptibility to
HIV infection in individuals with evidence of preexisting serological immunity to the adenovirus vector.
A new paradigm of HIV vaccine effectiveness may need to be considered. This paradigm includes vaccines that
may: (1) prevent infection; (2) allow infection that is subsequently cleared without clinical disease; (3) delay clinical
progression in the vaccinated individual; or (4) minimally impact disease in the infected individual, but reduce
infection of others. Several new approaches are actively being tested in HIV vaccine development. DNA and
peptide-based vaccines, heterologous prime-boost regimens, and alternative viral vector are under consideration
and development. Scientists continue to use many different methodologies to optimize immunogenic HIV
insert sequences in order to overcome the tremendous variability presented by potential infecting viruses. Other
approaches seek to increase the recognition of viral antigens through the use of adjuvants and optimized modes of
immunogen delivery. The next decade will provide opportunities for these hurdles to be overcome, and will likely
see the emergence of new challenges as second- and third-generation vaccines are developed. Multidisciplinary
approaches to vaccination may ultimately lead to complete control of this pandemic.

INTRODUCTION
The ongoing worldwide epidemic caused by the
human immunodeficiency virus type 1 (HIV-1) remains
a major global health challenge. HIV-1 causes the
acquired immunodeficiency syndrome (AIDS), which
is responsible for tremendous human suffering and economic loss throughout the world. According to The Joint
United Nations Program on HIV/AIDS (UNAIDS),
in 2007 the AIDS epidemic claimed more than 2 million lives, and an estimated 2.5 million people acquired
HIV (UNAIDS, 2007). The number of people living with
the virus globally is approximately 33 million. Without
wider access to antiretroviral therapy (ART), it is likely
that nearly all of these people will die of AIDS in the
next two decades. While recent efforts are moving forward to provide treatment and HIV-related care to those
most in need in southern Africa, the pandemic continues to spread, encompassing such areas as India, China,
and the former Soviet Union. Current projections suggest that an additional 45 million people will become
infected with HIV between 2004 and 2010 unless the

world succeeds in mounting a drastically expanded
global prevention effort (UNAIDS, 2004). AIDS has
become the leading infectious disease killer, and the
fourth leading cause of death overall. In severely
affected countries, life expectancy has fallen by more
than 10 years (Dorling et al., 2006).
Since 1996, potent new ARTs, including combination regimens with protease inhibitors, have shown
that HIV-1 infection can become a chronic, manageable disease among individuals with access to these
medications. However, an effective vaccine remains our
best chance of ultimately curtailing this epidemic.

HISTORY OF HIV
Discovery of HIV
AIDS was first recognized in the United States in 1981
following a sudden outbreak of opportunistic infections,
including Pneumocystis carinii pneumonia and Kaposi’s
sarcoma (KS) among homosexual men (Durack, 1981;
Gottlieb et al., 1981; Masur et al., 1981). Subsequent
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epidemiologic studies implicated an infectious agent
that was transmitted during sexual intercourse, through
intravenous drug abuse, by therapies utilizing blood
and blood products, and vertically from mother to child
(Broder et al., 1994).
In 1983, Barre-Sinoussi, Chermann, and Montagier
at the Pasteur Institute in Paris isolated a retrovirus
from lymph node cells of a patient with lymphadenopathy; accordingly, this virus was designated lymphadenopathy-associated virus (LAV) (Wain-Hobson
et al., 1991; Barre-Sinoussi et al., 1983). Several other
laboratories were also searching for the agent responsible for AIDS. In 1984, Gallo and associates reported
the characterization of another human retrovirus
distinct from human T-lymphotropic virus (HTLV)
that they called HTLV-III (Gallo et al., 1984; Popovic
et al., 1984; Sarngadharan et al., 1984; Schupbach
et al., 1984). Levy et al. (1984) simultaneously reported
the identification of retroviruses that they named the
AIDS-associated retroviruses (ARVs). Within a short
time, the three prototype viruses (LAV, HTLV-III,
and ARV) were recognized as members of the same
group of retroviruses, and their properties identified
them as lentiviruses. Their proteins were all distinct
from those of HTLV (Rabson and Martin, 1985). The
AIDS viruses had many properties distinguishing
them from HTLV. For all these reasons, in 1986, the
International Committee on Taxonomy of Viruses recommended giving the AIDS virus a separate name,
human immunodeficiency virus (Coffin et al., 1986).
HIV isolates were subsequently recovered from
the blood of many patients with AIDS, AIDS-related
complex, and neurologic syndromes, as well as from
the peripheral blood mononuclear cells (PBMCs) of
several clinically healthy individuals (Salahuddin et al.,
1985; Levy and Shimabukuro, 1985; Levy et al., 1985).
The widespread transmission of this agent was appreciated and its close association with AIDS and related
illnesses strongly supported its role in these diseases.
Soon after the discovery of HIV-1, a separate epidemic
caused by a related human retrovirus, HIV-2, was identified in West Africa (Clavel et al., 1987). Both HIV subtypes can lead to AIDS, although disease progression
due to HIV-2 infection appears to be slower (Reeves
and Doms, 2002; Whittle et al., 1994; Kanki et al., 1992).

HIV CLASSIFICATION AND
STRUCTURE

gp120 (SU)
p9, p6 (NC)
gp41 (TM)

p15 (Vpr)
p17 (MA)

RNA

p10 (PR)
p66, p51 (RT)
p32 (IN)

Envelope
“spike” (knob)
Lipid bilayer
(can contain cellular
proteins, e.g. HLA)

FIGURE 25.1

p25 (CA)
Core

HIV virus structure. Reproduced with permission

from Levy (2007).

because their RNA genome is transcribed into DNA
within the cell using the viral enzyme reverse transcriptase (RT). This DNA then enters the nucleus and
integrates into the cellular chromosome. A mature
virion has a spherical shape and consists of an outer
lipid bilayer membrane or envelope that surrounds
the cone-shaped nucleocapsid (Fig. 25.1). The core
appears to be attached to the viral outer envelope at
its narrow end (Hoglund et al., 1992). The outer membrane contains approximately 10–20 spiked knobs
(Zhu et al., 2003), which are assembled as trimers of
the outer envelope protein gp120 bound to the transmembrane portion, gp41. The viral membrane is
cholesterol-rich (Liao et al., 2001) and includes cellular
proteins (Hoglund et al., 1992).
Each mature virion is composed of two molecules
of single-stranded RNA surrounded by three gag gene
cleavage products: the p17 outer matrix protein; the
p24 major capsid protein, which forms the capsid
shell; and the p7 nucleoprotein, which binds tightly
to the viral RNA. The nucleocapsid is composed of a
p17 myristoylated outer-matrix protein sandwiched
between the membrane-bound envelope and the p24
core capsid protein. The p7 protein binds the two positive-strand copies of complete viral RNA attached at
the packaging site, and it also binds to p24. A number
of other viral proteins required for the early phases
of infection are incorporated with the virion. These
include protease, which is essential for viral assembly, and reverse transcriptase and integrase, which are
needed after entry for viral DNA synthesis and integration (Mandell et al., 2005).

HIV Structure

HIV Genome

HIV is a member of the genus Lentivirus in
the Retroviridae family. Retroviruses are so called

The HIV genome is approximately 9.8 kb in length
(Muesing et al., 1985). Both ends of the provirus are

III. VIRAL VACCINES

29_P369408_Ch25.indd 443

11/5/2008 5:38:18 PM

444
FIGURE 25.2 HIV genome. An overview
of the organization of the approximately 9-kb
genome of the HIV provirus. Reprinted with
permission from Greene and Matija (2003).
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flanked by a repeated sequence known as the long
terminal repeat (LTR). The HIV proviral genome
encodes at least nine proteins (Fig. 25.2) (Gallo
et al., 1988). Table 25.1 lists the viral proteins and their
functions.

HIV Phylogeny
Currently, based on full-length viral genome
sequencing, there are three major HIV-1 groups called
M (main), O (outlier), and N (non M or O) (Fig. 25.3).
Eight HIV-2 groups have been identified (Peeters et
al., 2003). HIV-1 group M has been divided into nine
clades (or subtypes), designated A to D, F to H, J, and
K (Peeters et al., 2003; Robertson et al., 2000). Some
subtypes have been distinguished for groups O, but
only a few isolates of group N have been identified.
No subtypes of the HIV-2 groups have yet been identified (Robertson et al., 2000). Each HIV-1 M clade differs from the others in amino acid composition by at
least 20% in the envelope region and 15% in the Gag
region (Robertson et al., 2000).
In the HIV-1 M group, subtype A is found
primarily in Central Africa, clade B in North America
and Europe, clade C in South Africa and India, and
clade D in Central Africa. Subtype F includes a few
isolates from Brazil (Potts et al., 1993) and all of
the viruses thus far characterized from children in
Romania (Dumitrescu et al., 1994). Other group M subtypes include viruses from Russia (G) (Bobkov et al.,
1994), Africa and Taiwan (H) (Los Alamos National
Laboratory, 2001), Zaire (clade J) (Laukkanen et al.,
1999), and Cameroon (clade K) (Roques et al., 1999). The
M group also includes many circulating recombinant
forms (CRF) (Korber et al., 2001; Thomson et al., 2002),
which encode genetic structures from two or more
subtypes (e.g., A/E ⫽ CRF01AE; A/G ⫽ CRF02AG).
Presently there are 16 recognized CRFs derived from
HIV-1 group M isolates (Peeters et al., 2003; Robertson
et al., 2000).

pol

vpr

rev

tat

PATHOGENESIS
Overview
HIV transmission to an uninfected host occurs across
mucosal surfaces during sexual contact, parturition,
and early infancy (Ruprecht et al., 1999), and by traumatic introduction of virus particles across the intact
dermis during percutaneous exposure. Infectious virus
particles attach to a restricted set of host target cells
through specific receptor/ligand mediated interactions
between viral and cell membrane surfaces. Following
attachment, fusion of the viral lipid membrane and
the host cell membrane results in the release of viral
nucleocapsid contents into the cytoplasm. The host
RNA genome undergoes reverse transcription during
transit to the cell nucleus, and subsequently integration into the host genome. Transcriptionally active cells
produce new virus particles by nonlytic mechanisms
to complete the life cycle. Viral genes may also remain
transcriptionally silent within long-lived lymphocytes
cells, resulting in the presence of a latent reservoir.
Host humoral and cellular responses mediate the lysis
of infected cells and contribute to the rapid clearance of
virus particles from blood, but generally do not result
in suppression of viremia or elimination of infected
cells. Infected CD4⫹ T lymphocytes undergo cell death
by direct and indirect mechanisms, resulting in depletion of CD4 T-lymphocytes and profound immune
dysregulation over a period ranging from years to decades. Host demise is ultimately precipitated by onset of
opportunistic infections.

Transmission across the Epithelium
Horizontal transmission of HIV to an uninfected
host generally occurs through either percutaneous
exposure, or across a mucosal surface. During percutaneous infection, a source of replication-competent virus
particles is introduced into the systemic circulation,
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TABLE 25.1
Proteinsa
Gag

HIV proteins and their functions

Size (KDa)
p24
p17
p7

p6

Function
F1

Matrix (MA) protein,
myristoylated
Nucleocapsid (NC)
protein; helps in reverse
transcription
Role in budding
(L domain)

Polymerase (pol)

p66, p51

Reverse transcriptase (RT);
RNAse H-inside core

Protease (PR)

p10

Post-translation processing
of viral proteins

Integrase (IN)

p32

Viral cDNA integration

Envelope

gp120

Envelope surface (SU)
protein
Envelope transmembrane
(TM) protein

gp41

F2

Capsid (CA), structural
protein

Tatb

p14

Transactivation

Revb

p19

Regulation of viral mRNA
expression

Nef

p27

Pleiotropic, can increase
or decrease virus
replication

Vif

p23

Increases virus infectivity
and cell:cell transmission;
helps in proviral DNA
synthesis and/or in virion
assembly

Vpr

p15

Helps in virus replication;
transactivation

Vpub,c

p16

Helps in virus release;
disrupts gp160:CD4
complexes

Vpxd

p15

Helps in entry and
infectivity

Tevb

p26

Tat/Rev activities

Source: Reprinted with permission from Levy (2007).
See Fig. 25.2 for location of the viral genes on the HIV genome.
b
Not found associated within the virion.
c
Only present with HIV-1.
d
Only encoded by HIV-2; may be a duplication of Vpr.
a

H

C
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FIGURE 25.3 HIV-1 phylogenetic tree. HIV gene sequence phylogeny showing HIIV-1 major groups M, N, and O, and group M
subtypes. Reprinted with permission from Levy (2007).

through several mechanisms. Viruses are taken up
and transported across the epithelium by intraepithelial dendritic cells (DC), which may either be directly
infected, or trap intact virions on the cell surface in a
form suitable for antigen presentation (Geijtenbeek
et al., 2000; Kwon et al., 2002). HIV has also been shown
to cross the epithelium through mechanical breaches
caused by trauma or infection, allowing direct contact
with and infection of local CD4⫹ T-cells and tissue
macrophages. Infected DC (Kwon et al., 2002), T-cells,
and macrophages present at the site of transmission
travel via afferent lymphatic channels to regional lymph
nodes (Pope et al., 1995), where surface-expressed and
newly synthesized virus particles establish new rounds
of infection. In this way, HIV subverts normal antigenprocessing pathways to access suitable targets for viral
replication within the host.

The Replication Cycle
Host Cell Binding
where direct contact between host CD4⫹ T lymphocytes and infectious virions presumably results in
productive infection. Infection across mucosal surfaces
of the genitourinary and gastrointestinal (GI) tracts
generally takes place through sexual contact, during
parturition, and after exposure through breastfeeding.
Viral translocation across mucosal surfaces may occur

HIV replication cycle occurs through a series of
partially defined steps from viral entry to the budding of new particles from the infected cell surface.
Infectious virus particles attach to the host target cell
through the interaction between a trimeric complex
of three surface gp120 molecules (Earl et al., 1990)
and three transmembrane gp41 molecules within the
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viral envelope, and CD4 expressed on the host plasma
membrane. Binding of viral gp120 with CD4 triggers
a series of conformational changes which expose binding sites to an additional host cell coreceptor that is
required for entry (Sullivan et al., 1998). Although
12 distinct chemokine receptor molecules have been
shown to serve as chemokine coreceptors for HIV
entry in vitro, only two appear to be important for
viral pathogenesis in humans (Berson et al., 1996;
Deng et al., 1996; Feng et al., 1996). Primary infection and chronic disease are generally characterized
by viral populations tropic for CCR5, while viruses
tropic for CXCR4 are observed in late infection in some
individuals (Scarlatti et al., 1997), and may herald
profound immune dysfunction.
Membrane Fusion
Transmembrane gp41 is present as a six helix
bundle in a noncovalent association with gp120 in
the viral envelope (Chan et al., 1997). Full binding
of gp120 to CD4 and either CCR5 or CXCR4 induces
major conformational changes within g41 (Chan and
Kim, 1998), which dissociates from gp120, and inserts
a hydrophobic fusion peptide “harpoon” into the
host cell membrane. Gp41 subsequently folds back
upon itself into a hairpin-like structure, drawing the
viral and cell membranes into close proximity, immediately prior to fusion (Chan and Kim, 1998). Fusion
of the viral and cell membranes is followed by release
of the contents of the nucleocapsid into the cytoplasm. Following entry, both strands of the viral RNA
genome are associated with reverse transcriptase, integrase, viral protein R (Vpr), lysine transfer RNA (tRNALYS), host cell actin filaments, and other host and
viral proteins (Karageorgos et al., 1993; Bukrinskaya
et al., 1998). This aggregation constitutes the reverse
transcriptase complex which effectuates reverse transcription of the viral genomic RNA into DNA during
transit to the cell nucleus (Karageorgos et al., 1993).
Entry and Reverse Transcription
Reverse transcription of the diploid single-stranded
(⫹) RNA genome into double-stranded DNA is accomplished by the retroviral enzyme reverse transcriptase.
Reverse transcription of the RNA template occurs
through a series of well-defined molecular steps,
beginning with the priming of an RNA strand by
tRNALYS, proceeding through two-strand-transfer
jumps in which a nascent DNA segment jumps to a
complementary region of the template strand, and ultimately resulting in the polymerization of two complementary proviral DNA strands. During this process,

the RNA template undergoes degradation catalyzed by
the RNAse H portion of reverse transcriptase. Because
RNAse does not have a proofreading function, reverse
transcription is extremely error-prone, resulting in the
frequent introduction of point mutations during each
generation. In addition, strand-transfer errors may
result in insertions, deletions, and recombination in
the newly transcribed viral genome (reviewed in Gotte
et al., 1999). These changes underlie the enormous
genetic variability characteristic of HIV.
Nuclear Entry and Integration
After reverse transcription, the HIV preintegration complex (PIC), composed of double-stranded
proviral DNA, integrase, and several additional proteins (Miller et al., 1997), enters the host cell nucleus.
In contrast with other retroviruses, the HIV PIC may
enter the nucleus of both dividing and nondividing
cells (Weinberg et al., 1991). The size of the PIC is considerably larger than the 25 nm diameter of nuclear
pores (Pemberton et al., 1998), and the precise mechanisms by which entry takes place are unclear (Dvorin
et al., 2002). This process may involve binding of a
“DNA flap” domain to host nuclear targeting proteins
(Zennou et al., 2000), or transient herniations of the
nuclear membrane with intravasation of cytoplasmic
contents into the nucleus. Once in the nucleus, the
viral integrase gene and poorly characterized cellular cofactors catalyze proviral DNA integration into
the host chromosome, preferentially targeting active
host gene regions. Proviral DNA may also undergo
autointegration, resulting in episomic, replicationincompetent LTR circles (Li et al., 2001).
Transcription
The integrated HIV genome may reside in a dormant state within resting cells (Adams et al., 1994), or
become transcriptionally active. The former circumstance accounts for the persistence of HIV within latent
reservoirs despite therapy. Transcriptional activation of
the integrated proviral genome appears to be dependent on several host cellular factors that are upregulated
following cell activation, and is greatly enhanced by
the presence of the viral tat protein (Kao et al., 1987).
Tat acts in part to recruit transcriptional factors to the
HIV LTR region, a process that is inefficient in the
absence of tat (Wei et al., 1998). The HIV genome contains numerous donor (5’) and acceptor (3’) splice sites,
allowing at least 30 alternative mRNA molecules to be
made from a single HIV proviral gene. Transcription
products include the full-length unspliced primary
transcript (⬃9 kb) and a variety of partially and fully
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cells producing progeny viruses, and ultimately die
after several days due to viral cytopathic effects or
host immune mechanisms. However, in some cases, T
cells destined to become long-lived, quiescent memory T lymphocytes express sufficient CCR5 on the cell
surface to become infected. These cells progress to a
state of transcriptional inactivity, but contain one or
more HIV proviral genomes, resulting in the maintenance of a long-lived latent viral reservoir (Finzi
et al., 1997; Chun et al., 1997). Latently infected cells
may undergo reactivation at a later time by exposure
to antigen, resulting in upregulation of transcriptional
activity and virus production. The size of the latent
HIV reservoir in humans is unclear, but has been estimated to be approximately 106 cells, and may have
a half-life in excess of 43 months (Finzi et al., 1997;
reviewed in Pierson et al., 2000). The presence of the
latent reservoir is responsible for persistent infection
despite long-term effective therapy, and ensures that
decades of continuous and complete inhibition of viral
replication would be required to cure HIV through
ART alone. “Flushing out” latently infected cellular
reservoirs of HIV continues to be investigated as an
approach to eradicating HIV from the host (Kulkosky
et al., 2002; Stellbrink et al., 2002; Fraser et al., 2000).

spliced mRNAs encoding the viral env protein and
the six accessory gene products of the viral genome
(Saltarelli et al., 1996). Viral replication depends on a
balanced production of unspliced and spliced transcriptional products.
Viral Assembly and Budding
Viral mRNA translation products (gag, gag-pol,
vpr, and vif gene products) and two full-length viral
genomic RNA molecules are assembled at the plasma
membrane for packaging into a new virus particle
(Fig. 25.4) (Wilk et al., 2001). Assembly and budding
appear to require the action of both viral proteins
and host cytosolic proteins (Zimmerman et al., 2002),
which are diverted from their normal cytosolic functions. Host proteins involved in viral assembly and
budding include tumor suppressor gene 101, which
normally functions to direct products to incorporation
within multivesicular bodies for degradation (MartinSerrano et al., 2003; Bieniasz, 2006). Budding of virus
particles takes place preferentially near cholesterolrich rafts in the plasma membrane (Liao et al., 2001;
Ono and Freed, 2001), resulting in enrichment of cholesterol within the viral membrane, a factor that may
be important for subsequent fusion events during
infection of a new host cell (Liao et al., 2001).

Death of Infected Target Cells
A wide range of host cells are susceptible to HIV
infection. However, the cell populations most directly
involved in the process of transmission and virus production during all stages of illness are CD4-bearing
cells of the host immune system, including DC,

Viral Latency
Most T cells that become infected during successive rounds of replication are activated CD4⫹ T lymphocytes which go on to become productively infected
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FIGURE 25.4

Viral assembly and budding. The figure depicts assembly of new virus particles, and budding from a cholesterol-rich raft in
the plasma membrane. Adapted with permission from HIV InSite (see color plate section).
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activated and resting memory CD4⫹ T lymphocytes,
and macrophages. Of these, the activated memory CD4⫹ T cell, and in particular, the HIV-specific
memory T cell (Douek et al., 2002), is preferentially
infected in vivo. Other host cells may also support
infection, including CD8⫹ T cells (Roederer et al., 1995)
astrocytes and other cells of the central nervous system
(Rothenaigner et al., 2007), capillary endothelial cells,
columnar cells of the GI tract, pulmonary fibroblasts,
renal tubular cells, and several other cell types. The full
pathophysiologic significance of these other infected
cell populations is unclear. Productively infected cells
typically have a shortened life span. For example, the
activated CD4⫹ T cell typically dies within several
days of infection (Patki et al., 2000; Bolton et al., 2002;
Lenardo et al., 2002). Infected tissue macrophages and
DC may persist for weeks to months (Smith et al.,
2001), respectively. Numerous mechanisms have been
advanced to account for the profound loss of CD4⫹ T
cells that occurs during primary HIV infection, including direct cell killing of host cells (Mattapallil et al.,
2005; Li et al., 2005), cytopathic effects of HIV transcriptional products (Bolton and Lenardo, 2007; Sakai
et al., 2006; Jones et al., 2007; Weinhold et al., 1989), host
cytolytic activity, and bystander effects causing apoptosis of uninfected neighboring cells (Holm and Gabuzda,
2005). The relative contribution of direct and indirect
mechanisms to CD4⫹ cell loss has been a matter of
significant debate (Anderson et al., 1998; Grossman
et al., 2002; Veazey and Lackner, 2005).

CD4 T-Lymphocyte Homeostasis
Primary HIV infection is typically associated with
an abrupt fall in the peripheral CD4⫹ T-cell count,
which is followed by a partial recovery and slow
decline over years before reaching the levels associated with AIDS. However, the presence of a modest
decline in CD4⫹ T cells in the periphery during early
and chronic disease may mask a more significant state
of immune dysregulation. Approximately 60–65% of
all body CD4⫹ T cells are located within the GI tract
(Cerf-Bensussan and Guy-Grand, 1991; Mowat and
Viney, 1997), either as lamina propria lymphocytes
or intraepithelial lymphocytes. Moreover, nearly
all of these are activated cells (Zeitz et al., 1988) and
thus ideal targets for HIV infection. Recent work has
demonstrated that following infection by any route,
there is early massive viral replication and nearly total
CD4⫹ cell loss within the GI tract (Mehandru et al.,
2004, 2006; Brenchley et al., 2004), and that CD4⫹
cell recovery in this site during chronic infection is
very poor despite ART (Mehandru et al., 2006). The

profound immunologic disruption at this site may
underlie the immunologic changes leading to failure
of the immune system during disease progression.
The gradual failure of CD4 T-cell homeostasis that
occurs during chronic disease progression has been
ascribed to a state of heightened immune activation (Giorgi and Detels, 1989; Bouscarat et al., 1996;
Lederman et al., 2000; Hazenberg et al., 2000; Sousa
et al., 2002), increased T-cell production and T-cell
loss (De Boer et al., 2003). In the uninfected host,
naïve CD4⫹ thymocytes may occasionally become
activated in response to antigens, and then may enter
the resting memory CD4⫹ pool, but more frequently
undergo apoptosis (Patki et al., 2000). CD4⫹ T-cell
loss is balanced by new thymic production of naïve
CD4⫹ cells. In the otherwise healthy adult, abrupt
depletion of CD4 cells is followed by gradual recovery
that is limited by thymic output, and is attenuated in
comparison with CD8 recovery (Atkinson et al., 1982;
Watanabe et al., 1997; Mackall et al., 1997). During
chronic HIV infection, after the profound CD4⫹ T-cell
loss of primary infection, recovery of CD4⫹ T cells is
further hampered by abnormally upregulated activation and apoptotic death of CD4⫹ cells, histological
and functional disruption of lymphatic tissue, and
impaired output from the marrow (Louache et al.,
1992; Marandin et al., 1996) and thymus (Kalayjian
et al., 2003). Thus, CD4 T-cell homeostasis during
chronic infection is characterized by abnormally high
cellular turnover (De Boer et al., 2003). The precise
dynamic mechanisms leading to T-cell depletion over
time remain a matter of some conjecture. According to
one widely held view, failure is likened to a “tap and
drain” model (Amadori et al., 1996), in which CD4
T-cell loss slightly exceeds production capacity,
resulting in gradual CD4 T-cell depletion (Fig. 25.5).

Viral Diversity and Pathogenesis
The enormous rate of virus production (1010 particles each day) (Ho et al., 1995; Ramratnam et al., 1999)
and high rate of error (10⫺5 changes per base pair per
generation) (Mansky and Temin, 1995) characteristic of HIV replication permit the virus to accumulate
a tremendous degree of genomic variation over time.
For example, it has been estimated that the genetic
diversity of the entire worldwide influenza A virus
gene pool is approximately equal to the HIV-1 genetic
diversity typically present within a single infected
individual (Korber et al., 2001). The exceptional ability of HIV to change over time allows the infecting
viral population to effectively adapt to environmental selective pressures. Through antigenic variation,
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FIGURE 25.5 Disruption of normal T-cell homeostasis due to
HIV infection. (A) Under normal conditions, losses from the resting
memory CD4⫹ and CD8⫹ T lymphocyte pools through activation,
and apoptosis are balanced by the input of new naïve T cells from
the marrow and thymus. (B) During chronic HIV infection, increased
activation of both CD4⫹ and CD8⫹ T cells results in increased cell
turnover. CD4⫹ T-cell homeostasis is relatively impaired because of
reduced output from marrow and thymus, resulting in a smaller pool
of naïve T cells and resting memory CD4⫹ T cells. Naïve cells, clear
center; resting memory cells, light gray center; activated cells, hatched
center; dying cells, black center; HIV-infected cells, speckled center.
Processes/cell populations affected by HIV infection are highlighted
by upward and downward arrows Adapted with permission from
Douek (2003) (see color plate section).

HIV is able to evade host humoral and cell-mediated
immunity. Similarly, HIV readily evolves resistance
mutations to nearly all known antiretroviral agents,
leading to therapeutic failure during clinical management (Fournier et al., 2005; Haddad et al., 2000; Orkin
et al., 2005; Raguin et al., 2004; Saag, 2004; Sabin et al.,
2005). Finally, HIV is able to exploit a wide range of
cellular niches. For example, by expanding its coreceptor tropism during disease progression to allow
CXCR4 usage, HIV may infect a wider range of cells
including naïve T cells, thereby further exacerbating
host CD4 depletion (Scarlatti et al., 1997; Connor et al.,
1997; de Roda Husman et al., 1997; Berkowitz et al.,
1998). Thus, viral evolution drives many of the processes resulting in disease progression and poor clinical outcome in the human host.

Both humoral and cell-mediated adaptive immune
responses are elicited in response to HIV infection.
Because cytotoxic T lymphocytes (CTL) can only recognize infected cells, cytolytic mechanisms cannot
prevent infection, but are thought to be the primary
immunologic mechanism in response to a variety
of viral infections in mammals. Cytotoxic CD8⫹
T-cell responses appear to be the earliest meaningful
responses following HIV infection, and are credited
with reducing plasma viral load to steady-state levels
from the peak levels seen during primary infection.
Humoral immunity arises within weeks of primary
HIV infection, and the detection of host antibodies (Ab) to HIV antigens forms the basis of the HIV
enzyme linked immunosorbent assay (ELISA), the
serological test that is most widely used to screen for
HIV infection. Host Ab are capable of rendering virus
particles inactive, and theoretically could provide sterilizing immunity from infection. However, neutralizing antibodies (nAb) are not believed to have a major
role in controlling viral replication during chronic HIV
infection. Less information is available on the role of
innate immune mechanisms in controlling HIV.

Antibody Response to HIV
Humoral immunity constitutes one of the two
major limbs of the adaptive immune system in mammals. Ab are elicited in response to most infections
in humans, and are capable of providing protection from challenge by a wide range of bacterial and
viral pathogens after vaccination or natural infection
(Robbins et al., 1995). HIV-specific Ab are primarily
directed against epitopes within the viral gp120 and
gp41 proteins that are expressed on the surface of the
viral plasma membrane (Hansen et al., 1990; Scanlan
et al., 2002; Ugolini et al., 1997; Valenzuela et al., 1997;
Sattentau and Moore, 1995). The antibody response to
HIV is therefore confined to targets within a relatively
narrow portion of the viral genome. HIV-specific Ab
have been shown to interfere with HIV replication
through several mechanisms. nAb, by definition,
abrogate the ability of the virus to infect new host
cells. Anti-HIV nAb generally function by binding
to conserved epitopes on gp120 and gp41 necessary
for engagement with CD4 (Ugolini et al., 1997; Zhou
et al., 2007) or the host cell chemokine coreceptor
(Decker et al., 2005; Trkola et al., 1996), or to domains
necessary for fusion (Fig. 25.6) (Golding et al., 2002;
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Gorny and Zolla-Pazner, 2000). Non-nAb may also
impact viral replication, through antibody-dependent
cellular cytotoxicity (ADCC) (Tyler et al., 1990; Koup
et al., 1991; Jewett and Bonavida, 1990). Ab binding to
viral peptides expressed on the surface of the infected
cell stimulate engagement of cytotoxic cells bearing
the Fc receptor, including NK cells, macrophages, and
other cell types, resulting in cell-mediated lysis.
HIV has evolved several static and dynamic
strategies to evade host humoral response. In its
functional form, gp120 is present on the viral surface
in a noncovalently bound trimeric configuration (Earl
et al., 1990), in which sensitive epitopes are shielded
from exposure to Ab. Binding to CD4 induces conformational changes which temporarily expose chemokine
coreceptor binding sites (Sullivan et al., 1998; Sattentau
and Moore, 1995) to allow completion of attachment
and fusion. Because several important nAb epitopes are
located within these binding regions, important targets
for the nAb response are only transiently exposed to
neutralization (Labrijn et al., 2003). In addition, monomeric gp120 and other fragmentary degradation products are copiously produced during the process of viral
replication (Moore et al., 2006; Wyatt and Sodroski, 1998).
While monomeric gp120 is highly immunogenic, Ab
generated in response to monomeric gp120 are typically
nonneutralizing (Sattentau and Moore, 1995). Immune
responses are thereby diverted to decoy targets and
are rendered ineffective in clearing circulating viruses.
HIV has also been shown to evolve under selective
pressure imposed by humoral immunity. The HIV env
genes contain five hypervariable loops, V1–V5, which
are the most highly variable regions of the genome.
Extensive length polymorphism, particularly within
V1 and V2, and point mutations throughout env
permit viral escape from circulating Ab (Moog et al.,
1997; Deeks et al., 2006; Albert et al., 1990; Geffin et al.,
2003). Studies have also demonstrated that bulky glycan sidechains inserted at N-linked glycosylation sites
(NLGS) may protect important epitopes within gp120,
and that virus escape from nAb in vivo and in vitro can
be directly attributed to the evolution of new NLGS
within env under antibody-mediated selective pressure
(Wei et al., 2003). Thus, the virus particle may be protected from nAb by an “evolving glycan shield.”
Following natural infection in humans, anti-HIV Ab
arise within weeks and continue to persist and evolve
throughout chronic infection (Wei et al., 2003), before
waning in intensity in some individuals with the onset
of AIDS. Most Ab produced by the host are ineffective
at neutralizing circulating virus particles. Host plasma
has been shown in some laboratory studies to neutralize viruses that had been circulating at earlier times,
but most studies suggest that the host-specific nAb
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response lags significantly behind viral evolutionary changes (Moog et al., 1997; Albert et al., 1990; Wei
et al., 2003), and is thus poorly able to neutralize contemporaneous virus populations. Passive immunity
studies have shown that antibody responses can block
infection in macaques and chimpanzees (Emini et al.,
1992; Gauduin et al., 1995; Shibata et al., 1999; Mascola
et al., 2000). However, there is relatively little evidence
for a relationship between nAb responses and clinical
outcome during natural infection. Some, but not all,
studies in long-term nonprogressors have suggested
an association between the nAb response and slowed
disease progression (Harrer et al., 1996; Montefiori
et al., 1996; Binley et al., 1998). Two large phase III efficacy trials based on eliciting Ab to env epitopes failed
to demonstrate protection from infection. The impact
of humoral immunity on infection and disease progression and the importance of Ab in providing protection from HIV challenge after vaccination continue
to be a matter of debate.

Cell-Mediated Immunity to HIV
Cytotoxic CD8⫹ T cells recognize infected host
cells through a highly specific interaction with
viral proteins that are coexpressed on the surface of
infected cells in association with major histocompatibility (MHC) class I molecules. These complexes arise
when viral proteins produced during HIV replication
are cleaved into short peptides of 8–11 amino acids
by cell peptidases, and redirected to the endoplasmic
reticulum for binding to MHC molecules and eventual
transportation to the plasma membrane. The CD8⫹
T cell engages infected cells through binding of the
T-cell receptor (TCR) with viral antigen–MHC complexes. TCR binding is epitope-specific, and CD8⫹
T cells are restricted to a single epitope based on the
configuration of the TCR. After binding, several mechanisms mediate killing of the infected target cell (Kagi
et al., 1994). Following the release of lysis granules,
perforin may insert into the target cell plasma membrane, creating ion channels which cause osmotic dysregulation of and lysis of the target cell. Binding of Fas
ligand (Fas-L) with Fas expressed on the target cell
surface causes apoptotic cell death through a series of
programmed cytoplasmic and nuclear events (Nagata
and Golstein, 1995). Activated CD8⫹ cells also release
interferon gamma (INF-γ), as well as the beta chemokines MIP-1α, MIP-1β, and RANTES, the natural
ligands of CCR5 (Cocchi et al., 1995). Release of these
soluble products cause neighboring cells to become
intrinsically more refractory to viral infections, or less
susceptible to HIV by reducing the surface expression
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and/or binding availability of CCR5 (Cocchi et al.,
1995).
A number of factors act to limit the effectiveness
of the CD8⫹ cytotoxic response in humans. CD8⫹
T cells from HIV-1 infected individuals have shown
numerous defects, including dysregulated cytokine
expression (Tanaka et al., 1999; Garba et al., 2002;
Barker et al., 1995), abnormal skewing towards preterminally differentiated maturation states (Champagne
et al., 2001), upregulation of immunomodulatory surface receptors (Trautmann et al., 2006), impairment of
granule-dependent lysis (perforin and granzyme A)
(Yang et al., 2005; Andersson et al., 2002; Chiang et al.,
1996; Trabattoni et al., 2004), anergy in the presence of
HIV antigens (Lichterfeld et al., 2004), and increased
susceptibility to apoptotic signals (Petrovas et al.,
2004). Finally, HIV-1 may interfere with CD4 helper
function by causing depleting CD4 cells (Douek et al.,
2002; Brenchley et al., 2006), or by inducing an inappropriate skewing of the CD4 helper function toward
a Th2 rather than a Th1 pattern of cytokine response,
favoring antibody over cellular immune mechanisms.
Because virus-specific CD4⫹ T-helper function appears
to be required to maintain maximally effective CD8
responses (Matloubian et al., 1994; Battegay et al., 1994;
Hasenkrug et al., 1998; Kalams et al., 1999), dysregulation of CD4 T-cell function is likely to further weaken
cytotoxic immunity during disease progression.
Vigorous CTL responses to HIV infection are
typical (Betts et al., 2001; Migueles and Connors, 2001;
Gea-Banacloche et al., 2000; Pantaleo et al., 1994), and
several lines of evidence indirectly suggest that cytolytic mechanisms are of primary importance in response
to HIV infection. In animal models, depletion of CD8⫹
T cells abrogates the usual dip in viral load from peak
viremia following primary infection (Matano et al.,
1998) and interferes with host ability to maintain steadystate viral loads (Jin et al., 1999; Schmitz et al., 1999),
suggesting that control is mediated in part by cytolytic
mechanisms. In the SIV model of HIV infection, vaccination studies have shown that robust CTL responses
may result in some degree of control of infection
(Amara et al., 2001; Shiver et al., 2002; Barouch et al.,
2000). In humans, a dip in peak viremia is also typically observed at some time following primary infection, and this has been correlated with the appearance
of HIV-specific CTL (Borrow et al., 1994; Koup et al.,
1994). Furthermore, disease progression has been
shown to be profoundly influenced by host human
leukocyte antigen (HLA) class 1 genotype (Carrington
and O’Brien, 2003; Kaslow et al., 1996; Carrington et al.,
1999; Gao et al., 2001). Because of the prominent role of
HLA in antigen presentation and CTL lysis, this observation implies that CTL mechanisms play a significant
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role in the host response to infection. Several studies
have shown relatively strong CTL responses in longterm nonprogressors, suggesting that CTL mechanisms
may be a significant determinant of disease progression (Harrer et al., 1996; Rinaldo et al., 1995; Betts et al.,
1999). Moreover, finding a direct link between the targeting of particular CTL epitopes and disease progression has been elusive.

EPIDEMIOLOGY
Since the first cases of AIDS were reported in 1981,
HIV infection has grown to pandemic proportions,
resulting thus far in an estimated 65 million infections
and 25 million deaths (CDC, 1981; UNAIDS, 2006). An
estimated 33.2 (30.6–36.1) million people worldwide
live with HIV-1 (UNAIDS, 2007). In 2007, there were
2.5 million new HIV-1 infections and 2.1 million AIDS
deaths (UNAIDS, 2007). Today, this pandemic has
left no region of the world untouched (Inciardi and
Williams, 2005) (Fig. 25.7). Currently, more than 6800
persons become infected with HIV and more than
5700 persons die from AIDS each day, mostly because
of inadequate access to HIV prevention and treatment
services. The HIV pandemic remains the most serious
infectious disease challenging public health (UNAIDS,
2007).
Worldwide, heterosexual contact is the most
common mode of transmission, accounting for about
85% of all HIV-1 infections (Simon et al., 2006). In the
United States, sexual contact between men remains the
most common means of sexual transmission, accounting for approximately 40% of the new cases (UNAIDS,

2006). Intravenous drug use is an increasing mode of
HIV-1 transmission, particularly in Eastern Europe
and Southeast Asia (UNAIDS, 2006). The rapid spread
of infection of HIV-1 in these regions through injecting drug use is important, since it provides a bridge
for rapid establishment of more generalized epidemics
(Simon et al., 2006).
Sub-Saharan Africa remains the most seriously
affected world region, with AIDS established as the
leading cause of death there (UNAIDS, 2007). With
only about 10% of the world’s population, this region
contains more than two-thirds (68%) of all people
who are HIV positive, and more than three-quarters (76%) of all AIDS deaths in 2007 occurred here
(UNAIDS, 2007). Transmission in this region is primarily through heterosexual contact. Southern Africa
is the epicenter of the AIDS epidemic. This subregion
accounts for 35% of all people living with HIV and
almost one-third (32%) of all new HIV infections and
AIDS deaths globally (UNAIDS, 2007). All countries
in the region except Angola have an estimated adult
(i.e., aged 15–49 years) HIV prevalence exceeding 10%
(UNAIDS, 2006). Although sub-Saharan Africa continues to bear a disproportionate burden of HIV-1 infections, an increasing number of countries now report
stabilization or decline in prevalence (e.g., Zambia,
Tanzania, Kenya, Ghana, Rwanda, Burkina Faso,
and Zimbabwe) (UNAIDS, 2006). There is some evidence to attribute these reductions to changes in sexual behavior, such as postponement of sexual debut,
reduction in casual relationships, and more consistent condom use in casual relationships (Halperin and
Epstein, 2004; Cates, 2005).
Unlike other regions, the majority of people
living with HIV in sub-Saharan Africa (61%) are

FIGURE 25.7

Global HIV epidemiology. Adults and children estimated to be living with HIV, 2007.
Reproduced with permission from
UNAIDS (http://www.unaids.org).
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women (UNAIDS, 2007). Overall, a quarter of all
new HIV-1 infections occur in persons younger than
25 years (UNAIDS, 2006). HIV-1 infection rates are
three to six times higher in female adolescents than
in their male counterparts (UNAIDS, 2006 AbdoolKarim and Abdool-Karim, 2002; Shisana and Davids,
2004; Pettifor et al., 2005); this difference is attributed
to widespread sexual coupling of young women with
older men. The increasing burden of HIV infections
in women in this region has important implications
for mother-to-child transmission as well as the large
number of orphaned children. An estimated 11.4 million children in this region have been orphaned due to
HIV and AIDS (Marston et al., 2005).

CLINICAL DISEASE
Clinical signs and symptoms of HIV may not
become apparent until several years after infection.
People who are HIV infected through sexual exposure
can be viremic in 4–11 days (Kahn and Walker, 1998).
During this early time period, a clinical “acute-retroviral” syndrome is reported in 40–80% of the infected
individuals. Symptoms include fever, rash, lymphadenoapthy, headache, pharyngitis, aseptic menegitis,
arthralgias, and myalgias. Symptoms are often mistakenly attributed to another viral illness, and usually
resolve within 14 days. In one study, 94% of individuals sought medical attention during this period, but
only one in four received the diagnosis of acute HIV
infection (Schacker et al., 1996). During primary infection, individuals typically have very high plasma virus
levels. In fact, one study showed that individuals with
acute infection were the source for half of all new infections in a large urban setting (Brenner et al., 2007).
After this initial viremic period, an infected individual that goes unrecognized and/or untreated
may be without symptoms from their infection. The
median time from infection to progression to AIDS is
8–10 years, with a general decline of CD4 counts of
50–75 cells/year and increasing plasma viral load in
untreated individuals (Lyles et al., 2000). However,
irreversible immunologic changes appear to occur
soon after infection, with severe depletion of CD4⫹
lymphocytes particularly in lymphoid tissue of the
GI tract (Brenchley et al., 2004). The pace of disease
progression is generally influenced by an individual’s viral load, general health, and other concomitant
infections and illnesses. The risk of developing an
AIDS-defining illness in a 3-year period is correlated
with plasma viral load and peripheral CD4⫹ T-cell
count (Mellors et al., 1997).
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Individuals with CD4 counts greater than 500 cells/
μl are generally asymptomatic, but may experience lymphadenopathy, a variety of dermatologic conditions,
and appear to be at increased risk of acquiring hematologic malignancies such as non-Hodgkins lymphoma.
Individuals with a CD4 count between 200 and 500 may
continue to be asymptomatic or may present with mild
disease. Recurrent mild viral disease (herpes simplex,
zoster infections, oral hairy leukoplakia), fungal infections (vaginal or oral candidiasis), and bacterial infections (sinusitis, recurrent pneumonias) may manifest
at this point. Complaints of fatigue, weight loss, and
various myalgias and arthralgias are common. As CD4
counts decline to between 50 and 200, untreated individuals often begin to experience more significant manifestations of immune compromise. These may include
pneumocystis pneumonia (which remains the most
common opportunistic infection in AIDS patients), toxplasmosis encephalitis, parasitic diarrheal illnesses, and
oncologic conditions such as invasive carcinoma of the
cervix, rectum, or anus.
Severely immunocompromised untreated HIVinfected individuals (CD4 counts less than 50) are at
risk for additional opportunistic infections such as
disseminated Mycobacterium avium complex disease
(manifested as fever, weight loss, bone marrow involvement, as well as a number of less common organ
involvements), cryptococcal meningitis, a number of
diarrheal illnesses (bacterial, viral, and parasitic), disseminated endemic mycoses, and HIV wasting syndrome and encephalopathies.

MANAGEMENT AND
TREATMENT OF HIV
Initial management of a newly diagnosed HIV patient
includes taking a detailed medical history and performing a thorough physical examination. Key elements in
evaluating an HIV-infected individual include information regarding social and sexual history to identify the
risk factors associated not only with HIV acquisition but
also HIV transmission. This history should also include
information on patient sexual practices including type
and number of sexual partners and use of barrier methods of protection, history of sexually transmitted infections (STIs), drug and alcohol use, the exchange of sex for
money or drugs, and intravenous or other drug use. This
history should be an opportunity to counsel patients on
ways to prevent the acquisition of concurrent STIs and
decrease the risk of HIV transmission. It is also a time
to address barriers to successful management and treatment of HIV infection, and to identify current medical
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issues that may limit use of antiretroviral drugs. Certain
laboratory, radiologic, and clinical studies will also assist
with management (Table 25.2). Genotypic viral resistance assays are currently part of the recommendation for
all HIV-infected individuals as they enter care, regardless of how long they have been infected, to assess for
transmission of resistant viral isolates (Hammer, 2005).
These assays are not universally available. Infected individuals should be screened annually for tuberculosis,
STIs, and age-appropriate health screenings as recommended by a number of professional societies including the American Cancer Society, the Infectious Disease
Society of America, the Centers for Disease Control, and
the American College of Physicians.
Prior to the availability of effective therapy in the
mid-1990s, HIV infection was predictably associated with gradual host decline leading to death many
years after infection in most individuals. This pattern
is still widespread in many developing countries with
high prevalence of HIV infection and limited access to
HIV therapy. The advent of highly active ART in certain areas has a marked impact on survival from HIV
disease. In eight large US cities, mortality declined
from 29.4 per 100 person years in 1995 to 8.8 per 100
person years in the second quarter of 1997 (Palella
et al., 1998). Over the past decade, ART has continued
to improve with less toxic medications and better dosing schedules. Also, the number of drugs and number
of classes of available agents dramatically increased.
There are presently five classes of FDA-approved
medications encompassing 23 different individual
drugs (Table 25.3). The five classes (entry inhibitors,
nucleoside/nucleotide reverse transcriptase inhibitors, nonnucleoside reverse transcriptase inhibitors,
protease inhibitors, and integrase inhibitors) interrupt
different stages of the HIV life cycle, both at extracellular and intracellular stages in viral production.
Presently, standard therapy includes using at least
three different drugs from two classes of medications.
Current recommendations from a number of international bodies recommend starting therapy prior
to significant immune compromise (Hammer et al.,
2006). This approach should be balanced against the
long-term side effects from medications, which may
include metabolic abnormalities, increased cardiovascular events, dysmorphic body changes, and significant GI intolerance. Also, in developing countries,
there are significant limitations to access that impact
the choice and timing of ARTs. In general, individuals with symptomatic HIV disease or CD4 counts
less than 200 should be initiated for appropriate ART.
Individuals with CD4 counts greater than 350 do not
require immediate initiation of therapy, although
those with very high viral loads (greater than 100,000)

TABLE 25.2 Baseline recommended testing in newly
diagnosed HIV patient
General evaluations

HIV-specific testing

Complete blood count

CD 4 cell counts

Electrolytes, glucose, blood urea
nitrogen, creatinine

Plasma HIV-1 RNA

Bilirubin, alkaline
phosphatase, transaminases (AST/
ALT)

Genotypic test for
antiretroviral resistance

Creatine kinase
Amylase, lipase
Fasting lipid profile
Serology for syphilis
Sexually transmitted infection screen
Serologies for Hepatitis A, B and C
Toxoplasmosis serologies
CMV serologies
Cervical papanicolaou smear
Anal screening for HPV and atypia
Tuberculin skin test
EKG
Chest X-ray
Note: Additional screening tests may be added depending on local
guidelines and potential patient exposures.
Source: Adapted from Hammer (2005).

should consider therapy soon, as such a high viral
load predicts a more rapid decline in CD4 count and
faster progression to AIDS. For those with CD4 counts
between 200 and 350, the decision to commence therapy should be made on an individual basis. Issues
to consider in starting therapy include concomitant
medical issues and medications, social situations that
might impact compliance, and drug or alcohol issues
that may create a barrier to successful therapy.
Another aspect of HIV infection management is monitoring for and treating opportunistic infections and giving appropriate prophylaxis when patients are immune
compromised. Pathogens for which primary prophylaxis is recommended include: Pneumocystis jiroveci (CD4
counts less than 200—prophylaxis with trimethoprim/
sulfamethoxazole [TMP/SMX]), Toxoplasma gondii (CD4
counts less than 100—prophylaxis with TMP/SMX),
Mycobacterium avium complex (CD4 counts less than
50—prophylaxis with azithromycin), and Mycobacterium
tuberculosis (any individual with a positive PPD without evidence of disease should receive 9 months of
isoniazid (INH) therapy, as well as proper vaccine
management against influenza, pneumococcus, and
hepatitis A and B). In some cases, prophylaxis can
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TABLE 25.3

FDA-approved antiretrovirals by class (as of
January 2008)

Nucleoside/nucleotide
reverse transcriptase
inhibitor

Emtricitabine
Lamivudine
Zidovudine
Tenofovir disoproxil fumarate
Didanosine
Stavudine
Abacavir

Nonnucleoside reverse
transcriptase inhibitor

Etravirine
Delavirdine
Efavirenz
Nevirapine

Protease inhibitor

Amprenavir
Tipranavir
Indinavir
Saquinavir
Lopinavir
Ritonavir
Fosamprenavir
Darunavir
Atazanavir
Nelfinavir

Fusion inhibitor/entry
inhibitor

Enfuvirtide
Maraviroc

Integrase inhibitors

Raltegravir

Combination drugs:
trade name (constituent
medications)

Kaletra (lopinavir/ritonavir)
Atripla (tenofovir/emtracitibine/
efavirenz)
Combivir (zidovudine/
lamivudine)
Epzicom (abacavir/lamivudine)
Trizivir (zidovudine/lamivudine/
abacavir)
Truvada (tenofovir/emtricitabine)

be discontinued when the immune system recovers
after ART.

VACCINES
HIV vaccine trial research received impetus from
the US government as early as 1984. At that time,
Margaret Heckler, Secretary of Health and Human
Services, predicted that an HIV vaccine would be in
human trials within 2 years. Perhaps the greatest
political push came from President Bill Clinton, who
in 1997 challenged researchers to find an effective
vaccine within 10 years, evoking the imagery of
John F. Kennedy and his challenge to the NASA science program to put a man on the moon. A wide
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variety of HIV vaccine design approaches have been
pursued, and over 50 candidates have been tested
in clinical trials. Of these candidates, only few have
advanced to phase 2B or 3 clinical efficacy testing
(Table 25.4).
The first HIV vaccine efficacy trials, initiated in the
1990s, focused on the attempt to elicit neutralizing
antibody responses using recombinant HIV envelop
glycoprotein (rgp120) antigens produced from cell-line
adapted HIV strains. In experiments in animal models and in the early-phase clinical trials that preceded
efficacy studies, the glycoprotein candidate immunogens (rgp120 and rgp160) were safe and immunogenic (Keefer et al., 1997; Migasena et al., 2000; Wright
et al., 1999; McElrath et al., 2000; Dolin et al., 1991).
Experiments in nonhuman primates indicated that this
approach elicited nAb, although the antibody response
was narrow in most cases. In experimental systems,
the elicited response was capable of neutralizing only
HIV strains that closely resembled the vaccine antigen,
and did not protect against challenge with primary
or heterologous challenge virus (Arthur et al., 1989;
Berman et al., 1988). Despite these results, two large
efficacy trials were launched by the VaxGen Company,
fueled in part by uncertainty about whether animal
studies would accurately predict efficacy in humans.
The trials were huge undertakings and proved that
HIV efficacy trials can be successfully conducted at
multiple international sites with good community support. The VAX004 study tested a bivalent, subtype B
rgp120 vaccine (AIDSVAX B/B) among 5403 volunteers in the US, Canada, and Europe. The vaccine did
not protect against infection (vaccine efficacy ⫽ 6%,
95% CI ⫽ [⫺17%, 24%]) and did not affect HIV disease
course (HIV viral load or rate of ART) in participants
who became infected (Flynn et al., 2005). The second
trial tested AIDSVAX B/E, which included both subtype B and subtype E rgp120 antigens, among 2546
injecting drug users in Thailand. Vaccine efficacy was
estimated at 0.1% (95% CI, ⫺30.8% to 23.8%; P ⫽ .99,
log-rank test) and no significant effects on disease
course were seen (Pitisuttithum et al., 2006).
The failure of the VaxGen trials underscored the difficulty of eliciting broadly nAb that could block infection with HIV. Most subsequent trials of HIV vaccine
candidates have involved products that aim to induce
HIV-specific cytotoxic T-cell responses. These cells recognize HIV epitopes displayed on cell surfaces in conjunction with HLA and act against infected cells but
not free virus. They limit the spread of infection by
destroying infected cells via apoptosis, or by secreting chemokines and cytokines that interfere with subsequent rounds of infection. It is anticipated, based
on studies in nonhuman primates, that this type of
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TABLE 25.4
Trial name and
description
Phase 3
RV 144: A trial of live
recombinant AVLAC
–HIV priming with
VaxGen gp120 B/E
boost—enrollment
complete and in
follow-up

Ongoing phase 2 and phase 3 HIV preventive vaccine trials (as of November 1, 2007)
Organizer/manufacturer

Walter Reed Army Institute of
Research (WRAIR), Armed Forces
Research Inst., Thai MoH, Thai
AIDS Vaccine Evaluation Group.
Manufacturers: Aventis Pasteur
and VaxGen

Site locations

Description of vaccine

Thailand

Live canary pox with a clade B env
and gag-pol fusion boosted with a
subunit clade B/E gp120

North and South America,
Australia, and South
Africa

Replicative incompetent Ad5 with
clade B gag, pol, and nef inserts

DAIDS, HVTN. Manufacturer:
VRC

North and South America,
South Africa

VRC 6 plasmid DNA of ENV A, B
and C plus clade B gag, pol, and nef.
Boosted with Ad5 vector with a ENV
A, B, and C and a gag-pol fusion insert

IAVI A002: Placebocontrol double-blind
trial evaluating the safety
and immunogenicity of
AAV vaccine

International AIDS Vaccine
Initiative (IAVI). Manufacturer:
Targeted Genetics

South Africa, Uganda, and
Zambia

Adeno-associated virus 2 with a gag,
pol, and ΔRT

ANRS VAC 18:
Randomized doubleblind trial evaluating
the safety and
immunogenicity of
LIPO-5 versus placebo

Agence Nationale de Recherches
sur le SIDA (ANRS). Manufacturer:
Aventis Pasteur

France

5 lipopeptides containing CTL
epitopes from gag, pol, nef

Phase 2 and 2b (test of concept)
STEP and Phambili
Merck, US Division of AIDS
(HVTN 502 and 503):
(DAIDS), HIV Vaccine Trials
Multicenter test of
Network (HVTN), South African
concept trial using
AIDS Vaccine Initiative (SAAVI)
3-dose regimen.
Enrolment and further
vaccination suspended
September 2007
Phase 2
HVTN 204: Clinical trial
evaluating the safety
and immunogenicity of
DNA plasmid vaccine
followed by adenovirus
boost. Enrolment
completed and in
followup

Source: IAVI Database (2007); AIDS Vaccine Clearing House (2007); Duerr et al. (2006).

response will not prevent infection but will ameliorate
disease course by limiting viral replication.
In the second wave of HIV vaccine trials, a variety
of “T cell” vaccine candidates were tested; the first
major candidates employed pox-virus vectors. The
prototype for this approach is vaccinia, the poxvirus
that was used as a vector in the global smallpox campaign. Vaccinia itself was abandoned as an HIV vaccine
vector due to safety concerns raised by a case of fatal
disseminated vaccinia in an immune-compromised,
HIV-infected individual (Redfield et al., 1987).
A number of attenuated pox-virus vectors have been
tested. Of these, constructs based on canarypox were

studied most extensively in humans, including efficacy
testing. These viral vectors are host-range-restricted and
undergo abortive replication in human cells. The HIV
insert sequences are expressed and presented without
replication of the vector itself. In clinical trials involving over 400 HIV-infected participants and more than
1500 uninfected participants (Franchini et al., 2004),
canarypox (ALVAC) vaccine candidates were safe
and immunogenic (Gupta et al., 2002; de Bruyn et al.,
2004). While nAb responses were limited, initial trials
found T-cell responses in 30–40% of trial participants
when multiple time points were tested (Duerr et al.,
2008). In a pivotal trial, the second-generation ALVAC
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prime (vCP1452) and recombinant gp120 (AIDSVAX™
B/B subunit) boost regimen failed to meet the preset
immunogenicity criteria and did not move forward
to efficacy testing (Russell et al., 2007). A similar regimen (the canarypox vector vCP 1521 containing the
HIV-1 clade B env, gag, and protease genes, in combination with AIDSVAX clade B and E rgp120) is being
tested in a 16,000-person efficacy trial in Thailand. The
trial’s primary objective is to evaluate the regimen’s
ability to prevent HIV infection; results are expected
in 2009. The rationale for this trial has been questioned (Burton et al., 2004) due to poor performance
of the components (or closely related ones) in earlier
trials. The sponsors of the trial defended the decision
to advance the regimen to efficacy testing based on
responses to the combined regimen seen in nonhuman primate studies and earlier clinical trials that met
predefined milestones, as well as the extensive review
process prior to initiation of the efficacy trial (McNeil
et al., 2004). Additional pox-virus-vectored HIV vaccines are also being moved forward in human trials.
A modified vaccinia ankara product (MVA) is scheduled to enter phase 2 studies late in 2008.
The most recent wave of HIV vaccine testing has
been dominated by replication-defective adenovirus
serotype 5 (Ad5) vectors, used alone or in combination
with DNA. One such product, produced by Merck,
uses an admixture of three adenoviruses containing codon-optimized subtype B gag, pol, or nef genes,
respectively. This product was tested as a three-dose
regimen. Early clinical testing indicated excellent safety
and immunogenicity (the vaccine elicits a robust T-cell
response, which is somewhat diminished among individuals with preexisting immunity to Ad5), and experiments in nonhuman primates showed protection
against SHIV, but not SIV, challenge (Casimiro et al.,
2005). This vaccine was evaluated in two large efficacy trials. The first, called the STEP Study, was conducted in North and South America, the Caribbean,
and Australia among 3000 at-risk volunteers, half of
whom had evidence of prior exposure to Ad5. The
second trial, which began 2 years after the first, was
scheduled to enroll 3000 at-risk heterosexual men and
women in South Africa. These companion studies
sought to evaluate vaccine efficacy among men who
have sex with men and heterosexuals, and in individuals living in countries with HIV subtypes B and
C epidemics. A joint endpoint of efficacy for prevention of HIV acquisition and efficacy for amelioration
of disease course (measured as reduction of set-point
viral load) was evaluated in both trials. Vaccinations
were discontinued in both trials in September 2007,
when an interim analysis of data from the STEP
study showed no efficacy for either outcome. In the
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study population examined in this interim analysis
(participants with baseline Ad5 ⬍ 200), there were
24 infections among 741 vaccinees and 21 infections
among 762 placebo recipients; the geometric mean
plasma vRNA level was similar in infected vaccine
vs. placebo recipients (⬃40,000 vs. ⬃26,000 copies/
ml, respectively). Among all men who participated in
this trial (women were excluded from further analysis as only one infection occurred among a woman),
49 HIV infections occurred in 914 vaccine recipients
and 33 in 922 placebo recipients (Merck Research and
Development News, 2007). Initial multivariate analyses suggested that any increased risk associated with
vaccination was limited to men with evidence of prior
exposure to Ad5, and uncircumcised men. The treatment hazard ratio (vaccine vs. placebo) was 0.8 (0.4,
1.6) in circumcised men with baseline Ad5 titers ⱕ 18,
1.4 (0.6, 3.2) in circumcised men with baseline Ad5
titers ⬎ 18, 2.5 (0.8, 8.0) in uncircumcised men with
baseline Ad5 titers ⱕ 18 and 4.3 (1.7, 11.0) in uncircumcised men with baseline Ad5 titers ⬎ 18 (Merck
Research and Development News, 2007). The reasons
for this apparent increase in susceptibility to HIV
associated with vaccination among men with prior
Ad immunity and uncircumcised men are presently
unclear, but continue to be investigated.
The second Ad5 candidate, developed by the US
National Institutes of Health’s (NIH) Vaccine Research
Center (VRC), is designed to provide multiclade protection. The vaccine regimen consists of a six-plasmid
DNA vaccine expressing subtype B gag, pol, nef, and
subtype A, B, C envelop genes, respectively, given
as a prime at 0, 1, and 3 months. This priming regimen is followed by a boost at 6 months consisting of a
mixture of four adenoviruses containing inserts comprised of a subtype B gag-pol gene fusion product, and
envelope genes from HIV-1 subtypes A, B, and C. In
animal models, this vaccine regimen was immunogenic (Shiver et al., 2002); it did not prevent infection
but was associated with decreased viral load, less frequent progression to AIDS, and preservation of central memory cells (Letvin et al., 2006; Mascola et al.,
2005; Santra et al., 2005). The regimen was found to be
well tolerated and immunogenic in phase 1 and 2 trials and is scheduled for efficacy testing in early 2009.
The extensive previous experimental use of adenovirus vectors in gene therapy and vaccinology, and the
established safety and immunogenicity properties of
these vectors continue to make adenoviruses attractive for use in vaccine development. However, in light
of the STEP study, alternatives to adenovirus 5 vector
constructs are being investigated, using serotypes with
lower incidence of natural infection. Less frequently
occurring adenovirus subtypes, such as adenovirus
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serotype 26 and adenovirus serotype 35, as well as chimeric products of several adenoviruses, can be used as
vectors to elicit an immune response and are entering
clinical trials in humans (Abbink et al., 2007; Lemckert
et al., 2005). Other potential vectors include adenoassociated virus (AAV) and vesicular stomatitis virus
(VSV). AAV requires a helper virus for replication, and
is not known to cause human disease. Studies using an
SIV insert in macaques that were later challenged with
SIV showed that the vaccinated animals had better virologic suppression and control than placebo recipients
(Johnson et al., 2005). AAV has been employed as a gene
vector for the treatment of other conditions including
cystic fibrosis, hemophilia, and rheumatologic disorders. However, the use of this vector suffered a setback
when a participant receiving AAV-based therapy for
inflammatory arthritis died from disseminated histoplasmosis. Although later found not likely to be associated with the AAV product, this event has slowed
the development of AAV as a vaccine vector. A recombinant rabies-VSV product with an SIV insert has also
been used in macaques that were later challenged with
a pathogenic SHIV, and those that were vaccinated also
had attenuated disease progression (McKenna et al.,
2007). These potential vectors are in late-phase preclinical or early clinical testing and will be used alone or in
prime-boost regimens.
In the field of HIV vaccine research, a number of
alternative approaches have been studied to increase
immunogenicity and delivery of antigen. One of these
methods, a heterologous prime-boost vaccine strategy is being used in about half of the presently ongoing trials. This technique uses a “prime” vaccine that
initially stimulates the immune system generating
memory T and B cells. Later, a boost is given with a
different vector, a different insert, or sometimes both.
Conceptually, this approach may work by circumventing immunity that might have developed to the initial
vector. However, there is limited data to show that
this approach elicits better immune responses.
Additionally, novel delivery methods have mechanically improved vaccine immunogenicity and antigen
delivery. The Biojector® is one such device. It uses a single, needleless, syringe-based device that injects a vaccine product under high pressure by compressed carbon
dioxide cartridges. This device is used primarily to inject
DNA vaccine product into the tissues, theoretically
allowing for increased cellular uptake. However, immunogenicity results obtained with this technique have
been inconsistent (Brave et al., 2007; Meseda et al., 2006;
Rao et al., 2006). Electroporation is a second method that
is being developed to help improve the immunogenicity
of DNA vaccines. Already used experimentally in gene
therapy and cancer vaccines, electroporation increases

the permeability of cell membranes and theoretically
enhances the uptake of the immunogen into cells. In
nonhuman primates (Luckay et al., 2007), electroporation has increased immune response 10- to 40-fold at
one-fifth the dose of immunogen compared to conventional needle-and-syringe delivery.
Adding adjuvants to HIV vaccine candidates is
another area of ongoing research. Many of the current
vaccine strategies do not produce immune responses
that are robust, long-lived, and appropriately focused
on production of nAb or cytotoxic responses. Adjuvants
could overcome this problem by targeting the antigen to antigen-presenting cells, or increasing immune
response by stimulating production of cytokines and
costimulatory molecules, or both. Adjuvants such as
polymeric microspheres (e.g., polylactide-coglycolide
or PLG) have been tested with HIV vaccine candidates to increase immune response through facilitating interactions with antigen-presenting cells (Singh
and Srivastava, 2003). Other adjuvants being tested in
conjunction with HIV vaccine candidates attempt to
increase induction of relevant cytokines and upregulate costimulatory molecules. CpG, unmethylated
cytosine-guanine dinucleotides, which acts as a ligand
for toll-like receptor 9 (TLR9), is one example (Kojima
et al., 2002). Stimulation of TLRs, in turn, enhances and
directs the immune response. A related approach is the
administration of vaccine candidates with costimulatory molecules such as interleukin-12 (IL-12), IL-15, or
granulocyte-macrophage stimulating factor (GM-CSF)
in an attempt to manipulate the immune response and
increase cell-mediated immunity to the coadministered
HIV vaccine antigen (Calarota and Weiner, 2004).
When potential genetic inserts are considered for
vectors, the biological diversity of HIV becomes a significant issue. One the major challenges of the HIV
epidemic is the significant viral diversity of the target
pathogen. The rate of mutation of HIV is so rapid that
the diversity of virus circulating within an infected
individual’s blood may be broader than the genetic
diversity of influenza circulating worldwide (Fig. 25.8)
(Korber et al., 2001). It is also unclear that inserts based
on a single clade or several limited clades will provide
protection against genetically diverse isolates. Although
the responses generated by natural infection have been
shown in vitro to have cross-clade reactivity, this protection has not been demonstrated in humans (Coplan
et al., 2005; Cao et al., 1997).
Several approaches have been used to select genetic
inserts for vaccines. Gene segments from one or more
“representative” naturally-occurring viral sequences
may be selected. Alternatively, artificial insert
sequences may be designed by a variety of methods,
to maximize the chances of inducing broadly reactive
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immune responses of protective value following heterologous challenge. Consensus sequences are constructed by simply using the most common amino
acid at each position in the genome among naturally
occurring strains (Gaschen et al., 2002). Ancestral
sequences are developed using methods based on
phylogenetic analysis of existing sequences: maximum
likelihood analysis of circulating sequences is used to
infer the most likely genetic makeup of an “ancestor”
for currently circulating viruses (Gaschen et al., 2002).
Center-of-tree design approaches seek to find a phylogenetically determined ancestral sequence which minimizes the genetic distance to current isolates (Gaschen
et al., 2002; Mullins et al., 2004). Finally, epitope-based
methods include a series of nucleic acid sequences
encoding immunogenic epitopes of high frequency
within the circulating HIV genome.

CONCLUSIONS
HIV is one of the greatest public health challenges faced worldwide over the last century. Despite
advances in therapy that have made HIV a manageable chronic illness in areas where ART is available, the
best approach to stemming the epidemic globally will
be to develop a vaccine that is capable of reducing the
incidence of transmission and/or attenuate disease
progression in infected individuals. Unique aspects of
the epidemiology and pathophysiology of HIV infection have made the development of an effective and
economically feasible vaccine a challenging endeavor
for scientists, public health officials, governments, and
populations at risk. In the face of these difficulties,
the research community may be required to consider
vaccines that meet only some of the properties of an
ideal vaccine. As we move forward, several questions
G
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will need to be addressed, including: (1) What would
be the impact of a vaccine that mitigates disease but
does not directly prevent infection in vaccinees? What
data would be necessary to support the development
and distribution of such a vaccine? (2) What would be
the effect of such a vaccine on mucosal viral shedding
and the subsequent risk of HIV transmission from the
vaccinated individual? (3) What role would such a
vaccine have in multifaceted prevention programs?
and (4) Could slower disease progression due to
administration of a “therapeutic” vaccine aid the
implementation of treatment programs in resourcelimited settings, by making the number of individuals needing therapy more manageable? The next
decade will provide the opportunities for these and
other questions to be answered, and will likely see
the proposal of a number of new questions as second- and third-generation vaccines are developed.
Multidisciplinary approaches with vaccination as one
element of a combined strategy may ultimately lead to
complete control of this pandemic.
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FIGURE 25.8 HIV genetic diversity. Comparison of genetic
diversity of global influenza in a calendar year, HIV in an individual,
a single city cohort in 1991, and a single sub-Saharan country in 1997.
Reproduced with permission from Duerr et al. (2008) and Garber
et al. (2004).
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●

HIV has claimed an estimated 25 million lives, and
there are currently 33 million infected persons.
The HIV epidemic has had a significant
socioeconomic impact in virtually all developing
and developed nations, but disproportionately
afflicts populations at its epicenter in sub-Saharan
Africa.
The HIV epidemic continues to expand into large
population centers in Asia and other regions
around the world.
In most untreated individuals, HIV infection
eventually leads to collapse of the immune system
and death due to opportunistic infections.
Rare individuals may remain entirely
asymptomatic, but there have been no documented
cases of spontaneous cure from infection.
While ART may arrest disease progression in some,
treatment is costly and unavailable to most infected
individuals.
There is presently no cure for HIV, nor a
preventative vaccine.
An effective vaccine will be critical to controlling
the epidemic.
Current vaccine efforts seek to find a vaccine
that can either reduce the likelihood of infection,
or attenuate disease progression in infected
individuals.
Vaccine design is impeded by the tremendous
antigenic variation characteristic of HIV.
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Early vaccine development efforts sought to elicit
nAb responses; recent vaccine efforts have focused
on eliciting a protective T-cell response.
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ABSTRACT
Human papillomaviruses (HPVs) include over 100 different genotypes that infect the stratified squamous epithelia
and may cause proliferative lesions. Some of the HPVs are responsible for cutaneous warts, while one subset of
HPVs is found in the skin lesions of epidermodysplasia verruciformis, a condition that leads to the development
of cutaneous squamous cell carcinomas. A third subset of HPVs is associated with infections that can cause benign,
premalignant, and malignant lesions not only of the genital tract, the anus, but also of the oropharynx. These
lesions include external genital warts, intraepithelial neoplasias of the penis (PIN), anus (AIN), vulva (VIN), vagina
(VAIN), and cervix (CIN), as well as cancer of the cervix. Cervical cancer is the second most commonly acquired
cancer in women worldwide. This significant disease burden explains the great importance of genital (or mucosal)
HPVs. The availability since 2006 of highly effective vaccines to prevent a large fraction of these morbidities has
been a major advance whose promises are growing. The two vaccines available, Gardasil and Cervarix, are based
on the expression of the major viral capsid protein in yeast or insect cells, and the spontaneous assembly of this
protein into a noninfectious capsid called a virus-like particle (VLP), because it retains the appearance, size, and
immunologic properties of the native, infectious viral particle.
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Gardasil is made of the VLPs of HPV types 6 and 11 that account for 90 of external genital warts, and of HPV types
16 and 18 that account for over 70% of cervical cancers worldwide. Cervarix is a bivalent vaccine that includes only
HPV VLP of types 16 and 18. Trials have shown that these vaccines protect virtually 100% of the subjects against the
immediate precursor to cancer, high-grade CIN, caused by the vaccine HPV types the subjects are naive to. Gardasil
has received indications in the United States not only for the prevention in 9–26-year-old women of cervical cancer
and CIN of all grades, but also for the prevention of VIN and VAIN grades 2 and 3, as well as of external genital
warts. The most effective use of the vaccine is when administered before sexual debut, at a time the subject is naive
for the infections caused by the HPV types included in the vaccine. The efficacy of the HPV vaccine has now been
demonstrated up to the age of 45 years in women. Trials in men for the prevention of external genital warts are in
progress, and could serve as a basis for the immunization of both males and females. The HPV vaccine, especially
when it covers a broad range of viral types, holds the promise of not only affecting cervical cancer and its screening,
but also of reducing the burden of the other cancers attributable to HPV, such as those of the vulva, vagina, penis,
and anus, as well as a majority of oropharyngeal cancers. To attain these goals, maintenance of safety, favorable
cost–benefit ratios, and broad delivery and accessibility of the vaccine will need to be achieved.

INTRODUCTION
Papillomaviruses are small (55 nm in diameter),
non-enveloped, icosahedral viruses, containing a
double-stranded, circular DNA genome about 8000
base pairs long. They are found throughout higher
vertebrates, mostly mammals and birds, causing
cutaneous and mucosal tumors. The over-100 distinct human papillomavirus (HPV) genotypes are
restricted to man and the squamous stratified epithelia. The tumors they cause range from benign (warts,
papillomas, condylomas) to malignant (mostly squamous cell carcinomas). A subset of about 40 of these
viruses have assumed a great medical and public
health importance for the infections and diseases they
cause in the anogenital tract. Cervical cancer is the
best-established example of the causal link between
HPV and cancer. The availability since 2006 of effective vaccines to prevent this disease and others has
been a major public health advance whose scope of
application is likely to grow.

SHORT HISTORY OF THE DISEASES
Cutaneous and anogenital warts, as well as
anogenital cancers, have been recognized since antiquity (Routh et al., 1997). The transmissible nature of
warts was established by Jadassohn in 1895, the first
of several investigators to perform experimental inoculations in man of infectious materials derived from
warts (Rowson and Mahy, 1967). Ciuffo reported in
1907 that the agent was filterable, and the viral nature
was further confirmed in 1949 with the demonstration by electron microscopy of viral particles in warts

(Ciuffo, 1907; Strauss et al., 1949). The DNA of the
first HPV—type 1—was cloned in 1975 from a plantar
wart, and the existence of more than one type of HPVs
was established in 1977 (Favre et al., 1975; Orth et al.,
1977; Gissmann et al., 1977). HPV6 and 11, the main
agents of genital warts, were identified in 1980 and
1982, respectively (Gissmann and zur Hausen, 1980;
Gissmann et al., 1982). HPV-11 was first isolated from
a laryngeal papilloma, a condition that gained recognition in 1871, and for which a papillomavirus etiology was first suspected in 1973 (Mackenzie, 1871;
Boyle et al., 1973).
In 1935, Rous and Beard had shown that benign
papillomas induced by the cottontail rabbit papillomavirus (CRPV) (Shope rabbit papillomavirus) could
progress to invasive carcinomas (Rous and Beard,
1935). This observation, as well as the description in
1922 by Lewandowsky and Lutz of epidermodysplasia verruciformis, followed by the identification
in 1966 of papillomavirus particles in the disease’s
lesions, which later in life may convert to a squamous
cell carcinoma, provided the original insight into the
potential oncogenicity of HPV (Lewandowsky and
Lutz, 1922; Ruiter and van Mullem, 1966). A relationship between HPV and cancer of the cervix was first
clearly proposed in 1975 (zur Hausen et al., 1975;
Munoz and De The, 1975). The isolation in cervical
carcinomas of HPV-16 (Durst et al., 1983) in 1983 and
of HPV-18 (Boshart et al., 1984) a year later marked
the beginning of the experimental and epidemiologic quest that eventually established the causal link
between a subset of HPVs and various malignancies
of the anogenital tract, as well as of the respiratory
and upper digestive tracts. An important landmark
in that respect was the demonstration that 99.7% of
cervical carcinomas worldwide contain HPV DNA
(Walboomers et al., 1999).
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ETIOLOGIC AGENTS
Classification
HPVs belong to the genuses Alpha, Beta, Gamma, Mu,
or Nupapillomavirus of the family Papovaviridae (see
http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.
htm). Some of the genuses are further divided into species, each represented by a species type. For example,
HPV type 16, an Alphapapillomavirus, is the representative type of species 9, which also contains types 31, 33,
35, 52, 58, and 67 (de Villiers et al., 2004). In contrast to
many viruses, the taxonomy of HPVs is based on genotyping, not on serotyping. A new type is one that differs from others by more than 10% in the nucleotide
sequence of the L1 open reading frame (ORF), which
encodes for the major capsid protein. Subtypes differ
from one another by 5–10%, while variants do by more
than 2%, but less than 5% (de Villiers et al., 2004). As
of mid-2007, 107 types have been assigned, but this is
a classification in progress with some type assignments
that have been changed (e.g., types 46, 55, and 64).
From a clinical standpoint, it is practical to identify
three groups of diseases that approximate the delineation of different HPV genuses. The first group is made
mostly of cutaneous warts (most notably hand, plantar,
flat warts), corresponding essentially to the Gamma,
Mu, and Nupapillomaviruses. The second is the rare
genodermatose epidermodysplasia verruciformis that
is associated with the Betapapillomaviruses. The third
is the large group of genital and/or mucosal HPVs
made of the Alphapapillomaviruses.

Antigens Encoded by Agent
The antigenicity of HPV is a complex and unsettled
field, particularly as it relates to the immune response
during natural infections (Egelkrout and Galloway,
2007). This section is limited to the salient findings.
The papillomavirus major capsid protein when heatdenatured under reducing conditions harbors an antigen shared by all papillomaviruses tested (Jenson et al.,
1980). This has been exploited for the development of
a cross-specific antibody (sometimes referred as the
“DAKO” antibody) that is useful, although not very
sensitive, for the histologic diagnosis of papillomavirus
infection by immunocytochemistry (Jenson et al., 1985).
Although results have been discordant, it does not
appear that this antigen is recognized during a natural
infection (Dillner et al., 1990; Kirnbauer et al., 1994).
The study of the HPV capsid antigens was long
hampered by the difficulty of obtaining HPV virions
by either culture or lesion extraction. This obstacle was

471

lifted in the 1990s by the possibility of creating viruslike particles (VLP) by expressing the major papillomavirus capsid protein in a suitable, usually eukaryotic,
expression system—the same technology that was the
basis for the development of the current HPV vaccines. The investigation of the antigenic properties of
VLPs from different HPV genotypes demonstrated a
generally good agreement between serotype and genotype (Rose et al., 1994a, 1994b; Giroglou et al., 2001).
This was not entirely surprising since both entities are
directly or indirectly dependent on the L1 nucleotide
sequence. For the same reason, at least partial antigenic
cross-specificity was noted for closely related genotypes, such as types 6 and 11 (Bonnez et al., 1991; Touze
et al., 1998; Wang et al., 2003a). Several hypervariable
regions are present on L1. Some of these regions, which
form exposed loops, bear some of the conformational
type-specific antigenic determinants of the capsid.
Although the number and locations of these determinants are not completely defined, it appears that for
HPV-6 the main type-specific determinant is borne
by loops EF and BC, by loops FG and HI for HPV-16,
and by loop EF for HPV-31 (Christensen et al., 2001;
McClements et al., 2001; Carter et al., 2003, 2006; Wang
et al., 2003b). Most of these conformational epitopes are
neutralizing. For example, for HPV-16 such epitopes
are found in loops DE, FG, and HI (Carter et al., 2003;
White et al., 1999; Varsani et al., 2006; Culp et al., 2007;
Ryding et al., 2007; Day et al., 2007). Although neutralizing linear epitopes have been described, they are
probably less important than the conformational ones
(Christensen et al., 1996a, 1996b; Combita et al., 2002).
HPV L1 VLPs are currently the best antigens for diagnostic serology (Egelkrout and Galloway, 2007; Dillner,
1999). However, the sensitivity of adequately specific
immunoassays based on these antigens is approximately 50–80%, an unsatisfactory standard that has
limited the use of these tests to seroepidemiology.
The L2 minor capsid protein contains subdominant,
broadly cross-neutralizing epitopes (Roden et al.,
2000; Slupetzky et al., 2007; Kondo et al., 2007). These
epitopes are linear, and for HPV-16, are located in the
amino-terminus portion of the polypeptide (Gambhira
et al., 2007).
Full or partial polypeptides encoded by the nonstructural ORFs E2, E4, E6, and E7 have been used
for serological testing. Immunoassays based on these
antigens are insensitive, particularly if one tries to
preserve specificity, and often lead to variable results
from study to study (Egelkrout and Galloway, 2007;
Galloway, 1992). Nevertheless, E6 and E7 polypeptides seem to generate a consistent antibody response
in about half of patients with cervical cancer (Müller
et al., 1992; Meschede et al., 1998).
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PROTECTIVE IMMUNE RESPONSE
Antibody
The humoral response to the viral capsid through
the generation of neutralizing antibodies appears to
be the sole source of protective immunity against HPV
infection. However, as detailed later, this protective
immune response requires immunization with HPV
L1 VLPs to fully develop. During a natural infection,
as shown, for instance, with HPV-6, -11, and -16, there
is a seroconversion to HPV L1 VLP in about half of
the patients in whom HPV DNA is detected, but this
antibody response is insufficient to provide protection
from either a future infection or disease (Kirnbauer
et al., 1994; Heim et al., 1995; Eisemann et al., 1996;
Wikstrom et al., 1997; Studentsov et al., 2003; Viscidi
et al., 2004; Tachezy et al., 2006). The reason is likely
related to the weak neutralizing antibody titers generated by a natural infection.
Cross-specific neutralizing antibodies to the L2
polypeptides can be generated in animal models of
papillomavirus infection (Roden et al., 2000; Slupetzky
et al., 2007; Kondo et al., 2007; Gambhira et al., 2007).
Whether the magnitude of this antibody response
would be sufficient to prevent human HPV infection
or disease has not yet been established.

CMI
Although cell-mediated immunity is important in
the control of established HPV-related tumors and the
resolution of HPV infections, it appears to play no role
in their prevention (Eiben Lyons et al., 2007; Kanodia
et al., 2007; Sheu et al., 2007).

EPIDEMIOLOGY
HPV infections are extremely ubiquitous, more
so than was ever appreciated. Prevalence studies of
cutaneous HPV infections have shown rates of 80%
in immunocompetent hosts, and approaching 95% in
immunosuppressed patients (Antonsson et al., 2000).
These infections also tend to persist, as half of infected
individuals will retain the same infection when sampled 6 years later (Hazard et al., 2006).
Genital or mucosal HPV infections are less prevalent than cutaneous HPV infections. It has been
estimated that worldwide 10.4% of women with normal cervical cytology have a genital HPV infection
(Burchell et al., 2006). Nevertheless, prevalence varies considerably according to age. No more than 1%

of newborn babies have oral or genital HPV infections
(Smith et al., 2004). However, by 20 years of age, at
the peak-prevalence, about 23% of women worldwide
who have normal cervical cytology have a cervical
infection (Burchell et al., 2006). This reflects the sexual
mode of transmission of genital HPV. The prevalence
thereafter steadily decreases with age, but there are
clearly geographic variations in the age–prevalence
profiles, whereby the curve may stay relatively flat, or
decrease, but present a second smaller peak in older
age (Burchell et al., 2006; Smith et al., 2006). Genital
HPV infections are rapidly acquired. For example, in a
cohort of university women who had a negative HPV
DNA cervicovaginal lavage at baseline, 2 years later
the cumulative incidence of infection was 32%. In a
study of 18–20-year-old male students, the cumulative
incidence of any HPV infection of the genitalia after
2 years was 62% (Partridge et al., 2007).
These HPV infections can lead to clinical manifestations. Cutaneous warts, in at least one of their
three main manifestations—common (hand and feet),
plantar, and flat warts—eventually affect a majority of
the population with prevalence rates reported to be as
high as 20% (Williams et al., 1993; Larsson and Lidén,
1980). However, they peak during childhood and adolescence, and thereafter eventually disappear in virtually all subjects. One exception to this pattern is the
hand warts observed in butchers, meat packers, and
fish handlers—lesions that are strongly associated to
HPV-7 (Bonnez, 2002a).
The peak age for genital warts is 20–29 years. In the
United States, in a large population survey of 18–59year-olds, 5.7% of subjects (7.4% women and 3.9%
men) reported having had genital warts (Dunne et al.,
2005). In a study of about 70,000 women aged 18–45
years from Finland, Norway, Sweden, and Denmark,
the equivalent figure was 10.6% (Kjaer et al., 2007).
Although data are limited, genital wart incidence
appears to be increasing (Centers for Disease Control
and Surveillance, 2003; Koshiol et al., 2004). A related
condition, recurrent respiratory papillomatosis, is rare,
with a prevalence of 11 cases per 100,000 for the more
common juvenile-onset variant (Derkay, 2001).
HPV infection is a necessary, if not sufficient,
condition for the development of cervical cancer
(Schiffman et al., 2007). In 2002, with 493,343 new
cases and 273,505 deaths, cancer of the uterine cervix
ranked second in incidence after breast, and third in
mortality after breast and colon, in women worldwide
(Parkin et al., 2005). As shown in Fig. 26.1, the geographic distribution of this cancer is unequal, with the
developing countries most severely affected (Parkin
et al., 2005). In the United States, 2007 estimates place
cervical cancer 14th in incidence (11,150 new cases)
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and 16th in mortality (3670 deaths) among all female
cancers (Jemal et al., 2007). Given that cervical cancer
only represents approximately 1% of the HPV-related
precursor lesions detected on cervical cytology, it
is obvious that the public health impact of HPV is
much larger that the one limited to cervical cancer
(Stoler, 2000). In the United States, the economic burden of genital HPV infection has been estimated to
be $3.9 billion in 2000, with cervical cancer representing only 5% of these costs (Chesson et al., 2004). The
causal link between some HPVs and cancer is not
limited to the cervix, for which the evidence is the
strongest, but also extends to some histologic variants
of cancers of the vulva, vagina, penis, and anus. HPV
accounts for 40–90% of the cancers in these locations
(Parkin and Bray, 2006). Altogether, these other can-
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cers represent in the United States about one-third of
the HPV attributable cancer burden (Jemal et al., 2007;
Parkin and Bray, 2006). It has also recently become
clear that HPV plays a dominant role in a majority
of oropharyngeal cancers distinct from those related
to alcohol and tobacco use (D’Souza et al., 2007).
Altogether, the incidence of these non-cervical HPVassociated cancers is as high in women as that of cervical cancer (Jemal et al., 2007) (Fig. 26.2).
Although HPVs are pathogenic, and for some types
even oncogenic, they are ubiquitous and not potential
biothreat agents. The reasons are that their transmission requires direct contact with the susceptible anatomic areas of the target host, their incubation is long,
and only a small percentage of the infections ultimately
lead to cancers, which take years to develop.
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FIGURE 26.2 (A) Histologic features of a genital/cutaneous wart. (B) Histopathogenesis of cervical HPV-associated lesions (see text for
details).
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TREATMENT

CLINICAL DISEASE
Most HPV infections are asymptomatic, latent, or
subclinical, and involve the squamous, stratified epithelia of the body as well as the glandular epithelium
of the uterine cervix. Consequently, the clinical manifestations arise in those tissues and range from benign
proliferative lesions, warts, papillomas, and condylomas, to malignant tumors, namely squamous cell carcinomas and cervical adenocarcinoma.
Cutaneous warts are typically distributed over the
acral extremities and the face. They are mostly caused
by HPV types 1, 2, and 4. They include common warts
(verrucae vulgaris), the most usual form, which are
found on the dorsum of the hands, between the fingers, and around the nails. They can also be found on
the foot soles where they tend to aggregate and form
flat, mosaic warts. Distinct in appearance is the deep
plantar wart (verruca plantaris) that is usually solitary,
raised, with a ragged surface and a deep base. Plane
warts (verrucae planae, juvenile warts) are typically
found on the face of children, but can also be found
on the extremities.
Epidermodysplasia verruciformis is a rare genodermatosis involving the whole body skin, which is
remarkable not only for the HPV types that appear
predominantly associated with it such as types 5, 8, 9,
12, 14, 15, and 17, but also for the high propensity for
the resulting lesions, which range from plane warts to
brown-to-red papules, to progress, by the fifth decade,
into squamous cell carcinomas in the sun-exposed
areas. This disease has been the earliest model of an
association between HPV and cancer (Orth, 2006).
Anogenital warts [condyloma(-ta) acuminatum
(-ta), venereal warts] develop on the external genitalia and perineal area. Over 95% of them are caused by
either HPV-6 or -11 (Brown et al., 1999). Commonly,
a patient will present with 5–6 lesions, each rarely
exceeding 1 cm in diameter. In the uncircumcised
male, the preputial cavity is the site of predilection, in
contrast to the circumcised male, in whom the penile
shaft is most often involved. The pubic area, the groin,
and the urethral meatus can be involved, but the
scrotum much less commonly. In females, lesions are
typically present on the posterior introitus extending
toward the perineum, but the labia majora and minora
are also often involved. Some lesions can be hard to
discern either because of their small area or for being
very flat. The aid of a magnifying instrument, such
as a colposcope, with the prior application of 3–5%
acetic acid (white vinegar), facilitates the identification of these lesions. There is evidence that penile flat
papules contribute to disease transmission (Bleeker

et al., 2002, 2003). In contrast, genital warts can form
very large, giant condylomas that tend to have a
local invasive behavior, thus forming verrucous carcinomas. Buschke-Löwenstein tumors are related, but
distinct tumors.
In both males and females, warts can be observed
around the anus, sometimes extending into the anal
canal, up to the pectinate line. Anal sexual play, including anal intercourse, contributes to this occurrence.
Different HPV-related lesions can arise on the vaginal wall in the form of either flat or spiked condylomas. Condylomas can also be observed on the cervix.
Papillomas may also grow in the larynx, on the vocal
cords causing airway obstruction. This unusual condition, called recurrent respiratory papillomatosis, is
caused mostly by the same HPVs causing genital warts,
types 6 and 11 (Derkay, 2001; Derkay and Darrow,
2006). Its age distribution is bi-modal, with a more common juvenile-onset and an adult-onset form.
Different HPV-related lesions can be found in the
oral cavity (Bonnez, 2002b). Oral squamous cell papillomas (also called squamous papillomas) are the
most common, and with oral condylomata acuminata—a different histologic entity—they are largely
caused by the genital HPV types 6, 11, and 16. Oral
verruca vulgaris are histologically distinct and caused
by cutaneous HPV, such as types 2, 4, 57. Focal epithelial hyperplasia of the oral cavity (Heck’s disease
or Archard’s disease) is a rather unique, diffuse, and
usually transient oral disease caused predominantly
by HPV-3 and -13 (Syrjanen, 2003).

TREATMENT
The benign and self-limited nature of most HPV
lesions, combined with the limitations of the current
treatment options, makes observation without treatment an acceptable approach in many instances of HPV
disease. Nevertheless, physical or cosmetic discomfort,
psychological burden, and reduction of the transmission risk are treatment considerations. The treatment
options rely on the physical or chemical destruction of
the lesions, as well as on immunomodulation. Their use
rests on evidence of widely varied quality.
Cutaneous warts are treated mostly with the topical
application of preparations containing salicylic acid, a
keratolytic agent (Micali et al., 2004; Gibbs and Harvey,
2006). These preparations can be found over the counter, often in combination with lactic acid and collodion.
Glutaraldehyde, silver nitrate, and formaldehyde are
some of many other chemicals that have been used.
A major adjunctive measure is the removal prior to
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treatment of any superficial cornified layers by soaking the area and using a pumice stone, sandpaper, or
an emery board. Cryotherapy is an alternate option
that can be applied with over-the-counter cryogenics, although better freezing is obtained in the medical
office with liquid nitrogen delivered by spray, probes,
or cotton applicators. The therapeutic application on
the wart of an occlusive dressing with duct tape has
received a lot of attention, especially after the results of
a randomized clinical trial (Focht et al., 2002). However,
two subsequent trials failed to replicate these results
(Wenner et al., 2007; de Haen et al., 2006).
Imiquimod, an imidazoquinoline amine compound
that stimulates the local production of interferon and
other cytokines, has been a useful addition to the
treatment of genital warts, as it allows self-treatment
(Garland, 2003; Skinner, 2003; Chang et al., 2005). It is
available as a 5% cream (Aldara) that is applied three
times a week on alternate days for 8 weeks, and up
to 16 weeks. Complete response rates are about 60%,
better for females than for males (Garland et al., 2001).
Another self-administered treatment is podofilox, as
a 5% solution or gel (Condylox) that is applied three
consecutive days per week, for up to four cycles
(Longstaff and von Krogh, 2001; Lacey et al., 2003).
The recurrence rate is high, resulting in a net complete
response rate of 30–50%. Among the practitioner’s
applied treatments, podophyllotoxin, a mitotic spindle inhibitor, has fallen out of favor because of its poor
efficacy–toxicity profile (von Krogh and Longstaff,
2001). Podofilox, one of the active components of
podophyllotoxin, has replaced it. Bi- or trichloracetic
acid, cryotherapy, laser surgery, and electrosurgery
are among the treatment methods for genital warts
most commonly employed by health practitioners
(Bonnez, 2002c; Lacey, 2005; Workowski and Berman,
2007). There is no firm basis to compare their respective efficacy, but they vary substantially in cost, and
their indications do not completely overlap (Alam
and Stiller, 2001). The selection is usually guided by
the technique’s availability to the practitioner.
The treatment of intraepithelial neoplasias outside the cervix is not well codified, and is generally
based on the use of observation, imiquimod, cryotherapy, electrosurgery, laser therapy, or local blade
excision (Lacey, 2005). Elaborate consensus guidelines
have been developed for the management and treatment of the different stages of cervical intraepithelial
neoplasia (http://www.asccp.org/) (Wright et al.,
2007). They incorporate observation, ablation (laser
surgery, cryotherapy), and excisional (electrosurgery, cold-blade surgery) treatment. The treatment of
recurrent respiratory papillomatosis is mostly by surgical debridement, with the use of a microdebrider

device that is preferred to laser surgery or cold steel
mircrosurgery (Derkay and Darrow, 2006). Adjuvant
therapy includes systemic interferon and intralesional
cidofovir injections. A therapeutic vaccine, HspE7,
based on the fusion protein of the heat-shock protein
65 of Mycobacterium bovis BCG and E7 of HPV-16,
has shown encouraging results in an open-label trial
(Derkay et al., 2005).

PATHOGENESIS
Description of Disease Process
HPV diseases are the consequence of the proliferation of the epidermal layers. In a benign lesion, the
strata spinosum, granulosum, and corneum are thicker
than in the normal epithelium, resulting in acanthosis, parakeratosis, and hyperkeratosis, respectively. In
addition, within the stratum spinosum the presence of
koilocytes is quasi-pathognonomic of HPV. Koilocytes
are large keratinocytes with a perinuclear halo. By histology, the nuclei may appear shriveled, but on cytology they are more easily revealed to be binucleated,
and typically larger and with a more effaced chromatin than normal nuclei. The relative magnitude of
the different histologic features, and the position and
abundance of the koilocytosis are features that are
related to the HPV type causing the infection and the
nature of the lesion, for instance a common wart as
opposed to a genital wart. The infection also leads to a
change of the cytoarchitecture within the lesion, with
a deepening of the rete ridges in the basement membranes and the protrusion of the lesion above the normal epithelium, a phenomenon called papillomatosis.
In an inverted papilloma, such as encountered in the
nasal passages, this proliferative process extends
toward the dermis rather than above the surface.
In malignant lesions, some of the above features
may be retained in the milder histologic grades, but the
main change is the proliferation of the basal layer with
cells that acquire malignant characteristic with a higher
nuclear to cytoplasmic ratio and frequent mitoses, some
abnormal. According to the fraction of the epithelium
this dyskaryotic proliferation occupies, three grades
are recognized in what is called an intraepithelial neoplasia (also improperly called dysplasia). In grade 1, the
mildest, the lower third of the epithelium is involved; in
grade 2, more than one-third, but less than two-thirds
is involved; and in grade 3 more than two-thirds is
involved. If the whole epithelium is involved, as in the
ultimate grade 3, this is carcinoma in situ, the breach of
the basement membrane signaling invasive carcinoma.
Cervical intraepithelial neoplasia is shortened as CIN,
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while the vulvar, vaginal, anal, and penile forms go by
the acronyms of VIN, VAIN, AIN, and PIN, respectively.
The cytologic diagnosis of these lesions in the cervix
has been based on the Bethesda classification (Solomon
et al., 2002). Low-grade squamous intraepithelial lesions
(LSIL) regroup cervical condyloma and CIN1, while
high-grade squamous intraepithelial lesions (HSIL) correspond to CIN2 and 3. The same dichotomic division
between low- and high-grade intraepithelial neoplasias
is recommended by some for the purpose of histologic
classification.
These pathologic changes are the result of viral
transcription (Hebner and Laimins, 2006; Snijders
et al., 2006). This interaction starts in the dividing basal
keratinocytes where, under the control of an early promoter located in the upstream regulatory region of the
viral genome, transcripts that are produced encode
the ORFs of E6, E7, E1, and E2. E1 and E2 proteins are
involved in viral DNA replication, which has to harness the replicative enzymes of the host cell. E6 and E7
proteins are involved with oncogenicity for the highrisk HPVs. As one of the daughter cells ascends and
differentiates through the epithelium, viral transcripts
are then made from a late promoter located in the E7
ORF. This leads to the expression of the E1, E2, E4,
E5, as well as L1 and L2 ORFs. The role of the E4 and
E5 proteins is poorly understood, but they associate
with the cytokeratin network and the Golgi apparatus, respectively. L1 and L2 proteins are the major and
minor capsid proteins, respectively, and are thus necessary for the production of viral particles. The viral capsid is composed of 72 capsomeres, each being made of
five L1 and one L2 proteins.
Among the best-understood aspects of HPV molecular pathogenesis are the functions of the E6 and E7
oncoproteins. They interfere with two important cellular tumor-suppressor proteins, p53 and the retinoblastoma (Rb) proteins, respectively. Both of these
cellular proteins control the G1/S transition of the cell
cycle. E6 also interacts with the function of the PSD95/discs large/ZO-1 (PDZ) proteins that are important in cell signaling and cell-to-cell adhesion. It also
activates the telomerase, thus increasing cell longevity, and in concert with E7 immortalizes keratinocytes.
E7 itself can derepress the class I histone deacetylases
(HDACs) that are important in blocking the transition
of the cell cycle into the S phase. It can also promote
chromosomal instability. Methylation of selected sites
in the upstream regulatory region of the viral genome
and chromosomal alterations (polyploidy, aneuploidy,
deletions) are some of the signaling events that mark
the transition from benign to malignant (Garnett and
Duerksen-Hughes, 2006). Integration of the viral
genome into the host genome is another such event.

Even if its true significance is in question, integration
causes the derepression of E6 and E7. E5, E6, and E7
individually and together, contribute to the inhibition
of apoptosis, a process that would normally eliminate
abnormal cells (Garnett and Duerksen-Hughes, 2006).

Immune Response to Infection
HPV infection itself can blunt the immune response
(Eiben Lyons et al., 2007; Kanodia et al., 2007; Sheu
et al., 2007). HPV-16 E5 down-regulates the expression of HLA-A and HLA-B, the major histocompatibility class I proteins responsible for the presentation
of viral peptides to cytotoxic T lymphocytes (Ashrafi
et al., 2006). Nevertheless, the host is capable of containing, even eliminating HPV infection, by opposing
these mechanisms of immune evasion. Cytokines such
as interleukin 2 (IL-2) and interferon gamma (type II
interferon), as well as interferons alpha and beta
(type I interferons) and tumor necrosis factor (TNF)
alpha, are important defense mechanisms that are mediated by natural killer cells. In addition to this innate
immune response, an adaptative cytotoxic immune
response driven by a CD4T cell response can be noted,
and is mostly directed at E6 and E7. This response is
not HPV type specific, and its effectiveness is unclear,
but it appears important enough to account for the
greater HPV disease burden encountered in immunodeficient or immunosuppressed subjects (Scott et al.,
2001; Nicol et al., 2005). A humoral immune response
can probably develop to most of the viral HPV proteins,
but it is usually in a minority of subjects. The most
important response is to L1. As seen with HPV-6, -11,
and -16, only half of the patients with a new HPV infection will develop antibodies to HPV L1 VLP, but the
magnitude of this antibody response is insufficient to
provide protection from a future HPV infection or disease (Kirnbauer et al., 1994; Heim et al., 1995; Eisemann
et al., 1996; Wikstrom et al., 1997; Studentsov et al.,
2003; Viscidi et al., 2004; Tachezy et al., 2006).

VACCINES
History
It is in man that the first vaccines against HPV
disease were developed (Biberstein, 1944). These vaccines were aimed to be therapeutic and were autogenous—the vaccine was made from the patient’s
own genital warts to eradicate the remaining lesions
(Biberstein, 1944; Abcarian and Sharon, 1982). The
results of several case series were very good, but they
failed to be confirmed in a double-blind, cross-over,
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placebo-controlled, randomized study (Malison et al.,
1982). The trend favored the vaccine. Unfortunately,
the study was underpowered to show a difference.
The prophylactic efficacy of such vaccines, or vaccines
prepared directly from a lesion, was never studied in
man, but some protection was observed in the cow
with bovine papillomavirus (BPV) and in the domestic
rabbit with the cottontail rabbit papillomavirus (Jarrett
et al., 1990; Evans et al., 1962a, 1962b). Nevertheless, as
these animal models are sufficiently different from HPV
disease in man caution is always required in extrapolating the results. For example, BPV types 1 and 2 infect
the epidermis and dermis (Jarrett, 1985), BPV-4 causes
disease in the alimentary tract (Jarrett et al., 1978), and
CRPV causes a different pathology in its natural host
than in the domestic rabbit (Kreider and Bartlett, 1985).
It is likely that these limitations are an important reason why none of the vaccine concepts tried in these
models made it into the clinic until the advent of the
VLP-based HPV vaccine. An example of these inconsequential leads were the positive results obtained with
BPV-4 and CRPV full L1 fusion proteins (Pilacinski
et al., 1986; Jin et al., 1990; Lin et al., 1992, 1993).
Conflicting results were obtained using a full L2 fusion
protein, depending on the type of BPV used, or when
using CRPV (Lin et al., 1992; Jarrett et al., 1991; Campo
et al., 1993). Similarly, immunization with a fusion protein containing the C-terminus of L2 or the full E2 gave
different results with BPV-4 and CRPV (Campo et al.,
1993; Christensen et al., 1991; Chandrachud et al.,
1995; Selvakumar et al., 1995). Favorable results were
seen with a full unfused L1 protein (Pilacinski et al.,
1986), a combination of L1 C and N-terminus fusion
proteins (Jarrett et al., 1991), a L2 N-terminus fusion
protein (Chandrachud et al., 1995), a full E1 fusion protein (Selvakumar et al., 1995), a combination of full E1
and E2 fusion proteins (Selvakumar et al., 1995), and
E7 and combined E7 and L2 fusion proteins (Campo
et al., 1993). No protection was conferred by immunization with fusion proteins made from CRPV L1 C-terminus, middle segment, N-terminus, or a combination
of the C-terminus and middle segment (Lin et al., 1993;
Christensen et al., 1991).
Several groups of investigators independently pursued the idea of an HPV vaccine with the conviction
that it would be based on the expression of the major
capsid protein in its native conformation. Although
it had been shown that HPV-1 virions purified from
plantar warts were the best antigens to detect a specific
serologic response in patients with cutaneous warts, it
then was not possible to either grow or purify genital
HPV virions (Kienzler et al., 1983). With the description of the human xenograft nude mouse model, it
became possible to grow HPV-11 virions (Kreider et

al., 1985). Using them as antigen, one could detect
with great specificity antibodies in genital or recurrent respiratory patients (Bonnez et al., 1991, 1992a,
1992b). The nude mouse model also allowed to demonstrate that the HPV-11 virions could induce strong
neutralizing antibodies in the rabbit (Christensen and
Kreider, 1990; Bonnez et al., 1990, 1992). This gave the
impetus to find a noninfectious substitute as a vaccine. Intracellular, native L1 protein appeared to be
made when HPV-1 L1 was expressed in simian cells,
using an SV-40 vector (Ghim et al., 1992). In 1991, the
synthesis and purification of HPV-16 VLPs with a vaccinia vector was reported (Zhou et al., 1991). This was
promoted as a potential vaccine, but other than the
fact that no immunologic evidence was given to this
effect, the authors asserted that VLPs could be made
only with L1 ⫹ L2 alone. This was amply proven
wrong. Moreover, when other investigators tried
to replicate that work with what should have been
the same HPV-16 strain, VLPs failed to materialize
(Kirnbauer et al., 1993). This was shown to be due to
a single point mutation in that particular strain. This
explained why these original ‘VLPs’ did not have the
size and appearance of the papillomavirus VLPs made
by other investigators, then and since (Kirnbauer et al.,
1992; Rose et al., 1993a). It was then shown that HPV
VLPs could be made with L1 alone, and that they had
the same immunologic properties as the intact virions,
in particular that immunized rabbits could generate
neutralizing antibodies against an HPV-11 skin infection (Rose et al., 1993a, 1993b, 1994). These experiments done entirely with human viruses and tissues
offered the most coherent basis for the current vaccine.
Subsequent work revealed that a human HPV vaccine
would have to be multivalent, as different HPV genotypes also corresponded to different serotypes (Rose
et al., 1994a).
Papillomavirus VLPs were then tested in different
animals, and excellent protection was seen against
challenge with the homologous virus in a canine oral
papillomavirus (COPV) model (Suzich et al., 1995),
as well as in CRPV and BPV-4 models (Christensen
et al., 1996b; Kirnbauer et al., 1996). Passive immunization was also protective in the COPV and CRPV models, indicating the key role of neutralizing antibodies
in the vaccine efficacy (Suzich et al., 1995; Breitburd
et al., 1995).
The first clinical trials began in 1997 with the successful demonstration of the initial safety and immunogenicity of monovalent HPV L1 vaccines against
HPV-11 and HPV-16 (Evans et al., 2001; Harro et al.,
2001). Production of very high neutralizing antibody
titers to the immunizing VLPs was demonstrated. It
should be noted that the cellular immune response
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induced by HPV VLPs, as measured by lymphocyte
transformation assays, was not type specific (Evans
et al., 2001; Pinto et al., 2006). This work opened the
clinical development of the current vaccines.

Current Licensed Vaccines
There are currently two vaccines, both containing
HPV L1 VLPs that have been licensed for administration in at least some countries: Gardasil and Cervarix.
The approval for Cervarix is very recent, and does not
concern the United States yet. The major significant differences at this point between these two vaccines are
that Gardasil is quadrivalent, directed at HPV types 6,
11, 16, and 18, and contains an alum adjuvant whereas
Cervarix is bivalent, including only HPV-16 and -18
and contains alum and monophosphyl lipid A adjuvant
system. This difference means that only Gardasil is
approved for the prevention of external genital warts.
Otherwise, for HPV-16 and -18 cervical infections
and diseases, the two vaccines appear at this point to
have very similar immunogenicity, safety, and efficacy
profiles. Less published information is available for
Cervarix than for Gardasil, which will be covered first.
Gardasil
Clinical Trials
Phase I The development of Gardasil was preceded
by dose-escalation studies that evaluated the immunogenicity and tolerance of monovalent HPV11 and
HPV-16 L1 VLP vaccines (Fife et al., 2004; Brown et
al., 2004; Poland et al., 2005). An initial study enrolled
HPV DNA negative and HPV seronegative subjects
for the type tested and found good neutralization titers with intramuscular doses equal to or higher than
40 μg for HPV-16 and 50 μg for HPV-11 VLP (Fife et al.,
2004). Neutralization antibodies in this study and all
subsequent studies were measured by competition for
VLP binding against a labeled mouse monoclonal with
known specificity for the neutralizing epitopes of the
HPV type tested (Opalka et al., 2003; Dias et al., 2005).
The retention of the antibody response was high after
3 years. A post-hoc assessment of the vaccine efficacy
for the prevention of persistent HPV-16 infection was
conducted in one of the population originating from
this trial (Brown et al., 2004). There were 5 cases per
100 person-years at risk in the control group compared
to none in the vaccine group. A dose ranging study
(0, 10, 20, 40, and 80 μg) of HPV-16 L1 VLP was conducted in women regardless of their baseline cervical
HPV DNA and HPV serostatus (Poland et al., 2005).
It showed no difference in local or systemic reactions
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among treatment groups. The titers after immunization in the subjects who were seronegative at baseline
were 36–78-fold higher than those in the subjects who
had mounted a serologic response to HPV-16 after a
natural infection. Moreover, post-immunization titers were 1.1–2.4-fold higher in the subjects who were
seropositive at baseline, compared to those who were
seronegative.
Gardasil, the quadrivalent vaccine preparation
including HPV-6, -11, -16, and -18 VLPs, was evaluated in a dose-escalating study, followed by a doseranging study in 16–23-year-old women (Villa et al.,
2006a). This study led to the selection of the current
vaccine dosing, and confirmed the high immunogenicity for each of the HPV types of the vaccine
preparation, with serologic responses being sustained
for up to 3 years.
Phase II It was the study by Koutsky et al. (2002) that
firmly established the clinical value of the HPV VLP
vaccine. The investigators enrolled 2392 women aged
16–26 years who had had no more than five lifetime
sexual partners to be randomized to receive either
HPV-16 L1 VLP (40 μg) formulated with amorphous
aluminum hydroxyphosphate sulfate adjuvant or adjuvant alone given intramuscularly at day 0, month 2,
and month 6. Genital samples to test for the presence
of HPV DNA were obtained at enrollment, one month
after the last immunization, and every six months
thereafter. The patients were monitored with cytology,
and colposcopy if indicated by protocol. The endpoint
of the study was the presence, starting one month
after the third immunization, of HPV-16 infection on
two or more consecutive visits (persistent infection).
A predetermined number of cases of persistent
infection was reached after a median follow-up of
17.4 months. Excluding from the analysis those women
who had been HPV-16 DNA positive or HPV-16
seropositive at baseline, the analysis showed that
none of the 768 vaccinees, as opposed to 41 of the 765
placebo recipients, had developed a persistent infection. In the secondary analysis, 10 of the cases of persistent HPV-16 infection had developed related CIN,
thus pointing to a disease prevention effect as well.
Although pain at the injection site was the most common side effect, there was no difference in the rates of
adverse reactions between the two study groups.
The analysis after 48 months of follow-up of the
study populations showed 7 cases of HPV-16 persistent infections in the 755 vaccine recipients, but 111
cases in the placebo group, yielding an efficacy of 94%
(95% CI, 88–98%) (Mao et al., 2006). Three cases each of
CIN2 and CIN3 were noted in the placebo recipients,
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but none in the vaccine group. As in the phase I studies, the HPV-16 VLP serum titers peaked after the
third immunization, then declined, but by month 18
reached a plateau still many folds higher than the levels attained after a natural infection.
An extension of the dose-ranging study that led
to the dosing selection for Gardasil offered an opportunity to look up to 5 years post-enrollment at the
combined incidence of HPV-6, -11, -16, and -18 infection and disease (CIN and genital warts) in placebo
(adjuvant) and vaccine (the formulation that was later
approved as Gardasil) recipients who were seronegative and HPV DNA negative for the vaccine types analyzed (Villa et al., 2006b). This endpoint was reached
in 2 of 235cases in the vaccine group and in 46 of 233
in the placebo groups—a vaccine efficacy of 96%. The
efficacy was 100% when looking at disease only, with
no cases of CIN or genital warts in the vaccine recipients, but 6 in the placebo recipients. In order to study
the immune memory response, those subjects whose
study had been extended beyond 3 years received
a fourth injection at month 60 (Olsson et al., 2007).
This fourth immunization with the vaccine induced
a strong anamnestic response. The antibody titers
reached stable levels higher than one month after the
third immunization.
The clinical development of the HPV vaccine presented two particular problems. It was anticipated
that in order to achieve maximal efficacy, the vaccine
would have to be administered before the acquisition
of HPV infection. Therefore, HPV persistent infection
or disease could not be used as an endpoint of vaccine
efficacy in an essentially sexually naive population.
A protective neutralizing titer after immunization
was regarded as an adequate surrogate to bridge the
results in 16–26-year-olds to 9–15-year-olds. The second difficulty was the complete or near-complete efficacy of the vaccine in 16–26-year-olds. This meant that
it was impossible to determine a neutralizing antibody
level below which either persistent HPV infection
or, more importantly, disease would start breaking
through. The vaccine had to be shown to induce at
least equivalent antibody titers in pre-adolescents as
in adolescent or adult women. This “bridging” efficacy was established in a randomized, double-blind
trial of Gardasil immunization in 506 girls (10–15year-old), 510 boys (10–15-year-old)—boys and girls
being sexually naive—and 513 women (16–23-yearold) (Block et al., 2006). The resulting antibody titers
to HPV-6, -11, -16, or -18 VLPs in boys and girls were
non-inferior to those in women. They were in fact
1.7–2.7-fold higher, with a trend showing higher titers
in boys. These results were repeated in a study done

in boys and girls 9–15 years old that compared the
vaccine against a non-aluminum adjuvant (Reisinger
et al., 2007). In the first study, boys and girls were
more likely to have fevers after vaccination, 13.8 and
12.8%, respectively, than women, 7.3%. In the second
study, vaccine recipients reported one or more injection site–related adverse events more often than the
placebo recipients, 75.3% vs. 50.0%.
Phase III The primary endpoint of the phase III trials
was the demonstration that the vaccine not just prevented infection, but that it also reduced disease incidence. In contrast to cervical HPV infection, CIN2/3
was regarded as the proper surrogate endpoint for
cervical cancer because of the following factors: (a) it
was the immediate precursor for cervical cancer; (b)
it would be amenable to secondary prevention measures when found; (c) its detection and removal had
been shown to prevent cancer; and (d) it was fully
treatable (Kang and Lagakos, 2004). The trial results
are summarized in Table 26.1 (Garland et al., 2007;
Koutsky, 2007; Ault, 2007; Joura et al., 2007; Luna et
al., 2007). They clearly show that the greatest benefit
of the vaccine was in subjects that were seronegative
and HPV DNA negative for the vaccine HPV types,
indicating that maximum benefit of vaccination
occurs before sexual debut (Hildesheim and Herrero,
2007). Nevertheless, even in women with virological
(serology or PCR) evidence of preexisting vaccinetype HPV infection, the vaccine was 100% effective
at preventing incident CIN2/3 or cervical adenocarcinoma in situ (AIS) by vaccine HPV types for which
the women were negative at enrollment (FUTURE II
Study Group, 2007). Similarly, vaccination was 94%
effective in preventing vaginal or vulvar HPV-associated lesions, including external genital warts. In this
combined study of 15–26-year-old women, 26.8% of
the enrollees had current or past evidence of at least
one vaccine-type HPV infection.
HPV-16 and -18 account for only 70% of cervical
cancers and a smaller fraction of CIN, especially low
grade. The vaccine has little impact on the infections
and diseases caused by the other HPV types. The
“intention-to-treat population—any lesion regardless of type” analysis (Table 26.1), which also includes
women not naive for the vaccine types, provides a
look at the overall effectiveness rather than just efficacy of the vaccine. The results are substantially
worse, and it has been pointed out that the vaccine
efficacy of 17% noted in that analysis of protocol 017
implies that “129 women would need to be vaccinated in order to prevent one case of CIN2/3 or AIS”
(Koutsky, 2007; Sawaya and Smith-McCune, 2007).
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TABLE 26.1 Summary of the efficacy results of Gardasil against HPV-related lesions
Lesion prevented
Condylomas
(external and
vaginal)

VIN/VAIN
1

2/3

Caused by
HPV

CIN
1

2/3 & AIS

Number of
subjectsa

Vaccine efficacy (%)
(95% confidence interval)

4540

100 (92–100)

•

4540

100 (49–100)

013

Garland et al. (2007)

•

15,596

100 (72–100)

007, 013, 015

Joura et al. (2007)

•

4499

100 (94–100)

•

17,129

99 (93–100)

•

•

3819

•

•

•

•
•

6/11

16/18

•

•

•

Others

Merck protocol

References

Per-protocol susceptible populationb
•
•
•
•

•

•

•
•

•

013

Garland et al. (2007)

013

Garland et al. (2007)

005, 007, 013, 015

Ault (2007)

100 (61–100)

019c

Luna et al. (2007)

5351

96 (86–99)

013

Garland et al. (2007)

5351

82 (16–98)

013

Garland et al. (2007)

17,531

97 (79–100)

007, 013, 015

Joura et al. (2007)

•

4951

98 (92–100)

013

Garland et al. (2007)

•

19,466

98 (93–100)

005, 007, 013, 015

Ault (2007)

Unrestricted susceptible populationd

•
•
•

•

•

•
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•

e

Intention-to-treat population
•
•

•

•

5455

76 (61–86)

013

Garland et al. (2007)

•

•

5455

63 (⬍0-88)

013

Garland et al. (2007)

•

18,174

71 (37–88)

007, 013, 015

Joura et al. (2007)

•

5455

55 (40–66)

013

Garland et al. (2007)

•

20,583

44 (31–55)

005, 007, 013, 015

Ault (2007)

•
•

•
•

•

(Continued)
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TABLE 26.1 (Continued)
Lesion prevented
Condylomas
(external and
vaginal)

VIN/VAIN
1

2/3

Caused by
HPV

CIN
1

2/3 & AIS

6/11

16/18

Others

Number of
subjectsa

Vaccine efficacy (%)
(95% confidence interval)

Merck protocol

References

Intention-to-treat population - Any lesion regardless of type
•
•

•

•

5455

51 (32–65)

013

Garland et al. (2007)

•

•

5455

18 (⬍0–46)

013

Garland et al. (2007)

•

•

18,174

49 (18–69)

007, 013, 015

Joura et al. (2007)

•

•

•

5455

20 (8–31)

013

Garland et al. (2007)

•

•

20,583

18 (7–29)

005, 007, 013, 015

Ault (2007)

•
•

•
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•
a

The subjects were randomized 1:1 between the vaccine and placebo groups, and the two groups were tightly balanced. Except where noted (Protocol 019), the subjects were
16–26-year-old women, and results are based on 3 years of follow-up.
b
This was the population used for the primary endpoint analysis. Subjects were seronegative and HPV DNA negative at day 1 for the HPV types included in the vaccine. They
had a normal Pap smear, received all 3 immunizations, and cases were counted starting 1 month after the third immunization.
c
Protocol 019 enrolled 24–45-year-old women, and the disease endpoint was assessed by cytology at a mean 1.65 years of follow-up. In that study, the vaccine was 91%
effective preventing persistent infection, external genital warts, or CIN caused by HPV-6, -11, -16, or -18.
d
This population included subjects who were seronegative and HPV DNA negative at day 1 for the HPV types included in the vaccine, but it included protocol violators,
individuals who had received less than 3 doses, who had developed HPV DNA positivity during the vaccination phase, and who had an abnormal Pap smear at day 1. Case
counting began 1 month after the first immunization. About a quarter of the subjects were positive by HPV DNA or serology at day 1 for at least one of the vaccine types.
e
This population was identical to the Unrestricted Susceptible Population, except that it included subjects who were HPV seropositive and/or HPV DNA positive for the
vaccine types at day 1.
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This is a pessimistic and restrictive interpretation for
several reasons. These low-efficacy figures are those
observed at 3 years of follow-up. As long as the vaccine is effective, they should improve with further follow-up, because the placebo recipients continue to
acquire lesions at a higher rate than the vaccinees. This
increase in efficacy in the general population has been
verified with Cervarix with 5-year follow-up (Harper
et al., 2006). The figures also vary according to the geographic area, possibly reflecting different HPV type
distributions. The vaccine efficacy for CIN2/3 and AIS
in North America in the “intention-to-treat” population was double that of Asia (Ault, 2007). HPV-16 and
-18 are more oncogenic than the other HPVs, and preventing one case of CIN2/3 caused by one of these two
types should have more impact on cervical cancer than
preventing one case of CIN2/3 caused by one of the
non-vaccine types (Schiffman et al., 2005). Finally, vaccination cannot be dismissed when it is the only preventive measure available for HPV-associated cancers other
than those of the cervix. Even with cancer of the cervix,
half of the affected women are those who have never
been screened, and another 10% has not been screened
in the previous 5 years ((NIH) NIoH, 1996; Leyden et
al., 2005). Given that the socioeconomic barriers to cervical cancer screening are different from those applying to
vaccination, vaccination might be the only preventative
option for some women (Hewitt et al., 2004).
A further analysis of the phase II/III trials examined the impact of baseline characteristics on the
immunogenicity of the vaccine (Giuliano et al., 2007).
As already observed, age at vaccination was inversely
proportional to the antibody titers induced by immunization. Preexisting HPV antibodies resulted in a
higher serologic response than in the absence of baseline antibodies. Otherwise, there was no detectable
effect of race/ethnicity, region of residence, lactation
status, hormonal contraceptive usage, smoking status,
Pap smear diagnosis, immunosuppressant, or antiinflammatory drug use, and number of sex partners.
The absence of effect of anti-inflammatory drug use on
vaccine immunogenicity is preliminary, but reassuring
in light of animal and human in vitro experiments that
had shown an inhibitory effect of cyclooxygenase-2
inhibitors (Ryan et al., 2006).
Agent/Strain Used in Vaccine, How Produced,
Number of Doses Administered to Give Protective
Immunity Gardasil (also sold in some countries as
Silgard) is made by Merck and is distributed in European
countries by Sanofi Pasteur, a joint venture of Merck and
Sanofi-Aventis. It was first marketed in June 2006. This
quadrivalent vaccine is made in a Saccharomyces cerevisiae
yeast expression system, and contains L1 VLP of HPV
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types 6, 11, 16, and 18 at concentrations of 20, 40, 40, and
20 μg, respectively. A 0.5 ml dose also includes approximately 225 μg of an amorphous aluminum hydroxyphosphate sulfate proprietary adjuvant. The preparation
is sterile and does not contain a preservative or antibiotics. The vaccine is administered as three doses at months
0, 2, and 6. It is given intramuscularly, preferably in the
deltoid area of the upper arm or in the higher anterolateral area of the thigh.
Protective immunity is believed to be exclusively
provided by the neutralizing antibodies induced by
immunization. A protective antibody threshold has
not yet been established given the very high efficacy
of the vaccine. It is therefore unclear after how many
doses immunity is established. It was however noted
that the vaccine retained a very high efficacy, even
when the analysis included patients who had not
received all three injections (see Table 26.1). Clinical
studies are in progress to examine the effectiveness
of abbreviated immunization schedules (Advisory
Committee on Immunization Practices, 2007, www.
cdc.gov/vaccines/recs/acip/downloads/acip_min_
feb07.pdf). Gardasil package insert (https://www.
merckvaccines.com/gardasilProductPage_frmst.html)
indicates that neutralizing antibody titers measured
one month after the third dose are the highest for all
the vaccine HPV types if the second dose is administered on time or early (36–50 days after dose 1) and/
or if the third dose is administered on time or late
(138–160 days after dose 2).
Clinical and serological endpoints have been followed up to 5 years at this point , and there is still
no evidence that a booster immunization is or will
be necessary (Villa et al., 2006b; Olsson et al., 2007).
Nevertheless, a booster immunization was evaluated
5 years after the first immunization in a subgroup of
104 16–23-year-old female vaccine recipients (Olsson
et al., 2007). For each of the HPV types, the neutralization titers were superior to titers observed one month
after the third immunization, demonstrating a very
strong memory response. In that study, subjects who
had received the placebo for their first three immunizations were also boosted, and among those who
had been seropositive but PCR HPV DNA negative at
enrollment, the titers after this single vaccine administration were comparable to those measured after three
initial immunizations in the seronegative subjects.
Vaccine Recommendations, Including Potential
to Administer with Other Vaccines The Advisory
Committee on Immunization Practices (ACIP), which
is part of Centers for Disease Control and Prevention
and a leading group on immunization recommendations in the United States, recommends the vaccine

III. VIRAL VACCINES

30_P369408_Ch26.indd 483

11/5/2008 4:21:39 PM

484

HUMAN PAPILLOMAVIRUS

to 11–12-year-old girls, with a catch-up immunization for 13–26-year-old girls (Markowitz et al., 2007)
(Table 26.2). The Vaccine for Children Fund for free
vaccination, a federally mandated program administered by each state and targeted to the underprivileged population, is applicable to the 9–18-year-old
female population.
In the 11–12-year-old group for which the vaccine
is indicated, two other vaccines are recommended,
the tetanus and diphtheria toxoids and acellular pertussis vaccine (Tdap) and the meningococcal vaccine
(MCV4) (FUTURE II Study Group, 2007). At this date
the ACIP and the American Academy of Pediatrics
(AAP) recommend administering these single-dose
vaccines with one of the HPV vaccine doses. It is recommended to use a different site for the injection of
each vaccine. Although there are no theoretical reasons
TABLE 26.2 HPV quadrivalent vaccine, Gardasil,
recommendations (United States)
Indications
•

11–12-year-old girls

•

Catch-up immunization for 13–26-year-old girls

•

Can be administered to girls as young as 9 years

•

Most effective if administered before sexual debut

•

Given as 3 intramuscular doses, at months 0, 2, and 6

•

May be given at the same time as the hepatitis B (Hep B), the
tetanus and diphtheria (Td), the tetanus, diphtheria, acellular
pertussis (Tdap), or the meningococcal (MCV4) vaccines

•

Can be given to patients with genital warts, an equivocal or
abnormal Pap smear, or the presence of cervical high-risk HPV
DNA (Hybrid Capture II assay), but the subject should be
advised that the vaccine is not therapeutic and does not protect
against diseases by already established HPV types

•

May be given to lactating women

•

May be given to immunosuppressed or immunodeficient
patients, but efficacy may be reduced

•

Cervical cancer screening (Pap smear) recommendations are
unchanged for vaccine recipients and should be reminded to the
subject

• Protective sexual behaviors (including abstinence, monogamy,
limiting the number of sexual partners, using condoms) should
be continued since the vaccine does not protect against all HPV
infections and does not affect other sexually transmitted infections
• An interrupted immunization series should be resumed (not
restarted at dose 1) as soon as it becomes possible
Contraindications
•

Immediate hypersensitivity to yeast or any of the vaccine
components

•

Pregnancy (if vaccinated during pregnancy report the case to
the vaccine pregnancy registry, tel. 800-986-8999)

•

Moderate or severe acute illness

•

The vaccine does not contain thimerosal or mercury

for concern, there are no data currently available
evaluating the safety and efficacy of this practice.
This should change by the end of 2008, as a study is
currently underway (ClinicalTrials.gov Identifier:
NCT00325130). A catch-up immunization with the
hepatitis B vaccine may also be necessary in the
same age group, and a study has shown no effect on
the safety and immunogenicity of the HPV vaccine
(Markowitz et al., 2007; Gardasil Package Insert, 2007,
www.fda.gov/cber/label/hpvmer040307LB.pdf).
Several American professional organizations have
endorsed the use of the vaccine with recommendations usually similar to those of the ACIP. They include
the AAP (American Academy of Pediatrics Committee
on Infectious Diseases, 2007, http://www.cispimmunize.org/ill/pdf/HPVprovisional.pdf), the American
College of Obstetricians and Gynecologists (ACOG)
(ACOG Committee, 2006), the American Association
of Family Practitioners (AAFP) (Armstrong, 2006),
the Society for Adolescent Medicine (SAM) (Friedman
et al., 2006), the American College Health Association
(ACHA), (ACHA guidelines, 2006) and the American
Cancer Society (ACS) (Saslow et al., 2007). The ACS
guidelines do not recommend the vaccine for the
19–26-year-old female population.
It is important to note that HPV immunization
does not change in any way as the current guidelines
for cervical cancer screening (Pap smear) (Saslow
et al., 2002; ACOG Practice Bulletin, 2003; Screening
for cervical cancer, 2003, http://www.ahrq.gov/
clinic/3rduspstf/cervcan/cervcanrr.pdf).
Countries Where Vaccine is Licensed, Including
Manufacturers As of the end of October 2007,
Gardasil has been approved in 87 different markets,
including the 3 North American countries (Canada,
United States, and Mexico), 15 Caribbean and Central
American countries, 6 South American countries, 38
European countries, 15 Middle Eastern and African
countries, and 11 Asian or Pacific countries, and more
applications are pending.
Indications for Vaccination/Target Populations
(Who is Vaccinated?) In the United States, Gardasil
has been approved for administration to females ages
9 through 26 years for the prevention of cancer of the
cervix; cervical AIS; CIN grades 1, 2, and 3; VAIN
grades 2 and 3; VIN grades 2 and 3; and genital warts.
The vaccine is recommended irrespective of cervical HPV DNA or Pap smear status at the time of
immunization. It should be noted that some countries, such as Australia, have allowed for Gardasil to
be administered to males, and in other countries the
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recommended age of immunization differs. Most
states in the United States do not plan to make the
vaccine mandatory for school attendance, a very sensitive and controversial issue to date.
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Duration of Immunity The efficacy of Gardasil has
been established up to 3 years in over 10,000 subjects
(see Table 26.1). More limited efficacy data on 241 subjects are available at 5 years demonstrating complete
protection against cervical persistent infection and
disease (Villa et al., 2006b). Sustained neutralizing titers for the different HPV types included in the vaccine
have also been documented for at least 5 years (Olsson
et al., 2007). The absence of events indicating vaccine
failure has precluded the establishment of a neutralizing antibody titer threshold below which protection
starts waning. A mass-screening program with central
registries in place in the Nordic countries (Denmark,
Sweden, Norway, and Finland) should allow to
determine not only the duration of vaccine effectiveness, but also the impact on cervical cancer screening,
and long-term safety (Lehtinen et al., 2006; Barnaba
et al., 2006). Modeling of the decay of the antibody
response would indicate neutralizing titers lasting for
at least 12 years above those following a natural infection (Fraser et al., 2007).

human milk (Gardasil Package Insert, 2007, www.fda.
gov/cber/label/hpvmer040307LB.pdf).
The vaccine is not intended to be used for the
treatment of existing genital warts, cervical cancer,
CIN, VAIN, or VIN. No therapeutic efficacy has been
demonstrated on the cervical HPV infections already
present at onset of vaccination (Koutsky, 2007). It will
be important to examine whether HPV seropositive
women who have cleared their vaccine-HPV infection
are less likely to acquire another vaccine type-related
disease (Advisory Committee on Immunization
Practices, 2007, www.cdc.gov/vaccines/recs/acip/
downloads/acip_min_feb07.pdf).
In general, the vaccine does not protect against
diseases due to non-vaccine types, but a recent analysis demonstrates a 45% efficacy against CIN2/3
and AIS caused by either HPV-31 or -45, virus types
related to HPV-16 and -18, respectively (Brown and
The FUTURE Study Group, 2007). These two types
account for 2.9 and 6.7%, respectively, of all cervical
cancers (Munoz et al., 2004).
The vaccine does not contain any HPV DNA and
is noninfectious. Therefore, it is not contraindicated
in immunosuppressed or immunodeficient individuals. However, its efficacy in these populations has not
been established.

Contraindications of Vaccination, Including
Special Risk Groups The vaccine is contraindicated
in subjects with a known history of allergy to yeast, or
to any of the active substances or excipients included
in the vaccine. Individuals who develop symptoms
indicative of allergic reaction should not receive further doses.
The vaccine is also contraindicated during pregnancy and is classified as a pregnancy category B.
During the clinical trials 1115 of 10,418 vaccine recipients and 1151 of 9120 placebo recipients reported at
least one pregnancy. The outcome of these pregnancies was known for 996 in the vaccine group and for
1018 in the placebo group, and the rates of fetal loss
were comparable, 38 and 40%, respectively (Miller,
2006). There were 15 cases of congenital anomalies,
5 of them occurring within 30 days of immunization
in the Gardasil recipients and 16 in the placebo recipients (Miller, 2006). The anomalies were those expected
to occur in women aged 16–26 years. The manufacturer maintains a pregnancy registry.
Although breast-feeding is not a contraindication
to the vaccine, and 995 nursing mothers received the
vaccine during the clinical trials, caution is advised
as it is not known whether the vaccine antigens or the
antibodies induced by immunization are excreted in

Adverse Events Local adverse reactions were noted
in about 85% of the Gardasil recipients, and this was a
rate higher only by 6.5–9.4% than seen in the placebo
recipients (Garland et al., 2007; Koutsky, 2007). They
include pain at the injection site (85%) and swelling
(26%) both of which are seen 10% more commonly
than with the placebo. Fever in the vaccine and placebo recipients was seen in 13.5 and 10.2% of the subjects, respectively (Garland et al., 2007). Girls and boys
younger than 16 years were 7–16% less prone than
older females to experience pain at the injection site.
They were, however, more likely to have fever after
immunization (Block et al., 2006). In a combined population of over 17,000 subject events, serious adverse
reactions were seen only once in each vaccine and placebo equal-sized groups. Similarly, there were no differences in the rates of other adverse effects.
As of June 30, 2007, more than 7 million doses of
Gardasil had been distributed. The Vaccine Adverse
Event Reporting System (VAERS) had received a total
of 2531 reports (Anon, 2007, http://www.cdc.gov/vaccines/vpd-vac/hpv/downloads/hpv-gardasil-gbs.
pdf). Less than 6% of the reports were classified
as serious events defined according to the Code of
Federal Regulations. This represents less than half
the rate of serious adverse reactions for any vaccines
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reported to VAERS. Thirteen cases of Guillain-Barré
syndrome (GBS) had been reported by that date. Two
met the case definition of GBS, occurring within 6
weeks after immunization to Gardasil alone, but both
subjects had also received the meningococcal vaccine
(Menectra). The number of observed GBS is consistent
with the number expected by chance alone.
Thromboembolic events were rare in the prelicensure studies. One case was reported in both vaccine and placebo groups, and after licensure two additional cases were reported to VAERS. None of them,
however, could be attributed to the vaccine (Iskander,
2007).
As of May 8, 2007, VAERS had registered 11 reports
of syncopal episodes (Iskander, 2007). In the studies that led to licensure, 4.0% of 5088 vaccine recipients experienced dizziness as opposed to 3.7% of
3790 of placebo recipients (Advisory Committee on
Immunization Practices, 2007, www.cdc.gov/vaccines/recs/acip/downloads/acip_min_feb07.pdf ).
This led the ACIP to recommend a period of 15 min
of observation after vaccination (Advisory Committee
on Immunization Practices, 2007, www.cdc.gov/vaccines/recs/acip/downloads/acip_min_feb07.pdf).
Cervarix
Clinical Trials
Phase I Cervarix is a bivalent vaccine, containing
20 μg each of HPV-16 and -18 L1 VLP formulated with
an AS04 adjuvant made of 500 μg aluminum hydroxide and 50 μg 3-O-deacyl-4⬘- monophosphoryl lipid A
(MPL). An initial study in human, mice, and monkey
subjects demonstrated the ability for the vaccine given
intramuscularly at 0, 1, and 6 months to induce higher
binding and neutralizing antibody titers (1.6–8.5-fold)
when formulated with AS04 than with aluminum
hydroxide alone (Giannini et al., 2006). This antibody
response persisted for at least 3.5 years.
Phase II The immunogenicity, tolerance, and efficacy
of Cervarix was demonstrated in a phase II study
enrolling 15–25-year-old women with no more than
6 lifetime sexual partners who were randomized 1:1
to receive either the vaccine or the adjuvant alone by
intramuscular injection at months 0, 1, and 6 (Harper
et al., 2004). The prevention of transient or persistent incident cervical infection with the vaccine HPV
types in women that were HPV-16 and -18 DNA negative and seronegative at entry was the primary endpoint. A secondary endpoint was the prevention of
persistent HPV-16 and -18 infection, or of cytologic
or histologic atypical cell of unknown significance
(ASCUS) or CIN. In the cohort analyzed according

to protocol, at up to 18 months of follow-up, the vaccine efficacy in the 366 vaccinees and 355 placebo
recipients was 91.6% (95% CI, 64.5–98.0%) for incident cervical HPV16 or 18 infections, 100% (95% CI,
47–100%) for persistent infections, and 92.9% (95% CI,
70–98.3%) for cytologic ASCUS or higher. When analyzed at up to 4.5 years, these results were still excellent, with similar vaccine efficacy figures of 96.9%
(95% CI, 81.3–99.9%), 94.3% (95% CI, 63.2–99.9%),
and 95.7% (95% CI, 83.5–99.5%), respectively (Harper
et al., 2006). When CIN2/3 by cytology or histology
was the endpoint, the efficacy was 100% (95% CI,
⫺07.7 to 100%). In that study, Cervarix was shown
to induce cross-protection against cervical infections
caused by some non-vaccine types, with an efficacy
of 54.5% against HPV-31, and 94.2% against HPV-45
(Harper et al., 2006).
The immunogenicity of Cervarix was demonstrated
in 10–25-year-old females, with 100% seroconversion for binding antibodies to HPV-16 and -18 VLPs
(Pedersen et al., 2007). As with Gardasil, the group
of 10–14-year-old females had titers higher by about
twofold than the titers in the 15–25-year-old females.
Phase III At present, only interim results of an ongoing phase III study of Cervarix (protocol HPV-008)
have been presented (Dubin, 2007). This study has
enrolled 18,644 women aged 15–25 years, unscreened
for either cervical HPV DNA or cytology, to be randomized 1:1 to receive intramuscularly at least
one of three vaccine doses (at months 0, 1, and 6) of
either Cervarix or GSK hepatitis A virus (HAV) vaccine (control) that contains the same adjuvant as
Cervarix. Cases are counted after the first vaccine
dose. The endpoint is histologically proven CIN2 or
higher (CIN2⫹) associated with HPV-16 or -18. The
interim analysis was triggered when 23 cases of HPV16/18 CIN2⫹ accumulated in the total vaccinated
cohort. The per-protocol interim analysis carried out
in women who were HPV-16 or -18 negative at baseline showed a vaccine efficacy of 99.3% (95% CI,
53.4–99.3%) at 15-month follow-up. When adjusted to
include only those cases in which the HPV infection
was present in preceding visits, the efficacy increased
to 100% (95%, 74.2–100%). In this study, statistically significant cross-protective vaccine efficacy was
also observed against 6-month persistent infections
caused by HPV types 45 (vaccine efficacy of 59.9%),
31 (36.1%), and 52 (31.6%), a type related to HPV-16.
The vaccine was well tolerated with serious adverse
events noted in three patients in the Cervarix and
five in the HAV group. General and local symptoms
were slightly more common with Cervarix, 85.0 and
91.2%, respectively, than with HAV, 81.6 and 79.9%.
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The vaccine reactogenicity profile was similar in all
groups. There were also no differences between the
two vaccine groups in the rates of abnormal or premature infants from the pregnancies that occurred during the study. The rates of unsolicited adverse events,
including chronic and autoimmune diseases were
comparable in both groups.
Agent/Strain Used in Vaccine, How Produced,
Number of Doses Administered to Give
Protective Immunity Cervarix is manufactured by
GlaxoSmithKline Biologicals, and was first approved
in Australia in May 2007. It is a bivalent vaccine
made in insect cells (Spodoptera frugiperda Sf-9 and
Trichoplusia ni Hi-5 cell lines), using a baculovirus
expression system. It contains in a 0.5 ml dose, 20 μg
each of HPV-16 and HPV-18 L1 VLP, mixed with an
AS04 adjuvant (500 μg aluminum hydroxide and 50 μg
MPL). The vaccine is given in three doses injected
intramuscularly at months 0, 1, and 6.
Vaccine Recommendations, Including Potential to
Administer with Other Vaccines It is unknown at
present what recommendations will be issued by ACIP
for Cervarix use in the United States, but they are likely
to be very similar to those of Gardasil for cervical HPV
diseases given the similitudes in content and results of
the two vaccines. However, the absence of HPV-6 and
-11 VLPs in Cervarix is likely to affect specific recommendations regarding the prevention against genital
warts. Furthermore, no data have yet been presented
on the impact of Cervarix on vulvar and vaginal
intraepithelial neoplasias caused by HPV-16 and -18.
Price is likely to be a consideration in the recommendations offered by third-payer agencies and insurance
companies.
Countries Where Vaccine is Licensed Cervarix
has been approved in Australia, Europe, the United
Arab Emirates, Kenya, the Philippines, and Japan.
Other approvals are expected, including in the United
States.
Indications for Vaccination/Target Populations
(Who is Vaccinated?) The data supporting the regulatory authorizations that led to Cervarix approval
in different countries are not available at present.
However, efficacy and safety data from the ongoing
phase III study (HPV-008) done on a 15–25-year-old
population of women unscreened for current or prior
high-risk HPV infections and for cervical cytology have
been presented to ACIP, and are a basis of approval for
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this population (Dubin, 2007). It should be noted that
Australia, for example, has approved the vaccine in
10–45-year-old females, as well as in males. As with
Gardasil, Pap smear or cervical HPV DNA status are
not contraindications to vaccination with Cervarix.
Duration of Immunity It is unknown to what extent
higher post-immunization titers predict the durability
of protection. Higher titers of binding and neutralizing
antibodies to HPV-16 and -18 were seen after immunization with AS04 than with aluminum hydroxide adjuvants (Giannini et al., 2006). The adjuvants in Gardasil
and Cervarix differ in formulation, dose, and incorporation process into the vaccine. GSK is currently conducting a double-blind, comparative trial of the two
vaccines to evaluate their respective immunogenicity
(ClinicalTrials.gov Identifier NCT00423046).
Contraindications of Vaccination, Including Special
Risk Groups No data are available on Cervarix contraindications, but it is anticipated that they will resemble those listed for Gardasil. In that respect, Cervarix is
not intended for therapeutic use. A large-scale study has
clearly demonstrated the absence of effect on existing
cervical infection (Hildesheim et al., 2007). We do not
yet know the impact of vaccination with Cervarix on
the natural history of preexisting disease.
Adverse Events Cervarix causes the same type of
adverse reactions as Gardasil. To the extent comparisons are legitimate, local pain and redness might be
slightly more common, and redness was as common
as swelling (Harper et al., 2004). The rates of systemic
reactions did not differ between the vaccine and placebo groups (Harper et al., 2004, 2006). In the interim
analysis of the HPV-008 study, general and local
symptoms were 3.4 and 1.3 percentage points higher,
respectively, with Cervarix than with the HAV vaccine control (Dubin, 2007). There were otherwise no
differences between the two groups in the rates of
unsolicited and serious adverse events. Likewise, no
differences were observed in the rates of abnormal or
premature births that occurred in the approximately
670 pregnancies recorded in each group.

Vaccines in Development
The yeast and insect cell expression systems are
expensive biotechnologies, and this has stimulated
the search for many alternative solutions to reduce
the production costs. Two types of vaccines seem to
be close to entering the clinical phase of development.
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The first one is based on the production of HPV VLP
and capsomeres in Escherichia coli (Li et al., 1997; Chen
et al., 2001; Garcea and Gissmann, 2004; Schaedlich
et al., 2007). A different vaccine approach relies on
the use of HPV L2 polypeptides, particularly those
derived from the N-terminus, which offer broad crossneutralization among HPV types and other animal
papillomaviruses (Roden et al., 2000; Slupetzky et al.,
2007; Kondo et al., 2007). Solutions are being developed to augment the weaker immunogenicity of these
types of vaccines compared to HPV VLPs (Karanam
et al., 2007).

Rationale of Second/Third/New-Generation
Vaccines
Other than the important issue of vaccine cost, an
area of improvement for future prophylactic vaccine
is the broadening of protection against HPV types
non-included in the current vaccines. Such augmented
vaccines could give not only added protection against
cervical cancer, but also have a much more important impact on any intraepithelial neoplasias than the
present vaccines. However, expanded vaccine will be
more costly to manufacture.

PROSPECTS FOR THE FUTURE
Several ongoing studies should lead to an extension of the indications for the HPV vaccine. Gardasil
has already demonstrated its immunogenicity, efficacy, and safety in women older than 26 and up to
45 years old (Luna et al., 2007). Cervarix is also being
evaluated in the same age population. A randomized,
double-blind, placebo-controlled trial (ClinicalTrials.
gov Identifier NCT00423046) is evaluating its immunogenicity in 18–45-year-old women, while another
study is focused on the 18–35-year-old female population (ClinicalTrials.gov NCT00306241). A third trial
is examining the safety, immunogenicity, and efficacy of the vaccine in women older than 26 years
(ClinicalTrials.gov Identifier NCT00456807).
The use of the vaccine in special populations is
also being evaluated. The U.S. National Institute
of Allergy and Infectious Diseases is sponsoring a
study of the safety and immunogenicity of Gardasil
in HIV-infected male and female 7–12-year-old children (ClinicalTrials.gov NCT00339040). Men who are
infected or are the recipients of a solid organ or bone
marrow transplant are at high risk for HPV infections and diseases. They are being considered for
clinical trials of Gardasil (Advisory Committee on

Immunization Practices, 2007, www.cdc.gov/vaccines/
recs/acip/downloads/acip_min_feb07.pdf).
One issue of great importance is the place of
male HPV immunization in the prevention of cervical cancer. Several studies have examined favorably
the epidemiologic consequences and even the costeffectiveness of this strategy (Hughes et al., 2002;
Elbasha et al., 2007; Dasbach et al., 2006). An indication for male immunization with Gardasil will hinge
on the results due in 2008 of a randomized, doubleblind, placebo-controlled study in males for the prevention of genital warts (ClinicalTrials.gov Identifier
NCT00090285).
It is essential to eventually demonstrate that HPV
vaccination actually reduces the rates of cervical cancer. Both vaccine manufacturers have put in place in
the Nordic countries studies that are either time extensions of current studies, or an examination of cancer
registries with data matched to centralized immunization registries. A corollary question is to evaluate the impact vaccination might have on screening
(Kulasingam and Myers, 2003). There are large costs to
be saved if the vaccine, particularly one that includes
more types than the current ones, has a large impact
not only on cancer, but also on CIN of any stage. This
could eventually lead to not only the recommendation of the vaccine in young males, but also to a more
vigorous pursuit of immunization in general. If cervical HPV infection and disease prevalence decline,
the screening approach will have to be redesigned to
address the resulting increase in false positive results.
The current focus on the cervix, vagina, and vulva
should not hide the potential importance HPV immunization may have in curbing diseases such as anal,
oropharyngeal, even some penile cancers, as well as
recurrent respiratory papillomatosis (Freed and Derkay,
2006). These possibilities are likely to fuel a great deal
of interest in these vaccines in the foreseeable future.

KEY ISSUES
●

Vaccination impact on cervical cancer—it remains
to be demonstrated that vaccination reduces the
rate of cervical cancer. The evidence for the efficacy
of the HPV vaccine rests at the moment on the
reduction of the rate of CIN2/3 and AIS caused by
the HPV types included in the vaccine. However,
an overwhelming body of concordant biologic
and epidemiologic evidence indicates that an
HPV infection by a high-risk type is the necessary,
if not sufficient, condition for the development
of CIN2/3 and then cervical cancer. Prevention
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●

●

●

●

●

of cervical cancer by the vaccine is the last proof
needed to irrefutably establish the causal link
between HPV and cervical cancer. Failure of the
vaccine to prevent cervical cancer would invalidate
this paradigm. The realistic challenge, which will
probably take more than a decade to be met, is
to be able, with the means already in place, to
demonstrate the beneficial effect of the vaccine
on cancer. The same questions of course apply to
vulvar and vaginal cancers, but they will be more
difficult to answer because of the lower incidence
of these tumors.
Vaccination effectiveness—the vaccine efficacy is
now well demonstrated in women, but vaccine
effectiveness needs to be better defined, i.e., what is
the impact of the vaccine in the general population
on the HPV-associated diseases, regardless of the
cervical HPV DNA status, serologic status, or the
prevalent and incident HPV type exposures of
the vaccinees. A high effectiveness of the vaccine
could have a major impact on cervical cancer
screening protocols and procedures. A related
issue is the evaluation of HPV vaccination on
herd immunity, as this might affect the efforts at
disseminating the vaccination.
Breadth of HPV coverage—vaccine effectiveness is
related to the HPV types that are covered by HPV
vaccination. In addition to the types included in
the current vaccines, protection extends to some of
the phylogenetically related HPV types. Because
this protection is only partial, one may have to rely
on the addition of other types to the vaccine to
significantly increase its effectiveness.
Duration of efficacy—the duration of efficacy of
the current three-dose immunization is unknown.
Although a booster immunization at 5 years has
already been shown to induce a strong anamnestic
antibody response, and could be used whenever
protection wanes with time, this represents
a significant cost that one hopes to avoid.
Fortunately, current modeling of the antibody
kinetics appears to suggest a long durability.
Efficacy in men—the efficacy of the vaccine in men
will not be known for Gardasil until the second
part of 2008 in all likelihood. The endpoint of the
current studies is the prevention of genital warts.
The vaccine was already shown to be effective at
preventing external genital warts in women. Given
that vulvar warts occur on the mucosal surfaces as
well as on the skin, there is strong reason to expect
that the vaccine will also be effective in preventing
warts on the male genitalia skin.
Efficacy and effectiveness in special populations—
now that early results indicate that Gardasil is

●

●

●

effective in preventing CIN in women aged 26–45
years, vaccine effectiveness in that age group will
have to be ascertained before broad guidelines
could be developed and endorsed by insurance
companies for the use of the vaccine in that age
group. Other groups in whom HPV vaccination
needs to be evaluated include immunodeficient
(e.g., HIV) and immunosuppressed (e.g., transplant
recipients) hosts, men who have sex with men, and
the sexual partners of subjects with active HPV
disease.
Impact of the HPV vaccine disease natural history
and HPV transmission—HPV vaccination has
clearly no impact on established cervical HPV
infection, but it remains to be seen whether it alters
the natural history of HPV disease by, for instance,
reducing the development of new warts, or
decreasing the relapse rate of treated disease. Does
vaccination reduce the risk of HPV transmission
from a diseased subject to his sexual partner or
from a pregnant mother with genital warts to her
offspring at risk of developing recurrent respiratory
papillomatosis?
HPV type replacement—one concern is that the
eradication of HPV types included in the vaccine
would lead to the accelerated replacement
by other oncogenic HPV types. Some found
possible evidence of this in a study of Gardasil,
but a subgroup randomization imbalance was
a more likely explanation (Sawaya and SmithMcCune, 2007; FDA, 2006, www.fda.gov/cber/
sba/hpvmer060806s.pdf). No such evidence of
HPV replacement was found when looked for
in a study of Cervarix (Harper et al., 2006). This
question will undoubtedly remain, but several
observations make this scenario unlikely. First,
HPV-16 and -18 are the most oncogenic of all HPV
types; hence, given the slow evolutionary clock of
papillomaviruses, it is unlikely that the types not
included in the vaccine would quickly acquire an
increased oncogenic potential (Schiffman et al.,
2005; Bernard, 2005). Second, multiple HPV
infections show that infections with different types
are not independent, but rather synergistic events.
Consequently, the eradication of HPV-16 and -18,
should lead to a decrease of the infections by the
other HPV types that tend to be associated with
types 16 and 18 (Elbasha and Galvani, 2005). A
surge in other HPV infections could be artifactual.
The eradication of the vaccine types might allow
the PCR to pick up weak HPV DNA viral copy
numbers heretofore undetected.
Impact of vaccination on other HPV-associated
diseases—the same HPV types responsible for
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cervical cancer and included in the HPV vaccines,
are even more common in anal cancers and
variants of penile cancers. They are also responsible
for up to 70% of oropharyngeal cancers. It should
become a priority to try to establish at least for the
anus and the oropharynx if HPV vaccination is
beneficial. For these cancers, as well as for those of
the vulva and vagina, in the absence of screening
vaccination is the only potential preventative
measure. Although recurrent respiratory
papillomatosis is a relatively rare condition, it
causes significant morbidity. Gardasil administered
to the mother might prevent the development of
laryngeal papillomas in the child.
Vaccine safety—the HPV vaccines appear to be
remarkably safe, and no area of genuine concern
has emerged so far. Nevertheless, continued safety
is essential for the sustained acceptability of the
vaccine, and vigilance is necessary as with any
novel biological product.
Vaccine accessibility—the current HPV vaccines
are among the most expensive ones. For example,
each dose of Gardasil is charged $120 by the
manufacturer in the United States. Prices of
Gardasil or Cervarix in other countries are at this
time generally similar or higher. This is clearly a
major obstacle at the moment for the dissemination
of HPV vaccination where it is most needed,
especially the developing world. However, past
experience with other vaccines is encouraging, and
prices are likely to come down.
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ABSTRACT
Influenza virus is a globally important respiratory pathogen which is associated with a high degree of morbidity
and mortality annually. The rapid evolution of influenza A and B viruses contributes to the annual seasonal
epidemics (localized outbreaks) in humans as well as occasional pandemic (worldwide) outbreaks. Despite
improvements in development of antiviral therapies during the last decade, vaccination remains the most effective
method of prophylaxis. For those at risk of developing complications from influenza infection, annual vaccination
is recommended as it induces a good degree of protection and is generally well tolerated by the recipient.
Currently there are two types of influenza vaccines in use, the live-attenuated vaccine (LAV) given intranasally/
orally, and the inactivated vaccine (IV) delivered subcutaneously or intramuscularly. The available trivalent IV
(TIV) elicits good serum antibody responses but induces poor mucosal IgA antibody and cell-mediated immunity.
In comparison, the LAV elicits a more complete (humoral and cellular) immune response, similar to the type of
immune response produced in the development of natural immunity to a specific strain. IV and LAV vaccines
for seasonal influenza are effective in preventing and curbing the spread of influenza-related disease, but new
technologies such as reverse genetics, production of recombinant proteins and use of cell culture to manufacture
vaccine stocks could be used to improve the production of seasonal vaccines and to develop pandemic vaccines
in the future. These new methods of virus production should help to develop vaccines that would be safe, crossprotective against variant influenza strains, require less virus per dose than current vaccines, and take less time
to prepare the large amounts of virus necessary for vaccine production. Furthermore, pandemic vaccines against
highly virulent strains, such as the H5N1 virus, can be generated much faster using reverse genetics approaches.
Other technological breakthroughs such as production of vaccines that promote the induction of innate immune
responses by signaling through Toll-like receptors or the use of adjuvants that boost the immunogenicity of current
vaccine formulations would decrease the amount of antigen required to promote a response in recipients. Finally,
development of “universal influenza virus vaccines,” which target conserved components of the virus that are
not subject to change, would allow us to produce both seasonal and pandemic vaccines that would be protective
against more strains than the strains circulating in any given year.

INTRODUCTION
There are three types of influenza virus termed A,
B, and C. Influenza types A or B viruses cause epidemics which are localized outbreaks of disease every year.
Type C influenza virus infection causes either a very
mild respiratory illness or no symptoms at all and does
not cause epidemics. It is estimated that influenza is
responsible for an average of 51,000 deaths annually
in the United States, with a range from about 7000 to
about 72,000 deaths from localized epidemic outbreaks
in any given year (Kilbourne, 2006). Three pandemics (worldwide outbreaks) have occurred in the previous century: “Spanish influenza” in 1918, “Asian
influenza” in 1957, and “Hong Kong influenza” in
1968 (Simonsen et al., 1998a; Kilbourne, 2006). The
1918 pandemic killed an estimated 40–50 million people worldwide (Simonsen et al., 1998a; Bridges et al.,
2002). It is because of this the 1918 influenza pandemic
is considered one of the deadliest disease events in
human history. Subsequent pandemics have been less
severe causing an estimated 2 million deaths in 1957
and 1 million deaths in 1968 (Simonsen et al., 1998a;
Bridges et al., 2002). Anyone can become infected with
the influenza virus, and serious problems related to
influenza can happen at any age. The most vulnerable

population includes people aged 65 years and older,
people of any age with chronic medical conditions, and
very young children (Simonsen et al., 1998a; Bridges
et al., 2002). Complications include pneumonia, bronchitis, and sinus and ear infections. Use of influenza
vaccine has been shown to reduce influenza-related
deaths and hospitalizations in all age groups. Because
of public health concerns vaccination efforts have
focused on influenza types A and B. The best way to
limit effects of influenza in the general population
is through annual vaccination. Both inactivated (i.e.,
killed virus) influenza vaccines (IV) and live-attenuated
vaccines (LAV) are currently licensed and available for
use in the United States (Nicas et al., 2005).
Influenza A virus is highly infectious, with high
transmission rate, and respiratory secretions in people
infected with influenza A virus have a large quantity
of virus, which has the potential to become aerosolized
when the patient sneezes or coughs (Nicas et al., 2005).
Virus titers measured in nasopharyngeal washes peak
approximately 2–3 days after infection and can reach
very high levels [up to 107 50% tissue culture infective dose (TCID50)/mL] (Knight, 1973; Nicas et al.,
2005). Influenza viruses can be transmitted through
aerosols, large droplets, or direct contact with secretions (or fomites) and these three modes are not mutually exclusive (Knight, 1973; Murphy et al., 1973;
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Douglas, 1975; Nicas et al., 2005). The virus has a shortincubation period (1–2 days) with a 4–6-h replication
cycle followed by release of virus for hours before
cell death resulting in infection of adjacent cells by
newly synthesized virus. The decay of virus infectivity
increases rapidly at relative humidity 40%.8 Increased
survival of influenza virus in aerosols at low relative
humidity has been suggested as a factor that accounts
for the seasonality of influenza (Loosli et al., 1943;
Hemmes et al., 1960, 1962; Alford et al., 1966; Lowen
et al., 2007). Infection of animal models with influenza
virus in controlled heat and humidity environments
show that cold temperatures and low relative humidity
are favorable to the spread of influenza virus (Hemmes
et al., 1960; Alford et al., 1966; Knight, 1973).

SHORT HISTORY OF THE DISEASE
Of all the pandemics caused by the influenza
viruses in the 20th century, the 1918 pandemic, or
“Spanish influenza,” was by far the most devastating.
It was associated with an exceptionally high mortality
rate, killing an estimated 40–50 million people worldwide (Alford et al., 1966; Kilbourne, 1977; Crosby,
1989; Glezen, 1996; Reid et al., 2001). The unusually
high mortality among the 15- to 34-year-old population significantly lowered the average life expectancy
in the United States (Kilbourne, 1977; Crosby, 1989;
Glezen, 1996; Reid et al., 2001). This degree of morbidity and mortality was not seen in the later influenza
pandemics of 1957 and 1968.
Influenza was first noticed as a respiratory disease
in swine. In 1918, J.S. Koen, a veterinarian, observed
an outbreak of a respiratory disease in pigs at a local
state fair that was similar symptomatically to the disease seen in humans during the “Spanish” influenza
pandemic of 1918 (Koen, 1919). Attempts to isolate
the cause of the infection in pigs by Peter Olitsky and
Frederick Gates by filtration of respiratory isolates was
unsuccessful due to evaluation of the filtered material
alone as a possible cause of the respiratory disease
with no examination of material that passed through
the filters (Hill, 1942). Eventually Richard Shope,
working at the Rockefeller Institute for Comparative
Pathology in Princeton, New Jersey, repeated the filtration experiments inoculating either the filtered
material or the material that passed through the filter into pigs (Shope and Lewis, 1931). Shope demonstrated that pigs became ill only when the respiratory
filtrate was used for inoculation and the disease could
be transferred repeatedly between pigs (Shope and
Lewis, 1931). Using techniques similar to Shope’s,

Wilson Smith, Christopher Andrewes, and Patrick
Laidlaw at the National Institute for Medical Research
in the United Kingdom soon isolated the virus from
humans (Laidlaw, 1935). Both groups later demonstrated that sera from people infected with the 1918
virus could neutralize the effects of the pig virus suggesting that the swine virus was related to the 1918
human pandemic virus (Shope, 1936).

ETIOLOGIC AGENTS OF HUMAN
INFLUENZA
Seasonal influenza or “common influenza” is
caused by influenza A and B, two types of influenza
viruses that cause epidemic human disease (Wright
and Webster, 2001). Influenza type C viruses have
been shown to cause mild illness in humans and do
not cause epidemics or pandemics (Francis et al., 1950;
Minuse et al., 1954; Wright and Webster, 2001; Coiras
et al., 2003). Subtypes of influenza A cause disease
in humans and are classified by the types of surface
hemagglutinin (HA) or neuraminidase (NA) glycoprotein present. For influenza A there are 16 known
HA subtypes and 9 known NA subtypes and many
different combinations of HA and NA proteins are
possible. There are three subtypes of influenza A virus
that have been known to be transmitted from personto-person and to circulate in humans, H1N1, H2N2,
and H3N2 (Wright and Webster, 2001). Influenza B
viruses are usually found only in humans. They can
cause morbidity and mortality among humans, but
in general, are associated with less severe epidemics
than influenza A viruses and although influenza type
B viruses can cause human epidemics, they have not
caused pandemics (Baine et al., 1980; Wright et al.,
1980; Wright and Webster, 2001). There have been
reports of lower respiratory infections in children
suggesting that influenza C virus infection in infants
can be associated with high fever and respiratory
symptoms severe enough to require hospitalization
(Moriuchi et al., 1991; Calvo et al., 2006).
Avian influenza (“bird flu”) is caused by influenza viruses that occur naturally among wild birds.
There is no preexisting human immunity to these
viruses and due to this lack of immunity avian
viruses have the potential to become pandemic influenza viruses. Subtypes of influenza which have been
documented to cause disease in humans include
H5, H7, and H9 viruses (Katz et al., 1999; Alexander
and Brown, 2000; Wright and Webster, 2001; Peiris
et al., 2004; ; Kobasa and Kawaoka, 2005; Chen
et al., 2006; Wong and Yuen, 2006; WHO, 2005, 2007).
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The H5N1 virus is deadly to domestic fowl and can be
transmitted from birds to humans. H5 infections, such
as high pathogenicity avian influenza (HPAI) H5N1
viruses currently circulating in Asia and Europe, have
been documented among humans and sometimes cause
severe illness or death (Alexander and Brown, 2000;
Wright and Webster, 2001; Peiris et al., 2004; Kobasa and
Kawaoka, 2005; Chen et al., 2006; WHO, 2005, 2007).
H7 infection in humans is rare but can occur among
persons who have direct contact with infected birds
(Wright et al., 1980; Alexander and Brown, 2000; Kobasa
and Kawaoka, 2005; The World Health Organization,
2005; Wong and Yuen, 2006; WHO, 2007). Symptoms
have included conjunctivitis and/or upper respiratory
symptoms. H7 viruses have been associated with both
low-pathogenicity avian influenza (LPAI) (e.g., H7N2,
H7N7) and HPAI (e.g., H7N3, H7N7), and these viruses
have caused mild-to-severe and fatal illness in humans
(Alexander and Brown, 2000; Wright and Webster,
2001; Peiris et al., 2004; Kobasa and Kawaoka, 2005;
The World Health Organization, 2005; Chen et al., 2006;
Wong and Yuen, 2006; WHO, 2007). Influenza A H9 has
rarely been reported to infect humans. However, this
subtype has been documented in some cases in a low
pathogenic form (Alexander and Brown, 2000; Wright
and Webster, 2001; Kobasa and Kawaoka, 2005; WHO,
2005, 2007).

CLASSIFICATION
Influenza virus, a member of the Orthomyxoviridae
family, consists of a segmented, negative-stranded
RNA genome. Influenza virus types A and B have
eight RNA segments. Subtype C has seven RNA segments (Lamb, 1983; Lamb and Krug, 2001; Tyler and
Nathanson, 2001). For influenza A the multipartite
genome is encapsidated, with each segment in a separate nucleocapsid [i.e., a ribonuclear protein complex (RNP)] (Fig. 27.1). Eight different segments of
negative-sense single-stranded RNA are present; this
allows for genetic reassortment in single cells infected
with more than one virus and may result in multiple
strains that are different from the parental viruses that
infected the cell. The genome of influenza A consists of
10 genes encoding for different proteins. These include
the following: three transcriptases (PB2, PB1, and PA)
which form the viral polymerase, two surface glycoproteins HA and NA, two matrix proteins (M1 and
M2), one nucleocapsid protein (NP), and two nonstructural proteins (NS1 and NS2) (Fig. 27.1). The virus
envelope glycoproteins (HA and NA) are distributed
evenly over the virion surface, forming characteristic

NA
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FIGURE 27.1 Schematic diagram of an influenza A particle.
HA, hemagglutinin; NA, neuraminidase; M2, ion channel; NS2/
NEP, nonstructural protein 2. Influenza virus RNA replication takes
place in the cell nucleus and NS2/NEP is involved in the export
of RNPs out of the nucleus. M, matrix protein; NP, nucleoprotein;
Ps, the viral polymerase which is formed of three components PB1,
PB2, and PA. RNP, the ribonucleoprotein complex containing the
viral RNA; NP, nucleoproteins and the viral polymerase.

spike-shaped structures. Antigenic variation in these
proteins is used as part of the influenza A virus subtype definition (but not used for influenza B or C
viruses). HA is found in the virion as a trimer and NA
as well as M2 as tetramers. The matrix protein (M)
underlies the lipid envelope (Lamb, 1983; Lamb and
Krug, 2001; Tyler and Nathanson, 2001). For influenza
A virus the HA, NA, and M2 proteins are inserted into
the host cell-derived lipid envelope.
Influenza viruses are named according to (a) type
of virus (A, B, or C); (b) where the virus was isolated;
(c) the specimen number; and (d) the year the virus
was isolated. For example, A/PR/8/34 indicates that
the virus was type A, isolated from specimen number
8 obtained from a patient in Puerto Rico in 1934. This
is a specific strain of influenza virus. An “H7N2 virus”
designates influenza A subtype that has an HA 7 protein and an NA 2 protein. Similarly an “H5N1” virus
has an HA 5 protein and an NA 1 protein.

ANTIGENS ENCODED BY THE AGENT
The structure of influenza A and B viruses are similar but influenza C is different. The HA of influenza A
virus is responsible for the attachment of virus to the
sialic acid-containing receptors on the host cell surface
and also for fusion between the virus and endosome
membranes resulting in release of viral RNPs into the
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cytoplasm (Lamb, 1983; Lamb and Krug, 2001; Tyler
and Nathanson, 2001). HA is a homotrimer of approximately 220 kDa and is a type 1 membrane protein that is
anchored in the viral membrane by its C-terminus. The
head of HA contains the receptor-binding site at the tip
of each monomer and the five antigenic sites that bind
neutralizing antibodies (Lamb, 1983; Gerhard, 2001;
Lamb and Krug, 2001; Tyler and Nathanson, 2001). HA
is the main determinant of virulence of the virus and
plays an important role in the viral life cycle. As the
major antigenic determinant, it is the key ingredient of
influenza vaccines for both influenza A and B viruses.
The influenza A NA is a tetrameric glycoprotein
of approximately 240 kDa and is a type 2 membrane
protein that is anchored in the viral membrane by its
N-terminus. The NA consists of a hydrophobic stalk
and a globular head that contains the enzymatic and
antigenic sites (Lamb, 1983; Lamb and Krug, 2001;
Tyler and Nathanson, 2001). NA promotes release
of virus progeny from infected cells, prevents viral
aggregation and aids movement of virus through
the respiratory tract. Neuraminidase sialidase activity seems to be conserved across virus subtypes and
could potentially be an important target for antiviral
therapy. Another influenza A membrane protein, the
M2 ion channel, is a tetrameric membrane channel
important for release of viral RNAs from the virion, is
conserved across virus types, and also has the potential to be a target for development of antiviral therapy
and vaccine development (Lamb, 1983; Lamb and
Krug, 2001; Tyler and Nathanson, 2001).

PROTECTIVE IMMUNE RESPONSE
Immunity to primary infection with influenza is
mediated by antibodies produced by the host to the
major viral surface antigens, HA and NA (Gerhard,
2001; Lamb and Krug, 2001; Tyler and Nathanson,
2001). Antibody against one influenza virus type
or subtype confers limited or no protection against
another type or subtype of influenza. Furthermore,
antibody to one antigenic variant of influenza virus
often does not protect against a new antigenic variant of the same type or subtype (Lamb, 1983; Sugaya
et al., 1994; Gerhard, 2001; Lamb and Krug, 2001;
Tyler and Nathanson, 2001). Frequent development
of antigenic variants through “antigenic drift” is the
virologic basis for seasonal epidemics or localized
influenza A outbreaks and the reason for the usual
incorporation of one or more strains in each year’s
influenza vaccine. More dramatic antigenic changes,
or “shifts,” occur less frequently and can result in the

emergence of a novel influenza virus with the potential to cause a pandemic (Lamb and Krug, 2001; Tyler
and Nathanson, 2001).
Protection from primary infection with influenza
virus is mediated by antibodies, cytotoxic T lymphocytes (CTL) and T-helper CD4 cells, but protection from reinfection is largely mediated by antibodies
directed against the surface glycoproteins, principally
HA but NA also (Biddison et al., 1981; McMichael
et al., 1983; Sugaya et al., 1994; Jameson et al., 1998,
1999). In humans little epidemiological evidence has
been shown for the involvement of T cell-mediated
immunity in protection from reinfection with influenza virus although some partial protection may
occur (Biddison et al., 1981; McMichael et al., 1983;
Sugaya et al., 1994; Jameson et al., 1998, 1999).
Most vaccinated children and adults develop postvaccination hemagglutination inhibition (HAI) antibody titers (Nichol et al., 1995; Lamb and Krug, 2001;
Tyler and Nathanson, 2001; Jefferson et al., 2005;
Ashkenazi et al., 2006; Lewis et al., 2007; Belshe et al.,
2007; Manzoli et al., 2007). These antibody titers are
protective against the illness caused by strains similar
to those included in the vaccine. The effectiveness of
influenza vaccine depends primarily on the age and
immunocompetence of the vaccine recipient and the
degree of similarity between the viruses in the vaccine
and those in circulation (Bell et al., 1978; Couch, 1999;
de Bruijn et al., 1999; Jefferson et al., 2005; Yamanaka
et al., 2005; Ashkenazi et al., 2006). Although response
to vaccine may produce lower anti-HA antibody
than healthy individuals some protection is provided
(Bell et al., 1978; Couch, 1999; de Bruijn et al., 1999;
Jefferson et al., 2005; Yamanaka et al., 2005; Ashkenazi
et al., 2006). Influenza vaccination is highly effective in
HIV-1-infected persons and does not seem to be associated with substantial changes in viral load or CD4
cell count (Couch, 1999; Yamanaka et al., 2005).

EPIDEMIOLOGY
Influenza is a globally important respiratory pathogen that causes nearly annual epidemics and occasional pandemics. Influenza epidemics generally occur
in the winter months in the Northern hemisphere and
in May–September in the Southern hemisphere (Lamb
and Krug, 2001; Tyler and Nathanson, 2001; Wright and
Webster, 2001). Antigenic variants of influenza A viruses
emerge every year due to changes in the virus itself
and this requires that updated vaccine formulations
be prepared annually based on ongoing international
surveillance of circulating strains of influenza virus
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by the World Health Organization (Wright and
Webster, 2001).
Influenza A viruses constantly evolve by two mechanisms (a) antigenic drift, which involves point mutations in the antigenic sites of the two major virion
surface proteins HA and NA and (b) antigenic shift,
the sudden replacement of HA or NA of one subtype
by another subtype (Lamb and Krug, 2001; Tyler and
Nathanson, 2001; Wright and Webster, 2001; Ferguson
et al., 2003; Webby et al., 2007). Gradual changes that
occur through mutations in the two genes that code for
the main surface proteins, HA and NA are referred to
as antigenic drift. These point mutations occur unpredictably and result in minor changes to these surface
proteins. Antigenic drift produces new virus strains
that may not be recognized by antibodies to earlier
influenza strains. Influenza B viruses undergo antigenic
drift less rapidly than influenza A viruses. Antigenic
shift refers to the occurrence of an abrupt, major change
in HA and/or NA to produce a novel influenza A virus
subtype in humans that were not currently circulating
among people. Antigenic shift can occur either through
direct animal (poultry)-to-human transmission or
through mixing of human influenza A and animal influenza A virus genes to create a new human influenza A
subtype virus through a process called genetic reassortment (Lamb and Krug, 2001; Tyler and Nathanson,
2001; Wright and Webster, 2001). Since 1977, H1N1 and
H3N2 viruses, and influenza B viruses have circulated
globally in the human population. In 2001, influenza A
(H1N2) viruses emerged after what was probably a
genetic reassortment between human A (H1N1) and
A (H3N2) viruses (Lamb and Krug, 2001; Tyler and
Nathanson, 2001; Wright and Webster, 2001). The current hypothesis is that new influenza viruses emerge
by genetic reassortment (shift), or exchange of genetic
material between two influenza viruses. For example,
a large number of influenza subtypes are found commonly in animal species and all subtypes have been
isolated from birds (Webster et al., 2006; Webby et al.,
2007). Aquatic birds, particularly wild ducks, are primary reservoirs of influenza viruses (Sugaya et al.,
1994; Lamb and Krug, 2001; Wright and Webster, 2001;
Webster et al., 2006; Webby et al., 2007). The virus multiplies in the gastrointestinal (GI) tract and usually
causes no illness. It is excreted in the feces, and the
droppings contaminate the water. Thus, aquatic birds
and domestic fowl become infected in nature by coming into contact with contaminated water.
Human viruses preferentially bind to sialic acid
(SA) linked to galactose by α-2,6 linkages that are the
main type found on the epithelial cells of the human
respiratory tract, while avian viruses tend to bind
to α-2,3 linkages that are found on duck intestinal

epithelium (Webster et al., 2006). The specificity for
different receptors has long been one of the explanations for the species barrier between avian and human
influenza viruses (Couceiro et al., 1993; Ito et al., 1998;
Wright and Webster, 2001; Gambaryan et al., 2003;
Matrosovich et al., 2004). The presence of both SA α2,3 and α-2,6 linkages in the pig tracheal epithelium is
the reason why pigs may serve as the “mixing vessel”
for the genesis of new viral types through coinfection
(Ito et al., 1998). Chickens may have a similar role, in
that their lung and intestinal epithelia contain both
types of linkages (Gambaryan et al., 2003; Matrosovich
et al., 2004). In the human respiratory epithelium, it
has been shown that α-2,3 and α-2,6 linkages are found
on ciliated and nonciliated cells, respectively, thereby
allowing human infection by avian influenza viruses
(Matrosovich et al., 2004). Pigs are considered intermediate hosts for influenza viruses and they possess
receptors for human and avian influenza viruses. They
can be infected by coming into contact with infected
birds or water contaminated by them. Avian viruses
may also spread to other mammals such as whales,
seals, and horses and occasionally may cause disease
outbreaks (Lamb and Krug, 2001; Tyler and Nathanson,
2001; Wright and Webster, 2001). Pigs, however, may
become infected with human influenza viruses if they
come into contact with infected individuals. If an avian
H5N1 virus infects a domestic pig, and concurrently
the pig acquires H3N2 infection from a farm worker
there is potential that a new virus subtype, H5N2, may
emerge as a result of the genetic reassortment between
the two viruses. The new H5N2 variant then could
spread to humans. Since the human population does
not possess antibodies to this new virus, it is possible
that widespread epidemics may occur.
To become a pandemic virus capable of causing a
global influenza outbreak with world wide spread
three conditions must be met: (1) a new subtype of
influenza A virus is introduced into the human population produced through genetic reassortment resulting
in an antigenic shift, (2) the virus causes serious illness
in humans, and (3) the virus can spread easily from
person-to-person in a sustained manner. Influenza type
A viruses can infect people, birds, pigs, horses, and
other animals, but wild birds are considered the natural hosts for these viruses. There are substantial genetic
differences between the influenza A subtypes that typically infect birds and those that infect both people and
birds.
Avian influenza A virus strains are further classified as low pathogenic (LPAI) or highly pathogenic
(HPAI) on the basis of specific molecular genetic and
pathogenesis criteria that require specific testing.
Most avian influenza A viruses are LPAI viruses that
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are generally associated with mild disease symptoms in poultry. In contrast, HPAI viruses can cause
severe illness that has a high mortality in poultry.
Avian influenza A viruses of the subtypes H5 and H7,
including H5N1, H7N7, and H7N3 viruses, have been
associated with HPAI, and human infections with
these viruses have ranged from mild (H7N3, H7N7)
to severe and fatal disease (H7N7, H5N1) (Webster
et al., 1981; Kurtz et al., 1996; Zhou et al., 1996; Yuen
et al., 1998; Peiris et al., 1999, 2004; Tweed et al., 2004;
Butt et al., 2005; Puzelli et al., 2005; The World Health
Organization, 2005; Chen et al., 2006; Wong and Yuen,
2006; WHO, 2007). Human illness due to infection
with LPAI viruses vary from very mild symptoms
(e.g., conjunctivitis) to influenza-like illness (Webster
et al., 1981; Kurtz et al., 1996; Zhou et al., 1996; Yuen
et al., 1998; Peiris et al., 1999; Taubenberger et al.,
2001; Tweed et al., 2004; Puzelli et al., 2005; The World
Health Organization, 2005; Wong and Yuen, 2006).
Examples of LPAI viruses that have infected humans
include H7N7, H9N2, and H7N2. In general, direct
human infection with avian influenza viruses occurs
very infrequently, and has been associated with direct
contact (e.g., touching) with infected sick or dead
infected birds (domestic fowl) (Webster et al., 1981;
The World Health Organization, 2005; WHO, 2007).

SIGNIFICANCE AS A PUBLIC HEALTH
PROBLEM
Between 1889 and 1977 six pandemics of influenza have been recognized. Based on studies using
sera obtained from persons who lived through the
1918–1919 pandemic period, the pandemic of
1918–1919 was caused by an H1N1 virus (WHO, 2007).
Recently, the 1918 virus was further identified as
H1N1 by complete sequencing of HA and NA from
formalin-fixed, paraffin-embedded, lung tissue samples from patients who died of influenza during
the 1918 pandemic, as well as from a frozen sample obtained by in situ biopsy of the lung of a victim
buried in permafrost in Alaska since 1918 (Sims et al.,
2003). Phylogenetic analysis suggested that the H1N1
virus had circulated between mammals and birds,
and might have become adapted in humans before
the 1918 pandemic (WHO, 2007). H1N1 was replaced
by H2N2; the new subtype emerged to cause the
Asian flu pandemic of 1957 (Simonsen et al., 1998a;
Bridges et al., 2002; Nicas et al., 2005; Kilbourne, 2006).
Eleven years later, another new influenza virus, H3N2
emerged to cause the Hong Kong flu pandemic of
1968 (Simonsen et al., 1998a; Bridges et al., 2002; Nicas
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et al., 2005; Kilbourne, 2006). The H3N2 subtype has
persisted up to the present time. Currently both H3N2
and H1N1 viruses circulate together in the human
population. Human H5N1 infections have been confirmed by WHO in Thailand, Vietnam, Indonesia,
Cambodia, China, Turkey, and Iraq. A total of 385 cases
with 243 deaths have been reported to the WHO as of
June 19, 2008 with a mortality rate of greater than 50%
(Sims et al., 2003; Peiris et al., 2004; The World Health
Organization, 2005; Chen et al., 2006). Additional suspected human cases are under investigation in countries affected by agricultural outbreaks. Human H5N1
cases have been associated with direct exposure to
infected poultry, and there is little evidence of humanto-human transmission (Sims et al., 2003; Peiris et al.,
2004; The World Health Organization, 2005; Chen et
al., 2006). The acquisition of characteristics enabling
and sustaining transmission between people of H5N1
virus has been of great concern due to the potential to produce a pandemic with devastating global
consequences.

Global Surveillance for Influenza
Since 1952 the WHO has coordinated global surveillance for influenza viruses in circulation worldwide. The objective of the surveillance system is to
isolate and characterize currently circulating influenza strains in order to provide optimum antigenic
and genetic matches for influenza vaccine production.
Surveillance is accomplished through a network of
118 National Influenza Centers in 89 countries, coupled with 4 WHO Collaborating Centers located in
the United Kingdom, Japan, Australia, and the United
States. Recent concerns regarding the threat of pandemic influenza is facilitating the establishment of
new National Influenza Centers in additional countries. Activities of the National Influenza Centers are
guided by Terms of Reference as established by the
WHO and agreed to by national Ministries of Health.
Centers collect appropriate clinical specimens from
patients throughout the year, but especially during
influenza season. They report outbreaks to WHO and
network partners, and they isolate and provide preliminary characterization of viruses in circulation.
A representative sample of isolates made throughout the year, as well as unusual isolates and isolates obtained late in the transmission season, are
forwarded to the four Collaborating Centers for
more in depth characterization and sequencing, if
deemed appropriate. The National Influenza Centers
also notify WHO immediately of any unusual outbreaks that might suggest the emergence of a novel
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influenza virus with pandemic potential. Weekly
descriptive reports are submitted to WHO electronically throughout the influenza season, as well
as in annual reports, and this data is posted on
FLUNET, an electronic platform that is part of the
WHO Communicable Diseases Global Atlas (http://
gamapserver.WHO.INT/GlobalAtlas). The Centers
provide training and provide technical advice within
their countries and, if appropriate, regionally. WHO
provides reagents annually to all Centers to facilitate
standardized identification of influenza viruses, and
reports results of antigenic and genetic characterization of viruses in circulation, and publishes reports on
global influenza activity.
Representatives of the four WHO Influenza Collaborating Centers and key national laboratories
meet at WHO Headquarters in Geneva twice a year,
in February for the Northern hemisphere and in
September for the Southern hemisphere, to recommend vaccine composition for the coming influenza
season. Information regarding the antigenic and
genetic characterization of viruses collected by the
network of National Influenza Centers is shared along
with epidemiological summaries of transmission
patterns seen. Through these meetings an attempt is
made to predict the characteristics of influenza viruses
likely to be in circulation during the coming season.
At the conclusion of these deliberations, the information is provide to global influenza vaccine manufacturers and published in WHO’s Weekly Epidemiological
Record and other publications. Specific strains of
H1N1, H3N2, and influenza B are suggested for inclusion in the vaccine (Table 27.1). WHO also collaborates
with national vaccine licensing agencies to provide
viruses for vaccine production and vaccine potency
testing.
Increasing global concern brought about by H5N1
avian influenza and other outbreaks in which avian
influenza viruses have resulted in human infections has led to the creation by WHO of a working
group on influenza research at the human–animal
interface. This initiative provides a linkage between
WHO and the two principle international agencies
addressing animal health, the World Organization for
Animal Health (OIE) and the Food and Agriculture
Organization of the United Nations (FAO). In 2005
the FAO and OIE announced the creation of a new
joint scientific network to support veterinary services
in the control of avian influenza under the acronym
OFFLU. The objectives of the new network are to collaborate with the WHO human surveillance networks
on issues that affect both humans and animals, to
include early definition of candidate vaccines for possible human use and to coordinate research activities

on influenza viruses. Results of these efforts and other
focused surveillance specific to H5N1 avian influenza
human infections are periodically posted on the WHO
website.

POTENTIAL AS A BIOTHREAT AGENT
Influenza virus is considered an NIAID category
C priority biothreat agent. Agents in this category are
emerging, readily available, and easily disseminated.
In addition, these organisms are capable of causing
high morbidity and mortality rates. Infection from
many biothreat agents (e.g., Bacillus anthracis that
causes anthrax, Lassa virus that causes Lassa fever)
also produce flu-like symptoms. Accordingly, in the
event of a bioterrorist attack, one of the problems facing
first responders and health-care workers is the ability
to distinguish bioagent infection from natural influenza
infection. Without the quick and specific identification
of influenza infection, a patient would likely be sent
home only to die days later when infection with a biothreat agent moved beyond the treatable stage.

CLINICAL DISEASE
Influenza illness is characterized by the abrupt onset
of respiratory signs and symptoms (fever, myalgia,
headache, malaise, nonproductive cough, sore throat,
and rhinitis) (Glezen and Couch, 1997; Wright and
Webster, 2001). In children, otitis media, nausea, and
vomiting have also been reported with influenza illness. Uncomplicated influenza illness typically resolves
after 3–7 days, although cough and malaise can persist
for more than 2 weeks (Monto and Kioumehr, 1975;
Monto et al., 1985; Glezen and Couch, 1997). In people
with underlying medical conditions such as pulmonary or cardiac disease, influenza infection can lead
to the development of secondary bacterial pneumonia
or primary influenza viral pneumonia, and can occur
as a coinfection with other respiratory pathogens.
Influenza-related deaths from pneumonia are usually
caused by exacerbations of cardiopulmonary conditions
or other chronic diseases. Infants and young children
have the highest influenza infection and hospitalization rates in pediatrics (Piedra and Glezen, 1991; Belay
et al., 1999; Heikkinen et al., 1999; Neuzil et al., 2000,
2002; Munoz et al., 2002; Wang et al., 2003). The immaturity of the infant’s immune system and the absence of
prior immunity and exposure to the virus are potential
contributors. Although most children that suffer from
influenza infection are otherwise healthy, underlying
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TABLE 27.1

Influenza vaccine manufacturers (from WHO website, October 2007—www.who.int)

Country

Producer

Web site

Australia

CSL

http://www.csl.com.au

Austria, Czech
Republic

Baxter-Immuno AG

http://www.baxtervaccines.com

Belgium

GSK

http://www.gsk.com

Brazil

Butantan

http://www.butantan.gov.br

Canada

GSK-ID Biomedical

http://www.gsk.com

China

Zhejiang Tianyuan-BioPharmaceutical Co. Ltd.

http://www.ty-pharm.com

China

Sinovac Kexing Biological Product Co. Ltd.

http://www.sinovac.com

China

Beijing Institute of Biological Products (BIBP)

http://www.ccibp.com/

China

Shanghai Institute of Biological Products (SIBP)

http://www.siobp.com

China

Changchun Institute of Biological Products (CCIBP)

http://www.ccibp.com/

China

Changchun Changsheng Life Sciences Ltd.

cssy@public.cc.j1.cn

China

Lanzhou Institute of Biological Products (LIBP)

http://www.vacmic.com

China

Shenzhen-Sanofi Pasteur (Filler)

http://sanofipasteur.com

China

Changzhou Yanshen Biotechnology Co. Ltd.

Not available

China

Liaoning Tiancheng Bio-pharmacy Institute Co. Ltd.

Not available

France

Sanofi Pasteur

http://www.sanofipasteur.com

Germany

Novartis

http://www.Novartis-behring.de

Hungary

Omninvest Ltd.

http://www.omninvest.hu

Italy

Novartis

http://www.novartis-behring.de

Japan

Denka Seiken Co. Ltd.

http://www.denka-seiken.co.jp

Japan

Chemo-Sero-Therapeutic Research Institute

http://www.kaketsuken.or.jp

Japan

Kitasato Institute

http://www.kitasato.or.jp

Japan

Biken

http://www.biken.osaka-u.ac.jp

Korea

Dong Shin Pharmaceuticals

http://www.dong-shin.com

Korea

Korea Vaccine Co. Ltd.

http://www.kovax-v.co.kr

Korea

Korea Green Cross

http://www.kuraish.com,
http://www.rheinbiotech.com,
http://www.crucell-asia.com

Netherlands

Solvay Healthcare

http://www.solvaypharmaceuticals.nl

Romania

Cantacuzino Institute

http://www.cantacuzino.ro

Russia

Immunopreparat Research Productive Association, Ufa, Products
Immunologicals and Drugs. Irkutsk, RIVS, Saint Petersburg

http://www.microgen.ru

Serbia

Torlak Institute

http://www.torlakinstitut.com

Switzerland

Crucell

http://www.crucell.com

UK

Novartis

http://www.Novartis-behring.de

USA

Medimmune-Avirion

http://www.medimmune.com

USA

Sanofi Pasteur

http://www.sanofipasteur.com

USA

Wyeth Lederle

http://www.wyeth.com/

chronic medical conditions further increase the risk for
complications (Piedra and Glezen, 1991; Belay et al.,
1999; Heikkinen et al., 1999; Neuzil et al., 2000, 2002;
Munoz et al., 2002; Wang et al., 2003). Epidemics of
influenza A are also accompanied by mortality, mostly
among those 65 years and older. In the history of

influenza pandemics, the only exception was the 1918
pandemic, which caused high mortality among young
adults as well as the elderly.
Influenza caused by H5N1 shares some features with
the virus responsible for the Spanish influenza pandemic of 1918 (Webster et al., 1981; Wright and Webster,
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2001; Tyler and Nathanson, 2001; The World Health
Organization, 2005; Chen et al., 2006; WHO, 2007).
H5N1 or avian influenza has some of the standard seasonal influenza symptoms such as high fever, headache, and muscle aches, but people quickly become
seriously ill and pneumonia, difficulty breathing, and
multiorgan failure have been common among people
who have been stricken with H5N1 influenza (Peiris
et al., 2004; The World Health Organization, 2005;
Chen et al., 2006; Wong and Yuen, 2006; WHO, 2007).
Morbidity and mortality in those people with H5N1 are
severe in previously healthy, young, and middle-aged
persons. Diarrhea occurs more frequently than with
influenza caused by the seasonal human-adapted subtypes that commonly circulate. The frequency of pneumonia and diarrhea distinguish avian from seasonal
influenza. Over 50% of reported H5N1 influenza cases
have been fatal. Death is primarily due to respiratory or
multiorgan failure (Peiris et al., 2004; The World Health
Organization, 2005; Chen et al., 2006; WHO, 2007).
Unlike human-adapted subtypes, H5N1 is found in
high titers in lower respiratory tract specimens, throat
swabs and stool (Peiris et al., 2004; Puzelli et al., 2005;
The World Health Organization, 2005; Chen et al., 2006;
Wong and Yuen, 2006; WHO, 2007). The current H5N1
virus has also been isolated from serum (Puzelli et al.,
2005). Although influenza caused by H5N1 is generally
known for its aggressive disease course and associated
high mortality rates, there is evidence that mild disease
and asymptomatic infections occur.

TREATMENT
Vaccination is the best way to limit and control
influenza infection and yearly vaccination is recommended (Fiore et al., 2007). In 1976, the US Food and
Drug Administration (FDA) approved amantadine
to both treat and prevent influenza type A in adults
and children 1-year-old or older (Hayden and Pavia,
2006). FDA-approved rimantadine—a derivative of
amantadine—in 1993 to treat and prevent influenza
infection in adults and prevent influenza in children.
These two drugs act against influenza A viruses but
not against influenza B viruses. In 1999, FDA-approved
two additional drugs to fight the flu: Relenza (zanamivir) and Tamiflu (oseltamivir), the first of a new class
of antiviral drugs called NA inhibitors (Hayden and
Pavia, 2006; Antiviral Agents for Seasonal Influenza:
Information for Health Professionals). Zanamivir and
oseltamivir inhibit both influenza A and B viruses.
Studies have shown that all four drugs can reduce
the duration of flu symptoms by 1 day if taken within

2 days of the onset of the illness. Amantadine is
approved for treating and preventing uncomplicated
influenza A virus infection in adults and children who
are 1 year of age or older (Hayden and Pavia, 2006;
Antiviral Agents for Seasonal Influenza: Information
for Health Professionals). Rimantadine is approved
for treating and preventing uncomplicated influenza
virus A infection in adults and for preventing, but
not treating, such infections in children. Zanamivir
is approved for preventing influenza A and B virus
infections in people 5 years of age and older, and for
treating uncomplicated influenza A and B virus infections in people 7 years of age and older who have not
had symptoms for more than 2 days. Oseltamivir is
approved for treating uncomplicated influenza virus
infection in people 1 year of age or older who have
not had symptoms for more than 2 days (Hayden and
Pavia, 2006; Antiviral Agents for Seasonal Influenza:
Information for Health Professionals). Amantadine and
rimantadine are taken orally in pill form. Zanamivir,
available as a dry powder, can be inhaled using a
device known as a “Diskhaler.” The recommended
dosage is two inhalations twice a day, morning and
night, for 5 days. Oseltamivir is available as a pill and
for adults is taken twice daily for 5 days. For children,
the dose of oseltamivir depends on the child’s weight.
A liquid suspension of oseltamivir can be taken by
children or adults who cannot swallow a capsule. Both
amantadine and rimantadine have been shown to cause
CNS and GI side effects. Amantadine has been associated with more frequent CNS adverse reactions than
rimantadine, especially in the elderly (Couch, 2000;
Hayden and Pavia, 2006; de Jong et al., 2005; Antiviral
Agents for Seasonal Influenza: Information for Health
Professionals). Since zanamivir is taken by inhalation, it
should not be given to persons with underlying airway
disease. The primary side effect of oseltamivir is nausea
and vomiting; thus it should be taken with food.
Viral resistance to adamantanes has the ability to
emerge rapidly during treatment because a single
point mutation at amino acid positions 26, 27, 30, 31,
or 34 of the M2 protein can confer cross-resistance to
both amantadine and rimantadine (Couch, 2000; de
Jong et al., 2005). Due to the high proportion of circulating influenza viruses in the US in recent years
that have been resistant to the adamantanes, the
CDC currently recommends that neither amantadine
nor rimantadine be used for the treatment or chemoprophylaxis of influenza in the United States. Early
therapy with NA inhibitors, either oseltamivir or zanamivir, reduces the duration of symptoms, the duration of disability, and the risk of lower respiratory
tract complications (Couch, 2000; Hayden and Pavia,
2006).
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Current WHO treatment guidelines for influenza
A/H5N1 infection, the strain of concern in current
pandemic planning, recommend NA inhibitors for treatment and prophylaxis. The guidelines also include a soft
recommendation for the use of M2 inhibitors (amantadine and rimantadine) for strains of the virus still
susceptible to these drugs. Recent isolates of influenza
A H5N1 show varying resistance to the adamantanes
(amantadine and rimantadine): the NA inhibitors, oseltamivir and zanamivir, are active against influenza A
H5N1. However, the emergence of high-level resistance
to oseltamivir during oseltamivir treatment has been
demonstrated in some patients with influenza A H5N1
infections.

PATHOGENESIS
Influenza A is highly contagious causing infection
of the upper and lower respiratory tract. Primary viral
pneumonia is the most severe complication observed
during influenza infection and is associated with high
mortality (Bender and Small, 1992). Evaluation of
the pathogenesis of influenza is influenced by both
the physical and immunological status of the host as
well as the virulence of the infecting strain of virus. A
great deal of information regarding influenza pathogenesis has been learned from the study of animal
models or from evaluation of highly pathogenic avian
influenza viruses. However, the precise details of the
pathogenesis in humans remains largely unknown at
this time.
Respiratory epithelial cells are the primary targets
for influenza virus infection and once the virus enters
the respiratory tract where virus replicates in bronchial and alveolar epithelial cells (Matrosovich et al.,
2004) infection can spread to adjacent resident alveolar macrophages (AM). Although the disease is often
associated with systemic symptoms the majority of
virus replication in uncomplicated influenza infection
is thought to occur in the respiratory tract (Bender and
Small, 1992).
Following infection, AM die predominantly by
apoptosis, whereas epithelial cells have been shown
to undergo necrotic death (Fesq et al., 1994). Cell
infection as well as necrosis/apoptosis of infected
cells triggers immune responses with production
of cytokines such as tumor necrosis factor (TNF-α),
interleukin (IL)-1, and chemokines such as monocyte
chemoattractant protein (MCP)-1, RANTES, MIP-1α
and β, interferon-induced protein (IP)-10 and IL-8
(Virelizier et al., 1979; Fujisawa et al., 1987; Bender
and Small, 1992; Meerschaert and Furie, 1995; Braciak
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et al., 1996; Doherty, 1996; Friedland, 1996; Lehmann
et al., 1996; Sprenger et al., 1996; Adachi et al., 1997;
Hofmann et al., 1997; Kuziel et al., 1997; Bussfeld et al.,
1998; Matsukura et al., 1998; Cox and Subbarao, 1999;
Dawson et al., 2000; Julkunen et al., 2000; Van Reeth,
2000; Julkunen et al., 2001; Maus et al., 2002; Chan
et al., 2005). Initial release of inflammatory mediators
by infected lung epithelium, resident tissue macrophages, and AMs results in the initial extravasation of
macrophages, and neutrophils and then later NK cells
and T cells, from the peripheral blood into infected
lung tissue within days after influenza A virus infection (Virelizier et al., 1979; Fujisawa et al., 1987; Bender
and Small, 1992; Meerschaert and Furie, 1995; Braciak
et al., 1996; Doherty, 1996; Lehmann et al., 1996;
Sprenger et al., 1996; Adachi et al., 1997; Hofmann
et al., 1997; Kuziel et al., 1997; Cox and Subbarao,
1999; Dawson et al., 2000; Julkunen et al., 2000, 2001;
Maus et al., 2002; Chan et al., 2005). Although polymorphonuclear leukocytes and alveolar macrophages
provide some early protection, resident tissue macrophages can become infected and induced to produce
high levels of inflammatory cytokines (Fujisawa et al.,
1987; Bender and Small, 1992; Doherty, 1996; Lehmann
et al., 1996; Hofmann et al., 1997; Dawson et al., 2000;
Julkunen et al., 2000). There is evidence that this early
inflammatory pathology can contribute to severe disease, especially with the highly lethal H5N1 viruses
(Chan et al., 2005).
Studies of isolates of avian influenza A (H5N1) from
patients revealed that viral virulence factors include the
presence of a highly cleavable HA that can be activated
by multiple cellular proteases, a specific substitution
in the polymerase basic protein 2 (Glu627Lys) which
can enhance replication (Shinya et al., 2004; Guan
et al., 2002; Perkins and Swayne, 2002; Zitzow et al.,
2002; Li et al., 2004; Avian Influenza A, 2004; Horimoto
et al., 2004; Sturm-Ramirez et al., 2004; Govorkova
et al., 2004), and a substitution in nonstructural protein
1 (Asp92Glu) that confers increased resistance to inhibition by interferons and TNF-α in vitro and prolonged
replication in swine, (Seo et al., 2002; Cheung et al.,
2002) as well as greater production of cytokines, particularly TNF-α, in human macrophages exposed to the
virus (Cheung et al., 2002).

DESCRIPTION OF DISEASE PROCESS
Cytokines and chemokines have long been thought
to play a role in the extreme pathology associated
with highly pathogenic influenza viruses (Cretescu
et al., 1978; Akashi et al., 1994; Imashuku et al., 1996;
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Taubenberger et al., 1997; Hayden et al., 1998; Fisman,
2000; Kaiser et al., 2001; Seo et al., 2002; Cheung et al.,
2002; Perkins and Swayne, 2002; Zitzow et al., 2002;
Govorkova et al., 2004; Kobasa et al., 2004; SturmRamirez et al., 2004; Beigel et al., 2005; Tumpey et al.,
2005; Buchy et al., 2007). While there is little direct evidence from the human pathology caused by the 1918
pandemic virus, it is thought that both the 1918 virus
and avian H5N1 viruses cause a dysregulated and
exaggerated production of inflammatory cytokines
or “cytokine storm” that, in turn, results in pulmonary edema, primary and secondary pneumonias
with acute bronchopneumonia. Recently, recombinant
viruses generated by reverse genetics expressing
the HA and NA of the 1918 influenza virus were
shown to induce significantly higher levels of IFN-δ,
TNF-α, MIP-2, and MIP-1α and MCP-1, MIP-1β, MIP-2,
MIP-3α, IL-1, IL-6, IL-12, IL-18, and G-CSF in the
lungs of infected mice (Akashi et al., 1994; Imashuku
et al., 1996; Taubenberger et al., 1997; Hayden et al.,
1998; Fisman, 2000; Kaiser et al., 2001; Cheung et al.,
2002; Kobasa et al., 2004; Beigel et al., 2005; Tumpey
et al., 2005; de Jong et al., 2006), providing some support that elevated chemokine and cytokine levels were
a hallmark of the severe human disease caused by
the 1918 virus (Kobasa et al., 2004; Beigel et al., 2005;
Tumpey et al., 2005).
High virus levels were found in those infected with
H5N1 and correlated with fatal outcomes (Peiris et al.,
2004). High serum levels of IL-6, TNF-α, IFN-γ, and sIL2R were found in patients during outbreaks in Hong
Kong in 1997 of H5N1 (Akashi et al., 1994; Imashuku
et al., 1996; Taubenberger et al., 1997 Fisman, 2000; Mou
et al., 2006), while those infected in 2003 and 2004–2005
were shown to have had elevated serum concentrations
of the chemokines IP-10, MCP-1, and monokine induced
by IFN-γ (MIG), compared to patients with uncomplicated seasonal influenza infections. Studies have also
demonstrated higher levels of induction of proinflammatory cytokines such as TNF-α and IFN-β, by H5N1
viruses compared to human-adapted H3N2 and H1N1
viruses (Kaiser et al., 2001). Generally, disease severity
has correlated strongly with cytokine levels (Cretescu
et al., 1978; Kaiser et al., 2001; Buchy et al., 2007) and
highest levels of chemokines, and the neutrophil chemoattractant IL-8, were detected in individuals who died
(Cretescu et al., 1978; Kaiser et al., 2001; Buchy et al.,
2007). Abnormally high levels of IP-10 and MIG were
also observed in other fatal cases of H5N1 influenza
infection (Cretescu et al., 1978; Buchy et al., 2007) and
other studies have highlighted the strong correlation
between IL-6, IFN-α, and TNF-α levels and the severity of disease symptoms (Cretescu et al., 1978; Hayden
et al., 1998; Kaiser et al., 2001; Buchy et al., 2007).

IMMUNE RESPONSE TO INFECTION
The humoral immune system, including both the
mucosal and systemic responses, plays a major role
in the development of immunity to influenza. During
infection of humans, antibodies are produced to all
the major viral proteins (Murphy et al., 1973; Potter
and Oxford, 1979; Askonas et al., 1982) Antibodies
to the surface glycoproteins, HA and NA, are associated with resistance to infection, whereas antibodies
to the conserved internal antigens, M and NP, have
not been shown to be protective (Gerhard, 2001). The
CTL response is mainly directed against the matrix
and nucleocapsid proteins (Biddison et al., 1981;
McMichael et al., 1983; Jameson et al., 1998). Although
the CTL response does not confer protection to infection, it is important for the clearance of virus and
recovery from illness.

ANTIBODY
The mucosal tissues of the upper respiratory tract
are the main portal of entry for influenza virus, and
the mucosal immune system provides the first line of
defense against infection. Both mucosal and systemic
antibody production contributes to resistance to influenza infection and disease (Murphy et al., 1973; Askonas
et al., 1982; Clements et al., 1983). Antibodies secreted
locally in the upper respiratory tract are a major factor
in resistance to natural infection (Artenstein et al., 1964;
Murphy et al., 1973; Clements et al., 1983, 1986; Mazanec
et al., 1995) and after natural infection secretory immunoglobulin A (SIgA) and serum IgG are involved in
protection of the respiratory tract against reinfection with the same virus or an antigenically similar
strain of virus. Nasal secretions have been shown to
contain neutralizing antibodies to influenza HA and
NA, which are primarily of the IgA isotype (Rossen
et al., 1970; Jurgensen et al., 1973; Murphy and
Clements, 1989; Yewdell and Hackett, 1989; Mazanec
et al., 1995). During primary infection, all three major
Ig classes (IgG, IgA, and IgM) specific to HA can be
detected by enzyme-linked immunosorbent assay
in nasal washings, although IgA and IgM are more
frequently detected than IgG (Rossen et al., 1970;
Jurgensen et al., 1973; Murphy and Clements, 1989;
Yewdell and Hackett, 1989; Mazanec et al., 1995).
The humoral immune system produces antibodies against different influenza antigens, of which the
HA-specific antibody is the most important for
neutralization of the virus and thus prevention of illness. The NA-specific antibodies are less effective in
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preventing infection, but they lessen the release of
virus from infected cells.

Cell-Mediated Immunity
Influenza-specific cellular lymphocytes have
been detected in the blood and the lower respiratory tract secretions of infected subjects. Cytolysis of
influenza-infected cells is mediated by CTLs in concert with influenza-specific antibodies and complement (Quinnan et al.,1980; Ruben et al., 1980; Biddison
et al., 1981; McMichael et al., 1983, 1986; Fleischer
et al., 1985; Gerhard and Mozdanowska, 2001). The
primary cytotoxic response is detectable in blood after
6–14 days (Ruben et al., 1980; McMichael et al., 1983,
1986). CTLs that recognize both surface HA, NA, and
M2 protein as well as the internal nonglycosylated proteins of influenza M, NP, and PB2 proteins, have been
isolated (Biddison et al., 1981; Fleischer et al., 1985).
Cell-mediated immunity plays a role in recovery from
influenza infection and may also prevent influenzaassociated complications, but it does not seem to contribute significantly in preventing infection.
The level of memory CTLs to influenza does not correlate with susceptibility to infection or illness following
experimental influenza infection, but it does correlate
with an increased rate of clearance of the virus from the
respiratory tract. There is a limited amount of data on
human CTL responses to influenza available in the literature, but information from influenza infections using
the murine model shows that a very strong T-helper
response, is induced (McMichael et al., 1986). The CTL
response has been shown to be cross-reactive between
influenza A strains (Fleischer et al., 1985; Gerhard and
Mozdanowska, 2001; Nguyen et al., 2001) and is very
important in minimizing the spread of virus in the respiratory system (Fleischer et al., 1985; McMichael et al.,
1986; Gerhard and Mozdanowska, 2001).

VACCINES
Vaccination induces a good degree of protection
(60–90% efficacy) and is well tolerated by the recipient (Parkman et al., 1977; Couch and Kasel, 1983;
La Montagne et al., 1983; Couch et al., 1984, 1986,
1996; Maassab and DeBorde, 1985; Kaiser et al., 1999;
Simonsen et al., 1998b; Couch, 2000; Bridges et al., 2000;
Halperin et al., 2002). For those at risk of complications
from influenza, annual vaccination is recommended
due to the antigenic changes in circulating strains. The
current trivalent IV (TIV) and LAV are both safe and
efficacious for healthy adults, elderly, and children
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(Barker and Mullooly, 1980; Couch and Kasel, 1983;
Couch et al., 1984, 1986; Maassab and DeBorde, 1985;
Belshe et al., 1998; Kaiser et al., 1999; Simonsen et al.,
1998b; Couch, 2000; CDC, 2000; Bridges et al., 2000;
Halperin et al., 2002). Vaccine is available for all persons, including school age children, who run the risk
of becoming ill with influenza or of transmitting influenza to others and all children aged 6 months–4 years
(Couch and Kasel, 1983; Couch et al., 1984; Kaiser et al.,
1999; Simonsen et al., 1998b; Couch, 2000; Bridges et
al., 2000). Vaccination is also recommended for adults
aged 50 years or older; individuals aged 6 months–18
years at increased risk for Reye’s syndrome because
of long-term treatment with aspirin; women who will
be pregnant during the influenza season; persons with
chronic pulmonary (including asthma), cardiovascular
(excluding hypertension), renal, hepatic, hematological,
or metabolic disorders (including diabetes); immunosuppressed persons; those with any condition that can
compromise respiratory function (Couch and Kasel,
1983; Couch et al., 1984; Kaiser et al., 1999; Simonsen
et al., 1998b; Couch, 2000; Bridges et al., 2000). Vaccine
is recommended for residents of nursing homes and
other chronic care facilities; health care personnel;
healthy household contacts and caregivers of children
younger than 5 years; and adults aged 50 years or older
(especially contacts of infants younger than 6 months);
and persons with medical conditions increasing their
risk for severe complications from influenza (Couch
and Kasel, 1983; Couch et al., 1984; Kaiser et al., 1999;
Simonsen et al., 1998b; Couch, 2000; Bridges et al.,
2000).
Currently available IV as well as LAV are prepared
from virus grown in embryonated hen’s eggs (Palese,
2006). Most influenza virus vaccines used in the United
States and Europe consist of embryonated egg-grown
and formaldehyde-inactivated preparations, which,
after purification, are chemically disrupted with a nonionic detergent (e.g., Triton X-100). Split virus preparations show lower pyrogenicity than whole virus
vaccines (Couch et al., 1996; Keitel et al., 1997; Palese,
2006). In general, single dose for adults contains the
equivalent of 45 μg HA (15 μg HA for each of the three
antigenic components). This dose is approximately the
amount of purified virus obtained from the allantoic
fluid of one infected embryonated egg.
Live-attenuated influenza virus vaccines for strains
of type A and type B influenza were developed by
serial passage in chick-embryo cells at 25°C until they
became cold-adapted (Murphy et al., 1973; Palese,
2006). Vaccine strains are prepared by the reassortment
of gene segments from a master strain and a putative
epidemic strain, followed by selection for a strain with
genes for HA and NA from the putative epidemic strain
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and the remaining genes from the cold-adapted parent.
The vaccine is given intranasally by spray and induces
mild upper respiratory tract symptoms in about
10–15% of persons (Maassab and DeBorde, 1985; Couch
et al., 1986; Belshe et al., 1998).
Table 27.2 shows a list of the influenza strains
used in vaccines for the flu seasons from 1989–2008.
Currently all vaccine stocks are produced in eggs, but
not all new antigenic variants replicate well in this
system as was seen in development of vaccine to protect against the A/Fujian virus in 2000. The US FDA
rejected the use of the most appropriate H3N2 strain,
A/Fujian/411/2002, and instead used the same strain
as in the 2002 formulation (Palese, 2006). This decision
was made primarily because the A/Fujian/411/2002
strain had first been isolated in Madin–Darby canine
kidney (MDCK) cells rather than in embryonated
eggs. Use of MDCK cells for virus isolation is not
allowed by FDA’s rules, which do not yet encompass
advanced technologies or scientifically sound purification procedures based on limiting dilutions or cloning
with DNA. Because no egg-culture suitable A/Fujianlike virus was available, the vaccine was made with
the A/Panama/2007/99 virus as the H3 component
(Palese, 2006). It is important to realize that even

TABLE 27.2
Season

though this strain was not an optimal match for the
A/Fujian epidemic virus, it provided some protection,
particularly in adults.
The 2007–2008 influenza vaccine formulation contains an A/Solomon Islands/3/2006 (H1N1)-like virus;
an A/Wisconsin/67/2005 (H3N2)-like virus; and a B/
Malaysia/2506/2004-like virus. The three strains for
the new influenza vaccine formulation were confirmed
by the US FDAs Vaccines and Related Biological
Products Advisory Committee in February 2007 and
correspond with recommendations made by the WHO
in February. The A/Solomon Islands/3/2006 virus
replaced the previous A/New Caledonia/99 virus
which had circulated between 2000 and 2007.

HISTORY
The first influenza vaccine developed was a monovalent preparation which means that the vaccine was
formulated from a single strain of influenza virus.
In the 1960s and 1970s the influenza vaccines were
bivalent or composed of two strains. Since 1978 influenza vaccines have been trivalent with the inclusion of a strain of influenza B and two strains of

Strains used in vaccines for the flu seasons shown—1989–2007

H1N1

H3N2

Type B

89–90

A/Taiwan/86

A/Shanghai/87

B/Yamagata/88

90–91

A/Taiwan/86

A/Shanghai/89

B/Yamagata/88

91–92

A/Taiwan/86

A/Beijing/89

B/Panama/90

92–93

A/Texas/91

A/Beijing/89

B/Panama/90

93–94

Unchanged

Unchanged

Unchanged

94–95

A/Texas/91

A/Shandong/93

B/Panama/90

95–96

A/Texas/91

A/Johannesburg/94

B/Harbin/94

96–97

A/Texas/91

A/Nanchang/95

B/Harbin/94

97–98

A/Johannesburg/96

A/Nanchang/95

B/Harbin/94

98–99

A/Beijing/95

A/Sydney/97

B/Beijing/93

99–00

A/Beijing/95

A/Sydney/97

B/Yamanashi/98

00–01

A/New Caledonia/99

A/Panama/99

B/Yamanashi/98

01–02

A/New Caledonia/99

A/Panama/99

B/Victoria/00 or similar

02–03

A/New Caledonia/99

A/Moscow/99

B/Hong Kong/2001

03–04

A/New Caledonia/99

A/Moscow/99

B/Hong Kong/2001

04–05

A/New Caledonia/99

A/Fujian/2002

B/Shanghai/2002

05–06

A/New Caledonia/99

A/California/2004

B/Shanghai/2002

06–07

A/New Caledonia/1999

A/Wisconsin/2005

B/Malaysia/2004

07–08

A/Solomon Islands/2006

A/Wisconsin/2005

B/Malaysia/2004

08–09

A/Brisbane/59/2007

A/Brisbane/10/2007

B/Florida/4/2006
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influenza A. From the 1970s on the vaccine has been
changed to parallel the changes in currently circulating strains of virus with occasional changes in one or
all of the strains included in the vaccine preparation.
Surveillance by the WHO influences the strain selection included in each year’s vaccine preparation and
production of vaccine occurs year round.
Influenza virus vaccines first developed in the
1940s consisted of partially purified preparations of
influenza viruses grown in embryonated hen’s eggs.
Because of substantial contamination by egg-derived
components, these killed (formaldehyde-treated) vaccines were highly pyrogenic and lacking in efficacy. A
major breakthrough in vaccine manufacture was the
development of the zonal ultracentrifuge in the 1960s
(Gerin and Anderson, 1969). This technology, which
originated from uses for military purposes, revolutionized the purification process and industrial production
of many viruses for vaccines including influenza virus.
It remains the basis for the manufacturing process of
current influenza virus vaccines. Most prototype seed
strains are provided to the manufacturers by government agencies, which create high-yielding strains
through classical reassortment with a high-yielding
laboratory strain, A/PR/8/34 (Palese, 2006).
Whole inactivated virus vaccines were the first
influenza vaccines to be produced. The currently
circulating strain of influenza was inoculated into
embryonated eggs, harvested 2–3 days later and inactivated. Because of the high incidence of reactions seen
in individuals given whole, inactivated virus vaccine,
attempts were made to produce a vaccine which was
less reactogenic but conserved immunogenicity. Split
vaccines can be prepared from inactivated particles
disrupted with detergents. These vaccines have been
shown to induce fewer side effects and were found to
be as immunogenic as whole virus vaccine. Subunit
vaccines which contain only the HA and NA antigen
can also be produced. Subunit vaccines are used in
aqueous suspension or may be absorbed to carriers.
Volunteers given subunit vaccines experienced fewer
reactions than those given whole virus vaccines (La
Montagne et al., 1983; Couch et al., 1996).
Recently licensed LAVs induce immunity that
is similar to that provided from natural infection
with induction of both humoral and cellular immunity. Normal methods for attenuation include use
of repeated passages and temperature adaptation
(Palese, 2006). Attenuated strains of virus can also be
mixed with wild-type virus to produce reassortants
that contain the RNA fragments which code for wildtype HA and NA, and all the other genetic material
form the attenuated strain (Kilbourne, 1969). When
given intranasally, attenuated vaccines produce few

side effects (Couch et al., 1986; Margolis et al., 1990;
Nichol et al., 1996).

CURRENT LICENSED VACCINES
Influenza vaccination is the primary method for
preventing seasonal influenza and its complications. Vaccines need to be evaluated and, if necessary,
updated to provide coverage for the circulating strains
of influenza every year and, consequently, the vaccine
must also be administered every year. Table 27.3 lists
the vaccines currently licensed for use in the US Both
IV and LAV formulations of the vaccine are available.
Both LAV and IV contain strains of influenza viruses
that are antigenically equivalent to the annually recommended strains: one influenza A (H3N2) virus, one A
(H1N1) virus, and one B virus. Each year, one or more
virus strains can potentially be changed on the basis of
global surveillance for influenza viruses and the emergence and spread of new strains. Both vaccines are
administered annually to provide optimal protection
against influenza virus infection. Although both types
of vaccines are effective, the vaccines differ in several
aspects. Inactivated influenza vaccine contains killed
viruses, and thus cannot produce signs or symptoms
of influenza virus infection. In contrast, LAV contains
live, attenuated viruses and, therefore, has a potential
to produce mild signs or symptoms related to influenza virus infection. LAV is administered intranasally
by sprayer, whereas inactivated influenza vaccine is
administered intramuscularly by injection.
The US FDA announced the licensure of the first
vaccine in the United States for humans against the
avian influenza H5N1 virus in 2007. This inactivated
influenza virus vaccine is indicated for immunization of persons 18 through 64 years of age who are
at increased risk of exposure to the H5N1 influenza
virus subtype contained in the vaccine. This vaccine was derived from the A/Vietnam/1203/2004
influenza virus (Table 27.3).
Thimerosal is a very effective preservative that has
been used since the 1930s to prevent contamination
in some multidose vials of vaccines (preservatives
are not required for vaccines in single dose vials).
Thimerosal contains approximately 49% ethyl mercury. There is no convincing evidence of harm caused
by the low doses of thimerosal in vaccines, except for
minor reactions like redness and swelling at the injection site. However, in July 1999 the Public Health
Service (PHS) agencies, the American Academy of
Pediatrics (AAP), and vaccine manufacturers agreed
that thimerosal should be reduced or eliminated in
vaccines as a precautionary measure.
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TABLE 27.3 Currently licensed vaccines*
Vaccine
Fluzone®
seasonal flu
vaccine

Fluvirin®
seasonal flu
vaccine

Manufacturer

Form of vaccine

Sanofi Pasteur Inc.

Inactivated: One
dose required 15 μg
each of HA of two
influenza A & one
influenza B

Novartis Vaccine

Inactivated: One
dose required 15 μg
each of HA of two
influenza A & one
influenza B

Thimerisol
preservative

Age indication for
administration

Multidose vial

Present 0.01% or (25 μg
mercury/dose)

6 months and older

Single dose: 0.25 ml
syringe
Single dose: 0.5 ml
syringe or vial

None

6–35 months

None

36 months and
older

Multidose vial

Present 0.01% or
(25 μg mercury/dose)

4 years and older

Single dose: Prefilled
0.5 ml syringe

Preservative free:
(1 mcg or less
mercury/0.5 ml dose)

4 years and older

Dosage

Fluvarix®
seasonal flu
vaccine

Glaxo Smith Kline
Biologicals

Inactivated: One
dose required 15 μg
each of HA of two
influenza A & one
influenza B

Single dose: Prefilled
0.5 ml syringe

Preservative free
(1 mcg or less
mercury/0.5 ml dose)

18 years and older

FluMist®
seasonal flu
vaccine

MedImmune
Vaccines, Inc.

Live Attenuated:
One dose required
15 μg each of HA of
two influenza A &
one influenza B

Single dose sprayer

None

Healthy
immunocompetent
persons 2–49 years

AFluria®
seasonal flu
vaccine

CSL Biotherapies

Inactivated: One
dose required 15 μg
each of HA of two
influenza A & one
influenza B

Single dose

None

18 years and older

Flulaval®
seasonal flu
vaccine

ID Biomedical
Corporation

Inactivated: One
dose required 15 μg
each of HA of two
influenza A & one
influenza B

Multidose vial

Yes 0.01% or (25 μg
mercury/dose)

18 years and older

Influenza virus
vaccine, H5N1
pandemic flu
vaccine

Sanofi Pasteur Inc.

Inactivated: 90 μg/
hemagglutinin (HA)
of the influenza
virus strain A/
Vietnam/1203/2004
(H5N1, clade 1) two
doses required

*

18–64 years of age

as of July 2007.

DURATION OF IMMUNITY
A critical aspect of influenza vaccine development
is the demonstration that immunization is capable of
inducing a protective immune response. In individuals
who have been immunologically primed by exposure

to related viruses by infection or by immunization,
a single dose of 15 μg HA per strain, is considered to
give high levels of protective immunity in younger
adults and to prevent severe consequences of infection in the elderly. Although vaccines are usually prepared from whole virus, split products or from purified
subunits and occasionally from whole virions, the
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immune responses to immunization in primed populations are considered equivalent for each type of vaccine. Secretory antibody induced by inactivated viral
vaccines, is thought to persist for about a year, after
having reached a peak level at about 4–6 weeks following immunization or infection (Kilbourne, 1969).
Inactivated virus vaccine induced greater serum IgA,
IgG, and IgM HA antibody responses than did live
virus vaccine (Artenstein et al., 1964; Kilbourne, 1969;
Rossen et al., 1970; Couch et al., 1984; Clements et al.,
1986; Murphy and Clements, 1989; Kroon et al., 1994;
Mazanec et al., 1995). Although vaccination with both
types resulted in significantly increased levels of nasalwash HA antibodies, there was a striking difference in
the predominant isotype of local antibody induced by
each type of vaccine (Waldman and Ganguly, 1975).
Recipients of live virus vaccine developed IgA antibody
more frequently whereas recipients of inactivated influenza vaccine developed IgG antibody more frequently
(Artenstein et al., 1964; Rossen et al., 1970; Clements
and Murphy, 1986; Clements et al., 1986; Murphy and
Clements, 1989; Mazanec et al., 1995).

CONTRAINDICATION OF
VACCINATION, INCLUDING
SPECIAL RISK GROUPS
Current vaccine components are grown in embryonated chicken eggs and are rendered noninfectious.
The vaccine is safe. Soreness at the site of injection
is the most common complaint. Fever, malaise, and
myalgia are infrequent (Margolis et al., 1990; ACIP,
1999). The vaccine is recommended to be given each
year prior to the influenza season. Immediate—presumably allergic—reactions (e.g., hives, angioedema,
allergic asthma, and systemic anaphylaxis) occur
rarely after influenza vaccination (Couch et al., 1986;
Margolis et al., 1990; Nichol et al., 1996). These reactions probably result from hypersensitivity to certain
vaccine components; the majority of reactions probably are caused by residual egg protein. Although current influenza vaccines contain only a limited quantity
of egg protein, this protein can induce immediate
hypersensitivity reactions among persons who have
severe egg allergy (Wright et al., 1977; Couch et al.,
1986; Margolis et al., 1990; Nichol et al., 1996; James
et al., 1998). Influenza vaccine should, therefore, not
be administered to anyone with a history of hypersensitivity to any vaccine component, including eggs, egg
products, or thimerosal.
The vaccine should not be administered to individuals who have a prior history of Guillain–Barré

syndrome (Schonberger et al., 1979; Hurwitz et al.,
1981; Kaplan et al., 1982). People who have severely
weakened immune systems or people who are in contact with others with severely weakened immune systems should not be given live vaccine formulations.
The estimated risk of becoming infected with the current vaccine virus formulation after close contact with
a person vaccinated with the nasal-spray LAV is low
(0.6–2.4%) (Maassab and DeBorde, 1985; Couch et al.,
1986; Belshe et al., 1998). Because the viruses are weakened, infection is unlikely to result in influenza illness
symptoms. Immune compromised individuals should
not be given the AV since it contains live although
attenuated virus.

ADVERSE EVENTS
There are risks associated with all vaccines including current influenza vaccine formulations. The most
common local and systemic adverse reactions to vaccine include soreness at the vaccination site that can
last up to 2 days, pain, and swelling, fever, malaise,
and myalgia (Margolis et al., 1990; ACIP, 1999). Other
adverse reactions may occur. The most frequent side
effects of the killed vaccine after IM injection are
pain, redness, and swelling at the injection site lasting
1–2 days, and systemic side effects such as headache,
fever, malaise, and myalgia in about 5% of people receiving vaccines (Margolis et al., 1990; Nichol
et al., 1996). These side effects are largely due to a local
immune response, with interferon production leading
to systemic effects. Local side effects are more common with whole virus vaccines than subunit or split
vaccines, and also more common with intradermal
vaccination than intramuscular (IM) vaccination.
The inactivated vaccine does not contain live virus,
and cannot cause influenza infection. Live-attenuated
virus vaccines do contain live virus; however, side effects
are rare, with a runny nose, congestion, sore throat, and
headache being the most commonly reported symptoms, with occasional abdominal pain, vomiting, and
myalgia (Couch et al., 1986). They are not recommended
for children less than 2 years.
Inactivated influenza virus vaccine was associated
with the occurrence of the Guillain–Barré syndrome
during the program of immunization against swine
influenza in 1976 (Schonberger et al., 1979; Hurwitz
et al., 1981; Kaplan et al., 1982). However, studies
in subsequent years did not confirm such a relationship. A similar relation was reported again recently,
but the calculated risk was only one additional
case of Guillain–Barré syndrome per million people
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vaccinated, a risk lower than that of severe influenza
in all age groups and particularly among people at
high risk for complications (Schonberger et al., 1979;
Hurwitz et al., 1981; Kaplan et al., 1982). Concern
about the Guillain–Barré syndrome should not deter
people from receiving an inactivated influenza virus
vaccine.

PRECLINICAL, PHASE I, PHASE II, AND
PHASE III TRIALS
The current egg-based technology for producing
influenza vaccine was created in the 1950s. This current process of production of reassortant virus stocks
followed by repeated passaging of the strain in embryonated hen’s eggs to allow for egg adaptation and
growth enhancement is time-consuming. A number
of novel methods of production of vaccine virus are
currently in process and include cell-culture based
culture or production of recombinant viral proteins.
Table 27.4 lists a number of vaccine formulations that
are currently in preclinical or phase I–III trials in the
US. Many of the candidate vaccines listed in Table 27.4
were formulated using methods that do not rely on
embryonated hen’s egg culture and hold great promise for the development of future influenza vaccines.

RATIONALE OF SECOND/THIRD/NEW
GENERATION VACCINES
Use of Cell Lines to Produce Vaccine
Cell culture-derived influenza vaccines are currently
in development as an option to egg-based production,
which uses embryonated hen’s egg as the standard
method for production (Patriarca, 2007). There are
a number of problems associated with this process,
which include a dependency on the timely availability
of embryonated hen’s eggs as well as the selection of
specific changes in the viral proteins due to egg culture
(Robertson et al., 1985; Katz et al., 1987; Harmon et al.,
1988; Katz and Webster, 1989; Robertson, 1993; Hardy
et al., 1995; Ito et al., 1997; Patriarca, 2007; Reisinger
et al., 2007) The H5 avian influenza virus strains
responsible for recent epizoonotic outbreaks in Asia
are lethal to chicken embryos (Palese, 2006; Patriarca,
2007). Also, due to the high pathogenicity of avian
influenza virus strains, the conventional production of
avian influenza virus vaccines would require the use
of biosafety level 3 containment facilities for virus production. Vaccine development and production using

the standard egg-based method often takes several
months following the identification of new potential
strains using current egg-based culture methods and
typically require reassortment with a high-yield strain.
Therefore, a culture method that can rapidly produce
new influenza virus for vaccine production is needed
as a priority for seasonal and especially for pandemic
influenza preparedness.
The tissue culture process is easily expanded for
large scale production of virus using large bioreactor
systems to produce human influenza antigens, avian
influenza antigens, or other animal influenza antigens
as necessary (Patriarca, 2007). Several tissue culture
cell types are being used to produce virus stocks for
vaccine trials. These include MDCK (Ito et al., 1997;
Patriarca, 2007), Vero cells, PER.C6 (patented human
cell line) and an avian embryonic stem cell-derived cell
line, EBx (a cell line is derived from chicken embryo
cells, treated with a chemical mutagen to render the
cell line immortal) (Patriarca, 2007). For production
of cell-culture derived vaccines, live influenza virus
is used to infect cells in culture. Once the viral infection has propagated through the cells, the live virus is
harvested and inactivated in much the same way as in
conventional egg-based influenza vaccines.
Several important regulatory issues will need to be
addressed before a switch to cell culture-based production systems can occur. These include proof that
the vaccine product is free of cell-derived contaminants as well as testing for any other contaminating
viruses. Tissue culture-based influenza A vaccines
have currently been approved for use throughout
the European Union. Large scale safety and immunogenicity studies have been conducted in Europe, and
trials of safety and immunogenicity are currently taking place in the United States as well. These studies
show that the cell-culture based vaccine is of comparable safety and immunogenicity as compared to egg
culture-based vaccines (Harmon et al., 1988).

Recombinant DNA-Based Approaches
The influenza A virus (Fig. 27.1) has ten gene products: HA and NA on the surface; the M2 ion channel
and a variety of intraviral proteins; the M1 matrix proteins; and various RNA packaging proteins that make
up the virion. HA and NA, which are on the surface
of the virus, are available for attack by the immune
system, but they are subject to immune pressures and
antigenic drift (mutations) in their genetic material
over time. HA protein has been synthesized by a variety of recombinant DNA (rDNA)-based approaches
for vaccine development (Subbarao and Katz, 2004).
HA or other influenza proteins can be made alone, can
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TABLE 27.4 Preclinical, phase I, II, and III trials*
Virus growth conditions and
formulation of vaccine
Egg culture inactivated

Indevelopment seasonal

Indevelopment pandemic

Improved products are produced periodically by
most major companies

Inactivated whole virion:
• CSL Biotherapies, H5N1 (phase I)
• Solvay Pharmaceuticals, H5N1 (phase I)
• Baxter H5N1 (phase I & II)
• Berna Biotech, H9N2 (phase II)
• Glaxo Smith Kline Biologicals, H9N2, H5N1
(phase I)
• Biken, H5N1 with alum (phase I & II)
Inactivated split virus:
• Sanofi Pasteur, H5N1, H7N1 (phase I)
• Glaxo Smith Kline Biologicals (GSK), H5N1
(phase I)
• CSL Limited, H5N1 (phase II)
• Biken , H5N1 (phase I and I & II)
Inactivated subunit:
• Novartis Vaccines and Diagnostics, H9N2,
H5N1, H5N3 (phase I, II, & III)
• Solvay Pharmaceuticals, H5N1 (phase I)
Berna Biotech, H9N2, Virosome-based (phase II).

Cell culture inactivated

Nobilon International (phase I, grown in MDCK)
Solvay Pharmaceuticals (phase I & II, grown
in PER.C6 line)
Sanofi Pasteur (phase I, grown in MDCK)

Glaxo Smith Kline (in I & II, grown in MDCK)
Novartis (phase III, grown in MDCK)

Recombinant or DNA vaccine

Merck & Co., Inc., M2 protein Universal Vaccine
(pretrial)
Protein Sciences (phase III in 2007)
Novavax VLP (preclinical)
Acambis (phase I), recombinant Hep-B core
fusion with M2 and grown in E. coli
VaxInnate Inc. (phase I), flagellin fused with
M2 and grown in E. coli.
Protein Sciences (phase I), FluBIØk®
recombinant HA, NA and M proteins grown
in caterpillar cells with baculovirus to produce
the recombinant protein. E. coli (phase I & II)

Live attenuated egg or cell
culture

Medimmune MDCK (cell-based) (phase I)

Baxter, H5N1 (start phase III wild-type in Vero)
Nobilon International, H5N1 (phase I, grown in
MDCK)
Nobilon/Vivalis H5N1, (preclinical in cell,
preclinical in embryonic chicken embryo
fibroblast cells, EBx® cell line)
Sanofi Pasteur H5N1, H7N7, H7N1
(phase I or I & II)
Solvay Pharmaceuticals, H5N1 (phase I,
grown in human Per.C6® line)
GSK H5N1 (preclinical, grown in MDCK)
Merck & Co., Inc., M2 protein universal (pretrial)
Acambis ACAM  Flu A® possible pandemic
vaccine (phase I) M2e protein universal
Protein Sciences, H5N1 (phase III in 2007)
Novavax H5N1, VLP (phase I)
Powermed, H5N1, DNA vaccine (phase I)

Medimmune, H5N1, H9N2 (currently in phase I for
both egg- and cell-based)

*

as of Octorber 2007.

be co-expressed with other proteins to boost immunogenicity (Prel et al., 2007; Treanor et al., 2007), or HA
and NA can be expressed together with the matrix
protein that underlies the membrane to make a viruslike particle (VLP) (Galarza et al., 2005a, 2005b; Ionescu

et al., 2006; Pushko et al., 2007; Bright et al., 2007; Quan
et al., 2007). Recombinant HA produced in a baculovirus system (insect tissue culture expression of HA followed by purification of the HA) has been successfully
formulated into trivalent vaccine, and this trivalent
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vaccine has demonstrated safety and efficacy in clinical trials in the United States (Treanor et al., 2007).
VLPs mimic the three-dimensional structure of a
virus but do not contain genetic material, so they cannot replicate or cause infection. As VLPs maintain functional properties of both influenza surface proteins (HA
and NA), they have been shown to activate multiple
arms of the immune system to generate a broadly protective immune response (Galarza et al., 2005a, 2005b;
Ionescu et al., 2006; Pushko et al., 2007; Bright et al.,
2007; Quan et al., 2007). VLPs apparently have a high
propensity for being taken up by the immune system;
an effective dose of a VLP vaccine in a mouse model
is about one-tenth the dose necessary for HA itself
(Pushko et al., 2007; Bright et al., 2007; Quan et al.,
2007). The potential advantage here is the reduction in
the amount of vaccine necessary to elicit an effective
immune response.
Antigens other than HA are also good candidates
for the production of influenza vaccines. The NA protein, although one possible candidate, is susceptible
to antigenic drift and immune pressure, and because
of this does not offer an advantage over HA as a surface target. NA is also not a strong neutralizing antigen and blocking the enzymatic activity with antibody
may confer some benefit. Conserved influenza antigens are the NS1 protein (a nonstructural nuclear protein), M1 (the matrix protein), NP, and M2 (which is
the ion channel). In the context of the influenza virus,
the M2 ion channel protein is particularly important at
this time for the production of a “universal vaccine.”
The ion channel is important in virus replication, and
during the uncoating of the virus a pH change must
take place before the viral genome is released for the
purpose of replication (Lamb et al., 1985; Neirynck
et al., 1999). The M2e peptide appears to be relatively
conserved and is a relatively stable target that in
theory should not change year after year (Holsinger
and Lamb, 1991; Pinto et al., 1992; Black et al., 1993;
Neirynck et al., 1999). Different methods of making the
influenza M2e based vaccine are in development and
these include: (1) hooking four copies of the 24 amino
acid M2 protein to flagellin produced in Escherichia coli;
and (2) hooking a copy of M2e to Pam3Cys (e.g., tripalmitoyl cysteine, a synthetic adjuvant linked to M2e,
the antigenic protein) to make Pam3Cys.M2e (Lamb
et al., 1985). The flagellin fusion is thought to be a better method, since the M2e 24 amino acid peptide alone
does not illicit an immune response.
Another option being developed is to use M2e
fused at the N-terminus of the hepatitis B core protein
(HBc) subunit or inserted in the immunodominant
loop as a vaccine (Neirynck et al., 1999). Evidence
indicates that these types of “universal” influenza

A vaccines are promising and a number of candidate
vaccines based on this methodology are currently
being tested in human clinical trials.

DNA Vaccines
DNA vaccines are expressed in situ after DNA
vaccination and these vaccines induce immune
responses in the form of both humoral and CMI
responses, including CTL (Fynan et al., 1993a; Deck
et al., 1997; Kodihalli et al., 1999, 2000; Drape et al.,
2006). DNA vaccines are comprised simply of E. coliderived plasmid DNA, are not infectious, do not
replicate, and encode only the proteins of interest
without production of bacterial proteins. The functional components of the plasmid include a strong
promoter system (such as the immediate early promoter of cytomegalovirus), a convenient cloning site
for insertion of a gene of interest, a polyadenylation
termination sequence, a prokaryotic origin of replication for production in E. coli, and a selectable marker
(e.g., ampicillin resistance gene) to facilitate selection
of bacterial cells containing the plasmid. Some of the
earliest work on DNA vaccines was conducted using
influenza as a model system. These studies at least in
animals including nonhuman primates, demonstrated
production of hemagglutination inhibiting (HI) antibodies and CTL. The potency of DNA vaccines encoding influenza virus antigens in many of these animal
studies was demonstrated by the low amounts of
DNA required to induce immunity, using either IM
injection of the vaccine or by use of the gene gun
(Fynan et al., 1993b). Combined immunization with
DNA encoding HA (which can generate neutralizing
antibodies) and DNA encoding NP and M1 (which
can induce broad T-cell responses) may provide a
greater breadth of protection than can be obtained
with conventional inactivated influenza vaccines and
may be useful in humans against influenza (Fynan
et al., 1993a; Kodihalli et al., 1999). The first human
trial of a DNA vaccine designed to prevent H5N1
avian influenza infection began on December 21, 2006.
The vaccine was delivered with a particle-mediated
epidermal delivery (PMED) needle-free injection system, which delivers DNA to the epidermal layer of the
skin where it enters the cells of the immune network,
creating immunity and facilitating both treatment and
prevention of disease (Fynan et al., 1993b).

Adjuvants
Adjuvants are agents or drugs that have few or
no antigenic effects or properties but may have the
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potential to increase the efficacy or potency of vaccines or other drugs when given at the same time
(see Chapter 9). Some of the most common adjuvants
used in vaccine preparations are aluminum salts and
monophosphoryl lipid (MPL)/QS21 cocktails. The
response to potential pandemic flu vaccines has been
shown to be much improved by the addition of MF59
(Nicholson et al., 2001; Stephenson et al., 2003; Atmar
et al., 2006; Bresson et al., 2006; Baldo et al., 2007).
MF59 also allows significant dose sparing, which is
essential to increase the pandemic vaccine production
capacity. Unfortunately, traditional adjuvants, such
as Alum, do not appear to be potent for pandemic
influenza vaccines. Although poorly understood scientifically, the successful development of adjuvants is
important because they can greatly increase the efficacy of existing vaccine supplies. Most of the current
IV and LAV virus vaccines do not contain an adjuvant. To stretch the available supply, antigen-sparing
adjuvant approaches should be considered and many
new approaches are under development.

Alternative Delivery of Antigens
Vaccines can be delivered in ways other than by
direct IM injection. Any method can be used to introduce the vaccine directly to dendritic cells (the cells
that carry antigen to the lymph nodes) located in the
intradermal compartment of the skin, whence they
will be effectively taken into the immune system.
Thus, vaccines can be delivered through the skin
using patches, microabrasion, or microtines coated
with antigen. They can also be delivered through the
intranasal system; Flu-Mist® administers a LAV by
spray into the intranasal compartment to create local
mucosal immunity.

PRECLINICAL DEVELOPMENT
INCLUDING RELEVANT ANIMAL
MODELS
There are a number of animal models presently
available for the study of the pathogenesis of influenza. Influenza A virus will infect a number of Old
World and New World primates (Kalter et al., 1969;
London et al., 1972; Berendt and Hall, 1977). The gibbon and baboon develop clinical illness with nasal
application of the virus, and the squirrel, cynomolgus
and rhesus monkeys develop illness when the virus is
inoculated intratracheally (Berendt, 1974; Berendt and
Hall, 1977). Primate models have a number of disadvantages, including a lack of commercial availability of
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the reagents necessary to characterize the host response
in detail. Mammals such as horses and pigs that are
natural hosts for influenza have also been used experimentally. However, their large size and the limited
availability of reagents available also preclude their use
as good models in the laboratory.
Small-animal models that have been used to study
influenza virus pathogenesis include the ferret, in
which human influenza virus was originally isolated
(Marois et al., 1971; Smith and Sweet, 1988; Herlocher
et al., 2001, 2004; Yen et al., 2005; Lipatov et al., 2006;
Govorkova et al., 2007; Belser et al., 2007). Adult ferrets become ill after infection with influenza A viruses,
exhibiting fever, lethargy, and weight loss (Marois
et al., 1971; Smith and Sweet, 1988; Herlocher et al.,
2001, 2004; Yen et al., 2005; Lipatov et al., 2006;
Govorkova et al., 2007; Belser et al., 2007). The ferret
model has been used in recent studies of H5N1 viruses
(Lipatov et al., 2006; Govorkova et al., 2007), the transmission of influenza and the development of resistance
to antiviral therapy (Herlocher et al., 2001; Yen et al.,
2005). Unfortunately, as is seen for other models, ferrets
are outbred and again reagents are not readily available for evaluating the correlates of protective immunity. In contrast, laboratory strains of mice are inbred
and there is an abundance of reagents to characterize
both innate and adaptive immune responses. However,
mice are not naturally infected with influenza viruses,
and therefore most studies are performed using strains
that have been adapted by extensive serial passage to
replicate efficiently in this mammal (Hernandez et al.,
2003; Evseenko et al., 2007; Joseph et al., 2007).

POSTEXPOSURE IMMUNE
IMMUNOPROPHYLAXIS
Little information related to immunoprophylaxis for
influenza infection is currently available. Limited trials of human monoclonal or polyclonal antibodies in
animals have yielded promising results but large scale
trials of passive antibody use for influenza have not
yet been done (Krieg, 1999; Hanson et al., 2006). The
ability of some nucleic acid-based drugs to elicit broadspectrum antiviral immunity is of particular interest
in the development of products that have the potential for prevention and treatment of influenza infection. Immunomodulating products that enhance innate
and/or cellular immunity and provide some level of
antiviral resistance may offer the potential of protection
against a number of seasonal and avian strains of influenza viruses, regardless of genetic mutations, reassortments, recombinations, zoonotic origin, or development
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of drug-resistance. Nucleic acid-based drugs currently
in development that can stimulate the host’s immune
responses against viral infections include CpG containing oligonucleotides and dsRNA, such as poly ICLC
(Levy et al., 1975; Wong et al., 1995). These drugs are Tolllike receptor (TLR) agonists, and are in various stages of
clinical development. Liposomal poly ICLC provided
protection against both seasonal and avian influenza
viruses in experimental studies in animals (Wong et al.,
1999). Mounting evidence in animal studies suggest
synthetic dsRNA, such as poly ICLC can elicit effective
and protective antiviral immune responses to influenza
infection. Antiviral immune responses induced by these
drugs have been shown to confer complete protection
in mice against multiple challenge doses of influenza A
viruses, including influenza A/PR/8/34 (H1N1) and A/
Aichi (H3N2) strains (Wong et al., 1999). The observation
that liposomal poly ICLC has been shown to be effective
against various subtypes of influenza A viruses (H1N1,
H3N2) may well suggest it is particularly well suited to
deal with constantly evolving viruses, such as the influenza A viruses (Wong et al., 1999, 2005).

PROSPECTS FOR THE FUTURE
Influenza remains a serious disease despite the availability of good antivirals as well as IV and LAV vaccines, which are effective for most recipients. Current
vaccines are safe and efficacious but there are problems
with the current methodologies for vaccine production which can delay manufacture of sufficient vaccine
stock viruses in pandemic situations. The human devastation caused by past influenza pandemics as well
as recent concerns with avian influenza are a reminder
that the threat of a future pandemic is real and that
new approaches for vaccine production are necessary
to meet the needs of the future.

KEY ISSUES
●

●

Current vaccines are produced by growing virus in
chicken egg–embryo culture. Problems associated
with adequacy of egg supply, biological safety,
killing of chick embryos by virulent avian strains
and appropriateness of virus stocks used for
inoculation make egg–embryo culture problematic
and suggest that the development of nonegg-based
culture systems should be a priority for future of
influenza vaccine development.
Development of better methods of selection and
production of viral antigens using reverse genetics
for both seasonal and pandemic strains of virus are

●

●

needed if we are to produce adequate virus for the
development of vaccines which reduce morbidity
and mortality and improve influenza virus
protection.
Advances in vaccine research which show great
promise for the future include evaluation of pure
subunit vaccines, development of new adjuvants,
development of DNA vaccines, enhancing
methods for mucosal immunization, and the use
of immunomodulators for enhancing immune
responses.
Development of better methods of selection and
production of viral antigens for both seasonal and
pandemic strains of virus are needed if we are to
produce adequate virus to reduce morbidity and
mortality and improve influenza virus protection
in the future.
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ABSTRACT
Japanese encephalitis (JE) is the most important viral encephalitis in Asia. JE occurs in annual epidemics or
endemically in many Asian countries. Nearly 3 billion people, approximately 60% of the world’s population, are
at risk from JE virus infection. JE virus is maintained in nature between vector mosquitoes and vertebrate animals,
especially pigs. Pigs also play a role as an amplifier for JE virus. Humans are infected by the bite of infected
mosquitoes. Neutralizing antibody provides the best evidence that protective immunity has been established, and
the biological assay of neutralization shows correlation with protection. Vaccination is the most effective measure
of prevention of JE in humans. Vaccine coverage must be maintained indefinitely in all individuals who are
potentially exposed to the virus. However, the vaccines are not available to all the populations at risk in the world.
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Four types of JE vaccines are currently used in the world: three types of inactivated vaccines and one type of
live-attenuated vaccine. Mouse brain-derived inactivated JE vaccine is produced from infected mouse brains by
inactivation and extensive purification of the virus. This type of vaccine is produced with Nakayama or Beijing-1
strain, and that produced with Nakayama strain has been used as the international JE vaccine. Primary hamster
kidney (PHK) cell-derived inactivated JE vaccine and Vero cell-derived inactivated JE vaccine have been used in
China. Live-attenuated JE vaccine derived from PHK cells also have been used in China and some other countries.
Furthermore, additional Vero cell-derived inactivated vaccines and chimeric vaccines are under development, and
phase II and III clinical trials are being undertaken in humans. Multiple types of JE vaccines will be available in
the near future. The governments of the countries where JE is endemic or epidemic will need to determine which
types of vaccine will be used in respective countries.

INTRODUCTION
Japanese encephalitis (JE) virus is the most important cause of viral encephalitis in Asia (Monath and
Tsai, 2002). Nearly 3 billion people, approximately 60%
of the world’s population, are at risk from JE virus
infection. In the last 20 years, JE virus transmission has
intensified in certain countries. Further, the disease has
extended its geographical range to previously unaffected areas of Asia and northern Australia. JE is a vaccine-preventable disease. All the populations at risk of
JE virus infection in JE-endemic or -epidemic countries
should be immunized with JE vaccine.

JE VIRUS
Genome and Structure
JE virus belongs to the family Flaviviridae (genus
Flavivirus). The genome of JE virus is a single and
plus-stranded RNA, nearly 11 kb in length (Sumiyoshi
et al., 1987). The JE virus genome encodes an open
reading frame flanked by about 100- and 600-nucleotideuntranslated regions at the 5⬘- and 3⬘-ends, respectively. The uninterrupted open reading frame codes
for three structural proteins—the capsid (C), preM
[which is the precursor to the membrane (M) protein],
and the envelope (E) protein—and seven nonstructural proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5 (Kimura-Kuroda et al., 1990). JE virion has
a spherical shape about 40–50 nm in diameter. The
nucleocapsid is about 30 nm in diameter and covered
by the envelope. The envelope contains the E and
M proteins. The E protein is glycosylated and responsible for attachment to still unidentified cellular receptors and fusion with cell membrane. The E protein
contains the main epitopes recognized by neutralizing
antibodies. It is believed that the E protein plays the

most important role in induction of protective immunity (Kimura-Kuroda et al., 1990; Konishi et al., 1999). JE
virus is grouped into the JE-serocomplex group in flaviviruses. JE virus demonstrates a high level of crossreactivity with West Nile virus, St. Louis encephalitis
virus, and Murray Valley encephalitis virus.

Ecology and Transmission
JE virus is maintained in nature between vector
mosquitoes and vertebrate animals, especially pigs
(Monath and Tsai, 2002). The principal vector of JE
virus is culex mosquitoes, mainly Culex tritaeniorhynchus in Asia (Rosen, 1986). Wild birds probably play
a role in the maintenance of JE virus in nature and in
carrying the virus to new regions.
Humans are infected by the bite of infected mosquitoes.
Pigs play a role as an amplifier for JE virus. Infectivity
titers of JE virus reach high levels in pigs. Many mosquitoes are infected with the virus by biting infected
pigs. The infected mosquitoes then transmit JE virus to
humans. However, humans do not transmit virus to biting mosquitoes because of low titers of viremia; thus,
humans are considered to be dead-end hosts.

JAPANESE ENCEPHALITIS
Clinical Symptoms
JE virus infection can be asymptomatic or symptomatic, demonstrating clinical illness of encephalitis,
meningitis, or febrile illness in humans. One to three
in 1000 infected humans develop clinical illness. JE is
an inflammatory disease of the central nervous system, which consists of cerebrum, cerebellum, and spinal cord.
The incubation period of JE is 5–15 days. The illness starts with fever and headache. Other early
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symptoms include vomiting, diarrhea, and muscle
aches. Meningeal irritation becomes apparent on the
second day, and then cerebral symptoms, including
altered consciousness ranging from apathy to coma,
rapidly develop. The case fatality rate is about 20–30%.
Approximately 30–50% of the surviving patients have
neuropsychiatric sequelae. Complete recovery occurs
in only one-third of the patients.

Pathogenesis
The pathogenesis of JE is not completely understood. JE virus is transmitted to humans by mosquito
bite. It first multiplies in the local lymph nodes or
other organs and then enters blood vessels, causing
viremia. The virus reaches neuronal cells in the central
nervous system by crossing the blood-brain barrier. It
is generally believed that in most JE virus infections,
the virus does not enter the central nervous system,
which is protected by the blood-brain barrier, but
results in inapparent infection.

Laboratory Tests
Clinical diagnosis is a prerequisite for early and
proper treatment. Laboratory tests are essential for
confirmatory diagnosis of JE. Virus isolation from
blood or cerebrospinal fluid of patients can be successful at a very early stage of the illness but is usually
very difficult. Recently, the IgM-capture ELISA has

been widely used for detection of specific IgM (Martin
et al., 2000). Hemagglutination inhibition (HI) test is
still used for serodiagnosis in many laboratories.

EPIDEMIOLOGY
Global Distribution of JE
Approximately 20,000 JE cases with 6000 deaths are
reported annually in the world. The actual number,
however, is estimated to be a few-fold greater. A surveillance standard has been published, but implementation of a surveillance system specifically for JE is
incomplete in many Asian countries, as encephalitis is
not differentiated by etiology.
JE occurs in annual epidemics or endemically
in many Asian countries, including Japan, Korea,
Taiwan, China, Vietnam, Thailand, Malaysia,
Myanmar, India, Nepal, and Sri Lanka (Vaughn and
Hoke, 1992; Basnyat et al., 2001). The endemic regions
are surrounded by Japan, China, and Korea in the
north, Indonesia and Australia in the south, India and
Pakistan in the west, and the Philippines and Guam
in the east (Fig. 28.1). Nearly 3 billion people, approximately 60% of the world’s population, are believed
to be at risk of JE virus infection. The first JE patient
in Papua New Guinea was reported in 1995 and then
again in 1997 (Mackenzie, 1999; Hanson et al., 2004;
Rubin and Baird, 2004). In Australia, three JE patients
were first reported in Badu Island in the Torres Strait

FIGURE 28.1 The areas where Japanese encephalitis is naturally found.
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in 1995 (Hanna et al., 1996). In 1998, patients were
again reported in Badu Island and, for the first time,
in Cape York Peninsula in the Australian Subcontinent
(Hanna et al., 1999). Thus, JE is no more a disease
restricted to Asia only but is also found in Oceania.

Seasonal Prevalence
JE virus transmission season differs among endemic
regions. It is mainly due to numbers and activities of
vector mosquitoes. The climate, especially temperature
and rainfall, affects the number and activity of vector
mosquitoes. The changes in agricultural procedures,
including rice cultivation, also affect the mosquito density and eventually the size and frequency of the transmission cycle of JE virus. Levels of immunity among
pig population also influence the transmission cycle.
There is a year-round transmission of JE virus in
tropical countries (Monath and Tsai, 2002). In the
Southeast Asian countries, JE virus transmission mainly
occurs between May and December and throughout the year in limited sites. However, the transmission pattern in the temperate zone (e.g., Japan, Korea,
and northern China) is rather well defined (Monath
and Tsai, 2002). The epidemic season in these areas
usually starts in May or June and ends in September
or October.

CONTROL OF JE
Protective Immunity against JE Virus
Protective immunity against JE virus has been long
studied using mouse models. It is accepted that neutralizing antibodies play a key role in the protection.
Passive transfer of neutralizing antibodies before virus
inoculation protected mice from lethal challenge (Oya,
1988; Kimura-Kuroda and Yasui, 1988). Thus, preexisting neutralizing antibodies are important for protection of the infection. There was a linear relationship
between the levels of neutralizing antibodies and the
titers of challenge viruses that were resisted by mice.
It was also demonstrated that when antibody was passively transferred after infection, partial protection
was observed. Although complement-mediated cell
lysis and antibody-dependent cell-mediated cytotoxicity
were attributed to the protective activity, the mechanism
of protection by anti-NS1 antibodies is not completely
understood. The role of cytotoxic T cells (CTLs) in the
recovery from JE virus infection has not been well established. However, it has been reported that passive transfer of virus-specific CTLs also protects mice from lethal
challenge by JE virus (Murali-Krishna et al., 1998).

Control of JE in Nature
Considering the transmission cycle of JE virus to
humans, there are several ways that are theoretically
effective for preventing JE virus infection of humans.
The control of mosquitoes and the vaccination of pigs
are effective in certain circumstances; however, these
measures are not practical as a means of preventing
human illness. At this point, vaccination of humans
is the most effective measure of prevention of JE
in humans. This has been demonstrated epidemiologically in Japan, Korean and Taiwan in East Asia.
Humans are incidental hosts; thus, coverage must
be maintained indefinitely in all the people who are
potentially exposed to the virus.

JE VACCINES
Effect of JE Vaccine on JE Epidemics
The total number of reported JE cases has been
recently decreased, according to a report of the World
Health Organization (WHO). China accounted for the
largest number of JE cases in the world. In the last few
decades, however, China achieved a significant reduction
in the number of JE cases, mainly because of a nationwide implementation of JE vaccination (Yu, 1995). In
Japan, the annual JE case number is less than 10 since the
1990s. Similar trends are observed in Korea and Taiwan.
The age distribution of JE patients varies in countries. In countries where JE virus is hyperendemic,
half of the patients are children under 4 years of age,
and most of the patients are children under 10 years
of age (Gajanana et al., 1995). However, in Japan,
Korea, and Taiwan, where mass JE vaccination has
been extensively implemented, JE occurs among adult
populations rather than children, the majority of the
patients being at over 50 years of age (Matsunaga
et al., 1999; Petersen and Marfin, 2005). As stated
above, most of the JE patients are children, and the
children at risk should receive safe and efficacious JE
vaccine to acquire protective immunity. However, this
goal has not been achieved in most of the countries in
JE-endemic and -epidemic regions of the world, as JE
vaccines are not distributed to all at risk. Insufficient
doses of vaccines are produced, and some of the currently available vaccines are still expensive for use in
developing countries.

Currently Produced JE Vaccines (Table 28.1)
Four types of JE vaccines are currently used in the
world: three types of inactivated vaccines and one
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TABLE 28.1
Type of
vaccine
Inactivated

Live
attenuated

Currently produced JE vaccines

Organs or
cells

Virus strains

Countries

Mouse brain
Mouse brain

Beijing-1
Nakayama

PHK cells
Vero cells

P3
P3

Japan, Thailand
Korea, Taiwan,
Vietnam,
India, Japan
(for export only)
China
China

PHK cells

SA 14-14-2

China

Note: PHK: primary hamster kidney

type of live-attenuated vaccine (Halstead and Tsai,
2004). These are mouse brain-derived inactivated JE
vaccine, primary hamster kidney (PHK) cell-derived
inactivated JE vaccine, Vero cell-derived inactivated JE
vaccine, and live-attenuated JE vaccine derived from
PHK cells.
Inactivated JE Vaccine
Mouse Brain-Derived Inactivated JE Vaccine
Nakayama and Beijing-1 strains are used as production strains. The vaccine is produced from infected
mouse brains by inactivation and extensive purification of the virus. Mouse brain-derived inactivated
JE vaccine produced with Nakayama strain was first
licensed in Japan in 1954 and has been used as the
international JE vaccine. This type of vaccine is currently produced in Japan, Korea, Taiwan, Thailand,
India, and Vietnam. The strain for vaccine production was changed to Beijing-1 strain in Japan in 1989.
Beijing-1 strain is used as the virus seed in Japan and
Thailand, and Nakayama strain in Korea, Vietnam,
and India. The efficacy of mouse brain-derived inactivated JE vaccine was evaluated in two field trials. In a
study in Taiwan in 1966, the efficacy of the Nakayama
vaccine was 80% after two immunizations (Hsu et al.,
1971) while other studies in Thailand demonstrated
that the efficacies of monovalent Nakayama vaccine
and Nakayama and Beijing-1 bivalent vaccines were
both 91% (Hoke et al., 1988).
PHK Cell-Derived Inactivated JE Vaccine The
vaccine is produced from JE virus propagated in
PHK by inactivation and purification (Halstead and
Tsai, 2004). PHK cell-derived inactivated JE vaccine
has been produced exclusively in China using P3
strain since 1968. Approximately 70 million doses are
distributed annually in China, and this vaccine had
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been the principal JE vaccine in China until the liveattenuated vaccine was produced. Regional trials in
China showed protection against JE with efficacies of
85–87%.
Vero Cell-Derived Inactivated JE Vaccine The
vaccine is produced from JE virus propagated in
Vero cells by inactivation and purification. Vero cellderived inactivated JE vaccine using P3 strain has
been licensed in China since 1998. Approximately
10 million doses have been distributed in China up
to 2006. Regional trials in China showed protection
against JE with efficacies of over 90%.
Live-Attenuated JE Vaccine
Live-Attenuated JE Vaccine Derived from PHK
Cells A PHK cell-derived, live-attenuated JE vaccine was developed using the SA 14-14-2 strain and
licensed in 1988 in China (Tsai, 2000). The efficacy of
the vaccine has been reported more than 99% (Bista
et al., 2001). It has been reported that more than 100
million children received the SA 14-14-2 vaccine with
no serious adverse events. Two-dose immunization
1 week apart is recommended as a routine immunization, although single-dose immunization showed
a comparable efficacy. The vaccine has also been
licensed in Korea (Sohn et al., 1999), Nepal, and India.
Adverse Events
Adverse events due to the mouse brain-derived
inactivated JE vaccine have been studied. Local reactions at the injection sites and fevers occur in approximately 10% of vaccinated children after vaccination
with mouse brain-derived inactivated JE vaccine in
Japan. In addition, severe allergic symptoms have
been reported recently (Plesner et al., 2000; Marfin
et al., 2005). The incidence of systemic reactions characterized by generalized urticaria, respiratory symptoms, and cardiovascular symptoms have been noted.
Some showed serum IgE against gelatin included as
a stabilizer; however, many have remained obscure in
etiology (Sakaguchi and Inouye, 1998).
Since JE vaccine used infected mouse brain as a
source, concerns existed regarding the possible incidence of severe adverse reaction in nervous systems
of vaccinees. Severe neurological disorders, including
acute disseminated encephalomyelitis (ADEM), were
reported in relation to JE vaccination (Fukuda et al.,
1997). The incidence rate is about one–two in 1,000,000
doses in Japan, but the etiological relationship has not
been confirmed in most of these cases. Adverse events
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TABLE 28.2
Type of vaccine

JE vaccines under development

Organs or cells

Virus strains

Countries

Inactivated

Vero cells
Vero cells

Beijing-1
SA 14-14-2

Japan
Austria

Live (chimeric
vaccine)

Vero cells

SA 14-14-2

U.S.A.

of other types of JE vaccines have not been extensively
analyzed or reported.

JE VACCINES UNDER DEVELOPMENT
These are summarized in Table 28.2.

Inactivated Vaccines
Vero Cell-Derived Inactivated JE Vaccine
Mouse brain-derived inactivated JE vaccine has
been considered as the internationally accepted vaccine for a long period of time. The contribution of
this vaccine to the prevention of JE in the past is well
appreciated, but the fact that the vaccine is produced
from infected mouse brain raises some concerns. It
has been expected that the production of inactivated
JE vaccines will eventually be shifted from infected
animal brains to cell culture.
New Vero cell-derived inactivated JE vaccines have
been developed using Beijing-1 and SA 14-14-2 strains
as seed viruses in Japan and Europe, respectively
(Sugawara et al., 2002). These candidate vaccines demonstrated high levels of immunogenicity and safety
in phase I and II studies, and phase III clinical trials
are being performed. On the other hand, the changes
of the source of JE virus from mouse brain to cell culture will require new quality control measures to be
implemented.

had received yellow fever 17D vaccination. The yellow
fever–JE chimeric vaccine is expected to be as potent
as yellow fever vaccine in the duration of specific antibody for years, even after a single injection (Monath
et al., 2002). Currently, the phase II studies have been
completed for the development program of the yellow
fever–JE chimeric vaccine.

EVALUATION OF JE VACCINE
Vaccine Potency
Neutralizing antibody provides the best evidence
that protective immunity has been established, and the
biological assay of neutralization shows correlation
with protection (Hombach et al., 2005). A linear titerprotection relationship exists, and data from efficacy
trials corroborate the role of neutralizing antibody in
protection. Moreover, neutralizing antibody-mediated
protection has been demonstrated for homotypic and
heterotypic JE strains. It is accepted that a reasonable
threshold antibody level for protection is 1:10 dilution
of serum in a 50% plaque reduction neutralization test
(PRNT). Roles of immunological memory and cellular
immunity in the protection have also been considered,
but details are not known.

Assessment of Protective Potency of
New Vaccine
The potency of the vaccine should be determined
by titration of neutralizing antibody induced in immunized mice by the PRNT. Mice are usually immunized
twice via the intraperitoneal route. Neutralization antibody titers should be calculated as a 50% PRNT, which
represents the neutralizing potency most reliably. The
candidate vaccine needs to be tested in parallel with
a reference vaccine (standard). The challenge JE virus
strain should be homologous to the vaccine strain.

Evaluation in Clinical Studies

Live Vaccine
Chimeric JE Vaccine
Chambers et al. (1997) developed a chimera virus
by replacing preM and E genes of yellow fever virus
17D strain with those of JE virus SA 14-14-2 strain.
This chimera virus induced JE virus-specific antibodies
in the vaccinees. The chimera vaccine proved efficacious in yellow fever-immune individuals. The vaccinees showed viremia for 4–7 days after inoculation,
and some developed fever and malaise as those who

The new vaccine should assure the protection
against JE infection. As stated above, a neutralizing
antibody titer of not less than 1:10 dilution is considered to be the level that assures protective immunity. In clinical studies, two endpoints are considered
(Hombach et al., 2005). The first endpoint is the seroconversion rate using a 1:10 dilution of serum. The
second endpoint is geometric mean titers (GMT) of
induced neutralizing antibodies. The comparison
of protective efficacy between the tested and control
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FURTHER STUDIES

vaccines in the field study is theoretically possible; however, such a trial will require an enormous
number of volunteers to obtain statistically significant
data and is extremely difficult.
Further, in the current situation where JE vaccines
are actually used, it is unethical to perform doubleblind phase III studies including a placebo group.
Thus, head-to-head comparison in neutralizing antibody responses between a new candidate vaccine and
the currently licensed mouse brain-derived vaccines is
the test protocol to be considered. When a new candidate vaccine is produced with a strain different from
that used for currently licensed vaccine(s), selection of
the challenge virus strains in neutralization assays will
be a key issue. It has been reported that neutralizing
antibody titers are usually higher against homologous
strains than against heterologous strains. In particular,
the titers are lower against those belonging to other
virus genotypes.
Thus, the question will be: which strains of JE virus
will be used as a challenge virus in neutralization
assay? The possible strains are: (i) the new vaccineproducing strain(s), (ii) the current vaccine strain, and
(iii) a third strain that is antigenically (and genetically)
between the new vaccine strain and the current vaccine
strain. There is no agreement yet on which approach
will be followed. The selection of the third neutral
strain is scientifically quite difficult. Therefore, the use
of the strains homologous to the respective vaccineproducing strains is likely to be most reasonable.

FURTHER STUDIES
International References
JE vaccine reference is important to assure the
potency of the vaccines, that is, levels of induced neutralizing antibodies to JE virus. However, there is no
international vaccine reference at this point, although
the reference vaccines have been prepared with
Nakayama and Beijing-1 strains for domestic use in
Japan. Currently, the countries that produce JE vaccines use Japanese vaccine references or prepare their
own references based on the Japanese reference. At
present, there is a trial of preparing a regional JE reference among Southeast Asian countries. Thus, designation of international reference will be the first step for
the harmonization of the quality control of JE vaccine
in the world.
It is expected that the vaccine reference will possess a potency similar to that used in field phase III
trials and demonstrated sufficient potencies. Further,
the vaccine reference is expected to be prepared for
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each respective strain of JE vaccine. This suggests
that development of new reference vaccine(s) will be
required because vaccine development using new
strains of JE virus is being pursued.

Effect of Other Flaviviruses
It is known that there is an immunological crossreaction among flaviviruses. The regions where JE
virus is endemic are overlapped with areas where
other flaviviruses are endemic; especially dengue
viruses. If vaccinees are immune to other flaviviruses,
the induction of neutralizing antibodies to JE virus
will be modulated. Thus, the vaccinees’ immune status to JE virus should be carefully screened in clinical trials. In studies to evaluate JE vaccine potency for
the induction of JE virus neutralizing antibodies, the
immune status of the candidates to other flaviviruses
as well as JE virus must be carefully screened.

Cross-Reactive Protection against JE Virus in
Heterologous Genotypes
JE virus strains are grouped into five genotypes,
based on the nucleotide sequence of the E gene
(Solomon et al., 2003). However, JE virus strains comprise only one serotype (Tsarev et al., 2000). Current JE
vaccines are produced using Beijing-1 or Nakayama
strains (mouse brain-derived inactivated JE vaccine), Beijing P3 (PHK cell-derived inactivated JE and
Vero cell-derived inactivated JE vaccines in China),
and SA14-14-2 (live attenuated vaccine in China).
New Vero cell-derived inactivated JE vaccines under
development use Beijing-1 and SA 14-14-2 strains.
All these strains belong to genotype 3. In neutralizing antibody titrations of the sera obtained from JE
vaccine-immunized mice, titers against homologous
virus strains are generally higher than those against
heterologous JE strains within the same genotype. The
neutralizing antibody titers are further lower against
the strains belonging to other genotypes. This raises a
question whether the level of protective immunity
against heterologous strains may not be as high as
against homologous strains. The protective efficacy
of 91% determined from clinical trials in Thailand
may have been higher if JE virus strains very closely
related to the prevalent strains in the region had been
used as a production strain. Thus, selection of strains
for vaccine production is another issue to be carefully
addressed in the future.
In terms of using neutralizing antibody levels as a
correlate of protection, it should be further confirmed
whether JE vaccine produced using genotype 3 JE
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virus strains induce similar levels of protective immunity against all the genotypes of JE virus in humans.
It should be, however, noted that it is generally
accepted that JE vaccines produced with genotype
3 strains induce protective immunity to JE virus in
other genotypes as well as those in the same genotype.

KEY ISSUES
●

●

●

●

●

●

Four types of JE vaccines are currently used in the
world. Furthermore, additional Vero cell-derived
inactivated vaccine and a new chimeric vaccine are
under development.
Multiple types of JE vaccines will be available in
the near future.
The governments of the countries where JE is
endemic or epidemic will need to determine which
types of vaccine to be used.
There are still many questions to be addressed on
JE vaccines, and further studies are still needed to
develop third-generation JE vaccines.
Although JE is a vaccine-preventable disease,
availability of the vaccine is a practical issue.
The vaccines should be distributed and available to
all the populations at risk.
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ABSTRACT
Argentine hemorrhagic fever (AHF) is a rodent-borne viral hemorrhagic fever endemic to north-central Argentina.
The etiologic agent, Junin virus, has caused significant morbidity and mortality since its recognition approximately
50 years ago. Junin is a Clade B arenavirus, and possesses many of the biological and physicochemical
characteristics for potential use as a biological weapon. Consequently, the virus is regarded as a major (CDC
Category A) biothreat agent.
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Numerous attempts were made during the 1950s, 1960s, and 1970s by Argentine investigators to develop inactivated and live vaccines; for a variety of reasons, all ultimately proved unsuitable. In 1981, a collaborative venture involving the Argentine government,
the U.S. Department of Defense, the United Nations Development Program, and the Pan American Health Organization was initiated
to develop an AHF vaccine. This program resulted in the creation of Candid #1, a live-attenuated Junin vaccine initially produced at the
Salk Institute in Swiftwater, PA. Candid #1 was proven safe and effective in a series of clinical trials conducted in both the United States
and Argentina. In the wake of technology transfer, Candid #1 was manufactured and licensed for use in Argentina. The vaccine has
had substantial impact in reducing the incidence of AHF, and is currently incorporated into the Argentine National Vaccine Program.
Candid #1 remains the only vaccine proven effective against a disease caused by an arenavirus.

INTRODUCTION AND HISTORY
Argentine hemorrhagic fever (AHF) is a severe,
rodent-borne zoonosis endemic to the fertile
grasslands, or “humid pampas,” of north-central
Argentina (Fig. 29.1). AHF was first recognized as a
clinical entity during the 1950s, following reports of
a hemorrhagic fever syndrome among farmers and
agricultural workers (Arribalzaga, 1955; Alvarez
Ambrosetti et al., 1959; Rugiero et al., 1959b). Many
epidemiologic features of AHF (e.g., its seasonality,
demographics, and patterns of spread) were noted
in the initial report of the disease (Arribalzaga,

FIGURE 29.1

1955; Sabattini and Maiztegui, 1970). Virus recovered in 1958 from patients with various clinical
manifestations (Parodi et al., 1958; Pirosky et al.,
1959a) was confirmed as the cause of AHF via volunteer human inoculation (Pirosky et al., 1959a,
1959b; Rugiero et al., 1959a). Although this agent,
subsequently called Junin virus, was recovered
consistently from the organs and body fluids of
several rodent species, the drylands vesper mouse,
Calomys musculinus, was ultimately established
as its principal natural reservoir (Mills et al., 1991;
Sabattini et al., 1967, 1977; Sabattini and Gonzales,
1967).

Geographic distribution of Junin virus in nature.
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ETIOLOGIC AGENT
Junin virus is a member of the Tacaribe complex
of New World arenaviruses (Mettler et al., 1963).
Phylogenetic reconstruction of New World arenaviruses based on N gene sequences has allowed grouping
into three lineages (Clades A, B, and C). Junin shares
membership in Clade B with three other agents causing hemorrhagic fever in the Americas: Machupo,
Guanarito, and Sabia viruses (causative agents of
Bolivian hemorrhagic fever, Venezuelan hemorrhagic
fever, and hemorrhagic fever in Brazil, respectively),
suggesting radiation of this highly pathogenic phenotype from a common ancestor (Bowen et al., 1996).
Junin is an enveloped virus containing two singlestranded RNA molecules. Virions are pleomorphic;
particles varying in diameter from about 40 to 200 nm,
with evenly spaced glycoprotein spikes protruding 7–10 nm from the surface (Buchmeier et al., 2006).
Electron-dense structures representing host-cell ribosomes are frequently seen within the viral envelope.
The genome consists of two RNA segments, termed
L (7.2 kb) and S (3.4 kb), that serve as ambisense templates for mRNA synthesis (Meyer et al., 2002). The L
RNA segment encodes the viral RNA-dependent RNA
polymerase (L protein), and a small zinc-binding (Z)
matrix protein that plays a regulatory role in virus replication. The S RNA segment contains genes for the
nucleocapsid protein (NP) and the viral glycoprotein
precursor (GP-C). The NP is the principal structural
protein of the viral nucleocapsid, and complexes with
genomic RNA. Translation of GP-C sequences yields
the GP-C precursor protein and a small signal peptide
(SP) important in targeting the nascent polypeptide to
the rough endoplasmic reticulum for glycosylation. The
GP-C is processed by a cellular enzyme (subtilase SKI1/S1P) to produce the two mature surface glycoproteins GP-1 (40–46 kDa) and GP-2 (35 kDa) (Buchmeier
et al., 2006; York et al., 2004). The GP-1 and GP-2 associate noncovalently with myristoylated SP to form the
mature glycoprotein complex, visible as the spikes on
the virion surface (York et al., 2004). GP-1 is situated at
the top of the spike, and functions as the virion attachment protein mediating binding with cell surface receptors. GP-2 forms the stalk of the spike; it promotes the
acid-dependent fusion of viral and cellular membranes
within internalized endosomes that is essential to viral
entry (Buchmeier et al., 2006; Kunz et al., 2002). The
role of the small residue SP associated with the complex is unclear, but it appears to be required for efficient
pH-dependent membrane fusion (York et al., 2004).
Serum neutralizing antibodies are directed primarily
against the viral glycoprotein (Sanchez et al., 1989).

Host-cell receptors are important to virus pathogenicity and tropism. It has been shown that α-dystroglycan serves as the major cellular receptor for
Old World and Clade C New World arenaviruses, but
not Clade A and B viruses (Spiropoulou et al., 2002).
Recently, transferin receptor-1 (TfR1) was identified
as a cellular binding site for Clade B arenaviruses
(including Junin). The behavior and expression of this
receptor on macrophages, activated lymphocytes, and
endothelial cells are important to viral replication and
disease pathogenesis (Radoshitzky et al., 2007).

PROTECTIVE IMMUNE RESPONSE
It is likely that both cellular and humoral immunity are involved in protection from AHF. The use of
immune plasma therapy and the relationship between
therapeutic efficacy and neutralizing antibody content
have established the importance of neutralizing antibody in recovery from disease (Enria et al., 1984, 1986;
Maiztegui et al., 1979). That neutralizing antibody is
similarly critical to protection is strongly inferred.
In a study demonstrating efficacy of the Candid #1
live-attenuated Junin virus vaccine (see below), the
vast majority (91.1%) demonstrated seroconversion (Maiztegui et al., 1998). Junin virus-specific IgG
subclass patterns were similar between patients
convalescing from AHF and subjects receiving Candid
#1 vaccine, suggesting an important role for IgG1 in
recovery and protection (del Carmen Saavedra et al.,
2003). Patterns of neutralizing antibodies observed
among nonhuman primates receiving the Candid #1
vaccine and subsequently surviving challenge with
virulent wild-type Junin virus indicate that humoral
immunity plays a significant role in protection (McKee
et al., 1992). While human AHF immune plasma
protected guinea pigs from experimental Junin infection, the F(ab’)2 fraction alone did not (Kenyon et al.,
1990). Although evidence strongly supports a pivotal
role for elimination of virus by neutralizing antibody,
observations in model systems argue for an important role of antibody in elimination of virus-infected
cells as well. In particular, resistance to Junin infection
develops in conjunction with appearance of virusspecific antibody-dependent cellular cytotoxicity
(ADCC), and anti-Junin virus antibodies can sensitize cells to complement-mediated lysis, (Kenyon and
Peters, 1989; Peters et al., 1987).
A role for cellular immunity in protection has
also been inferred, but the evidence is less clear. In
some Candid #1-vaccinated individuals who do not
develop measurable antibody, Junin virus-specific
lymphoproliferative responses have been observed
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(Maiztegui et al., 1998). Rarely, experimental animals
may be protected from virulent Junin virus challenge
in the absence of detectable neutralizing antibody
(McKee et al., 1992). Vaccination of guinea pigs with
recombinant vaccinia virus expressing Junin glycoproteins protected against disease, but not necessarily
infection, in the face of low or undetectable levels of
neutralizing antibody (Lopez et al., 2000). Therefore, it
is likely that a balanced immune response, involving
humoral, cellular, and perhaps other, as yet undefined,
factors, is involved in protection from serious illness
and death from AHF.

1958–1962
1963–1969
1970–1974
1975–1979
1980–1984
1985–2006

SANTA FE
CORDOBA

ENTRE
RÍOS

EPIDEMIOLOGY

BUENOS
AIRES

When AHF was initially recognized, the endemic
area comprised about 16,000 km2 within rural portions
of Buenos Aires province, where the population at risk
was estimated to be 270,000 persons (Maiztegui, 1975).
Over the ensuing years, however, a progressive expansion of the disease to the north, east, and west has
been documented (Maiztegui et al., 1986; Maiztegui
and Sabattini, 1977). By end of the 20th century, the
endemic zone occupied portions of four provinces
(Buenos Aires, Cordoba, Santa Fe, and La Pampa),
encompassing an area more than 9 times that originally described, and placing approximately 5,000,000
persons at risk (Garcia et al., 2000) (Fig. 29.2).
As the AHF-endemic area has expanded, temporal
and geographic patterns have emerged. Throughout the
endemic area, Junin virus infection in both rodents and
humans tends to be focal in distribution. The incidence
of human disease (AHF) has been observed to be highest during the first 5–10 years following it recognition
in newly affected areas, with subsequent decline with
the passage of time. However, pockets of disease have
reemerged in some of these historically active areas. The
basis for these spatial and temporal patterns is undefined, but subtle changes in reservoir rodent genetics
and susceptibility to infection, the dynamics of virus
reintroduction, and other factors are likely involved.
In recent years, the geographic expansion of the
endemic area appears to have slowed (Enria and
Barrera Oro, 2002). Whether this signals an approach
to the ultimate extent of spread of this disease is
unknown; the natural distribution of C. musculinus
remains larger than the disease-endemic area, and,
when sought, virus can be recovered from rodents
outside the disease-endemic zone (Mills et al., 1991;
Mills and Childs, 1998).
Prior to the availability of a preventive vaccine,
between 100 and 800 cases of AHF were diagnosed each
year in the AHF endo-epidemic area (Arribalzaga,

LA PAMPA
BUENOS AIRES

FIGURE 29.2 Progressive expansion of AHF region of endemnicity.

1955; Maiztegui, 1975). Cases occurred year-round in
all age groups and both genders, but most occurred
in 15–60-year-old male agricultural workers during
a March–June epidemic season coinciding with the
annual grain harvests and higher rodent population
densities. Beginning in 1992, in conjunction with selective vaccination of high-risk adults using the Candid #1
live-attenuated Junin virus vaccine, a dramatic decrease
in AHF incidence along with a shift in case demographics toward women, children under 15 years of age, and
individuals without rural contact has been observed
(Enria and Barrera Oro, 2002; Enria et al., 1999).
An association between AHF and indigenous
rodents was made shortly after the disease was recognized (Pirosky et al., 1959a). Subsequently, the epidemiology of AHF and distribution of Junin infections
among humans were found to be linked closely to
the ecology and patterns of infection in these rodents
(Mills and Childs, 1998).
C. musculinus has been established as the principal
reservoir for Junin virus (Mills et al., 1991; Sabattini
et al., 1977; Carballal et al., 1986). This species has
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comprised the vast majority of virus and/or antigenpositive rodent captures in the endemic area, and
persistent viremia as well as salivary shedding have
been documented in naturally and laboratory-infected
animals. However, the virus has also been recovered
from organs and body fluids of other rodent species
inhabiting the central Argentine pampas, including
Calomys laucha and Akodon azarae, and, less frequently
Mus musculus, Bolomys obscurus, and Oligoryzomys flavescens (Mills et al., 1991; Sabattini et al., 1967, 1977;
Sabattini and Gonzales, 1967).
The dynamics of Junin infection in rodent reservoir
species is complex. The virus traditionally has been
thought to establish asymptomatic, persistent infections,
and to be maintained in nature by a balance between
horizontal and vertical transmission (Vitullo and
Merani, 1990). Carrier males may infect virus-negative
females, producing vertically infected offspring of both
genders (Buchmeier et al., 2006). However, chronically
infected females infected as newborns are generally
sterile as adults, presumably limiting their role in producing chronically viremic offspring (Vitullo and Merani,
1988), and Junin infections acquired vertically have been
observed to result in growth retardation, decreased survivorship, and impaired reproductive ability (Vitullo
et al., 1987). Field observations implicate horizontal
transmission as the predominant mode of Junin virus
spread among C. musculinus (Mills et al., 1992). Under
experimental conditions, about half of C. musculinus
infected as adults become chronic carriers with persistent viremia, while the remainder develop antibody and
clear the infection (Vitullo and Merani, 1990).
Shedding of Junin in secreta and excreta by chronically infected C. musculinus underlies acquisition of
the virus by humans. It is thought that infection
occurs incidentally, through exposure to aerosols and/
or fomites during the course of routine occupational
(e.g., farming) or other activities that intrude on the
natural habitat of infected rodents (Maiztegui, 1975).
C. musculinus is an opportunistic species, widely distributed across the pampas. Although numerically
prevalent in farm fields, particularly during the harvest season, this rodent appears to have a preference
for linear habitats such as roadsides and fencerows
(Mills et al., 1992). Thus, although transmission of
Junin virus to humans may occur to laborers or others
working in fields, contact along roadsides before or
after entering the fields (e.g., as the individual walks
or drives into roadside vegetation; or rests, eats, or
engages in other activities along fences or roadways)
may represent a greater risk of exposure to the virus
(Mills et al., 1992). This feature of habitat preference
could also explain disease acquisition among nontraditional demographic groups.

BIOTHREAT AGENT POTENTIAL
There is no direct evidence that Junin virus has
ever been weaponized or used intentionally to infect
unsuspecting persons. It was extensively studied,
however, by scientists working in the well-documented offensive biological weapons programs of the
former Soviet Union (Alibek, 1999). Junin possesses
multiple epidemiological, clinical, and physiochemical
characteristics that make it highly suitable for use in
this capacity. The virus is stable and highly infectious
by aerosol (inhalation of infectious aerosols and/or
fomites being principle mode of acquisition of AHF in
nature), is relatively readily accessible, causes significant morbidity and mortality among those infected,
appears on the basis of animal studies to be infectious
at low doses, and, despite having limited potential for
casual person-to-person spread, is capable of instilling fear and panic in at-risk populations. In conjunction with other pathogenic arenaviruses (e.g., Lassa,
Machupo) it is grouped with other viral hemorrhagic
fever agents by the U.S. Centers for Disease Control
and Prevention as a Category A (highest threat level)
pathogen (Centers for Disease Control and Prevention,
2000); as such, it is a focus of priority resource allocation for countermeasure development.

CLINICAL DISEASE
Details of the evolution of the AHF clinical syndrome derive from field observations as well as two
meticulously chronicled human volunteer inoculations (Pirosky et al., 1959a; Rugiero et al., 1959a).
Human infection with Junin virus usually results in
symptomatic illness, although subclinical infections
have been reported (Maiztegui, 1975). The onset of
disease is insidious. Following an incubation period
of 1–2 weeks after natural exposure (precisely 39.25 h
in one volunteer receiving a total of 3.47 ⫻ 106 suckling mouse IC LD50 by sequential intramuscular and
subcutaneous injections), malaise, myalgia, anorexia,
and fever gradually develop. Within 3–4 days, severe
prostration accompanied by back pain, headache, dizziness, and gastrointestinal disturbances appear. On
physical examination, facial flushing and edema, conjunctival injection, and petechiae on the palate and axillary surfaces are observed. The gums frequently appear
congested, and bleeding is commonly seen, particularly among those with poor dentition. Hemorrhage
along the gingival margins is a characteristic finding.
Cardiovascular effects include electrocardiographic
abnormalities, moderate bradycardia, and orthostatic
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hypotension. Neurological changes are commonly
seen, the most frequent of which are tremors of the
tongue and hands, diminished deep tendon reflexes,
lethargy, and cutaneous hyperaesthesia; meningeal
signs are generally not evident (Maiztegui, 1975; Mills
and McKee, 2000).
The acute febrile period generally lasts for 8–10
days, and most patients then go on to improve and
recover. Convalescence is typically prolonged, but
sequelae are uncommon (Maiztegui, 1975; Mills and
McKee, 2000). In up to a third of cases, however, progression to a more serious form of disease occurs. In
these patients, evolution along one of three lines is
seen: a predominantly hemorrhagic syndrome with
diffuse ecchymoses, bleeding from venipuncture sites,
and oozing from mucous membranes; a progressive
neurologic deterioration characterized by delirium,
coma, and convulsions; or a mixed hemorrhagic-neurologic syndrome with features common to each, and
accompanied by shock (Maiztegui, 1975; Mills and
McKee, 2000). Case-fatality rates may approach 30%
among untreated patients with severe disease, with
death generally occurring during the second week
of illness (Enria and Barrera Oro, 2002). Pregnant
women, particularly in the third trimester, are at
increased risk for death from AHF, and fetal mortality is high (Briggiler et al., 1990). Among survivors
of severe AHF, convalescence may be protracted, 1–3
months or more, with weight loss, fatigue, autonomic
instability, and hair loss commonly seen.
During the acute phase of AHF, leucopenia (total
white blood cell count ⬍4000/mm3) and thrombocytopenia (platelet count ⬍100,000/mm3) are almost
always evident. In a retrospective case-control study,
these two parameters in combination had a sensitivity
of 100% and specificity of 71% for the disease (Harrison
et al., 1999). Proteinuria and oliguria are frequently
observed, although anuria (except in terminal cases)
is rare (Maiztegui, 1975). Hyaline casts, inclusioncontaining cells, and red blood cells may be seen in urinary sediment. Abnormalities in routine clotting studies
may be seen in severely affected cases. Serum aspartate
aminotransferase and alanine aminotransferase values
are generally normal or only slightly elevated; hyperglycemia and glycosuria have been occasionally seen
(Maiztegui, 1975; Mills and McKee, 2000).

TREATMENT
Supportive care, with attention to hydration,
osmotic shifts, and electrolyte alterations, is the cornerstone of management for viral hemorrhagic fevers,
including AHF (Buchmeier et al., 2006; Centers for

Disease Control and Prevention, 1995). Measures to
minimize microvascular trauma (e.g., avoidance of
travel, gentle sedation, minimizing use of intramuscular injections and drugs that affect clotting [such
as aspirin]) should be implemented. Interventions to
counter specific pathologic conditions (e.g., bleeding diathesis) should be applied according to clinical
judgment. Management of shock can be challenging,
due to the increased vascular permeability seen with
the disease. Person-to-person spread of Junin virus is
uncommon, but has been documented in sexual partners (Briggiler et al., 1987).
Administration of immune plasma obtained from
convalescent AHF patients has significantly improved
outcome in patients with this disease. When administered within 8 days of onset of illness, mortality
was reduced from 20–30% to 1–2% (Maiztegui et al.,
1979). Therapeutic efficacy correlates with the content of neutralizing antibody contained in plasma; at
least 3000 therapeutic units (Σ[neutralizing antibody
titer ⫻ plasma volume]/body weight [kg]), generally
equivalent to 2–3 convalescent plasma units, is the
optimal dosage (Enria et al., 1984, 1986). About 10%
of treated survivors will develop a curious late neurologic syndrome characterized by fever, headache,
tremors, and ataxia (Maiztegui et al., 1979). The cause
of this condition that develops 4–6 weeks after receipt
of plasma therapy is unknown, but it is typically
benign and self-limited.

PATHOGENESIS
In many respects, AHF is a classical viral hemorrhagic fever, presenting nonspecifically as a febrile
illness, manifesting clinical signs and symptoms of
vascular injury and dysregulation, and with relatively unimpressive gross pathology. Much of our
understanding of AHF pathogenesis has been
informed by studies of Junin and related arenaviruses in experimental animal systems, particularly
guinea pigs (Guerrero et al., 1977; Oubina et al., 1984;
Weissenbacher et al., 1975b) and nonhuman primates (Gonzales et al., 1983; Green et al., 1987; McKee
et al., 1985, 1987; Weissenbacher et al., 1979). Studies
of blood and tissues samples from humans with the
disease have also yielded valuable insights into the
mechanisms underlying the physiologic and pathologic changes observed.
Junin viral replication is thought to occur at the
initial site of infection, generally the lungs (Buchmeier
et al., 2006). Although pneumonic infiltrates are not
evident early, it is felt that local pulmonary infection and spread to regional (usually hilar) lymphatics
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occurs, with subsequent dissemination to other parenchymal tissues. As infection progresses, a wide variety
of other organs may become affected, notably vascular endothelium, myocardium, kidneys, and the central nervous system. The gross pathological changes
to these tissues tend to be nonspecific and often relatively unimpressive (Maiztegui, 1975). Destruction
of splenic white pulp and the cortical areas of lymph
nodes may be prominent, but frank necrosis is otherwise infrequent (Buchmeier et al., 2006; Gonzalez
et al., 1980).
The genesis of bleeding abnormalities common
to patients with AHF is beginning to be elucidated.
Although the cause of quantitative alterations observed
in platelet and white blood cell counts of patients with
AHF is poorly understood, bone marrow hypoplasia
and decreased erythropoietin levels are likely related
(Marta et al., 2000). There is evidence for low-level but
persistent coagulation and fibrinolytic system activation (Heller et al., 1995). In conjunction with thrombocytopenia, platelet function appears to be compromised;
a circulating inhibitor of platelet aggregation, and
platelet activation inhibitors (nitric oxide [NO] and
prostacyclin [PGI2]) have been described (Gomez et al.,
2003, Cummins et al., 1990). Although total serum complement activity, as well as levels of some complement
proteins (specifically, C2, C3, and C5) may be decreased,
immune complex formation seems not to be important
to disease pathogenesis (de Bracco et al., 1978).
Tropism of Junin virus for macrophages and
endothelium, and subsequent release of immune
mediators from these cells are believed to be central
to AHF pathogenesis. Macrophages and activated
lymphocytes, both of which express the recently characterized New World hemorrhagic fever arenavirus
receptor, TfR1, to high levels, appear to be the principal targets of the virus (Radoshitzky et al., 2007). This
receptor is also highly expressed on endothelial cells.
Patients with AHF demonstrate high circulating levels of interferon-α and tumor necrosis factor (TNF)-α
correlating with disease severity (Heller et al., 1992;
Levis et al., 1984, 1985). Elevated levels of interleukins
(IL) 6, 8, and 10 are also seen, and correlations have
been observed between levels of TNF-α and levels of
both IL-8 and IL-10, and between IL-8 and elastase
α1 antitrypsin complex (E-α1AT) (a marker of neutrophil lysosomal degranulation) (Marta et al., 1999).
Therefore, in addition to direct effects of viral infection
on endothelium and immune cells, mediators released
from, and/or acting on, these cells are likely stimuli
for endothelial cell dysfunction, coagulation defects,
and neutrophil activation.
A possible role for virus-specific factors in the varying clinical syndromes observed in patients with

severe AHF is unresolved. Patterns of infection seen
in humans (hemorrhagic, neurologic, or mixed)
and, in some cases, virulence, were replicated when
patient isolates were inoculated experimentally into
rhesus macaques (McKee et al., 1985, 1987; Peters
et al., 1987). However, fidelity of disease patterns with
clinical isolates was not seen to the same degree in
guinea pigs (Kenyon et al., 1986). Moreover, sequence
analysis of GP-1 and GP-2 genes from seven Junin
virus isolates recovered from patients with varying
presentations failed to yield a genetic marker corresponding to clinical syndrome (Garcia et al., 2000).

VACCINES
History
Shortly after the isolation of Junin virus in 1958,
Argentine scientists began the quest to develop a vaccine against AHF. Efforts were made to develop both
inactivated and live-attenuated vaccines, and involved
both homologous (Junin) and heterologous (Tacaribe)
viruses (Barrera Oro and McKee, 1991).
Initial attempts to produce a killed virus vaccine
focused on formalin-inactivation of Junin grown in
mouse brain. These products were reported to induce
neutralizing antibodies in mice and guinea pigs, and to
protect against challenge in these animals with virulent
Junin virus strains (Barrera Oro et al., 1967; Pirosky
et al., 1959a). One formalin-inactivated mouse brain
Junin vaccine was assessed for efficacy in humans
(Agnese, 1999), then administered to more than 15,000
inhabitants of the AHF-endemic area between 1959 and
1962; however, no formal evaluation of immunogenicity or efficacy was undertaken (Mettler, 1969). Later, a
formalin-inactivated Junin vaccine was produced in
cell culture. While this candidate immunogen-induced
neutralizing antibodies in laboratory animals, it was
unsuccessful in protecting against challenge with
virulent strains of Junin virus (Videla et al., 1989).
Alternative inactivation strategies included photoinactivation of Junin virus following exposure to neutral
red dye, ultraviolet radiation, heating, and acetone
(de Martinez Segovia et al., 1980; Parodi et al., 1965;
Carballal et al., 1985; D’Aiutolo et al., 1979). Guinea
pigs immunized with mouse brain pools of two different Junin virus strains inactivated using neutral red
and ultraviolet light were challenged with a virulent
Junin virus strain; 50% of the animals were reported to
survive the challenge. This vaccine was subsequently
assessed in 11 human volunteers, but was successful in
eliciting complement fixing antibodies in only 2 previously immune individuals (de Guerrero et al., 1977).
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Attempts to produce a viral subunit vaccine were
made as well. One such candidate, a purified G38 capsular glycoprotein emulsified in Freund’s complete
adjuvant, induced specific neutralizing antibodies
in rabbits, and protected guinea pigs from challenge
with virulent Junin virus strains (Cresta et al., 1980).
However, further evaluation of this product was not
undertaken.
In the wake of a fortuitous observation that the
prototype XJ strain of Junin virus lost virulence for
guinea pigs after approximately 40 serial passages
in newborn mouse brain (Casals, 1965; Mettler et al.,
1963), enthusiasm for developing a live-attenuated
vaccine ensued. A virus pool was created at the U.S.
National Institutes of Health by passing a plaquepurified isolate from mouse brain passage 14 of XJ
strain virus into newborn hamster brain. This strain,
designated XJ Clone 3, was further passed in continuous cell culture and newborn mouse brain by
Argentine scientists for use as a vaccine (Barrera Oro
and McKee, 1991; Rugiero et al., 1981). The XJ Clone
3 vaccine proved attenuated for, and immunogenic
in, guinea pigs (De Guerrero et al., 1969), and, beginning in 1968, human clinical trials with this product
were initiated (Rugiero et al., 1969; Weissenbacher
et al., 1969). By 1970, a total of 636 persons of both
sexes were vaccinated. Although clinical reactions
were recorded in about 75% of intensively followed
individuals, most signs and symptoms were of relatively mild-to-moderate severity, and immunogenicity,
measured by neutralizing antibodies, was reported to
be 96% (Rugiero et al., 1974). The persistence of the
immune response was established in 90% of a sample of vaccinees studied between 7 and 9 years after
inoculation (Rugiero et al., 1981). In 1971, however, an
expert panel from the National Academy of Medicine
of Argentina, recommended that vaccination with XJ
Clone 3 be suspended due to the absence of sound
documentation of viral passage history, and disclosure
of passages in heteroploid cell lines and mouse-brain
substrate (Weissenbacher et al., 1987). Further characterization of this product led to the demonstration of
long-term viral persistence, neurotropism, and neurovirulence in guinea pigs and nonhuman primates.
Similar problems plagued additional attempts to
develop attenuated viruses from prototype XJ strain
Junin virus (Barrera Oro and McKee, 1991).
The realization that laboratory animals infected
with Tacaribe, a New World arenavirus related
serologically and chemically to Junin, developed
neutralizing antibodies cross-reactive against Junin
virus (Parodi and Coto, 1964; Tauraso and Shelokov,
1965; Weissenbacher et al., 1975a) prompted its examination as a potential heterologous vaccine. While

immunization of guinea pigs and nonhuman primates
with Tacaribe virus evoked persistent antibodies
against Junin, and cross protection against Junin virus
challenge could be demonstrated (Coto et al., 1980;
Damonte et al., 1981; Samoilovich et al., 1988, 1984;
Weissenbacher et al., 1982, 1987; Weissenbacher and
Damonte, 1983), further development has not been
pursued.

Current Licensed Vaccines
Discussions held in 1976 during the First
International Seminar on Arenaviral Hemorrhagic
Fevers (Eddy and Barrera Oro, 1977) prompted formation of an international collaboration to develop a
safe and effective vaccine against AHF. This project,
which was initiated in 1979, brought together experts
in vaccine development representing the governments of Argentina and the United States under
the auspices of the United Nations Development
Program and the Pan American Health Organization
(PAHO). Utilizing high-containment laboratories at
the United States Army Medical Research Institute
of Infectious Diseases (USAMRIID) at Fort Detrick,
Maryland, a program was established under the
direction of Dr. Julio G. Barrera Oro from Argentina’s
Malbran Institute to produce an experimental Junin
vaccine to be tested in human volunteers under the
supervision of U.S., Argentine, and PAHO regulatory
agencies. The initiative culminated in the production
of Candid #1, a live-attenuated Junin vaccine derived
from a well-documented descendent of prototype XJ
strain Junin virus that was passaged and “cloned” in
certified diploid mammalian cells (Barrera Oro and
McKee, 1991).
Candid #1 (XJGP2 MB44 FRhL19), was derived from
the 44th mouse brain passage (XJ#44) of XJ strain
Junin virus. It was determined to be at least as attenuated as the previous Argentine live vaccine candidate
(XJ Clone 3) in guinea pigs, and was assay-negative
for murine viruses. Later studies of nucleotide and
amino acid sequences of L and Z genes from Candid
#1 and its progenitors demonstrated 12-point mutations in the L protein unique to the vaccine strain,
suggesting a molecular basis for the attenuation
phenotype (Goñi et al., 2006). Preclinical studies at
USAMRIID demonstrated the safety, immunogenicity, and protective efficacy of Candid #1 in guinea pigs
and rhesus macaques; the median protective dose of
the vaccine was less than 34 plaque-forming units
(pfu) for guinea pigs, and less than 16 pfu for rhesus
macaques (Barrera Oro and Eddy, 1982; Barrera Oro
et al., 1985; Kenyon et al., 1989; McKee et al., 1992).
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Additionally, the vaccine protected guinea pigs and
rhesus macaques against Machupo virus, the etiologic
agent of Bolivian Hemorrhagic Fever; a dose of 3 pfu
was sufficient to protect rhesus from challenge with
a virulent strain of Machupo (Barrera Oro and Eddy,
1982; Barrera Oro et al., 1988; Jahrling et al., 1988;
Lupton et al., 1988).
Using lots of vaccine produced in the United States
at the Salk Institute in Swiftwater, PA, clinical studies with Candid #1 were initiated in 1985. A series of
phase I and II clinical trials performed in both the U.S.
and Argentina demonstrated the safety and immunogenicity of the vaccine in more than 200 human volunteers: none of the vaccinated subjects developed
significant clinical, hematological, biochemical, or
urinary abnormalities, and ⬎91% of vaccinees developed specific neutralizing antibodies (Barrera Oro
et al., 1987; MacDonald et al., 1988, 1987; Maiztegui
et al., 1988; Maiztegui and McKee, 1989). Between
1988 and 1990, a prospective, double-blind, placebocontrolled phase III efficacy trial was performed in
6500 human volunteers living and/or working in a
high-risk region of Santa Fe Province, Argentina. No
significant adverse events attributable to the vaccine
were recorded, and 91.1% of vaccinees developed
Junin-specific neutralizing antibodies. Vaccine efficacy during the 2–3 year follow-up proved excellent;
95% for protection against AHF (95% CI: 82–99%), and
84% for protection against infection with any clinical
symptoms (95% CI: 60–94%) (Maiztegui et al., 1998).
Between 1994 and 2003, the remaining limited
quantities of vaccine produced at the Salk Institute
were used to vaccinate (under protocols approved by
Argentine regulatory authorities) more than 240,000
highly at-risk individuals 15 years of age and older in
the AHF-endemic zone. No significant adverse events
attributable to Candid #1 were reported, and Junin
virus-specific neutralizing antibodies were detected
in 88.5–95.7% of recipients studied. Moreover, neutralizing antibodies at titers ⱖ1:10 were shown to persist
for more than 10 years in ⬎90% of vaccinees. With
the gradual introduction of Candid #1, the annual
incidence of AHF has fallen dramatically (Fig. 29.3).
The estimated effectiveness of Candid #1 vaccine for
protection against AHF for the period 1992–1999 was
98.1% (95% CI: 96.6–99%) (Enria and Barrera Oro,
2002, Enria et al., 1999).
Following completion of phase III efficacy trials,
efforts to transfer the technology for producing Candid
#1 from the U.S. to Argentina were undertaken. The
Ministry of Health of Argentina determined that vaccine production could best be accomplished at a nascent facility colocated with the Instituto Nacional de
Enfermedades Virales Humans (INEVH) in Pergamino.

Year

FIGURE 29.3 Incidence of AHF in relation to introduction of
Candid #1 Junin vaccine in Argentina. “Notified” indicates cases
of human disease clinically compatible with AHF, and reported
as suspected AHF, to authorities; “Confirmed” indicates AHF cases
confirmed virologically and/or serologically. Source: Argentine
National Program for AHF Control, Pergamino, Argentina (Enria,
personal communication).

A program for training INEVH personnel in good
manufacturing practices (GMP) and quality control
practices at the Salk Institute in Pennsylvania (the location where vaccine for use in all clinical trials had been
manufactured) was established, and efforts commenced
to manufacture Candid #1 in Argentina (Ambrosio
et al., 2006). The INEVH facility was certified in 2001
by the Argentine regulatory authority (ANMAT) for
production of attenuated viral vaccines.
During 2005–2006, a bridging study to establish
the equivalence of Candid #1 vaccine produced in the
U.S. with that produced in Argentina was conducted
in 946 human subjects. During a 3-month period of
active follow-up, no severe adverse events linked to
the vaccination were recorded. Vaccine immunogenicity, measured by titration of neutralizing antibodies
against Junin virus, was more than 95% (Enria et al., in
press). In 2006, Candid #1 vaccine was licensed by the
regulatory agency of Argentina (ANMAT, Disposicion
No. 4812, August 29, 2006).

Vaccine Administration, Contraindications,
and Precautions
Candid #1 is administered as a single intramuscular injection. Requirements for booster immunization
have not been determined.
Contraindications for receipt of Candid #1 are similar to those for receipt of live-attenuated vaccines in
general, and include the existence of malignancy,
chronic, or uncontrolled illnesses that could affect the
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immune response, as well as the concurrent use of immunosuppressive therapies. Deferral of vaccination should
be considered for those with acute febrile illnesses.
Specific contraindications include:
●
●

●
●

Congenital or acquired immune deficit.
Pregnancy: the effects that this vaccine could
produce during pregnancy are unknown, and for
this reason unpredictable.
Lactation.
Allergies to vaccine components.

Candid #1 should not be administered concurrently with other vaccines, as there is no data on possible interactions. Candid #1 has not been evaluated in
children less than 15 years of age.

Manufacturing and Licensure
Candid #1 is manufactured exclusively at the
Instituto Nacional de Enfermedades Virales Humanas
“Dr. J.I. Maiztegui,” ANLIS, Ministerio de Salud de la
Nación. Monteagudo 2510 (2700) Pergamino, Pcia. de
Buenos Aires, Argentina. The vaccine is licensed for
use only in Argentina.

following receipt of a single dose of Candid #1 vaccine
(Enria and Barrera Oro, 2002). Neutralizing antibodies
directed against Junin virus are considered a surrogate
marker for efficacy (Enria et al., in press).

Adverse Events Associated with Vaccination
Local reactions following receipt of Candid #1
vaccine include mild pain, discomfort, itching, erythema, and induration at the inoculation site. Systemic
adverse events that have been reported in temporal
association (within 3 weeks) with vaccination include
headache, lassitude, myalgias, fever, nausea and/
or vomiting, retroocular pain, dizziness, low-back
pain, and exanthema. Mild leucopenia (⬍4000 white
blood cells/mm3) and thrombocytopenia (⬍150,000
platelets/mm3) have also been reported. All events
reported have been mild and have disappeared either
spontaneously or with symptomatic treatment (Enria
et al., in press).
As Candid #1 is a live-attenuated Junin virus vaccine, the possibility exists that a recipient could
develop signs and symptoms of AHF. If a diagnosis of
AHF is made, administration of AHF immune plasma
should be considered within the first week from onset
of symptoms.

Vaccine Indications
Candid #1 is indicated for the prevention of AHF.
In Argentina, Candid #1 is included in the National
Immunization Agenda (Program). The vaccine is
approved for use in adults and children 15 years of
age and older that are living and/or working in the
endemic area for AHF; in general, recipients derive
from the provinces of Santa Fe, Córdoba, Buenos
Aires, and La Pampa. The total population at risk
for AHF in the Argentine endemic area is estimated
currently to be approximately 5,000,000 persons.
Candid #1 is an orphan vaccine (Lang and Wood,
1999). It is destined to be used in a restricted area of
Argentina, where AHF is endemic. It may also be used
by investigators around the world working with Junin
virus. Preclinical data suggest that Candid #1 might
be useful for the protection against Bolivian hemorrhagic fever (Barrera Oro et al., 1988; Jahrling et al.,
1988; Lupton et al., 1988); however, no clinical trails to
address this indication have been performed.

Duration of Immunity
Persistence of neutralizing antibodies against Junin
virus have been demonstrated for more than 10 years

Vaccines in Development
There are currently no efforts underway to develop
a next-generation vaccine for AHF. However, technologies and molecular engineering methodologies
applied to developing and/or producing vaccines for
other pathogenic arenaviruses could prove useful in
future efforts to control or eliminate AHF (Auperin
et al., 1988; Clegg and Lloyd, 1987; Morrison et al.,
1989; Fisher-Hoch et al., 1989; Lopez et al., 2000; RicoHesse, 1999; Bredenbeek et al., 2006; Giacalone et al.,
2007; Pushko et al., 2001).

Postexposure Immunoprophylaxis
There is no recognized role for Candid #1 vaccine
in prophylaxis after exposure to Junin virus. Plasma
obtained from AHF survivors that contains anti-Junin
neutralizing antibody is effective in treating individuals with AHF if administered within 8 days of disease
onset (Enria et al., 1984, 1986a; Maiztegui et al., 1979).
Therefore, it is reasonable to consider immunoprophylaxis following high-risk exposure to Junin virus
(e.g., needlestick) with immune plasma (Peters and
Shelokov, 1990).
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PROSPECTS FOR THE FUTURE
AHF is an endemic disease for which effective
control can be anticipated. Therapy to reduce the
case-fatality rate is proven and available, and Candid
#1 vaccine has been demonstrated to reduce the incidence of the illness. However, as in other zoonotic
diseases with a nonhuman reservoir, viral eradication
is not likely. For this reason, even with good vaccine
coverage, isolated cases and small outbreaks of AHF
can be expected to continue.

KEY ISSUES
●

●

●

●

●

AHF a rodent-borne zoonosis endemic to northcentral Argentina, is a major public health problem.
The etiologic agent of AHF, Junin virus, is a CDC
Category A biothreat agent.
Candid #1, a safe and effective live-attenuated
Junin virus vaccine, is licensed in Argentina for
prevention of AHF.
Introduction of Candid #1 into Argentina’s
National Immunization Program has resulted in a
significant reduction in AHF incidence.
Candid #1 is currently the only vaccine proven
effective against an arenavirus.
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ABSTRACT
Measles is a highly contagious disease characterized by a prodromal illness of fever, cough, coryza, and conjunctivitis
followed by the appearance of a generalized maculopapular rash. Measles virus is a nonsegmented, single-stranded,
negative-sense RNA virus and a member of the Morbillivirus genus in the family of Paramyxoviridae. Although RNA
viruses have high mutation rates, measles virus is an antigenically monotypic virus and the surface proteins responsible
for inducing protective immunity have retained their antigenic structure. The public health significance is that measles
vaccines developed decades ago from a single measles virus strain remain protective worldwide. Prior to the development
and widespread use of measles vaccine, 30 million cases of measles were estimated to occur each year, resulting in
more than 1 million deaths. Several live, attenuated measles vaccines are available, either as single-antigen vaccines
or in combination with rubella and mumps vaccines (MR and MMR vaccines). Most of the currently used measles
vaccines were derived from the Edmonston strain of measles virus that was isolated by Enders and Peebles in 1954.
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Measles vaccines are recommended for all susceptible children and adults for whom the vaccine is not contraindicated.
Despite progress in reducing measles mortality, measles remains a major cause of vaccine-preventable death and an
important cause of morbidity and mortality in children, particularly sub-Saharan Africa and in Asia. The ideal measles
vaccine would be inexpensive, safe, heat-stable, immunogenic in neonates or very young infants, and administered
as a single dose without needle or syringe. A number of vaccine candidates with some of these characteristics
are undergoing preclinical studies, including DNA vaccines and various viral and bacterial vectored vaccines.
The high infectivity of measles virus is a characteristic suitable to a biothreat agent. However, increasingly high levels of
measles vaccination coverage throughout the world as part of accelerated measles control efforts would protect many
from the deliberate use of measles virus as a biothreat agent. Genetic engineering of a measles virus strain that was not
neutralized by antibodies induced by the current attenuated measles vaccines would likely have reduced infectivity, as
suggested by the fact that wild-type measles viruses have not mutated to alter their neutralizing epitopes. Measles virus
meets many of the biological criteria for disease eradication. Measles virus has no nonhuman reservoir, can be accurately
diagnosed, and measles vaccination is a highly effective intervention. Where measles virus differs from smallpox
and polio viruses is that it is more highly infectious, necessitating higher levels of population immunity to interrupt
transmission. It remains unclear whether the threat from bioterrorism precludes stopping measles vaccination after
eradication, but provision of a second opportunity for measles vaccination likely could be stopped following eradication.

INTRODUCTION
Measles is a highly contagious disease characterized by a prodromal illness of fever, cough, coryza, and
conjunctivitis followed by the appearance of a generalized maculopapular rash. Deaths from measles are due
largely to an increased susceptibility to secondary bacterial and viral infections, attributed to a prolonged state
of immune suppression. Despite the development of an
effective attenuated vaccine, measles remains a leading

vaccine-preventable cause of childhood mortality
worldwide, particularly sub-Saharan Africa and in Asia,
and continues to cause outbreaks in communities with
low vaccination coverage rates in industrialized nations.

HISTORY OF MEASLES
Measles is one of the most important infectious diseases of humans and has caused millions of deaths

FIGURE 30.1 Countries reporting measles cases (indigenous or imported) in 2005–2006
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since its emergence thousands of years ago. Measles
virus most closely resembles rinderpest virus, a pathogen of cattle, and likely evolved as a zoonotic infection in communities where cattle and humans lived
in close proximity. Measles virus is believed to have
become established in human populations about
5000–10,000 years ago when human populations
achieved sufficient size in Middle Eastern river valley
civilizations to maintain virus transmission.
Abu Becr, an Arab physician also known as Rhazes,
is generally credited with distinguishing smallpox
from measles in the 9th century. He dated the first
description of measles to the 6th century. However,
epidemics identified as measles were not recorded
until the 11th and 12th centuries, and measles was first
mentioned as a childhood disease in 1224. The name
“morbilli” was derived from the Italian meaning “little diseases” to distinguish it from plague, “il morbo.”
Sanvages in 1763 defined morbilli as measles, but
called it rubeola, leading to confusion with rubella.
Introduction of measles into previously unexposed
populations has been associated with high mortality. One quarter of the population on the Fiji Islands
died after the introduction of measles virus in 1875.
Millions died as a result of European exploration of
the New World, largely due to the introduction of
diseases such as smallpox and measles into native
Amerindian populations. The high mortality from
these diseases facilitated European conquest of the
Americas (McNeill, 1976).
Many of the basic principles of measles epidemiology and infection were elucidated by Peter Panum, a
Danish physician who was sent to the Faroe Islands in
1846 during a large measles epidemic (Panum, 1938).
Panum deduced the highly contagious nature of the
disease, the 14-day incubation period, the lifelong
immunity following infection, and postulated a respiratory route of transmission. Measles virus first was
isolated from the blood of David Edmonston and others by Enders and Peebles (1954). The development of
vaccines against measles soon followed.

MEASLES VIRUS
Measles virus is a spherical, nonsegmented, singlestranded, negative-sense RNA virus and a member of the Morbillivirus genus in the family of
Paramyxoviridae. Other members of the Morbillivirus
genus are rinderpest virus and canine distemper
virus. Although RNA viruses have high mutation
rates, measles virus is an antigenically monotypic
virus, meaning that the surface proteins responsible
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for inducing protective immunity have retained their
antigenic structure. The public health significance is
that measles vaccines developed decades ago from a
single measles virus strain remain protective worldwide. Measles virus is killed by ultraviolet light and
heat. Attenuated measles vaccine viruses retain these
characteristics, necessitating a cold chain for transportation and storage.
The measles virus RNA genome consists of approximately 16,000 nucleotides and is enclosed in a lipidcontaining envelope derived from the host cell. The
genome encodes eight proteins, two of which (V and C)
are nonstructural proteins and are transcribed from
the phosphoprotein (P) gene. Of the six structural proteins, P, large protein (L), and nucleoprotein (N) form
the nucleocapsid housing the viral RNA. The hemagglutinin protein (H), fusion protein (F), and matrix
protein (M), together with lipids from the host cell
membrane, form the viral envelope.
The H protein interacts with F to mediate fusion
of the viral envelope with the host cell membrane
(Malvoisin and Wild, 1993). The primary function
of the H protein is to bind to the host cellular receptors for measles virus. The two identified receptors
are CD46 and CD150 (SLAM). CD46 is a complement
regulatory molecule expressed on all nucleated cells
in humans. SLAM, an acronym for signaling lymphocyte activation molecule, is expressed on activated
T and B lymphocytes and antigen-presenting cells.
The binding sites on H for these receptors overlap and
strains of measles virus differ in the efficiency with
which each is used. Wild-type measles virus binds to
cells primarily through the cellular receptor SLAM
whereas most vaccine strains bind to CD46; however,
most measles virus strains can use both CD46 and
SLAM as receptors during acute infection (Schneider
et al., 2002). Additional, as yet unidentified receptors
for measles virus exist on human endothelial and epithelial cells (Andres et al., 2003).
Other measles virus proteins are involved in viral
replication. The P protein regulates transcription, replication, and the efficiency with which the N assembles into nucleocapsids (Spehner et al., 1997). The
M protein links ribonucleoproteins with envelope
proteins during virion assembly. The functions of
V and C proteins have not been clearly defined, but
both appear to contribute to the virulence of measles
virus by regulating transcription and sensitivity to the
antiviral effects of interferon (IFN) α/β (Valsamakis
et al., 1998; Patterson et al., 2000).
Variability within the genome is sufficient to allow
for molecular epidemiologic investigation. Genetic
characterization of wild-type measles viruses is
based on sequence analysis of the genes encoding the
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N and H proteins. One of the most variable regions
of the measles virus genome is the 450-nucleotide
sequence at the carboxy-terminal of the N protein,
with up to 12% variability between wild-type viruses.
The World Health Organization (WHO) recognizes 8
clades of measles virus (designated A through H) and
23 genotypes (World Health Organization, 2006). New
genotypes likely will be identified with enhanced
surveillance and molecular characterization. As measles control efforts intensify, molecular surveillance of
circulating measles virus strains can be used to document interruption of measles virus transmission and
to identify the source and transmission pathways
of measles virus outbreaks (Rota and Bellini, 2003).
Molecular epidemiologic tools also would be important in documenting deliberate bioterrorist introductions of wild-type or genetically modified measles
virus strains.

IMMUNE RESPONSES TO MEASLES
VIRUS
Host immune responses to measles virus are essential for viral clearance, clinical recovery, and the establishment of long-term immunity. The early nonspecific
(innate) immune responses that occur during the prodromal phase of the illness include activation of natural killer (NK) cells and production of IFN-α and β.
These innate immune responses contribute to the control of measles virus replication before the onset of
more specific adaptive immune responses. The protective efficacy of antibodies to measles virus is illustrated
by the immunity conferred to infants from passively
acquired maternal antibodies and the protection of
exposed, susceptible individuals following administration of antimeasles virus immune globulin (Black
and Yannet, 1960). The first measles virus-specific
antibodies produced after infection are of the IgM
subtype, followed by a switch to predominantly
IgG3 and then to IgG1 and IgG4 isotypes (Isa et al.,
2002). IgA antibodies to measles virus are found in
mucosal secretions. The most abundant and rapidly
produced antibodies are against N, and the absence of
antibodies to N is the best indicator of seronegativity
to measles virus. Antibodies to H and F proteins contribute to virus neutralization and are sufficient to
provide protection against measles virus infection.
Evidence for the importance of cellular immunity
to measles virus is demonstrated by the ability of
children with agammaglobulinemia to fully recover
from measles, whereas children with severe defects
in T-lymphocyte function often develop severe or

fatal disease (Good and Zak, 1956). Monkeys depleted
of CD8⫹ T-lymphocytes and challenged with wildtype measles virus had a more extensive rash, higher
measles virus loads, and longer duration of viremia
than control animals, further confirming the importance of cellular immunity in measles virus clearance
(Permar et al., 2003). CD4⫹ T-lymphocytes also are
activated in response to measles virus infection and
secrete cytokines capable of modulating the humoral
and cellular immune responses. Plasma cytokine profiles show increased levels of IFN-γ during the acute
phase, followed by a shift to high levels of interleukin
(IL)-4 and IL-10 during convalescence (Moss et al.,
2002). The initial predominant Th1 response (characterized by IFN-γ) is presumed to be essential for viral
clearance, while the later Th2 response (characterized
by IL-4) promotes the development of measles virusspecific antibodies.
The duration of protective immunity following wild-type measles virus infection is generally
thought to be lifelong. The immunologic mechanisms
involved in sustaining high levels of neutralizing antibody to measles virus are not completely understood,
although general principles of immunologic memory
probably govern this process. Immunologic memory
to measles virus includes both continued production of measles virus-specific IgG antibodies and the
circulation of measles virus-specific CD4⫹ and CD8⫹
T-lymphocytes (Ovsyannikova et al., 2003). Although
immune protection is assessed by measurement of
antimeasles virus antibodies, long lasting cellular
immune responses almost certainly play an important
role in protection from infection and disease.
Young infants in the first months of life are protected against measles by maternally acquired IgG
antibodies. An active transport mechanism in the placenta is responsible for the transfer of IgG antibodies
from the maternal circulation to the fetus starting at
about 28 weeks gestation and continuing until birth
(Crowe, 2001). Three factors determine the degree and
duration of protection in the newborn: (1) the level of
maternal antimeasles antibodies; (2) the efficiency of
placental transfer; and (3) the rate of catabolism in the
child. Although providing passive immunity to young
infants, maternally acquired antibodies can interfere
with the immune responses to the attenuated measles
vaccine by inhibiting replication of vaccine virus. In
general, maternally acquired antibodies are no longer
present in the majority of children by 9 months of age,
the time of routine measles vaccination in many countries. Women with vaccine-induced immunity tend
to have lower antimeasles virus antibody titers than
women with naturally acquired immunity, and their
children may be susceptible to measles at an earlier age.
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EPIDEMIOLOGY
Prior to the development and widespread use of measles vaccine, 30 million cases of measles were estimated
to occur each year, resulting in more than 1 million
deaths. Despite progress in reducing measles mortality, measles remains the most frequent cause of vaccinepreventable death and an important cause of morbidity
and mortality in children, particularly in sub-Saharan
Africa and in Asia (Henao-Restrepo et al., 2003).
The disease burden due to measles decreased over
the past several decades due to a number of factors.
Measles mortality declined in developed countries in
association with economic development, improved
nutritional status and supportive care, particularly
antibiotic therapy for secondary bacterial pneumonia. Remarkable progress in reducing measles incidence and mortality has been, and continues to be,
made in resource-poor countries as a consequence
of increasing measles vaccine coverage, provision
of a second opportunity for measles vaccination
through supplementary immunization activities, and
efforts by the WHO, the United Nations Children’s
Fund (UNICEF) and their partners to target 45 countries for accelerated and sustained measles mortality
reduction. Specifically, this targeted strategy aims to
achieve ⬎90% measles vaccination coverage in every
district of the 45 countries and to ensure that all children receive a second opportunity for measles immunization (World Health Organization, 2001). Provision
of vitamin A through polio and measles vaccination
campaigns has contributed further to the reduction in
measles mortality (World Health Organization, 2005).
In 2003, the World Health Assembly endorsed a resolution urging member countries to reduce the number
of deaths attributed to measles by 50% by the end of
2005 compared with 1999 estimates. Overall global
measles mortality in 2005 was estimated to be 345,000
deaths (uncertainty bounds 247,000 and 458,000 deaths)
(Wolfson et al., 2007). This estimate represents a 60%
decrease from 1999, when the global number of measles
deaths was estimated to be 873,000 (uncertainty bounds
634,000 and 1,140,000 deaths). The largest decrease in
measles mortality was in Africa, contributing 72% of
the global reduction in measles mortality.
Measles incidence has a typical temporal pattern
characterized by annual, seasonal epidemics superimposed upon longer epidemic cycles of 2–5 years or
more. In temperate climates, annual measles outbreaks
typically occur in the late winter and early spring.
These annual outbreaks are likely the result of social
networks facilitating transmission (e.g., congregation of children at school) and environmental factors
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favoring the viability and transmission of measles
virus (Fine and Clarkson, 1982). Measles cases continue to occur during the interepidemic period in
densely populated communities but at low incidence.
The longer cycles occurring every several years result
from the accumulation of susceptible persons over
successive birth cohorts and the subsequent decline
in the number of susceptibles following an outbreak. In the absence of a vaccination program these
longer epidemic cycles tend to occur every 2–4 years.
Measles vaccination programs that achieve coverage
rates in excess of 80% extend the interepidemic period
to 4–8 years by reducing the number of susceptible
individuals.
Humans are the only reservoir for measles virus, a
characteristic important for the potential eradication
of measles. Nonhuman primates may be infected with
measles virus and develop an illness similar to measles in humans, with rash, coryza, and conjunctivitis.
However, populations of wild monkeys are not of sufficient size to maintain measles virus transmission.
Measles virus is transmitted primarily by respiratory droplets small enough to traverse several feet but
too large to remain suspended in the air for long periods of time. The symptoms induced during the prodrome, particularly sneezing and coughing, enhance
transmission. Measles virus also may be transmitted
by the airborne route, suspended on small particles for
a prolonged time. Direct contact with infected secretions can transmit measles virus, but the virus does
not survive long on fomites as it is quickly killed by
heat and ultraviolet radiation. The average incubation
period for measles, the time from infection to clinical
disease, is approximately 10 days to the onset of fever
and 14 days to the onset of rash (range 7–18 days). The
incubation period may be shorter in infants and following a large inoculum of virus, and longer in adults.
During this seemingly quiescent period, the virus is
rapidly replicating and infecting target tissues.
Measles virus is one of the most highly contagious
infectious agents and outbreaks can occur in populations in which less than 10% of persons are susceptible. Chains of transmission commonly occur among
household contacts, school children, and health care
workers. Generally, persons with measles are infectious for several days before and after the onset of
rash, when titers of measles virus in the blood and
body fluids are highest. As with many other acute
viral infections (SARS-coronavirus being an exception), the fact that measles virus is contagious prior to
the onset of recognizable disease hinders the effectiveness of quarantine measures. Measles virus can be isolated in tissue culture from the urine as late as 1 week
after rash onset. Detection of measles virus in body
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fluids by a variety of means, including identification
of multinucleated giant cells in nasal secretions or the
use of reverse transcriptase-polymerase chain reaction (RT-PCR), suggests the potential for a prolonged
infectious period in persons immunocompromised by
severe malnutrition or human immunodeficiency virus
type 1 (HIV-1) infection (Dossetor et al., 1977; Permar
et al., 2001; Riddell et al., 2007). However, whether
detection of measles virus by these methods indicates
prolonged contagiousness is unclear.
In densely populated urban settings with low vaccination coverage rates, measles is a disease of young
children. The cumulative distribution can reach 50%
by 1 year of age, with a significant proportion of
children acquiring measles virus infection before
9 months, the age of routine vaccination. As measles
vaccine coverage increases, or population density
decreases, the age distribution shifts toward older children. In such situations, measles cases predominate
in school-age children. Infants and younger children,
although susceptible if not protected by immunization, are not exposed to measles virus at a rate sufficient to cause a large disease burden in this age group.
As vaccination coverage increases further, the age
distribution of cases may be shifted into adolescence
and young adulthood, as seen in measles outbreaks
in the United States, Brazil, and Australia (Hutchins
et al., 1996; de Quadros et al., 1998; Lambert et al.,
2000), necessitating targeted measles vaccination programs for these older age groups.
The high infectivity of measles virus is a characteristic suitable to a biothreat agent. However, increasingly
high levels of measles vaccination coverage throughout the world as part of accelerated measles control
efforts would protect many from the deliberate use of
measles virus as a biothreat agent. Genetic engineering
of a measles virus strain that was not neutralized by
antibodies induced by the current attenuated measles
vaccines would likely have reduced infectivity, as suggested by the fact that wild-type measles viruses have
not mutated to alter their neutralizing epitopes.

CLINICAL DISEASE
Clinically apparent measles begins with a prodrome
characterized by fever, cough, coryza, and conjunctivitis. Koplik’s spots, small white lesions on the buccal mucosa inside the mouth, may be visible during
the prodrome and allow the astute clinician to diagnose measles prior to the onset of rash. The prodromal symptoms intensify several days before the
onset of rash. The characteristic erythematous and

maculopapular rash appears first on the face and
behind the ears, and then spreads in a centrifugal
fashion to the trunk and extremities. The rash lasts for
3–4 days and fades in the same manner as it appeared.
In uncomplicated measles, clinical recovery begins
soon after appearance of the rash. Complications
occur in up to 40% of measles cases, and the risk of
complication is increased by extremes of age, malnutrition, and vitamin A deficiency (Morley, 1969).
Complications of measles have been described in
almost every organ system. The respiratory tract
is a frequent site of complication, with pneumonia
accounting for most measles-associated deaths (Duke
and Mgone, 2003). Pneumonia is caused by secondary
viral or bacterial infections, or by measles virus itself.
Pathologically, measles virus infection of the lung is
characterized by multinucleated giant cells, formed
when measles virus proteins on the cell surface allow
cells to fuse. Other respiratory complications include
laryngotracheobronchitis and otitis media. Mouth
ulcers, or stomatitis, may hinder children from eating or drinking. Many children with measles develop
diarrhea, which further contributes to malnutrition.
Keratoconjunctivitis is common after measles, particularly in children with vitamin A deficiency, and was
a frequent cause of blindness.
Because the rash of measles is a consequence of the
cellular immune response, persons with impaired cellular immunity, such as those with the acquired immunodeficiency syndrome (AIDS), may not develop the
characteristic measles rash. These persons have a
high case fatality and may develop a giant cell pneumonitis due to measles virus (Moss et al., 1999).
T-lymphocyte defects due to causes other than HIV-1
infection, such as cancer chemotherapy, are also
associated with increased severity of measles.
Rare but serious complications of measles involve
the central nervous system. Postmeasles encephalomyelitis complicates approximately 1 in 1000 cases,
mainly older children and adults. Encephalomyelitis
occurs within 2 weeks of the onset of rash and is characterized by fever, seizures, and a variety of neurological abnormalities. The finding of periventricular
demyelination, the induction of immune responses to
myelin basic protein, and the absence of measles virus
in the brain suggest that postmeasles encephalomyelitis is an autoimmune disorder triggered by measles
virus infection. Other central nervous system complications that occur months to years after acute infection are measles inclusion body encephalitis (MIBE)
and subacute sclerosing panencephalitis (SSPE). In
contrast to postmeasles encephalomyelitis, MIBE and
SSPE are caused by persistent measles virus infection. MIBE is a rare but fatal complication that affects
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individuals with defective cellular immunity and typically occurs months after infection. SSPE is a slowly
progressive disease characterized by seizures, progressive deterioration of cognitive and motor functions followed by death that occurs 5–15 years after
measles virus infection, most often in persons infected
with measles virus before 2 years of age.
There are conflicting and inconclusive data suggesting that measles virus infection causes or contributes
to the development of chronic diseases, including multiple sclerosis, Paget’s disease, inflammatory bowel
disease, and otosclerosis (Perry and Halsey, 2004).
However, no causal association has been established
between measles and these conditions.
The characteristic clinical features of measles are of
sufficient sensitivity and specificity to have high predictive value in regions where measles is endemic. However,
laboratory diagnosis is necessary where measles virus
transmission rates are low or in immunocompromised
persons who may not have the characteristic clinical
manifestations. Infection with rubella, parvovirus B19,
human herpes virus 6, and dengue viruses may mimic
measles. Detection of IgM antibodies to measles virus
by enzyme immunoassay (EIA) is the standard method
of diagnosing acute measles (Bellini and Helfand, 2003).
Alternatively, seroconversion using IgG-specific EIA,
hemagglutinin inhibition, complement fixation, or virus
neutralization assays can be used to diagnose acute measles based on testing serum or plasma obtained during
the acute and convalescent phases.
Measles virus can be isolated in tissue culture from
white blood cells, respiratory tract secretions, and urine,
although the ability to isolate measles virus diminishes
quickly after rash onset. Amplification and detection of
measles virus RNA by RT-PCR from blood, urine, and
nasal discharge is highly sensitive in detecting measles
virus RNA and allows sequencing of the measles virus
genome for molecular epidemiologic studies.

TREATMENT
No specific antiviral drug is used routinely to treat
measles virus infection, although the broad antiviral agent ribavirin has been used to treat immunocompromised persons or persons with SSPE, alone
or in combination with IFN-α or intravenous immunoglobulin (Forni et al., 1994; Solomon et al., 2002).
The major components of case management include
provision of vitamin A, prompt treatment of secondary
bacterial infections, and nutritional support. Several
placebo-controlled trials have demonstrated marked
reductions in morbidity and mortality in hospitalized

children with measles treated with vitamin A. The
WHO recommends administration of two daily doses
of 200,000 IU of vitamin A to all children with measles
12 months of age or older. Lower doses (100,000 IU) are
recommended for children less than 12 months of age.
Overall, this regimen resulted in a 64% reduction in the
risk of mortality (RR ⫽ 0.36, 95% CI 0.14–0.82) (D’Souza
and D’Souza, 2002). Pneumonia-specific mortality is
reduced, and the impact is greatest in children less than
2 years of age (D’Souza and D’Souza, 2002).
Secondary bacterial infections are a major cause
of morbidity and mortality following measles (Duke
and Mgone, 2003), and effective case management
involves prompt treatment with antibiotics. Various
strategies have been used to guide antibiotic therapy
in children with measles. Antibiotics are indicated
for children with measles who have clinical evidence
of bacterial infection, including pneumonia, otitis
media, skin infection, eye infection, and severe mouth
ulcers. Streptococcus pneumoniae and Haemophilus influenza type b are the most common causes of bacterial
pneumonia following measles, and antibiotic therapy
should be directed against these pathogens. Whether
all children with measles, or all hospitalized children
with measles, should be given prophylactic antibiotics
remains controversial. Limited evidence suggests that
antibiotics administered as prophylaxis to all children
presenting with measles may reduce the incidence
of pneumonia but not mortality (Duke and Mgone,
2003). The potential benefits of antibiotic prophylaxis
need to be weighed against the risks of accelerating
antibiotic resistance.
Vitamin A has been widely distributed through
polio and measles supplemental immunization activities as well as through routine child health services.
Pooled analysis of community-based studies of vitamin A supplementation of apparently healthy children resulted in a 39% reduction in measles-associated
mortality (Villamor and Fawzi, 2000). Thus, vitamin A
is not only effective in reducing mortality when
used to treat hospitalized children with measles but
community-based supplementation programs also can
result in measles mortality reduction.

PATHOGENESIS
Respiratory droplets from infected persons serve
as vehicles of transmission by carrying infectious
virus to epithelial cells of the respiratory tract of
susceptible hosts. During the 10–14 day incubation
period between infection and the onset of clinical
signs and symptoms, measles virus replicates and
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spreads within the infected host. Initial viral replication occurs in epithelial cells at the portal of entry in
the upper respiratory tract and the virus then spreads
to local lymphatic tissue. Replication in local lymph
nodes is followed by viremia (the presence of virus
in the blood) and the dissemination of measles virus
to many organs, including lymph nodes, skin, kidney, gastrointestinal tract and liver, where the virus
replicates in epithelial and endothelial cells as well as
monocytes and macrophages.
Although measles virus infection is clinically inapparent during the incubation period, the virus is
actively replicating and the host immune responses
are developing. Evidence of these processes can be
detected. During the incubation period, the number
of circulating lymphocytes is reduced (lymphopenia)
(Auwaerter et al., 1999). Measles virus can be isolated
from the nasopharynx and blood during the later part
of the incubation period and during the several days
prior to the onset of rash when levels of viremia are
highest. The prodrome ends with the appearance of
the measles rash. The rash results from measles virusspecific cellular immune responses and marks the
beginning of viral clearance from blood and tissue.
Histologic examination of the rash reveals infected
capillary endothelial cells and a mononuclear cell infiltrate (Kimura et al., 1975). Clearance of infectious virus
from the blood and other tissues occurs within the first
week after the appearance of the rash, although measles virus RNA can be detected in body fluids of some
children for at least several months using a RT-PCRbased assay (Permar et al., 2001; Riddell et al., 2007).
The intense immune responses induced by measles virus infection are paradoxically associated with
depressed responses to unrelated (nonmeasles virus)
antigens, lasting for several weeks to months beyond
resolution of the acute illness. This state of immune
suppression enhances susceptibility to secondary
bacterial and viral infections causing pneumonia
and diarrhea, and is responsible for much measlesrelated morbidity and mortality (Beckford et al., 1985;
Greenberg et al., 1991). Delayed-type hypersensitivity
(DTH) responses to recall antigens, such as tuberculin,
are suppressed (Tamashiro et al., 1987) and cellular
and humoral responses to new antigens are impaired
following measles virus infection (Coovadia et al.,
1978). Reactivation of tuberculosis and remission
of autoimmune diseases have been described after
measles and are attributed to this state of immune
suppression.
Abnormalities of both the innate and adaptive
immune responses have been described following
measles virus infection. Transient lymphopenia with a
reduction in CD4⫹ and CD8⫹ T-lymphocytes occurs in

children following measles virus infection. Functional
abnormalities of immune cells have also been detected,
including decreased lymphocyte proliferative responses
(Hirsch et al., 1984). Dendritic cells, major antigenpresenting cells, mature poorly, lose the ability to
stimulate proliferative responses in lymphocytes, and
undergo cell death when infected with measles virus
in vitro (Servet-Delprat et al., 2000). The dominant Th2
response in children recovering from measles can
inhibit Th1 responses and increase susceptibility to
intracellular pathogens (Griffin et al., 1985; Griffin and
Ward, 1993). The production of IL-12, important for the
generation of Th1-type immune response, decreases
following binding of the CD46 receptor (Karp et al.,
1996) and is low for several weeks in children with
measles (Atabani et al., 2001). This diminished ability
to produce IL-12 could further result in a limited Th1
immune response to other pathogens. Furthermore,
engagement of CD46 and CD3 on monocytes induces
production of high levels of IL-10 and transforming
growth factor (TGF)-β, an immunomodulatory and
immunosuppressive cytokine profile characteristic
of regulatory T cells (Kemper et al., 2003). The role of
these cytokines in the immune suppression following
measles is supported by in vivo evidence of elevated
levels of IL-10 in the plasma of children after measles
virus infection (Moss et al., 2002).

MEASLES VACCINES
History of Measles Vaccines
Attenuation of measles virus was achieved primarily by serial passage in chick embryo cells. The first
attenuated measles vaccine licensed in the United States
was Edmonston B. This vaccine was immunogenic
and widely used between 1963 and 1975, but was frequently associated with fever and rash. The Schwarz
and Moraten (more attenuated) strains were derived
from the original Edmonston strain but further attenuated through additional passage in chick embryo
fibroblasts. Despite differences in their passage history,
these vaccine strains have identical genomic sequences
(Parks et al., 2001). The Moraten vaccine (Merck) is the
only measles vaccine used in the United States, whereas
the Schwarz vaccine is used in many countries throughout the world. Other attenuated measles vaccines have
been produced from locally derived wild-type strains,
particularly in Russia, China, and Japan. One vaccine
strain, the Edmonston-Zagreb vaccine, was also passaged in human diploid cells after attenuation in chick
embryo fibroblasts, which may account for its increased
immunogenicity and reactogenicity. Measles vaccines
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are relatively heat stable in the lyophilized (dry) form,
but rapidly lose potency when exposed to heat after
reconstitution.
In the 1960s, a formalin-inactivated, alum-precipitated
measles vaccine (FIMV) was licensed and administered
to children in the United States. Three doses of inactivated vaccine elicited a protective antibody response
but antibody titers waned within months (Carter et al.,
1962). Up to 60% of immunized children exposed to
measles developed atypical measles, characterized by
high fever, pneumonitis, and a petechial rash on the
extremities (Fulginiti et al., 1967; Nader et al., 1968),
leading to withdrawal of the FIMV in 1967. In a rhesus
macaque model, atypical measles was shown to be associated with immune complex deposition in affected tissues and a systemic and pulmonary eosinophilia (Polack
et al., 1999). The antibody response consisted of high levels of complement fixing antibodies with low avidity for
measles virus, characteristics that may have promoted
exaggerated immune complex formation and disease.
Seroconversion rates with attenuated measles vaccines in young infants are low because of immunologic
immaturity and the interference of transplacentally
acquired maternal antibodies with replication of vaccine virus (Gans et al., 1998). To protect young infants
against measles, high-titer preparations containing 10–
100 times the standard dose of vaccine virus were evaluated in several countries. Seroconversion rates in 4–6
month old infants immunized with high-titer measles
vaccine were comparable to those of 9–15 month old
children vaccinated with standard-titer measles vaccine,
and the protective antibody response persisted for over
2 years. However, high-titer measles vaccine resulted
in a poorly understood increase in mortality in immunized girls 1–2 years after vaccination compared to girls
immunized with standard-titer vaccine at 9 months of
age (Holt et al., 1993; Aaby et al., 1996). The increased
mortality was attributable to infections commonly associated with measles, such as diarrhea and pneumonia.
Although these studies were carried out in countries
with different levels of socioeconomic development,
excess mortality was observed only in countries with
poor socioeconomic conditions and frequent malnutrition (Senegal, Haiti, and Guinea Bissau). The basis for
the increased mortality in girls is not understood.

Current Licensed Measles Vaccines
Several live, attenuated measles vaccines are available worldwide, either as single-antigen vaccines or in
combination with rubella and mumps vaccines (MR
and MMR vaccines). Recently, a combined measlesmumps-rubella-varicella vaccine was licensed by
the United States Food and Drug Administration
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(ProQuad, Merck and Co., Inc.). Licensed combination
vaccines do not reduce the immunogenicity of the measles component. Most of the currently used measles
vaccines were derived from the Edmonston strain of
measles virus that was isolated by Enders and Peebles
in 1954. These vaccines have undergone different passage histories in cell culture, but nucleotide sequence
analysis shows less than 0.6% genetic differences
between the vaccine strains. Vaccines in widespread
use that were derived from the Edmonston measles
virus stain include the Schwarz, Edmonston-Zagreb,
and Moraten strains. Vaccines derived from other measles virus strains include CAM-70, Leningrad-16, and
Shanghai 191.
The live, attenuated measles vaccines are typically
cultured in primary chick embryo or human diploid
(e.g., Edmonston-Zagreb) cells for several days. The
supernatant fluid is harvested and frozen. Vaccine
stocks are quality and safety tested before they are
lyophilized. Measles vaccines may contain sorbitol or
gelatin as stabilizers and the antibiotic neomycin, but
do not contain thimerosal. Traces of the reverse transcriptase of an avian retrovirus can be found in vaccines cultured in chick embryo fibroblasts but there is
no evidence that this is harmful to vaccine recipients.
Prior to use, the vaccine must be reconstituted in sterile diluent. Measles vaccines lose about half of their
potency after reconstitution if stored at 20°C for 1 h,
and lose almost all potency if stored at 37°C for 1 h.
Measles vaccines are recommended for all susceptible children and adults for whom the vaccine
is not contraindicated (Table 30.1). Adolescents and
young adults may constitute a susceptible population,

TABLE 30.1

Recommendations for measles vaccination

Recommendations of the Advisory Committee on Immunization
Practices for the United States
• A two-dose schedule with MMR vaccine is recommended.
• The first dose is recommended at 12–15 months of age.
• The second dose is recommended at 4–6 years of age.
• Adults at increased risk should receive special consideration for
measles vaccination, including international travelers, students
attending colleges and other post-high school educational
institutions, and persons who work at health care facilities.
• Measles vaccine is not indicated for persons with severe
hypersensitivity (anaphylaxis) to neomycin or gelatin, or who
are severely immunocompromised.
Recommendations of the World Health Organization
• Measles vaccine should be administered at 9 months of age.
• A second opportunity for measles vaccination should be
provided through mass measles vaccination campaigns.
• HIV-infected children should receive measles vaccine at
6 and 9 months of age, unless severely immunocompromised,
because of their increased risk of severe measles.
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including university students, health care workers,
and military recruits. A single dose of measles vaccine provides lifelong immunity in the majority of
vaccine recipients. However, a second opportunity for
measles vaccination provides protection to those with
primary vaccine failure and a chance to reach unvaccinated children. The second opportunity may be delivered through routine health services at school entry or
through supplementary immunization activities such
as national immunization days.
Measles vaccines are usually injected subcutaneously but can be administered intramuscularly. Each
0.5 mL dose of vaccine contains at least 1000 infective
units of measles vaccine virus. The optimal age of
measles vaccination is determined by consideration
of the age-dependent increase in seroconversion rates
following measles vaccination and the average age of
infection. In regions of intense measles virus transmission, the average age of infection is low and the optimal strategy is to vaccinate against measles as young
as possible. However, both maternally acquired antibodies and immunologic immaturity reduce the protective efficacy of measles vaccination in early infancy
(Gans et al., 1998). In many parts of the world, 9
months is considered the optimal age of measles vaccination (Halsey, 1983), and is the age recommended
by the Expanded Program on Immunization (EPI).
Most countries following the EPI schedule administer
measles vaccine alone, although more countries are
introducing combined measles and rubella vaccines
as rubella control programs expand. Under some circumstances, provision of an early dose of measles
vaccine at 6 months of age (e.g., in outbreaks or to
HIV-infected children) is appropriate. In regions that
have achieved measles control or elimination, where
the risk of measles in infants is low, the age of measles
vaccination is increased to ensure that a higher proportion of children develop protective immunity. For
example, in the United States the first dose of measles
vaccine is administered at 12–15 months of age, as the
combined MMR vaccine.
Measles vaccine induces both humoral and cellular
immune responses. Antibodies first appear between
12 and 15 days after vaccination and peak at 21–28
days. IgM antibodies appear transiently in blood, IgA
antibodies are predominant in mucosal secretions, and
IgG antibodies persist in blood for years. Vaccination
also induces measles virus-specific T-lymphocytes
(Ovsyannikova et al., 2003; Wong-Chew et al., 2004).
Although both humoral and cellular responses can be
induced by measles vaccine, they are of lower magnitude and shorter duration compared to those following wild-type measles virus infection (Ward et al.,
1995).

The proportion of children who develop protective antibody titers following measles vaccination
depends on the presence of inhibitory maternal antibodies and the immunologic maturity of the vaccine
recipient, as well as the dose and strain of vaccine
virus. Frequently cited figures are that approximately
85% of children develop protective antibody titers
when given measles vaccine at 9 months of age and
90–95% respond when vaccinated at 12 months of age
(Cutts et al., 1995). Concurrent acute infections may
interfere with the immune response to measles vaccine, although this is probably uncommon (Scott et al.,
1999). Polymorphisms in human immune response
genes also influence immune responses to measles
vaccine (Ovsyannikova et al., 2004).
The duration of immunity following measles vaccination is more variable and shorter than following
wild-type measles virus infection, with an estimated
5% of children developing secondary vaccine failure
at 10–15 years after vaccination (Anders et al., 1996).
Immunologic boosting from repeated exposure to
measles virus may play a role in maintaining protective antibody levels in communities with measles
virus transmission (Whittle et al., 1999).
The WHO encourages measles vaccination of all
susceptible children and adults. Because measles can
be more severe in HIV-infected persons and the risk of
serious adverse events appears to be small, the WHO
recommends that asymptomatic HIV-infected persons,
and even those who are symptomatic but not severely
immunocompromised, receive measles vaccine. The
American Academy of Pediatrics recommends that
severely immunocompromised children and adults,
defined by low CD4⫹ T-lymphocyte cell counts or percentage, should not receive measles vaccine because
of the potential risk of vaccine-related pneumonitis.
Measles vaccine is contraindicated in persons with a
history of anaphylactic reaction to neomycin, gelatin,
or other vaccine components.
Fever occurs in approximately 5–15% of recipients
6–12 days following measles vaccination, and a rash
occurs in approximately 5% of recipients. These signs
and symptoms are a consequence of the host immune
response to replicating measles vaccine virus, but do
not result in serious morbidity or mortality. Rarely,
thrombocytopenia may occur.
Although assumed to be rare, the risk of disease
caused by attenuated measles vaccine virus in HIVinfected persons is unknown. The only documented case
of disease induced by vaccine virus in an HIV-infected
person was in a 20-year-old man who died 15 months
after receiving his second dose of measles vaccine (Angel
et al., 1998). He had a very low CD4⫹ T-lymphocyte
cell count but no HIV-related symptoms at the time of
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vaccination. Ten months later he developed giant cell
pneumonitis and measles vaccine virus was identified in
his lung. Fatal, disseminated infection with measles vaccine virus has been reported rarely in persons with other
impairments of immune function (Monafo et al., 1994),
and MIBE due to vaccine virus was reported in a child
with an uncharacterized immune deficiency (Bitnun et al.,
1999).
Much public attention has focused on a purported
association between MMR vaccine and autism following publication of a report in 1998 hypothesizing
that MMR vaccine may cause a syndrome of autism
and intestinal inflammation (Wakefield et al., 1998).
The events that followed, and the public concern over
the safety of MMR vaccine, led to diminished vaccine
coverage in the United Kingdom and provide important lessons in the misinterpretation of epidemiologic
evidence and the communication of scientific results
to the public (Offit and Coffin, 2003). The publication
that incited the concern was a case series describing
12 children with a regressive developmental disorder
and chronic enterocolitis. Nine of the children had
autism. Onset of the developmental delay was associated by the parents with MMR vaccination in eight
children. This simple temporal association was misinterpreted and misrepresented as a possible causal
relationship, first by the lead author of the study and
then by the media and public. Subsequently, several
comprehensive reviews and additional epidemiological studies rejected evidence of a causal relationship
between MMR vaccination and autism (DeStefano and
Thompson, 2004). One of the most conclusive studies
was a large retrospective cohort study of over half a
million Danish children that found the relative risk of
MMR vaccine for autistic disorder to be 0.92 (95% confidence interval, 0.68–1.24) (Madsen et al., 2002).

Measles Vaccines in Development
Aerosol administration of measles vaccine was
first evaluated in the early 1960s in several countries,
including the former Soviet Union and the United
States. More recent studies in South Africa (Dilraj
et al., 2000) and Mexico (Bennett et al., 2002) have
shown that aerosol administration of measles vaccine
is highly effective in boosting antibody titers, although
the primary immune response to aerosol measles vaccine is lower than following subcutaneous administration (Wong-Chew et al., 2004). Administration of
measles vaccine by aerosol has the potential to greatly
facilitate measles vaccination during mass campaigns,
and the WHO plans to test and bring to licensure an
aerosol measles vaccine by 2009.
The ideal measles vaccine would be inexpensive,
safe, heat-stable, immunogenic in neonates or very
young infants, and administered as a single dose
without needle or syringe. The age at vaccination
should coincide with the EPI schedule to maximize
compliance and share resources. Finally, a new vaccine should not elicit atypical measles upon exposure
of immunized individuals to wild-type measles virus
and should not be associated with prolonged immunosuppression, adversely affecting immune responses
to subsequent infections.
A number of vaccine candidates with some of these
characteristics are undergoing preclinical studies
(Table 30.2). Naked cDNA vaccines are thermostable,
inexpensive, and could theoretically elicit antibody
responses in the presence of passively acquired maternal antibody. DNA vaccines encoding either or both
the measles H and F proteins are safe, immunogenic,
and protective against measles challenge in naïve, juvenile rhesus macaques (Polack et al., 2000). A different

TABLE 30.2 Measles vaccine candidates
Vaccine type

Viral proteins

Model

Delivery

References

DNA

H, F, H/F

Macaques

Intradermal gene-gun

Polack et al. (2000)

DNA

H/F/N

Macaques

Intradermal

Premenko-Lanier et al. (2003,
2004)

Sindbis virus replicon particles

H, F, H/F

Macaques

Intradermal

Pan et al. (2005)

Sindbis virus replicon DNA

H, F, H/F

Mice

Intramuscular

Song et al. (2005)

Chimeric human-bovine
parainfluenza virus type 3

H

Macaques

Intranasal

Skiadopoulos et al. (2001)

Salmonella enterica serovar
Typhi CVD 908-htrA

H

Cotton rat

Intranasal

Pasetti et al. (2003)

Shigella flexneri 2a CVD 1208

H

Cotton rat

Intranasal

Pasetti et al. (2003)

Transgenic plant protein

H

Mice

Intraperitoneal, oral

Huang et al., (2001); Webster
et al. (2002)
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construct, containing H, F, and N genes and an IL-2
molecular adjuvant, provided protection to infant
macaques in the presence of neutralizing antibody
(Premenko-Lanier et al., 2003, 2004). Alternative techniques for administering measles DNA, such as alphavirus (Pan et al., 2005), parainfluenza virus (Skiadopoulos
et al., 2001), or enteric bacterial (Pasetti et al., 2003) vectors, also are under investigation. Immune responses to
intranasal administration of measles virus vaccines is
enhanced by the use of adjuvants (Chabot et al., 2005).
Novel oral immunization strategies have been developed using plant-based expression of the measles
virus H protein in tobacco (Webster et al., 2005). These
vaccines induced humoral immune responses following both primary immunization and as a booster dose
after a DNA prime. In addition, attenuated recombinant measles virus vaccines have been used as vectors for the delivery of genes from other pathogens
(Tangy and Naim, 2005).

POSTEXPOSURE
IMMUNOPROPHYLAXIS
Immune globulin can be given intramuscularly to
susceptible persons within 6 days of exposure to prevent or lessen the severity of disease. Postexposure
immunoprophylaxis is indicated for those at high
risk of severe disease, including susceptible household contacts between 6 months and 1 year of age,
pregnant women, and immunocompromised persons. Where resources are not limited, HIV-infected
children, or those exposed to HIV but whose infection status is unknown, should receive postexposure
immunoprophylaxis. Persons who are not immunocompromised and who have received at least one
dose of measles vaccine at 12 months of age or older
should not receive postexposure immunoprophylaxis.
If given with 72 h of exposure, measles vaccine may
provide protection against disease.

diagnosed, and measles vaccination is a highly effective intervention. Although measles virus displays
sufficient genetic variability to conduct molecular epidemiologic analyses, the antigenic epitopes against
which protective antibodies develop have remained
stable. Measles virus differs from smallpox and polio
viruses, however, in that it is more highly infectious,
necessitating much higher levels of population immunity to interrupt transmission.
Potential barriers to measles eradication include:
(1) lack of political will; (2) difficulties of measles control in densely populated urban environments; (3) the
HIV epidemic; (4) waning immunity and the potential transmission from subclinical cases; (5) transmission among susceptible adults; (6) the risk of unsafe
injections; and (7) unfounded fears of disease due to
measles vaccine (Orenstein et al., 2000). Whether the
threat from bioterrorism precludes stopping measles
vaccination after eradication is a topic of debate, but,
at the least, a single-dose rather than a two-dose measles vaccination strategy could be adopted (Meissner
et al., 2004). The elimination of endemic measles virus
transmission in large geographic areas, such as the
Americas, suggests that global eradication is feasible
with current vaccination strategies (de Quadros, 2004).
Many believe this to be a realistic and morally imperative goal, but, as polio eradication efforts have shown,
the endgame may be full of challenges.

KEY ISSUES
●
●

●

●

PROSPECTS FOR THE FUTURE
The possibility of measles eradication has been discussed for almost 40 years (Sencer et al., 1967). Serious
consideration of measles eradication began in the late
1960s as smallpox eradication was nearing completion and the effective, long-term immunity induced
by measles vaccine became apparent. Measles virus
meets many of the biologic criteria for disease eradication (Moss and Griffin, 2006). Measles virus has
no nonhuman reservoir; infection can be accurately

●

●

●

Measles is highly contagious viral infection.
Great progress has been made in measles control
and elimination through accelerated efforts,
including increased routine vaccination coverage
rates and supplementary immunization activities.
Despite the reduction in measles cases and deaths,
measles remains a leading cause of vaccinepreventable death worldwide.
The high infectivity of measles virus is a
characteristic suitable to a biothreat agent.
Increasingly high levels of measles vaccination
coverage throughout the world would protect
many from the deliberate use of measles virus as
a biothreat agent.
Measles vaccine virus can be used as a vector to
deliver genes derived from other pathogens.
Genetic engineering of a measles virus strain that
was not neutralized by antibodies induced by
the current attenuated measles vaccines would
likely have reduced infectivity, although this is
not certain.
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ABSTRACT
Among viruses that can be called “emerging viruses,” Hendra and Nipah viruses, together with SARS coronavirus
and avian influenza viruses, are on the top of those listed for the last 15 years. These two viruses were new
genetically close-related viruses, clustering in a new genus Henipavirus, in the family Paramyxoviridae. They
emerged in different animals and crossed the species barrier to infect humans, in Australia in 1994 and in Malaysia
in 1998, causing different clinical outcomes with Nipah outbreaks reported later on in India and Bangladesh.
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Then, both spread geographically showing pathological and epidemiological features similar to other endemic
zoonotic viruses, each outbreak challenging public health services to control the disease. Very rapidly, scientists
identified the reservoir hosts of the viruses by serology and by isolating viruses in Pteropus fruit bats. Due to the high
mortality rate caused by henipaviruses in domestic animals and in humans, and their possible transmission by aerosol,
they were immediately categorized to be handled in Biosafety Level-4 containment. Thus, only a few teams have
been able to undertake research on the viruses, and many aspects of the virus life cycle, host responses to infection,
pathogenesis, and prophylaxis still need to be solved. From the review presented in this chapter, it is obvious that
these viruses represent potential agents for bioterrorism against which protection should be rapidly implemented.

INTRODUCTION
Based on unique genetic characteristics, two newly
identified highly pathogenic agents, Hendra virus
(HeV) and Nipah virus (NiV) have been classified in
the genus Henipavirus in the family Paramyxoviridae
(Wang et al., 2000; Mayo, 2002). These zoonotic viruses
have caused fatal diseases in animals, HeV in horses,
and NiV in pigs, and have crossed the species barrier to infect humans with mortality rates up to 75%
(Eaton et al., 2007). They emerged from Pteropus fruit
bats. They must be handled in Biosafety Level 4 containment. Due to the high pathogenicity of the viruses
and cultural reasons, only few necropsy samples are
available for pathogenesis studies. However, several
animal models have been examined for further studies on vaccine and therapy development.

HISTORY OF THE DISEASE
HeV virus first occurred in 1994 in Brisbane,
Australia, as the causative agent of a highly fatal disease
of race horses. During the outbreak, 14 of 21 infected
horses died of an acute respiratory disease, and one of
two infected humans, the trainer, also died (Murray
et al., 1995; Selvey et al., 1995). A second incident in which
two horses and a farmer died came to light a year
later, although infection actually occurred prior to the
Brisbane outbreak. The farmer developed a mild meningitis illness after he participated to the necropsies of
the two horses, but then recovered. Thirteen months
later, he became ill and died from a severe encephalitis,
which was found to be caused by HeV (O’Sullivan et al.,
1997). In total, only four human cases of HeV infection have been recorded and two of them died (Murray
et al., 1995; O’Sullivan et al., 1997). Retrospective analysis of equine specimens confirmed that they too had
been infected with HeV indicating that the horses were
the probable source of infection. Thus, the virus reactivated after a period of latency. Two more horses died of
HeV infection in 1999 and 2004.

NiV, closely related to HeV, emerged in 1998 in
Peninsular Malaysia, as a highly pathogenic infection
of pigs and humans (Chua et al., 1999) (Fig. 31.1). It
resulted in 265 human cases of whom 105 died, and a
further 11 cases and 1 death among abattoir workers in
Singapore (Paton et al., 1999) (Table 31.1). About 90% of
human cases were among pig farmers or others associated with the transport or culling of pigs (Goh et al.,
2000; Chua et al., 1999). Only 8% of patients reported no
contact with pigs suggesting other sources of infection,
such as infected dogs and cats (Parashar et al., 2000).
The disease in humans was predominantly encephalitic (Lee et al., 1999) whereas that in pigs was an acute
respiratory disease with or without neurological signs
(Mohd Nor et al., 2000). No human-to-human transmission was observed, but the disease in pigs was highly
contagious. The majority of patients who survived
acute NiV infection made a full recovery, but about
20% had residual neurological sequelae. The outbreak
was controlled by the culling of over 1.1 million pigs
and by implementing strict quarantine measures.
More recently, outbreaks of NiV infection have been
reported from Bangladesh and India (Fig. 31.1). Five
outbreaks have occurred in Bangladesh between 2001
and 2005 with a case fatality rate over 75% (Hsu et al.,
2001; Eaton et al, 2007; Field et al., 2007; Harcourt
et al., 2005; WHO, 2004, ICDDR, 2004b) (Table 31.1).
The epidemics in Faridpur district showed specific
features not observed during previous NiV epidemics
with patients who developed acute respiratory distress syndrome. Human-to-human transmission was
also reported during this epidemic (WHO, 2004). The
incubation period of contaminated people through
close contact with sick patients was from 6 to 11 days
and 6 members of one family and community died
after direct contact or subsequent contact with one
index case (ICDDR, 2004b). Epidemiological investigations of the epidemic in Goalanda failed to establish
any link with pigs, but rather suggested that contamination could have occurred by eating fruits spoiled
by urine or saliva of fruit bats during the night or by
drinking palm juice (Luby et al., 2006). One outbreak
has been reported in Siliguri from West Bengal in
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FIGURE 31.1 Geographic distribution of Nipah virus outbreaks, 1998–2005 (see Table 31.1).

TABLE 31.1 Nipah virus outbreaks, 1998–2005
Dates

Location

Number of cases

Number of deaths

CFR (%)

September–May 1998
March 1999
February 2001
April–May 2001
January 2003
January 2004
April 2004
January–March 2005

Malaysia
Singapore
Siliguri, India
Meherpur, Bangladesh
Naogaon, Bangladesh
Goalando, Bangladesh
Faridpur, Bangladesh
Tangail, Bangladesh

265
11
66
13
12
29
36
12

105
1
45
9
8
22
27
11

40
9
68
69
67
76
75
92

India (Harit et al., 2006). A new genetic variant was
identified as responsible for the epidemics (Harcourt
et al., 2005). These outbreaks have been characterized by very high fatality rates. In Tangail District,
Bangladesh, from December 15, 2004, through
January 31, 2005, 12 persons were infected with NiV
and developed fever with new onset of seizures or
altered mental status. Eleven (92%) died. The strain
was genetically related to NiV but showed overall
91.2% nucleotide homology and ⬎92% amino acid
homology with the NiV strain isolated in Malaysia
(Harcourt et al., 2005). An outbreak of febrile illness
associated with central nervous system (CNS) defects
was notified in the two first months of 2001 in Siliguri,

West Bengal, India (Chadha et al., 2006). Retrospective
serological analysis detected NiV-specific IgM and IgG
antibodies in 9 of 18 patients and RT-PCR detected
RNA from NiV in urine samples from 5 of them.

ETIOLOGIC AGENT
Virus Morphology
Henipaviruses are pleiomorphic with spherical or
filamentous structures ranging from 40 to 2000 nm in
size (Fig. 31.2A). Nucleocapsids are visible in electron
microscopy with a diameter of about 18 nm (Hyatt
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FIGURE 31.2 Microscopy of Nipah virus. (A–D) Electron microscopy showing enveloped virus (A–C) and nucleocapsids (D) (from Hyatt
et al., 2001); (B) Syncytia of BHK-21 cells infected with Nipah virus (m.o.i. 0.025, 24 h postinfection) and immunostained with anti-Nipah
antibodies and counterstained with Hoechst (original magnification: 20⫻) (see color plate section).

et al., 2001). Viruses form characteristic aggregation
of nucleocapsids in the cytoplasm of infected cells
(Goldsmith et al., 2003) (Fig. 31.2B). Infected cells
form large syncitia (Fig. 31.2E) with nucleus disposed
at the periphery (NiV) or more concentrated inside

the cell (HeV). NiV form larger syncitia than HeV or
Tioman virus, another paramyxovirus isolated from
bats. Virus replication leads to virus release in the cell
supernatant within 5–6 h with titers higher than 108
PFU/ml. Vero cells rapidly fuse, within 1–3 days, with
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FIGURE 31.3 Structure of henipavirus genome.

a multiplicity of infection ranging from 1 to 0.001,
respectively.

Virus Classification
The Paramyxoviridae family is subdivided based
on the nature of the encoded genes and their organization within the genome. NiV and HeV are closely
related to the morbilliviruses and respiroviruses coding for six proteins with similar functions. However,
they differ from the respiroviruses in that they lack
a functional neuraminidase. They can be further differentiated by the size of their genome, 18 kb, compared with 15.1–15.9 kb for other paramyxoviruses.
They have now been classified in a separate genus,
Henipavirus.
The genome of HeV is 18,234 nucleotides, while
that of NiV isolated in the Malaysian epidemic in 1998
is 18,246 nucleotides (Harcourt et al., 2000, 2001; Wang
et al., 2001; Chan et al., 2001), whereas that isolated in
Bangladesh in 2004 contains an extra six nucleotides
(Harcourt et al., 2005). Thus, the genome size follows
the rule of six as was proposed from in vitro studies
(Halpin et al., 2004). The 3⬘ leader (55 nucleotides)
and the 5⬘ trailer (33 nucleotides) sequences function
as promoters for the positive and negative strands,
respectively. The 12-terminal 3⬘ and 5⬘ nucleotides are
highly conserved and complementary (Wang et al.,
2001). The organization of the different genes within
the genome is shown in Fig. 31.3. The intergenic
sequence GAA is the same as in morbilliviruses and
respiroviruses.

Molecular Epidemiology
Several strains of HeV were isolated from horses,
humans, and bats, in different epidemic locations in
Australia (1994–1996) and NiV was isolated from pigs,
humans, and bats in Malaysia, India, Bangladesh,
and Cambodia (1999–2004). Full-length sequences
of HeV and NiV genomes share up to 75% nucleotide sequence similarity but only 40–45% with other
viruses in Paramyxoviridae family (Wang et al., 2000).
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Partial sequence analysis of HeV showed high
similarity between horse, human, and bat isolates
over a 2-year period. However, full-length or partial
sequencing of NiV has shown significant divergence,
in particular between Malaysian/Cambodian and
India/Bangladesh clusters which differed by about
5% in nucleotide sequence. Clusters shared more than
98% nucleotide sequence similarity (Reynes et al.,
2005; Chua et al., 2002a; Harcourt et al., 2005; Chadha
et al., 2006; Luby et al., 2006; Abubakar et al., 2004).
Higher divergence was noticed in Bangladesh/India
outbreaks, suggesting different introductions of the
virus by different colonies of Pteroptera. No correlation between amino acid change and epidemic or
virulence features has been identified up to now.

Antigens Encoded by Agent
The nucleoprotein gene codes for a protein of 532
amino acids having 92.1% homology between the two
viruses. In keeping with other Paramyxoviruses, the
variable region is at the –COOH terminus where 22
of the 42 amino acid differences between the N proteins of NiV and HeV are located in a 28-amino-acid
portion.
The P gene is transcribed into an mRNA (2704
nucleotides) coding for a P protein of 707 (HeV) or 709
(NiV) amino acids. This protein is approximately 100
amino acids larger than the P protein of other paramyxoviruses (Lamb and Kolakofsky, 2001). The overall homology between NiV and HeV is 67.6%, but the
amino- (137 amino acids) and carboxy- (321 amino
acids) terminals contain approximately 80% identity.
Like other paramyxoviruses, a second protein, C is
translated from a different open reading frame (⫹23
or ⫹26 nucleotides) to give a protein of 166 amino
acids, which has 83.2% identity for NiV and HeV.
Interestingly, HeV, but not NiV, has the potential to
code for a second protein in the same frame as C, but
this has so far not been identified in virus-infected
cells. Similar to other paramyxoviruses, henipaviruses
have found a mechanism of increasing their genetic
potential. During transcription of the P gene, one or
two G residues may be inserted at a specific editing
site. This leads to the synthesis of a fusion-protein in
which the N-terminal P protein contains 406 amino
acids fused to (⫹1G) 55 (HeV) or 52 (NiV) amino acid
C-terminal giving a V protein or (⫹2Gs) leading to a
47 amino acid C-terminal W protein (Fig. 31.4).
The matrix (M) gene codes for a protein of 352 amino
acids with a homology of 89% between NiV and HeV,
although 12 of the changes occur within the first
13 amino acids. In paramyxoviruses, the M protein
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RNA editing site

N gene

P gene

M gene

Non-edited mRNA
P-mRNA
P-ORF

709 aa

C-ORF 166 aa
Edited mRNA  2G
W-mRNA

Edited mRNA, 1G
V-mRNA

406 ⫹ 47 ⫽ 453 aa

W-ORF

V-ORF

C-ORF 166 aa
Editing site 1325

406 ⫹ 52 ⫽ 458 aa

C-ORF 166 aa
Editing site 1325

FIGURE 31.4 Translation strategy of the P gene of henipaviruses.

NIPAH VIRUS FUSION PROTEIN
S-S
F1

F2

VGDVR

Transmembrane domain
HR2 (heptad repeat)
Cysteine rich region
HR1 (heptad repeat)
YSRL Endocytosis motif

Fusion peptide

FIGURE 31.5 Henipavirus fusion F protein (see color plate section).

participates in the budding process. Expression of the
NiV M protein is sufficient to produce budding viruslike particles that are physically and morphologically
similar to NiV. A “late domain-like” sequence YMYL
within the NiV M protein plays a role in this function.
Deletion of this sequence causes the M to relocate to
the nucleus (Ciancanelli and Basler, 2006).
The fusion (F) gene codes for a protein for both viruses
which is 546 amino acids containing 88.1% homology
(Ni/HeV). Similar to other paramyxoviruses, it is a type 1

transmembrane protein with a membrane-spanning
region close to the carboxy-terminal, with two α-helical
regions (HR1, HR2) involved in the fusion process and
a cysteine-rich zone implicated in the interaction with
the virus attachment protein (Fig. 31.5). The F protein
is synthesized as an inactive precursor, F0, that is subsequently cleaved into two subunits F1 ⫹ F2 liberating
at the amino terminus of F1 a hydrophobic peptide,
which can interact with the host cell membrane. The
cleavage site has a unique single basic residue (lysine

III. VIRAL VACCINES

35_P369408_Ch31.indd 572

11/5/2008 5:00:34 PM

VIRUS–CELL INTERACTIONS

in HeV and arginine in NiV) and is not cleaved by
the protease furin, as in other paramyxoviruses (Moll
et al., 2004a; Craft and Dutch, 2005). It has been proposed that the inactive uncleaved form is transported
to the surface and subsequently internalized within the
endosomal compartment, where it is cleaved and recycled to the cell surface as a fusion-active protein (Pager
et al., 2004; Diederich et al., 2005; Meulendyke et al.
2005). Endocytosis is normally mediated by tyrosine
dileucine–dependent signals in the cytoplasmic tails of
transmembrane proteins. Mutation of these motifs
(YXXF) in the NiV F glycoprotein inhibited endocytosis
and fusion (Diederich et al., 2005).
HeV mutated in the motif at position 525 (Y525A)
reached the plasma membrane rapidly, but was subsequently endocytosed much slower compared to the
wild-type version (Meulendyke et al., 2005). After
endocytosis both wild-type and mutated versions
were cleaved. Pager and Dutch (2005) have shown
that the endosomal/lysosomal protease cathepsin L
is involved in the proteolytic maturation of HeV F.
Cathepsin L–specific inhibitors reduced cleavage and
the purified enzyme could cleave F0 into the F1 ⫹ F2
subunits. The cleavage of HeV F was initially assumed
to be after a monobasic residue in the GDVK/R
sequence. However, mutation of the basic residue or
the upstream amino acids failed to eliminate cleavage
(Craft and Dutch, 2005; Moll et al., 2004a). The apparent lack of specificity for cleavage is in keeping with
the cleavage properties of cathepsin L.
These studies suggest that the henipavirus F protein is transported to the plasma membrane in an
uncleaved form (F0), where it is endocytosed and
subsequently cleaved by cathepsin L before returning
to the membrane. HeV virions were found to contain
both uncleaved and cleaved forms of F (Michalski
et al., 2000). This may imply that during infection the
viruses may use either membrane fusion or endocytosis during virus entry.
There are six potential N-linked glycosylation sites
(three in F1 and three in F2), but only two sites in the
F2 subunit (N67 and N99) and two in F1 (N414 and
N464) have been shown to be glycosylated. Mutation
of the sites in the F2 moiety does not affect cleavage,
transport, or fusion activity. In contrast, mutation of
the F1 sites leads to a greater than 80% reduction of
expression of F at the cell surface. N414 is particularly
critical for the folding and transport of the protein
(Moll et al., 2004a, 2004b; Carter et al., 2005).
The G gene codes for the host-cell attachment protein, which is a class 2, type transmembrane protein of
602 amino acids HeV or 600, NiV (83.3% homology).
This membrane protein spans the membrane leading
to a membrane-proximal stalk domain with a large
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C-terminal globular head. This latter domain contains
the receptor-binding region and by analogy with the
structures determined for other paramyxoviruses is
organized into a six-blade β-sheet propeller structure.
The henipavirus G protein shares structural features
characteristic of viruses in the genus Respirovirus. The
locations of all seven proposed disulfide bonds are conserved. The overall canonical folding pattern of six parallel sheets, which is conserved in viral, bacterial, and
eukaryotic neuraminidases, is also retained in henipavirus G. Among the seven active site residues known
to be important for neuraminidase activity (Langedijk
et al., 1997) only one is present. Structural models of the
G protein suggest that the sites of interaction on G with
the cell receptor are on the globular head. Mapping
studies using escape mutants of either NiV or HeV propose that there is a major discontinuous epitope, which
commences near the shallow depression in the center
of the top surface of the globular head and extends to
the rim of the barrel-like structure on the top loops of
β-sheet 5 (White et al., 2005; Guillaume et al., 2006a).
The G glycoprotein is expressed at the plasma
membrane, but unlike the F glycoprotein there are no
motifs in the cytoplasmic tail, which would aid endocytosis. However, it appears to be constitutively internalized with the bulk flow during membrane turnover
(Vogt et al., 2005). In several Paramyxoviruses, the two
glycoproteins have been shown to be noncovalently
linked (Malvoisin and Wild, 1993). The NiV glycoproteins can be co-immunoprecipitated and mutational
studies have established that the avidity of the interactions is inversely related to their fusogenic activity (Aguilar et al., 2006, 2007). The interaction of the
two viral glycoproteins would be a means by which G
could be co-endocytosed even though it does not contain the appropriate motif.
The L gene in both viruses codes for a protein of
2244 amino acids with 86.8% homology at the protein
level. In the region predicted to contain the catalytic
site, both viruses contain the sequence GDNE that
varies from other sequenced nonsegmented negative
strand viruses (GDNQ). Mutation of E→Q in NiV did
not affect its efficiency (Magoffin et al., 2007).

VIRUS–CELL INTERACTIONS
The Host Cell Receptor
Studies on tissues from humans and infected
animals have shown that henipaviruses infected a
number of tissues including lungs, endothelial cells,
and neurons (Hooper et al., 2001; Wong et al., 2002).
In vitro, the viruses infect a wide range of cells of
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different species. The lack of an active neuraminidase
site makes it unlikely that sialic acid can act as a cellular receptor, especially as neuraminidase treatment of
cells failed to effect virus infection (Eaton et al., 2004).
Two groups have identified a cellular protein,
ephrin-B2, that permits the attachment and penetration of henipaviruses into host cells (Negrete et al.,
2005; Bonaparte et al., 2005). Ephrin-B2 is a critical
gene involved in embryonic development, and has
established roles in vasculogenesis and axonal guidance. Ephrin genes are highly conserved and have
been found in all animal species examined. Both
ephrin-B2 and its cognate receptor EphB4 have tyrosine signaling and PDZ binding motifs in their cytoplasmic domains (Kullander and Klein, 2002). Forward
signaling mediated by EphB4 facilitates anti-adhesive
and repulsive behavior on contact with ephrin-B2
expressing cells, while ephrin-B2 “reverse” signaling
facilitates adhesion upon contact with EphB4-expressing
cells (Sakamoto et al., 2004). Bennett et al. (1995) identified ephrin-B2 mRNA in most human tissues examined with the exception of blood leukocytes and the
pancreas. Cerretti et al. (1995) confirmed its expression
in human adult lung and kidney. Ephrin-B2 persists in
adult arteries where it extends into some of the smallest diameter microvessels. It is expressed in vascular
smooth muscle of arteries, but not veins (Shin et al.,
2001). The ephrin-B2 is expressed in neurons and is
thought to act postsynaptically by modulating glutamate receptors (Grunwald et al., 2001; Henderson
et al., 2001; Contractor et al., 2002) and thereby modulates Ca2⫹ influx into the postsynaptic cells. Thus, the
expression of ephrin-B2 in different tissues is similar
to the tropism observed for henipaviruses.
The crystal structure of the extracellular domain
of mouse ephrin-B2 has been determined (Toth et al.,
2001). It has a β-barrel globular domain composed of
eight strands arranged in two sheets around a hydrophobic core. In the crystal structure, the ephrin-B2
ectodomains are associated as extensively interacting dimers, which is likely a functional form in vivo.
There are two surface regions on the proposed structure, I—a small concave pocket of hydrophobic nature
surrounded by charged amino acids, represents a site
critical for Eph receptor binding, whereas a second
area (II) is implicated in dimerization.
The interactive regions between ephrin-B2 and
the henipavirus attachment protein have yet to be
mapped. However, soluble NiV G protein with deletions in the globular head domains (372–393, 437–464,
or 559–587) fails to interact with ephrin-B2 (Negrete
et al., 2005). This would suggest that the conformational
folding of the viral glycoprotein is important in its
interaction with the receptor. Using soluble forms of

NiV or HeV and ephrin-B2, it was shown that there
was a high-affinity interaction, which could be specifically blocked with monoclonal antibodies, which neutralized both NiV and HeV.
In a search for alternative receptors for NiV, it was
shown that soluble NiV-G could also bind to ephrinB3, but not to any of the other ephrins. The binding
affinity to cell surface B3 was lower than ephrin-B2,
but was sufficient to permit viral entry of virus
(Negrete et al., 2006). Competition studies with soluble ephrins B2 and B3 suggest that they interact with
an overlapping site. Mutational analysis showed that
the Leu-Trp residues in the solvent exposed G-H loop
of ephrins B2 and B3 were critical determinants of NiV
binding and entry. Replacement of the Tyr-Met residues in the homologous positions in ephrin-B1 with
Leu-Trp conferred NiV receptor activity to ephrin-B1.
In contrast to ephrin-B2, ephrin-B3 does not appear
to be expressed in the endothelium, but is found in
the CNS in overlapping and distinct patterns with
ephrin-B2 (Flenniken et al., 1996; Bergemann et al., 1998).
Presumably in cells where both receptors are expressed,
the virus would use ephrin-B2 due to its greater
affinity. However, in regions such as the corpus callosum
(Liebl et al., 2003) and the spinal cord (Yokoyama
et al. 2001), ephrin-B3 is distinctly expressed and
could be the major receptor.

The Fusion Process
In paramyxovirus infections, the virus and cell
membranes undergo fusion during the initiation of
virus entry into the cell and then during in late infection when the infected cell membranes interact with
their neighboring uninfected cells. To initiate this phenomenon, the virus G attachment protein interacts with
the cell receptor. The F protein, which is noncovalently
linked to the G protein, dissociates and the hydrophobic
region at the N-terminal of F1 is introduced into the cell
membrane. The two α-helical regions (HR1, HR2) associate in the form of a six helical bundle (Xu et al., 2004a,
2004b), which in turn brings the viral and cell membranes together to fuse. The whole process can be analyzed by expressing the two virus glycoproteins (G and F)
in cells that possess the appropriate host cell receptor.
In the majority of the paramyxovirus systems, it has
been shown that the two glycoproteins must be homologous, i.e., from the same virus. In the case of henipaviruses, heterologous pairs of F and G proteins from NiV
and HeV can induce fusion (Bossart et al., 2001, 2002;
Tamin et al., 2002). The proportion of the two viral glycoproteins at the cell membrane can influence fusion.
Optimum fusion was observed when the G and F were
expressed at the membrane in equal amounts. Further,
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the HeV G protein levels are modulated by both a more
rapid protein turnover and a slower protein trafficking
than that for HeV F (Whitman and Dutch, 2007).
Mutational studies on the cytoplasmic tail region
of NiV F showed that they could affect the avidities
of the NiV–F and –G interactions. Mutations decreasing these interactions increased the fusion activity
(Aguilar et al., 2007). Similar observations have been
previously shown with measles virus glycoproteins
(Plemper et al., 2002).
In the second stage of fusion, the two α-helical
regions of the F glycoprotein associate to bring the viral
and cell membranes together. It has been shown that for
a number of the paramyxoviruses synthetic polypeptides corresponding to the HR2 region inhibit the association of the two α-helical regions and thus block fusion
(Lambert et al., 1996; Wild and Buckland, 1997). Similar
studies with henipaviruses have shown that peptides
corresponding to the HR2 region also block fusion
(Bossart et al., 2002). The peptides, which efficiently
block fusion, are relatively long (42 mer) and show
hydrophobic properties, which would limit their in
vivo use. More recent studies have developed a second
generation of peptides which are shorter (32 mer) and
include a capped peptide via amidation and acetylation
and two poly (ethylene glycol)-linked (PEGylated) peptides, one PEG moiety at the C-terminus and the other at
the N-terminus. These peptides are highly soluble and
inhibited fusion and virus infection at similar concentrations to the nonmodified peptides (Bossart et al., 2005b).
From studies with other peptides it can be assumed that
such modifications will increase their half-life in vivo.
The amino acid sequences in this region of the F
protein are somewhat conserved among the paramyxoviruses, fusion inhibition by the HR2 peptides
has generally been found to be virus specific. Peptides
specific for NiV or HeV F proteins equally inhibited
the other virus, but not morbilliviruses (Bossart et al.,
2001, 2002). An exception to this rule appears to be
human Parainfluenza virus 3. Peptides to its HR2
region block HeV-induced fusion more efficiently than
the homologous virus (Porotto et al., 2006). Further
studies to elucidate the mechanism involved would
help in the design of more efficient inhibitors.

EPIDEMIOLOGY
Significance as Public Health and
Agricultural Problems
The first epidemic episode of NiV emerged in a
piggery causing primarily respiratory disease in 1998
through 1999 and then progressed to pig farmers
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causing lethal encephalitis. In 1998, in Perak State
located North from Kuala Lumpur, the causative
agent was initially thought to be Japanese encephalitis
virus but high mortality in humans and acute respiratory disease in pigs and death did not meet the case
definition of a mosquito-borne flavivirus (Chua et al.,
1999; Mohd Nor et al., 2000). Indeed, vaccination of
the population in the epidemic area against Japanese
encephalitis virus and mosquito control did not stop
the spread of the disease. From February to April
1999, the virus was probably imported by infected
pigs to Negeri Sembilan where intensive pig farms
were affected. More than one million pigs were culled
to stop the epidemics. The virus isolated from the cerebrospinal fluid (CSF) of a patient was identified as
closely related to HeV and was called Nipah, the name
of a river in the village from where the patient originated (Chua et al., 2000a). Eleven cases of encephalitis and one death were then identified in pig abattoir
workers in Singapore (Paton et al., 1999). Since then
no more cases have been reported in this region.

Megacheroptera Fruit Bats as the Natural Host
of Henipaviruses and Source of Infection in
Animals and Humans
HeV and NiV are the only zoonotic paramyxoviruses known to be highly pathogenic for humans.
Serological investigations rapidly showed that fruit
bats (flying foxes) of genus Pteropus in the suborder
Megachiroptera could be involved in virus transmission
of HeV to horses (Young et al., 1996). HeV was then
isolated from two species of Pteropus (Halpin et al.,
2000). Transmission from bats to horses may have
occurred through ingestion of pastures contaminated
with infected urine, placenta or aborted fetal material, or from partially eaten fruit or fruit pulp spat out
by bats. Transmission between horses appeared to
be a rare event, and there was no evidence of direct
transmission from bats to humans. One study collecting samples from nasal and throat swabs and urine
showed NiV in a significant amount of patients with
an acute disease, but no seroconversion was observed
in health workers (Chua et al., 2001).
Close phylogenetic and serological relationships
with HeV facilitated the rapid identification of Pteropid
bat species as the reservoir hosts of NiV (Mohd Yob
et al., 2001) and isolation from their urine in Tioman
Island (Chua et al., 2002a). It is believed that transmission from bats to pigs was through fruit spats, placental
or aborted fetal material, or other contaminated material falling into pig pens. The virus was further isolated
from urine of Pteropus Lylei in Cambodia (Reynes et al.,
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2005). Antibody prevalence was observed in dogs of
farmers where the NiV epidemics had emerged (Mohd
Yob et al., 2001), but the role of dogs in the virus life
cycle has not been identified.
In Bangladesh, most people may have been infected
by drinking raw date palm sap contaminated by fruit
bats (Pteropus giganteus) (Luby et al., 2006). These outbreaks have been characterized by very high fatality
rates, by sometimes lack of contact with either bats
or a domestic spillover host, and by the probability
of human-to-human transmission (ICDDR,B, 2004a,
2004b). This latter feature is of very significant global
concern; if correct, future outbreaks may spread to
other areas where fruit bats are not part of the normal
fauna. It may also have a significant impact in the biothreat potential.
The geographic range of Pteropid fruit bats
extends as overlapping populations from Pacific
Islands through southern and southeastern Asia, and
Australasia to the Middle East. Additional species
occur in the southern Indian Ocean, including Pembe
Island and Madagascar. There are epidemiological and
serological evidence that fruit bats are the major reservoir for HeV and that NiV is widespread in Pteropus
in Southeast Asia (Mohd Yob et al., 2001; Olson et al.,
2002; Wacharapluesadee et al., 2005; Lehle et al,
2007). However, it cannot be excluded that neutralizing antibodies found in several species of fruit bats
in Cambodia, Thailand, Malaysia, Madagascar, and
Vietnam (Huong VTQ et al., unpublished results) may
be cross-neutralizing antibodies to another related but
to date not identified virus in bats. However, NiV RNA
was found in bat saliva and urine of bats in Thailand,
suggesting the persistence of similar NiV infection in
these animals (Wacharapluesadee et al., 2005).
Pteropus poliocephalus (gray headed fruit bats)
experimentally infected with NiV showed subclinical
manifestation, transient systemic virus, and episodic
low-level virus excretion in urine in the presence of
neutralizing antibodies (Middleton et al., 2007). Low
and intermittent excretion of NiV in the urine of
infected bats may be sufficient to maintain virus survival among bats. This strain of bats was also infected
with HeV and showed subclinical symptoms and
virus transfer to the fetus (Williamson et al., 2000).
This suggests that henipaviruses may be maintained
in nature through transplacental transmission from
the mother to the fetus.
Cats, horses, or pigs are natural hosts of HeV and
NiV. Recovery of viruses from urine as well as from
the nasal discharge or saliva of these viruses may
favor viral shedding and possibly field transmission
of the viruses between domestic animals and between
those animals and humans.

These results confirm that bats carrying henipavirus represent a public health hazard. However, how
the virus can be transferred to intermediate host or
directly to human remains puzzling.
Since bats are natural hosts of the viruses, epidemiological investigations have observed dramatic
changes in the habitats of these animals to explain
the installation of bat colonies in new environments
planted with fruit trees and occupied by humans and
pig farms. In 1997/1998, deforestation due to fires in
Borneo resulted in the migration of fruit bats over several regions of Southeast Asia in the months directly
preceding the NiV disease outbreak. This was exacerbated by a unusual drought event the same years
(Chua et al., 2002b). In Malaysia, NiV found new ideal
ecological situation to be transmitted from its reservoir host to pigs and ultimately to the human population (Chua et al., 2002b). In China and Southeast
Asia, countless numbers of villages where fruit trees
are spoiled by fruit bats, pigs roam freely, and only
poor sanitary conditions are available, provide ideal
environments for natural transmission of NiV from
infected bats.

Potential as Biothreat Agent
NiV and HeV are highly virulent pathogens and
are on priority lists of potential bioterrorism agents
because of their capacity to rapidly spread in pig
farms and stud farms, incurring high transmission
and lethality rates in humans, and potentially causing medical and economical disasters (Lam, 2003).
Whether preferential neurotropism, or lower virus
doses in urine of patients, or other factors may account
for low human-to-human transmission remains
unknown. However, a strain of NiV has recently been
identified in Bangladesh with ability to cause acute
respiratory distress syndrome and to be transmitted
from person-to-person (ICDDR,B, 2004b).

CLINICAL DISEASE
Clinical Symptoms
There have been only four human cases besides
horses infected with HeV, limiting information on
clinical and pathophysiological features of the disease.
Pathological manifestation of HeV infection in horses
and humans is that of flu-like syndrome with severe
pneumonitis and respiratory failure, and renal failure
and arterial thrombosis (Selvey et al., 1995). Lungs
show lesions of congestion, hemorrhages, and edema
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(Hooper et al., 2001). Chest radiography may show
mild interstitial shadowing. In NiV infection, after an
average of 10 days of incubation, patients presented
with nonspecific systemic symptoms of fever, desorientation/confusion, guidiness, headache, myalgia,
and sore throat. The more severe cases showed drowsiness and altered level of consciousness that required
ventilation (Chong et al., 2002). In another study,
40% of them had cough and respiratory syndromes,
but only 28% had convulsions (Wong et al., 2002).
Duration of illness was quite variable and lasted from
less than 5 days to more than 35 days. Most common
clinical signs were reduced consciousness, hyporeflexia or areflexia, segmental myoclonus, and seizure.
These symptoms reflected brain stem dysfunction
(Chua et al., 1999; Goh et al., 2000; Wong et al., 2002).
The general status of patients showing hypotension
and tachycardia deteriorated rapidly to death. High
viral replication in the CNS may be an important factor for high mortality (Chua et al., 2000b). Magnetic
resonance imaging (MRI) shows focal and scattered
areas of increased signal intensity with a cortical distribution within the white matter in T2-weighted
images. Transient punctate cortical hyperintensities
were seen on T1-weighted images (Paton et al., 1999;
Lim et al., 2002).
Some patients showed late onset of the disease,
up to 4 months after the presumed infection episode,
and in more than 10% of patients who showed mild
encephalitis a few days after infection, relapsed few
months to 4 years with severe meningo-encephalitis
causing death in up to 18% of the cases. Symptoms
were similar compared to acute manifestation, with
increased manifestations of seizure and focal cortical
signs. The overall mortality was as high as 40%. On
the other hand, up to 50% recovered fully. As for the
others, the residual neurological signs were mostly
mild but some patients retained permanent sequelae
(Ng et al., 2004; Sejvar et al., 2007).

Atypical Symptoms
A study of a 24 month follow up after the NiV outbreak in Malaysia observed 12 survivors (7.5%) of
acute encephalitis who had relapsed encephalitis and
10 patients (3.4%) had late-onset encephalitis (Tan et al.,
2002). The mean interval between the first neurological
episode and the time of initial infection was 8.4 months.
Patients showed common clinical features observed in
primary of NiV infection. Four of the 22 relapsed and
late-onset encephalitis patients (18%) died. Cortical
lesion were observed by MRI with high intensities of
signals (Lim et al., 2002). Focal encephalitis with NiV

antigens in neurons was observed in brains of deceased
patients.
In Bangladesh, similar symptoms were observed,
but respiratory distress and cough were symptoms
characteristic of this disease. Chest radiographs
showed bilateral infiltrates consistent with acute respiratory distress syndrome. One of the two fatal cases
of HeV infection in Australia also showed respiratory
infection and lesions in the lung (Selvey et al., 1995).

TREATMENT
An open-label trial of ribavirin was carried out
during the NiV epidemics in Malaysia (Chong et al.,
2001). The study suggested that ribavirin was able to
reduce the mortality of acute NiV encephalitis by 36%.
However, reduction of NiV replication by Ribavirin
was observed in Vero cells infected with the virus but
not in vivo in hamster or guinea pig animal models
(Georges-Courbot et al., 2006). The difference of protective efficacy of Ribavirin in humans and in hamsters may have several explanations: (1) the study in
humans was not randomized and performed at posteriori, and grouping treated and nontreated patients
may have introduced some bias; (2) the dose and
mode of infection of NiV used for the challenge or
the virus replication in hamsters may be higher and
different than in humans, and may have not been
blocked by the drug in vivo; (3) Ribavirin may be differently metabolized in humans than in hamsters.
Several other drugs known to be active against paramyxoviruses like inhibitors of either S-adenosylhomocysteine hydrolase or of IMP deshydrogenase, or of
OMP decarboxylase, or of CTP synthetase, were tested
in vitro. A few of them were active in vitro but inactive against NiV infection when tested in the hamster
model (Georges-Courbot et al., 2006).
Many viruses are susceptible to interferon (IFN).
Viral-derived double-stranded RNA is one of the activating factors of the IFN cascade. One treatment strategy is to inject in infected individuals external IFN
to cure or at least to maintain low doses of viruses.
Another alternative is to inject an inducer of IFN
response. Poly(I)-poly(C12U) (Ampligen), a strong
IFN-α and IFN-β inducer, showed anti-HIV activity in
clinical trials and in several animal models of positiveand negative-strand RNA viruses. This compound
was tested in the hamster model of NiV infection and
substantial protection of treated animals was observed
if injected for 10 consecutive days after infection
(Georges-Courbot et al., 2006). Although no infectious
virus was detected, RT-PCR positive viral sequences
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were recovered in organs of hamsters surviving from
the challenge. These results deserve further studies,
in particular to investigate if any virus relapse would
occur in animals treated with Ampligen and protected
against a lethal challenge.
Galectin-1 is a lectin produced by several cell types
which modulates cytokine synthesis and increases
IL-6 production by dendritic cells. It was also shown
to inhibit cell fusion provoked by NiV infection
(Levroney et al., 2005). The combined activities of this
endogenous lectin may provide a potent drug candidate to treat patients against henipavirus infection.
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Description of Disease Process

Inflammation

HeV and NiV showed similar pathogenesis and
vascular endothelium tropism as pathognomonic
of the disease, with resulting syndrome of interstitial pneumonia, meningitis, and atrophic glomeruli
(Selvey et al., 1995; O’Sullivan et al., 1997; Wong et al.,
2002). In both viral diseases, syncytia in microvascular endothelium were observed. In one case of HeV
infection, syncytia developed particularly in the blood
vessels of the lung (Murray et al., 1995; Selvey et al.,
1995) and in the other case, they were more prominent in brain microvascular (O’Sullivan et al., 1997)
(Fig. 31.6). Systemic vaculitis, thrombosis, ischemia,
and parenchymal necrosis were the main histopathological hallmarks (Fig. 31.7). Pathological lesions with
plaques of necrosis were visible in the white and grey
matter in CNS and in spinal cord. Inflammatory cells
in perivascular cuffing consisted of macrophages, lymphocytes, neutrophils, and microglia cells (Fig. 31.7).
Neuronophagia was active. Multiple eosinophilic viral
inclusions were visible in the cytoplasm of few neurons, but only in 63% of the cases (Wong et al., 2002).
These inclusions characteristics of paramyxoviruses
also identified by electron microscopy (Hyatt et al.,
2001; Wong et al., 2002) correspond to inclusion bodies
of nucleocapsids. Vasculitis, endothelial cell damage,
and thrombosis lead to microinfarctus and microvessel rupture which appear to be the mechanism for the
virus to cross the blood–brain barrier and invade the
neuronal parenchyma.
Histology of necropsies of one case of HeV and one
case NiV relapse were performed (O’Sullivan et al.,
1997; Wong et al., 2002). In HeV patient, discrete necrosis was observed in the cortex, brainstem, and cerebellum. Multinucleated cells and viral inclusions were
observed in the brain, and other organs. Inflammatory
cells were scattered in the brain parenchyma. In one

Viral antigens

Perivacular cuffing
Thrombosis

Necrotic plaques
Vasculitis

Syncytia

FIGURE 31.6 Temporal distribution of microscopic findings
and viral antigen in the CNS in human fatal Nipah virus infection
(from Wong et al., 2002).

NiV patient, parenchymal lesions were larger with
numerous macrophage infiltrates. Intracellular inclusion in neurons were more prominent. No vasculitis
or necrotic plaques were observed. HeV genome was
amplified from the serum and CSF of the patient and
the sequence of 500 nucleotides in the matrix gene was
identical to that of the virus that circulated 13 months
before. No NiV nucleotide sequence was available
from the NiV case. Neither HeV nor NiV was isolated
from the brain of either patient.

Animal Models
As in the human disease, NiV and HeV cause
systemic infection in several animals. Guinea pigs
infected with high doses of HeV develop encephalitis (Williamson et al., 2001), whereas NiV receiving
107 pfu only showed transient fever and weight loss
(Wong et al., 2003). In contrast, both NiV and HeV
induce an acute infection in golden hamsters that
appears to reproduce the pathology and pathogenesis of the acute human NiV infection, with primarily
vascular infection, perivacular cuffing and thrombosis, and neurotropism with numerous lesions in
the brain (Wong et al., 2003) (Fig. 31.8). This model
would be useful to study pathological processes of
each virus, and in particular the causes and features
of delayed onset and relapse characterized in humans
for both viruses. In a feline model, infection of cats
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FIGURE 31.7 Vascular pathology and viral immunolocalization in Nipah virus infection in human. (A) Vasculitis in a lung artery. Focal
and transmural mixed inflammatory infiltrate is visible (arrow). (B) High-power magnification of another pulmonary vessel showing endothelial syncytium (arrow) and ulceration (arrowhead). Note focal transmural inflammation (open arrow). (C) Vasculitis in a small cerebral vessel.
(D) A cerebral venule showing endothelial ulceration (arrow) associated with inflammatory cellular debris. (E) Cerebral hemorrhage adjacent
to a vessel with a multinucleated giant cell (arrow). (F) Higher-power magnification showing endothelial origin of syncytium seen in (E).
(Inset) Intranuclear immunostaining of viral antigens in same cell. (G) Positive immunostaining is also seen in the cytoplasm of an endothelial
syncytial cell protruding in lumen of a cerebral vessel. H&E stain: (A–F and inset in F) immunoalkaline phosphatase with napthol fast red substrate and hematoxylin counterstain (G). Original magnifications: 25⫻ (A); 100⫻ (B–D); 50⫻ (E); 250⫻ (F, inset); 158⫻ (F, G) (from Wong et al.,
2002) (see color plate section).
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FIGURE 31.8 Cerebral pathology in acute Nipah infection in a hamster model. (A) Small vessel vasculitis (arrow) characterized by mild
inflammation in the vicinity of infected neurons. (B) Focal areas of parenchymal ischemia, infarction, and edema. (C) Neurons with eosinophilic viral inclusions (arrows). (D) Immunolocalization of viral antigens to neurons in the nucleus (inset, arrow), cytoplasm, and processes
near a vasculitic vessel (arrow). (E) Viral antigens localized to ependymal lining (arrow) and neurons. (F) Neurons demonstrating viral RNA in
the cytoplasm (arrows). (A–C) Hemalin-phloxine-safranin stain; (D, E) IHC, hematoxylin counterstain; (F) in situ hybridization, hematoxylin
counterstain. Original magnifications: 40⫻ (A, B, E, D (inset); 20⫻ (D); 100⫻ (C, F) (from Wong et al., 2003) (see color plate section).

with NiV induces an acute febrile reaction followed
by severe respiratory disease. There was an apparent
lack of neurological signs, despite the demonstration
of NiV genome in brain tissue (Mungall et al., 2006).
Detection of NiV in placenta and fetal tissues from
pregnant cats infected with NiV suggests that both
vertical and horizontal transmission of NiV could play
a role in spillover events (Mungall et al., 2007). NiV
infection of pigs leads to a 10–15% mortality rate with
few animals showing neurological signs (Mohd Nor
et al., 2000). Experimental infection of pigs showed
that following the initial replication in the upper respiratory tract; the virus invades the CNS directly via the
cranial nerves and by crossing the blood–brain barrier.
NiV also replicated in the respiratory system, including the lung, concurrently with the spread through the
nervous and lymphoreticular systems. The respiratory
tract is one of the main targets early in the infection
(Weingartl et al., 2005).
Saimiri monkeys were highly susceptible to NiV
and showed clinical symptoms of CNS infection and
histopathological lesions similar to those described
in humans or animal models (Contamin et al., to be
published).

Inoculation of fertile eggs via yolk sac with NiV led
to embryo’s death with severe pathogenesis in CNS
and tropism for vascular endothelial cells and neurons
(Tanimura et al., 2006). This model has been proposed
for virus titration and for study of the vascular and
neuronal tropisms of NiV.

IMMUNE RESPONSE TO INFECTION
Innate Immunity
The IFN response is one of the host’s primary
defense mechanisms against viral infection. IFN-α/β is
synthesized and secreted by cells in direct response to
viral infection. Viruses have devised various strategies
to circumvent this IFN-induced antiviral state through
the expression of viral proteins that inhibit specific
components of the IFN system. The IFN antagonist
functions of the Paramyxovirinae are all coded by the
P gene and in most cases are carried out by one of the
accessory proteins: C, V, or W. These proteins all target the IFN signaling, or JAK/STAT pathway, but do
so through distinct mechanisms. The Henipavirus V
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FIGURE 31.9 Illustration of the virus and TLR-3 activated
signaling pathways and the points where NiV V and W proteins are
predicted to exert their inhibitory activity (from Shaw et al., 2005).

and W proteins localize to the cytoplasm and nucleus,
respectively, and have both been shown to function
as inhibitors of JAK/STAT signaling (Rodriguez et
al., 2002, 2003; Shaw et al., 2004, 2005). The V and W
proteins also block viral activation of the IFN-β promoter and the IFN regulatory factor 3-response IFNstimulated gene 54 promoter. Only the W protein
shows strong inhibition of promoter activation in
response to stimulation of Toll-like receptor (TLR) 3.
The nuclear localization of the W protein enables it to
target both virus and TLR pathways, whereas the cytoplasmic V protein is restricted to inhibiting the virus
pathway (Fig. 31.9). The V protein of NiV has been
shown to antagonize the IFN response in human cells
via the sequestration of STAT1 and STAT2. This activity can be inactivated by the mutation of a single amino
acid (Hagmaier et al., 2006).
The henipavirus C protein by analogy with other
paramyxoviruses has a dual role. It inhibits viral RNA
transcription and replication, but also acts by blocking IFN action. Park et al. (2003) have shown that NiV
C expression prevents the establishment of an IFNinduced antiviral state.

Protective Immune Responses
Protective immunity to paramyxoviruses has been
attributed to both cellular and humoral responses.

Children suffering from hypogammaglobulinemia
recover normally from measles infections, whereas
those suffering from defects in cellular immune
responses have complications leading to encephalitis
(Good and Zak, 1956). On the other hand, antimeasles
hyperimmune serum protects children from infection
(Gallagher, 1935). Thus, cellular responses are important in protection, but once in place, the antibodies
provide a first line of defense. Studies with a number
of paramyxoviruses have shown that both of the viral
glycoproteins (the attachment and fusion proteins)
can induce antibodies that neutralize the virus in vitro
(Giraudon and Wild, 1985) and protect animals from a
challenge after passive administration (Malvoisin and
Wild, 1990).
Little is known about humoral response against
Henipaviruses and nothing about the cellular
response. Virus can persist in humans hidden in some
cells in the brain or other unknown sites, even in the
presence of neutralizing antibodies. The time course of
viremia and immune responses have been described
by Wong et al. (2002) and are described in Fig. 31.6.
Envelope glycoproteins G and F of Henipavirus
are highly antigenic and induce antibodies that are
able to neutralize virus infection in vitro and in vivo
(see below). Zhu et al. (2006) developed human monoclonal antibodies to HeV. They panned a naïve human
antibody library with soluble HeV-G. The Fab fragments were selected and showed that one had a high
HeV neutralization and also had a cross reactivity
with NiV. The conversion of this Fab fragment into an
IgG1 immunoglobulin significantly increased its antifusion and neutralization activity.

VACCINATION STRATEGIES
The development of inactivated vaccines against
paramyxoviruses in the 1960s showed that they
induced virus-neutralizing antibodies, which were
protective. The decline in these antibodies levels with
time and subsequent exposure to virus led to a disease, which was more severe than if the children had
not been vaccinated (Nader et al., 1968). Much later
studies, in monkeys showed that vaccination with
the inactivated measles vaccine resulted in a priming
for a nonprotective type 2 CD4 response, in contrast
to the responses induced by the wild-type or attenuated viruses (Polack et al., 1999). In both monkeys and
humans, measles infections initially induce a Th1 type
response, which converges into a Th-2 response with
the induction of antiviral antibodies. These observations led to the conclusion that new vaccines against
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paramyxoviruses should induce similar immune
responses to that in natural infection.
Few studies have been conducted to develop antihenipavirus vaccines. To define the antigens inducing
neutralizing antibodies, the two NiV glycoproteins
have been expressed as vaccinia recombinants and
used to immunize mice or guinea pigs. Both G and
F glycoproteins induced neutralizing antibodies,
although G was more efficient. (Tamin et al., 2002;
Guillaume et al., 2004a). Immunization of rabbits with
a soluble form of HeV G (lacking the cytoplasmic tail)
induced neutralizing antibodies to both HeV and NiV
(Bossart et al., 2005a). In contrast, murine monoclonal
antibodies against either HeV or NiV G did not cross
neutralize although NiV anti-F monoclonal antibodies
do (White et al., 2005; Guillaume et al., 2006b). Thus,
potential vaccines should contain at least one of the
viral glycoproteins. In a hamster model, immunization
with either of the NiV glycoproteins (G or F) using a
vaccinia vector, protected the animals against a lethal
challenge (Guillaume et al., 2004a). The protective
mechanisms involved are in part humoral. Hamsters
given either monospecific polyclonal or monoclonal
anti-G or F antibodies are protected from a subsequent
challenge with a lethal dose of NiV (Guillaume et al.,
2004a, 2006b). Further, enhanced forms of the disease
were not observed when lower levels of antibody
were used.
In the pig model, animals immunized with the
recombinant canarypox virus (ALVAC) expressing
either of the glycoproteins were protected against
a challenge. Virus could not be detected after challenge and no virus was shed in the infected animals.
These vaccines stimulated both type 1 and type 2
cytokine responses (Weingartl et al., 2006). In the cat
model, animals that were vaccinated with an adjuvented preparation of either soluble NiV-G or HeV-G
were protected against a subsequent virus challenge
(Mungall et al., 2006). The different studies show that
protection by vaccination is possible using different
preparations of the two viral glycoproteins. However,
there is no information on long-term immunity provided by such vaccines.

LABORATORY DIAGNOSIS OF
HENIPAVIRUS
Virus identification is a key element in the control of
the disease. Henipaviruses grow in a number of human
and animal cell lines to high titers, inducing cell syncitia. Due to the lack of BSL-4 facilities in endemic regions
for NiV, cell cultures could be handled in BSL-3, but
then transferred to BSL-4 containment if any further

work has to be carried out. Virus identification is performed either by indirect immunofluorescence of virusinfected cells using group- and type-specific monoclonal
antibodies, or RT-PCR on extracts of cell supernatants
using specific primers or probes. Several RT-PCR and
real-time PCR protocols have been developed for both
HeV and NiV (Smith et al., 2001; Guillaume et al.,
2004b; Chang et al., 2006; Wacharapluesadee and
Hemachudha, 2007). TaqMan assay is usually used
for virus genome detection in serum, CSF or urine of
patients and animals. Several genes have been targeted
depending of the specificity required. The relatively
conserved matrix protein M has been used for HeV and
NiV gene amplification. But comparative nucleotide
sequences available for most of henipaviruses would be
valuable to synthesize a set of primers with broad specificity to detect all known viruses in the Henipavirus
genus. However, the specificity of each current technique should be validated with NiV variants from
Bangladesh, since the probe used in Taqman technique
may by too discriminative.
Histology and immunohistology of clinical samples
have great value when polyclonal and monoclonal
antibodies are available. In particular, antibodies
against nucleoprotein of henipaviruses can identify
intracellular inclusions in fixed tissues (Wong et al.,
2002; Tanimura et al., 2004).
Electron microscopy is one element essential to identify new emerging viruses and should be performed
on supernatant and virus-infected cells (Murray et al.,
1995; Chua et al., 2000a).
IgM and IgG titration of henipaviruses can be performed by ELISA and neutralization tests. Clinical
samples are serum or CSF. Usually, antigens used for
ELISA tests are crude extracts from virus-infected
Vero cells (Daniels et al., 2001) or recombinant proteins expressed in E. coli (Yu et al., 2006; Chen et al.,
2006; Kashiwazaki et al., 2004). Reactions should be
validated using recombinant F, G, and M proteins prepared in baculovirus-infected insect cells (Esheragi
et al., 2005). However, these in-house tests are limited and no commercial kit has been developed up to
now. The reference technique remains the seroneutralization test with microplaques, which provides
an accurate and specific way to calculate antibody
dilution in serum or CSF that neutralize 50% of cell
toxicity caused by NiV or HeV (TCID50). This test is
restricted to BSL-4 laboratories in which live virus
can be manipulated. However, production of virus
NiV pseudotyped particles was recently made from
VSV-ΔG-Luc or VSV-ΔG-GFP viruses, recombinant
VSV derived from a full-length complementary DNA
clone of VSV in which the G-protein envelope has
been replaced with Luciferase or EGFP reporter genes
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(Negrete et al., 2006; Patch et al. 2007; Porotto et al.,
2007). NiV or HeV envelope proteins F and G were
provided in trans, and the VSV-ΔG-NiV and VSVΔG-NiV pseudotyped viruses collected from transfected cells were used to transduce new cell’s cell
lines. Positive neutralization of the pseudotypes by
anti-NiV or anti-HeV can then be followed by inhibition of transduction recorded by absence of luciferase
or fluorescence (GFP) activity in cells 1 day posttransduction. This very sensitive and rapid test can be used
for large series of seroneutralization and epidemiological investigations in BSL-2 containment. Another
recent technique does not use live virus but rather the
binding inhibition of protein G to ephrin-2 receptor
fixed on beads as a new test of anti-NiV neutralizing
antibodies (Bossart et al., 2007).

●

PROSPECTS FOR THE FUTURE
Henipavirus circulation in Southeast Asia should
be monitored on a large scale in bats by ELISA and
seroneutralization using recombinant technologies.
These techniques should be included in any serodiagnosis of encephalitis in all potential endemic
countries for NiV where fatal cases are recorded.
Epidemiological investigations should address the
cause of NiV emergence and the mechanisms of virus
transmission from the reservoir to intermediary host
and finally to humans (Epstein et al., 2006). The possible role of vectors, such as ticks that feed on bats
and occasionally on other animals should be clarified. Countermeasures to prevent virus transmission
to livestock and humans should be implemented and
information to targeted populations should be diffused. Epidemiologists and health workers should be
prepared to identify any unusual clinical manifestation where a bat could be involved. Better prophylaxis
and treatments available at low cost to hamper any
spread of virus in an epidemic area should be developed in research laboratories and tested in preclinical
and clinical trials.

KEY ISSUES
●

Endemicity of NiV in Southeast Asia and recurrent
outbreaks in Bangladesh with possible human-tohuman transmission (Gurley et al., 2007) highlight
the importance and urgency of establishing a
strong surveillance system supported by a network
of laboratories equipped to handle and diagnose
highly pathogenic viruses and including patient

●

intensive care units, use of appropriate personal
protective equipment, barrier nursing, and safe
disposal of potentially infected material in the
prevention and control measures for NiV/HeV
virus infection.
Although the major impact of Henipaviruses is
human illness, the release of those zoonotic agents
would have consequences for both humans and
animals because infected and non-infected animals
might need to be sacrificed to control the spread
of infection. Continued research is necessary to
develop effective strategies to limit the impact of
these biological threats. Although it is possible to
protect animals by vaccination and also by passive
administration of antibodies, the main question is
if a vaccine is developed should it be for humans
or aimed to create a barrier in the domestic animal
population such as pigs? The latter policy would
be relevant in Malaysia were the pig was an
intermediate and amplifying host, but in countries
such as Bangladesh, man was infected possibly
after drinking contaminated date palm sap (Luby et
al., 2006). Before developing a vaccine for humans,
it is necessary that the number of cases due to
NiV infection be evaluated. It is obvious that until
now due to a lack of viral reagents, the number
of encephalitis cases due to NiV has been largely
underestimated.
It is highly probable that flying foxes harboring
viruses like henipaviruses will continue to be
displaced from their native habitat by natural or
human forces and will come in close contact with
human population or spillover hosts. Accidental
or deliberate spray of NiV in pig farms may have
a huge economical impact but could be limited
if the virus is rapidly identified. Its transmission
by aerosol, either by contaminated spillover
host or through human-to-human transmission,
could be rapidly blocked. But if it is like avian flu
or SARS, one henipa-like virus becomes highly
transmissible to humans by infecting cells of the
upper respiratory tract, it would potentially cause
a worldwide threat. Thus, henipaviruses should be
considered as potential agents of bioterrorism (Lam,
2003) and handled in strict biosafety condition and
security containments.
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ABSTRACT
At the individual level, vaccines have the potential to modulate the severity of illness as well as eliminate or reduce
the likelihood of transmission of the pathogen to others making vaccination one of the most effective disease
intervention tools available. Several vaccines against arthropod-borne viruses (arboviruses), including yellow fever
virus and Japanese encephalitis virus, have been developed and are in widespread use. As there are approximately
600 known arboviruses, many of which cause severe human disease, additional vaccine development is warranted.
Among the arboviruses pathogenic to humans are chikungunya (CHIKV) and o’nyong-nyong (ONNV)
viruses. These viruses cause explosive outbreaks and induce a prolonged, debilitating arthralgic illness that can
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have a dramatic impact on the affected communities. “Despite these facts, there are no therapeutics or vaccines
commercially available for either virus”. Preliminary vaccine development and characterization has been initiated
for CHIKV leading to Phase 2 human clinical trials. Results from these studies have been promising to date.
Unfortunately, the marketability of a vaccine against this virus is uncertain thus limiting the rapid development of
a commercial product. As epidemics of illness caused by both CHIKV and ONNV continue to occur with greater
intensity and frequency, the possibility of producing a vaccine for widespread distribution may also be more likely.
This chapter describes the biology, ecology, and epidemiology of these viruses providing a framework from which
to propose and support alphavirus vaccine development.

INTRODUCTION
Arthropod-borne viruses (arboviruses) are the causative agents of some of the most important emerging
infectious diseases that are significant, global, public health problems (Gubler, 2001). One group of these
viruses transmitted by invertebrate vectors belongs
to the family Togaviridae and cause diseases ranging
from mild febrile illness, polyarthritis, or encephalitis.
Two of these viruses, chikungunya virus (CHIKV) and
o’nyong-nyong virus (ONNV) are geographically widespread, are associated with severe morbidity, and can
cause explosive outbreaks. The lack of specific therapeutics, prophylaxis, or antiviral treatments against
these agents clearly highlights the need for an effective
vaccine as a first-line defense that can quickly generate
strong immunity. However, to accomplish this objective,
for CHIKV and ONNV, there is first a need to develop
a deeper understanding of the basic pathogenesis and
biology of these viruses. A more complete study of the
ecology, epidemiology, host immunology, and virus–
vector interactions, as well as development of appropriate animal models for disease studies all require
additional research for the design and implementation
of an appropriate and efficacious vaccine program.
Significant progress toward identifying a highly protective vaccine against CHIKV has already been well initiated as described below and further knowledge will
continue to improve the likelihood of success.

HISTORY OF THE DISEASE
Chikungunya
CHIKV was first isolated from the serum of a
febrile human in Tanganyika (Tanzania) in 1953 during an epidemic of dengue-like illness (Robinson,
1955; Ross, 1956). The highest disease incidence
occurred on the Makonde plateau, an area devoid of
woodland habitat, and was documented as a disease
completely new to the area (Lumsden, 1955; Casals
and Whitman, 1957). While the initial assessment was

that the outbreak was due to a dengue virus (a flavivirus), serological and antigenic characterization of
the isolates from the outbreak indicated that it was
an alphavirus closely related to Mayaro and Semliki
Forest viruses (Casals and Whitman, 1957; Spence and
Thomas, 1959). Since that original epidemic and identification of the etiological agent, a significant period
of CHIKV activity occurred between the 1960s and
1980s when the virus was isolated repeatedly from
numerous countries in central and southern Africa as
well as in Senegal and Nigeria in western Africa. Some
of the outbreaks that occurred in Africa during this
period included those in Senegal in 1962, Uganda’s
Entebbe area in 1968 (McCrae et al., 1971), and South
Africa from 1975 to 1977 (Jupp and McIntosh, 1988).
The virus also spread from these African origins to
the Asian continent where frequent outbreaks have
been reported covering Malaysia, Indonesia, India,
Cambodia, and Thailand from 1960s to 2003 (Chastel,
1963; Jadhav et al., 1965; Myers et al., 1965; Rao et al.,
1965; Munasinghe et al., 1966; Rao, 1966; Halstead
et al., 1969a, 1969b, 1969c, 1969d; Nimmannitya
et al., 1969; Thaung et al., 1975; Marchette et al., 1978;
Thein et al., 1992; Thaikruea et al., 1997; Lam et al.,
2001; Mourya et al., 2001; Kit, 2002; Laras et al., 2005).
Numerous large cities in Southeast Asia including
Calcutta and Bangkok have been identified as particularly active sites of transmission and disease (Pavri,
1964; Sarkar et al., 1965b; Halstead et al., 1969c; Burke
et al., 1985). Recently, there has been a resurgence of
CHIKV outbreaks with major disease clusters documented in Democratic Republic of the Congo (Nur
et al., 1999; Pastorino et al., 2004), Ivory Coast in
1996/1997 (Thonnon et al., 1999), Senegal in 1986
and 1996/1997 (Diallo et al., 1999), Indonesia in 2003
(Porter et al., 2004; Laras et al., 2005), Comoros in 2005
(Sergon et al., 2007), Reunion in 2006 (Schuffenecker
et al., 2006), and India in 2006/2007 (Arankalle
et al., 2007). Retrospective reviews have also suggested that CHIKV epidemics occurred as early as
1779 but were frequently documented inaccurately as
dengue outbreaks (Carey, 1971). Overall, CHIKV has
caused numerous well-documented outbreaks in both
Africa and Southeast Asia, involving hundreds of
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FIGURE 32.1

Geographic distribution of (a) ONNV and (b) CHIKV. Viral activity has been documented by viral isolation or serological
detection of virus-specific antibodies.

thousands of people (Fig. 32.1). Outbreaks continue to
occur with increased frequency and new geographic
areas are likely to be involved (Jupp and Kemp, 1996).

O’nyong-nyong
In 1959, one of the largest arboviral epidemics ever
documented began in the Acholi region of Uganda

and subsequently swept across East Africa, involving over 2 million reported cases and lasting over
3 years (Haddow et al., 1960; Johnson, 1988). The clinical features of the disease resembled those of both
chikungunya and dengue with primary symptoms
including fever, severe joint and back pain, and rash.
During the course of the outbreak, affected regions
were estimated to have over 50% of the population
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affected (Williams et al., 1965b). A viral isolate was
obtained from the serum of a febrile patient and was
determined to be closely related to but distinct from
CHIKV. The virus was given the name o’nyongnyong virus (ONNV) after the Acholi word for “very
painful and weak” that had come to be associated
with the disease (Williams and Woodall, 1961). The
virus effectively disappeared until 1996 when the
second documented ONNV epidemic occurred in
southern Uganda (Rwaguma et al., 1997; Lanciotti
et al., 1998; Kiwanuka et al., 1999; Sanders et al.,
1999). This outbreak began in the rural south-central regions of Uganda and, over a period of several
months, extended into several adjacent areas focusing primarily near lakes and swamps. The outbreak
was so extensive that the infection rate in affected
areas was estimated to be nearly 70% (Sanders et al.,
1999). Between 1962 and 1996, only sporadic evidence
of ONNV transmission was documented with some
of these infections determined to be caused by Igbo
Ora virus, a serological subtype of ONNV (Moore
et al., 1975; Woodruff et al., 1978; Marshall et al.,
1982; Lhuillier et al., 1988; Olaleye et al., 1988, 1990).
During 2003, another outbreak of febrile illness found
to be caused by ONNV was reported among Liberian
refugees in western Cote d’Ivoire (Posey et al., 2005).
While ONNV is extremely closely related to CHIKV,
the outbreak patterns and distribution of the two
viruses are quite distinct with ONNV causing only
periodic massive epidemics in contrast to the more
frequent CHIKV outbreaks.

ETIOLOGIC AGENT(S):
CLASSIFICATION AND ANTIGENS
ENCODED BY AGENT
Both CHIKV and ONNV are members of the
Alphavirus genus in the family Togaviridae. The only
other genus within the Togaviridae is the Rubivirus
genus whose sole species is Rubella virus (Weaver
et al., 2005). The Alphavirus genus consists of 29 distinct species that either cause encephalitis, febrile illness with arthralgia, or are not known to cause disease
in humans. The members are primarily vector-borne
with nearly all utilizing mosquitoes as their invertebrate vectors.
Like all alphaviruses, CHIKV and ONNV have a
genome consisting of a linear, positive sense, singlestranded RNA molecule of approximately 11.8 kb.
The genomes of CHIKV and ONNV have both been
sequenced, Khan et al. (2002) and Strauss et al. (1988),
respectively and are 11,826 and 11,835 nucleotides

in length, respectively. The nonstructural proteins,
required for viral replication, are encoded in the
5 two thirds of the genome, while the structural genes
are collinear with the 3one-third (Fig. 32.2). The structural proteins are produced by translation of an mRNA
that is generated from an internal, subgenomic promoter immediately downstream of the nonstructural
open reading frame. The 5 end of the genome has a
7-methylguanosine cap while the 3 end is polyadenylated. CHIKV and ONNV have 3 noncoding
regions of 503 and 425 nucleotides, respectively; the
repeat sequence elements present in this region of the
two virus species are distinct and generate different
predicted secondary structures (Levinson et al., 1990;
Pfeffer et al., 1998; Khan et al., 2002). Additionally, an
internal polyadenylation site [I-poly (A)] of variable
length has been identified in the 3 noncoding region
of one CHIKV genome (Khan et al., 2002) but no comparable I-poly (A) has been found in ONNV or other
CHIKV strains.
There are four nonstructural genes, designated
nsP1-4. All of these proteins are necessary for viral
replication and each has specific functions in this
process. The nsP1 protein is required for initiation of
synthesis of minus-strand RNA (Sawicki et al., 1981;
Wang et al., 1991; Sawicki and Sawicki, 1998) and has
an additional function as a methyltransferase to cap
the genomic and subgenomic RNAs during transcription (Durbin and Stollar, 1985; Mi and Stollar, 1991;
Strauss and Strauss, 1994). The nsP2 protein has RNA
helicase activity in its N-terminus (Hodgman, 1988;
Gorbalenya et al., 1990) while the C-terminal domain
functions as a proteinase for the alphavirus nonstructural polyprotein (Ding and Schlesinger, 1989;
Hahn et al., 1989; Hardy and Strauss, 1989). There
are three sites in the nonstructural polyprotein that
are cleaved by both nsP2 and polyproteins containing nsP2, but the cleavage-site preferences of the different polyproteins vary. Differential cleavage results
in alternative processing pathways for the nonstructural polyprotein at different times during the infections process (de Groot et al., 1990). For example,
early during infection, P123 and P1234 (made by readthrough translation of a stop codon present between
49S promoter

26S promoter
3 NCR

5 cap

nsP1

nsP2

nsP3

Non-structural genes

nsP4

C E3 E2 6K E1

Structural genes

FIGURE 32.2 Arrangement of CHIKV and ONNV genes and
genetic elements.
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the nsP3 and nsP4 genes) are produced by translation of the genomic mRNA. As the infection proceeds,
P123 cleaves between nsP1 and nsP2 to produce nsP1
and P23. The P23 polyprotein is autoproteolytic; it
cleaves itself to generate the individual nsP2 and nsP3
proteins. It is likely that the nsP2 proteinase activity has a regulatory function by modulating the rate
of viral replication. The functions of the nsP3 gene
are not fully understood. This protein consists of two
domains, a widely conserved N-terminal domain and
a hypervariable carboxy terminus (Strauss et al., 1988;
LaStarza et al., 1994b). The C-terminal region has been
shown to tolerate numerous mutations, including
large deletions, and still produce viable viral particles
in vertebrate cells (Davis et al., 1989; Li et al., 1990).
Interestingly, some nsP3 mutations in one alphavirus, Sindbis, while doing little to impair replication in
mammalian cells, significantly reduced the replicative
ability of the virus in mosquito cells (Lastarza et al.,
1994a) suggesting that this gene may aid in defining
cell type and invertebrate vector specificity. The final
nonstructural protein, nsP4, is presumably the viral
RNA-dependent RNA polymerase due to the characteristic GDD motif (Kamer and Argos, 1984).
The structural gene products are generated by
translation of a subgenomic message to produce a
polyprotein that is processed to produce a capsid protein, the two major envelope surface glycoproteins
(E1 and E2) as well as two small peptides, E3 and 6K
(Simizu et al., 1984; Strauss and Strauss, 1994). The
highly conserved capsid protein associates with the
nascent positive sense viral RNA to generate nucleocapsids. E1 and E2 are posttranscriptionally modified
in the endoplasmic reticulum and Golgi apparatus
before being transported to the plasma membrane
(Schlesinger and Schlesinger, 1986) where they maintain a close association with each other forming a
dimeric spike structure (Anthony and Brown, 1991;
Paredes et al., 1993). As virion formation proceeds, the
cytoplasmic nucleocapsids are trafficked to the cell
membrane where they bind to the surface glycoproteins before budding from the cell (Garoff and Simons,
1974; Ekstrom et al., 1994; Garoff et al., 1998). The E2
protein, in particular, has been found to be an important determinant of antigenicity and cell receptor
binding in both the vertebrate host and the insect vector for other alphaviruses. In mice, a single mutation
in the Venezuelan equine encephalitis virus (VEEV)
E2 glycoprotein delayed replication of the mutant by
almost 2 days and significantly reduced the pathogenicity of the virus (Davis et al., 1994), while in the
insect, one VEEV strain, containing a single mutation
in the E2, was restricted in its ability to disseminate
from the midgut following oral infection (Woodward

et al., 1991). Additionally, the E2 gene has been
implicated in increased vector infection of epizootic
mosquito vectors (Brault et al., 2002, 2004).

PROTECTIVE IMMUNE RESPONSE
Both CHIKV and ONNV are highly immunogenic and generate strong antibody responses that
are hallmarks of the infection. Antibodies are generated quite early in infection as documented by serological assays using either serum or cerebral spinal
fluid (CSF). Serum samples from CHIKV infections
collected within 5 days of symptom onset are typically free of neutralizing (N), complement-fixing
(CF), and hemagglutination inhibiting (HI) antibodies. However, samples collected as early as 2 weeks
postinfection already contain substantial levels of both
N and HI antibodies (Carey et al., 1969; Nimmannitya
et al., 1969). Additional information on N antibodies
against CHIK and ONN viruses has been obtained
from serosurveys following outbreaks and during
interepidemic periods (Salim and Porterfield, 1973;
Rodhain et al., 1989; Adesina and Odelola, 1991).
For example, after the 1996–1997 ONNV outbreak in
Uganda, 45% of the people surveyed in affected areas
had ONNV-specific antibodies (Sanders et al., 1999).
An interepidemic serosurvey, conducted in the early
1970s in Sudan, demonstrated 13% and 23% of those
tested had neutralizing antibodies against CHIKV
and ONNV, respectively (Salim and Porterfield, 1973).
High-titered CHIKV neutralizing antibody levels have
also been detected in laboratory workers infected by
occupational exposure (Tomori et al., 1981).
While both viruses generate high titered N antibodies, these antibodies are not equally cross-neutralizing
even though the viruses are extremely closely related.
This is and will be an important consideration for vaccine development against the species pair. Single dose
(infection immune) antisera reveal a one-way difference in neutralization of homologous versus heterologous viruses. Early studies indicated that CHIKV
immune serum could neutralize both CHIKV and
ONNV while ONNV antisera neutralized only the
homologous virus (Porterfield, 1961; Karabatsos, 1975;
Chanas et al., 1976). One study designed to further
characterize this one-way relationship compared small
and large plaque variants of CHIKV with one strain of
ONNV (Chanas et al., 1979). This study revealed that
antiserum against ONNV did not neutralize CHIKV
to detectable levels but that nonneutralizing antibodies did, in fact, bind to the CHIK virions. At the time,
it was suggested that the arrangement of the antigens
on the CHIKV virions was sufficiently different to
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keep heterologous antibodies from effectively neutralizing the virus. Further studies utilized panels of
monoclonal antibodies (mabs) to elucidate the interactions between CHIKV, ONNV, and antibodies against
the two viruses. In this study, the authors again found
that the majority of CHIKV-specific mabs would react
with ONNV but as few of 12% of the mabs generated against ONNV were reactive against certain
strains of CHIKV. The results of this study suggested
that ONNV had certain antigenic epitopes that were
unique to the envelope proteins of this virus and thus,
would not bind the closely related CHIKV (Blackburn
et al., 1995). The changes in the ONNV glycoprotein
epitopes that are reflected by the inability of ONNV
mabs to bind CHIKV may correlate with the distinctive ability of ONNV to infect anopheline mosquitoes
while the other alphaviruses lack this capacity.
Development of vaccines against CHIKV and ONNV
would need to consider these epitope differences if
broad cross-protection were to be obtained.
The role of cell-mediated immunity has not been
extensively studied for either CHIKV or ONNV infections. Due to the lack of mortality associated with
these viruses and the frequent misdiagnosis of dengue for CHIKV or ONNV infections, these alphaviruses have not been considered high priority agents
until recently. However, another alphavirus in the
Semliki Forest antigenic complex, Ross River virus
(RRV), was shown to induce the proliferation of
T-lymphocytes in infected mouse spleen cells (Aaskov
et al., 1983). Curiously, little virus-specific cytotoxic
activity was detected in these cells. Studies with other
alphaviruses (Semliki Forest and Sindbis) demonstrated that cytotoxic T-lymphocyte (CTL) activity
correlated with clearance from peripheral blood (Peck
et al., 1979; Blackman and Morris, 1984); however,
this CTL activity was not believed to protect against
acute alphavirus viremia (Kagi and Hengartner,
1996). Recent work describing the characterization of
an alphavirus CD8 CTL epitope that localizes to the
capsid protein found that the epitope was conserved
across many of the Semliki Forest complex viruses
including CHIKV and correlated with CTL crossreactivity from mice that had been infected with these
viruses (Linn et al., 1998). Further examination of the
role of CMI in CHIKV and ONNV infections is certainly warranted.

EPIDEMIOLOGY
For two viruses that are so closely related, both serologically and genetically, CHIKV and ONNV have curiously distinct transmission cycles and epidemiology,

a condition that could impact any broad control or
vaccine strategies for these agents. Geographically,
ONNV is fairly restricted with its range limited to
select portions of Africa (Fig. 32.1); the virus has been
isolated in samples collected from Uganda, Kenya,
Tanzania, Malawi, Mozambique, Cameroon, and
the Central African Republic (Woodall et al., 1963;
Johnson, 1988). The antigenic subtype Igbo Ora has
additionally been identified in the Central African
Republic and Nigeria, extending the geographic range
of ONNV to western Africa (Moore et al., 1974, 1975;
Olaleye et al., 1989). In contrast, CHIKV is prevalent throughout Africa as well as Southeast Asia and
parts of Oceania. The virus causes not only large outbreaks throughout this distribution but appears to be
enzootic across tropical regions of Africa. Molecular
epidemiological studies have suggested that CHIKV
originated in Africa and subsequently moved to Asia
and the Indian Ocean areas (Powers et al., 2000) and
that lineages are continually circulating even in the
absence of identified vertebrate hosts (Yadav et al.,
2003b).
The major distinction between the two viruses is
that they are transmitted not only by different species
of mosquitoes but by vectors that are in different families. In fact, ONNV is distinct among alphaviruses in
that it is the only species to be principally vectored by
anopheline mosquitoes; all the other alphaviruses utilize culicine species in their transmission cycles. The
majority of mosquitoes collected in both the 1959–1962
and 1996–1997 outbreaks were found to be primarily
endophilic and the epidemic transmission of ONNV
is most certainly between man and infected Anopheles
gambiae and Anopheles funestus mosquitoes (Corbet
et al., 1961; Williams et al., 1965a; Johnson, 1988;
Lutwama et al., 1999). During both outbreaks, An.
funestus was the most abundant mosquito collected
and isolates of ONNV were obtained during each epidemic from this species. An isolate was also obtained
from An. funestus during the interepidemic period
in 1978 suggesting that this mosquito may also be
involved in the enzootic maintenance cycle (Johnson
et al., 1981). An. gambiae was incriminated as a vector during the first outbreak but there were too few of
this species collected during the second outbreak to
confirm its role as an epidemic vector. Additionally,
an isolate of ONNV was recovered from a pool of
Mansonia uniformis during the 1996–1997 outbreak
and previous literature has suggested that Mansonia
species mosquitoes may be ONNV vectors (Haddow
et al., 1960; Lutwama et al., 1999). The 1997 isolate was
the first ever recorded from a Mansonia species so the
epidemic and maintenance potential of mosquitoes in
this genus remains to be determined.
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In sharp contrast to ONNV, CHIKV in the West
and Central Africa range appears to be maintained in
a sylvatic cycle involving wild nonhuman primates
and forest-dwelling Aedes spp. mosquitoes. The virus
has been isolated from sylvatic mosquito species in
several countries including Senegal, Cote d’Ivoire,
Central African Republic, and South Africa. The mosquito species involved vary geographically and with
ecological conditions; however, the major species
involved in sylvatic cycles are Aedes furcifer, Aedes
taylori, Aedes luteocephalus, Aedes africanus, and Aedes
neoafricanus (McIntosh et al., 1977; Jupp and McIntosh,
1988; Diallo et al., 1999). Isolates of CHIKV have been
obtained from all these species but the principal vectors during epidemics in these geographic regions
appear to be members of the Ae. furcifer-taylori group
(Jupp and McIntosh, 1990). In these primarily rural
regions the outbreaks have tended to be of smaller
scale and appear to be heavily dependent upon the
sylvatic mosquito densities that increase with periods
of heavy rainfall (Lumsden, 1955).
While forest-dwelling mosquito species are primary
vectors in West and Central Africa, the urban mosquito
Aedes aegypti has been found to be the most significant
vector in Asia with virtually all Asian mosquito isolates coming from this species. These are urban and
peridomestic, anthropophilic mosquitoes that maintain close associations with humans and thus, are
likely to be responsible for the much larger outbreaks
documented there. Urban or large outbreaks in East
Africa are also likely associated with the presence of
Ae. aegypti mosquitoes. Numerous laboratory studies have examined distinct populations of Ae. aegypti
to understand the variable susceptibilities of this species in the transmission of CHIKV (Soekiman, 1987;
Banerjee et al., 1988; Mourya et al., 1994). Other common peridomestic species, including Aedes albopictus,
Aedes vittatus, and Anopheles stephensi, that have been
found in abundance in CHIKV endemic areas have
also been assessed for their vectorial capacity (Tesh et
al., 1976; Soekiman et al., 1986a, 1986b; Mourya, 1987;
Mourya and Banerjee, 1987; Turell et al., 1992, Yadav
et al., 2003a). All three of these species were found to
be competent vectors in the laboratory; their role as
primary vectors in urban outbreaks of CHIKV disease
should be considered.
Numerous field and laboratory studies have been
conducted on the mosquito vectors involved in the
transmission of CHIKV and ONNV. Unfortunately,
there is far less information on the vertebrate hosts
involved in viral maintenance. Most of the speculation regarding potential vertebrate reservoirs has been
derived from serosurveys and laboratory animal studies that have demonstrated the presence of antibodies
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against these viruses (McIntosh, 1961; Paul and Singh,
1968; Bedekar and Pavri, 1969; Johnson et al., 1977;
Marshall et al., 1982). Both humans and wild nonhuman primates throughout the humid forests and
semiarid savannas of Africa have been found to have
significant antibody levels against CHIKV. It is postulated that the appearance of CHIKV epidemics follows a 3–4 year cyclical pattern that coincides with the
repopulation of susceptible, nonimmune, wild primates
(Jupp and McIntosh, 1988). To date, a vertebrate reservoir or sylvan transmission cycle for CHIKV has not
been identified outside Africa. Similarly, a vertebrate
host for ONNV has not been determined although
antibody has been detected in cattle, goats, lizards, and
several species of rodents (Johnson et al., 1977).
The two major ONNV epidemics were both extensively characterized epidemiologically and revealed
that the virus moved extremely rapidly through the
affected areas and infected a significant proportion of
the population (Lumsden, 1955; Ross, 1956; Williams
et al., 1965b; Sanders et al., 1999). In 1959–1961, over
2 million people were infected during the 2-year outbreak. Similarly, during the 1996 outbreak infection
rates were estimated to be as high as 68% with attack
rates over 40% (Sanders et al., 1999). CHIKV outbreaks
have varied dramatically in magnitude depending
upon whether the outbreak was localized to urban or
rural settings. However, in both settings, the attack
rate has been found to be significant and comparable;
morbidity rates between 30% and 70% are typical with
postoutbreak seroprevalence rates commonly ranging from 50% to 80% (Halstead et al., 1969c; Padbidri
and Gnaneswar, 1979; Jupp and McIntosh, 1988).
The seropositivity rate has been found to be slightly
lower in rural outbreaks suggesting that the vectors transmitting the virus in rural ecological settings
have insufficient human contact or are less efficient
at transmission to human hosts (McCrae et al., 1971).
Rates of immunity are also lower in young children
as is the percentage of people over 60 years of age
demonstrating clinical illness during outbreaks. This
indicates that the virus produces long-lived antibody
that is presumably protective for life (Kokernot et al.,
1965a, 1965b; Reuben, 1967). Occupational exposure
differences to mosquitoes are likely the cause of any
higher incidence rates that may be associated with
males compared with females.
Although mortality is not a major concern of either
ONNV or CHIKV infection, these viruses are still significant public health problems. The acute phase of the
illness causes fever and joint pain that is so incapacitating that inactivity for several weeks is not uncommon.
With the accompanying high attack rate, this can lead
to crippling absenteeism rates as well as a significant
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drain on local health care systems. For example, in the
initial ONNV outbreak, up to 10% of the local workforce was ill at any given time with 25% being incapacitated for 5 days or more (Williams et al., 1965b).

POTENTIAL BIOTHREAT AGENT
Neither CHIKV nor ONNV has been classified as
potential biothreat agents as the encephalitic alphaviruses VEEV, eastern equine encephalitis virus (EEEV),
and western equine encephalitis virus (WEEV) have
been. However, CHIKV has been documented to
cause laboratory infections that could be associated
with aerosol route of transmission so the possibility of
using this virus as an aerosolized biothreat agent cannot be completely excluded.

CLINICAL DISEASE
A classic triad of signs for CHIKV and ONNV infection includes fever, arthralgia, and rash that may or
may not be accompanied by other indicators of disease
(Deller and Russell, 1967; Tesh, 1982; McGill, 1995;
Adebajo, 1996). The overall clinical illness is virtually
identical between these two alphaviruses but there are
occasional distinctions that may be suggestive markers
for differential diagnosis in regions where the viruses
overlap (Fig. 32.1 for geographic distributions).
CHIK virus infection produces an illness in humans
that typically begins with a sudden onset of fever
reaching as high as 104°F (Deller and Russell, 1967)
that may last as long as 10 days. The fever almost
always precedes the rash and joint pain and has occasionally been reported as biphasic with the recurrence
noted on the 4th or 5th day of illness (Robinson, 1955;
Jadhav et al., 1965). Additionally, there have been
reported cases of febrile convulsions in young children (Moore et al., 1974). Fever is also documented
with ONNV infection; however, it usually ranges from
99°F to 101°F and lasts for only 2–3 days. No biphasic
fevers have been reported for ONNV.
The rash associated with infection is maculopapular
and erythematous in character, is visible starting 2–5
days postinfection, and may last up to 10 days. The
nonpruritic rash is distributed primarily on the face,
limbs, and trunk of the body. There has also been infrequent documentation of hemorrhagic manifestations
including hematemesis and melena due to CHIKV
infection in Southeast Asia (Sarkar et al., 1965a) where
hemorrhagic disease is typically attributed to infection
with dengue viruses.

Perhaps the most significant manifestation of the
illness associated with these viruses is the severe
joint pain that occurs with virtually every clinical
case (Deller and Russell, 1968; Fourie and Morrison,
1979). Even the names given to the virus indicate
the degree of discomfort caused: “chikungunya”
is Makonde meaning “that which bends up” and
“o’nyong-nyong” is an Acholi word for a similar
sentiment. The arthralgia is most commonly symmetrical and peripheral being noted in the ankles, toes,
fingers, elbows, wrists, and knees. The joints exhibit
extreme tenderness and swelling with the patients
frequently reporting incapacitating pain that lasts
for weeks or months. Paresthesia of the skin over the
affected joints is common with CHIKV infection suggesting neurological involvement but no evidence of
neurologic sequelae have been observed. Most infections completely resolve at that time but there have
been documented cases of CHIKV-induced arthralgia persisting for several years (Brighton et al., 1983;
McGill, 1995) with up to 12% of patients with CHIKV
disease developing chronic joint problems (Calisher,
1999). In a rare instance, the rheumatic manifestations
resulted in joint destruction before resolution after
numerous years (Brighton and Simson, 1984).
Other symptoms that have been reported with
CHIKV or ONNV infection include headache, retroorbital pain, photophobia, lumbar back pain, chills,
weakness, malaise, nausea, vomiting, and myalgia
(Shore, 1961; Brighton, 1981; Johnson, 1988; McGill,
1995; Calisher, 1999). Some combination of these symptoms is generally reported by all patients but their presence and frequency are variable. Additionally, signs
including conjunctivitis, pharyngitis, and lymphadenopathy may be observed. In particular, enlargement
and tenderness of the cervical lymph node is frequently
quite severe and a distinctive characteristic of ONNV
infection. Other nodes including the postoccipital, axillary, and inguinal may also be enlarged.
Occasionally, unusual clinical presentation due to
CHIKV infection has been observed. For example, one
study revealed evidence of myocarditis after acute
febrile illness and serologic evidence of CHIKV infection
(Obeyesekere and Hermon, 1972, 1973). Presentation
included sinus tachycardia, ventricular ectopics, cardiomegaly, and abnormal electrocardiograms. Signs of congestive heart failure were documented several months
after initial illness. Cases of mortality, neurological disease, and intrauterine transmission were also reported
in the 2006 Reunion outbreak (Schuffenecker et al.,
2006; Powers and Logue, 2007). While clinical cases
of this nature are not typical, they serve as a reminder
that the viruses may have diverse and perhaps evolving
patterns of virulence.
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Laboratory parameters for CHIKV or ONNV infections can be quite variable and frequently do not aid in
diagnosis. Results include a normal hematocrit (varying
from 40% to 50%), thrombocytopenia or alternatively,
no obvious platelet deficiencies, normal urinanalysis,
and low to normal WBC counts of 4000–7000 although
leukocytosis has been documented (Shore, 1961; Jadhav
et al., 1965; Deller and Russell, 1968; Tesh, 1982). The
erythrocyte sedimentation rate may be slightly elevated which is suggestive of rheumatoid arthritis and
may confound diagnosis of isolated CHIKV infections.
Overall, standard laboratory testing is of little value
and diagnosis is dependent upon isolation of virus or
confirmation of virus-specific antibodies using acute
and convalescent sera. Diagnosis is facilitated during
large epidemics while small rural outbreaks or individual cases are often never diagnosed. Unfortunately,
the symptoms of both CHIKV and ONNV infection are
quite similar to those of many other pathogens affecting
people in the endemic areas. One particular difficulty
in identifying the widespread nature of CHIKV infection is its overlapping distribution with dengue viruses.
Because the clinical symptoms of CHIKV infection often
mimic those of dengue fever and because CHIKV circulates in regions where dengue virus is endemic, it has
been postulated that many cases of dengue virus infection are misdiagnosed and that the incidence of CHIKV
infection is much higher than previously reported
(Myers and Carey, 1967; Carey, 1971).

TREATMENT
Because both CHIKV and ONNV induce nonfatal,
self-limiting diseases, treatment is entirely supportive
for the symptoms. With the primary signs including
fever and joint pain with swelling, analgesics, antipyretics, and anti-inflammatory agents are the most appropriate treatment. Commonly, these agents would include
aspirin but due to the reports of possible hemorrhagic
manifestations, aspirin should be avoided in favor of
other options (Tesh, 1982) including acetaminophen,
ibuprofen, steroid therapy, and nonsteroidal agents such
as indomethacin. However, as some of these therapies
can have serious side effects, the need for prolonged
use should be a consideration in treatment regimens.
For chronic cases of arthritis due to CHIKV, chloroquine
phosphate was shown in one study to provide relief to
patients that had limited response to nonsteroidal antiinflammatory drugs (Brighton, 1984). Additional actions
including bed rest and fluids are recommended.
The lack of specific treatment for CHIKV and
ONNV infection has prompted laboratory studies to
identify antiviral agents effective against these viruses.

Compounds including ribavirin, sulfated polysaccharides (iota carrageenan, fucoidan, and dextran
sulfate), 6-azauridine, glycyrrhizin, and interferon-α
have been evaluated for their ability to inhibit replication of CHIKV in cell culture. With the exception
of the polysaccharides, all were found to have both
potent and selective antiviral activity (Briolant et al.,
2004). Additionally, these four compounds have demonstrated efficacy in the treatment of other diseases
(Deneau and Farber, 1975; Andrei and De Clercq,
1993, Grieder and Vogel, 1999; van Rossum et al.,
1999; Ryman et al., 2000) warranting additional testing for their use against these arthralgic alphaviruses.
In particular, multidrug therapies may prove useful as
each treatment has distinct pharmacological actions
that may produce synergistic effects as well as reduce
the likelihood of resistance.

PATHOGENESIS
While numerous field and laboratory studies have
investigated serological outcomes of CHIKV or ONNV
infection, virtually no effort has been placed on direct
examination of the mechanism(s) of pathogenesis due
to infection with these viruses. However, several recent
papers elucidating the molecular and cellular aspects
of RRV disease development may also be applicable to
CHIKV and ONNV infections. RRV is another alphavirus in the Semliki Forest antigenic complex and is
closely related to both CHIKV and ONNV genetically.
Additionally, RRV causes epidemic polyarthritis generating a pattern of illness including rheumatic symptoms,
rash, and fever (Harley et al., 2001) similar to that seen
with CHIKV and ONNV. Also, like CHIKV disease, the
symptoms may persist for several months with prolonged painful arthralgia suggesting the development of
disease may result from similar pathways.
RRV patients with chronic joint pain were found to
have viral antigen in the synovial fluid and this virus
attracted inflammatory infiltrates to the affected joints
(Rulli et al., 2005). CHIKV patients with prolonged joint
pain demonstrated high titers of specific antibodies suggesting persistent antigen presence, but no virus could
be cultured from synovial fluid in a small cohort of subjects (Brighton et al., 1983). In addition, RRV has been
found to persistently infect macrophages and evidence
suggests that the ability of the virus to be maintained
in these cells for extensive periods contributes to their
pathogenesis (Way et al., 2002). Macrophages were found
to be directly responsible for muscle tissue destruction as
treatment of animals with macrophage toxic compounds
prior to RRV infection completely prevented clinical diseases and clearance of macrophages from infected tissue
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was associated with a decrease in symptoms (Lidbury
et al., 2000). Because macrophages were found to be
infected by and responsible for RRV disease, it was postulated that chemokines may also be involved in pathogenesis (Lidbury et al., 2000; Mahalingam et al., 2003)
and some evidence has been accumulated supporting
this idea (Mateo et al., 2000). The proposed model is that
RRV-infected macrophages secrete chemokines that are
attractive for additional macrophage. The newly immigrated macrophages are then susceptible to further infection thus propagating the cycle. Additionally, RRV can
bind specific antibodies resulting in complexes that can
bind and infect monocytes and macrophage via their
cellular Fc receptors (Rulli et al., 2005). This antibodydependent enhancement (ADE) pathway could have
implications for vaccination potential including suppression of the host cell antiviral responses (Lidbury and
Mahalingam, 2000; Suhrbier and La Linn, 2003). Due to
the similarities in clinical symptomology between RRV
and CHIKV, these mechanisms need to be closely examined in the case of CHIKV infections.
The T-cell response may also be a factor in CHIKV/
ONNV pathogenesis as it is with RRV. CD8 T cells
are the major immunological cell type associated with
epidemic polyarthritis patients that quickly recover
from the febrile rash in contrast to the CD4 cells
that predominate in the synovial fluid of patients
with chronic disease (Fraser and Becker, 1984). When
productively and persistently infected in vitro macrophages are treated with CD8 T cells generated by
vaccination of mice with RRV capsid protein, the
infection is completely cleared (Linn et al., 1998).
This suggests that a defective cell-mediated immune
response may also play a role in chronic disease and
viral persistence (Fraser, 1986). Again, these studies
need to be extended to the other alphavirus arthritides
to determine if this is a broad-spectrum occurrence.

VACCINES: HISTORY
Due to the significant infection and attack rates during outbreaks, the extensive geographic distribution of
these viruses, and the severe morbidity associated with
clinical disease due to CHIKV or ONNV infection, a
vaccine is highly desirable for control of disease caused
by these agents. In addition, there have been numerous documented cases of laboratory acquired infections
of CHIKV (U.S. Department of Health and Human
Services: Biosafety in Microbiological and Biomedical
Laboratories) indicating that a vaccine would also be
beneficial to personnel with occupational risk. However,
while there has been extensive work in vaccinology for
several other alphaviruses (Rayner et al., 2002; Nalca

et al., 2003; Johnston and Davis, 2004), the history of
vaccine development for ONNV and CHIKV is short.
This is particularly true for ONNV where no vaccine
development has ever been documented. For CHIKV,
scientists at the Walter Reed Army Institute of Research,
The Salk Institute, and the U.S. Army Medical Research
Institute of Infectious Diseases have been the primary
investigators to undertake vaccine development and
characterization. Some additional work focusing on
potential CHIKV vaccines has been performed at the
Japanese National Institute of Health (Kitaoka, 1967)
and the Kobe University School of Medicine (Nakao
and Hotta, 1973). However, none of these efforts have
yet resulted in a licensed vaccine. Some human clinical
trials have been performed with promising results but,
to date, all CHIKV vaccine candidates must be considered “vaccines in development.”
One of the first published reports of a possible vaccine against CHIKV was the description of a formalinkilled, CHIKV-infected, suckling mouse brain (SMB)
preparation. This project began as an attempt by
researchers in Japan to protect children against Thai
hemorrhagic fever that was found to be caused by
dengue and chikungunya viruses (Halstead and
Buescher, 1961; Halstead et al., 1963). The SMB preparation of CHIKV vaccine was derived from 2- to
5-day-old mice that had been infected with the prototype strain of virus. The material was formalin inactivated and assessed for the ability to induce N and
HI antibodies in immunized mice. At 15 days postinoculation, mice were found to have both HI and protective N antibodies suggesting that a CHIKV vaccine
could be protective (Kitaoka, 1967).
A second early examination of a potential CHIKV
vaccine was the use of an African strain of virus, one
that had previously been through 177 SMB passages,
and harvested from baby hamster kidney (BHK) cell
culture. The recovered virus was either ultraviolet (UV)
or formalin inactivated to determine if inactivation
method would impact protective efficacy. The purified
preparations were injected subcutaneously (s.c.) into
monkeys using a 3-dose schedule at days 0, 14, and 63.
Both induced N antibodies with the UV-inactivated
material proving to be the better approach (Nakao and
Hotta, 1973). For both this study and the SMB vaccine
screened above, no additional information was published as follow up to this initial developmental work.

VACCINES IN DEVELOPMENT
The most extensive work performed in the development of a human CHIKV vaccine was initiated by
investigators at Walter Reed Army Institute of Research.
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Their first efforts involved comparative testing of vaccines prepared in both avian and mammalian cells. This
early work utilized CHIKV strain 168 that was obtained
from the 1952–1953 outbreak in Tanganyika (Mason
and Haddow, 1957). The virus was used to infect chick
embryo (CE), SMB, and African green-monkey kidney
cell (GMKC) cultures to ascertain the most appropriate
production system (Harrison et al., 1967). Virus harvested from each of these preparations was formalin
inactivated using the standard techniques that had been
developed for a Rift Valley fever vaccine (Randall et al.,
1962). Potency testing for the products consisted of two
intraperitoneal (i.p.) inoculations of the vaccine into
adult mice at 0 and 7 days. Challenge of the vaccinated
animals occurred 14 days later by the intracerebral (i.c.)
route. This first round of potency tests suggested that the
CE preparation would be unsuitable for further development, as serological responses and protective capacity
in the mice were poor. A separate study comparing CE
and GMKC products indicated that CE cultures were
quite efficacious generating 4–5 times the level of antibodies developed in response to the GMKC vaccine and
providing more protection against homologous challenge virus (White et al., 1972). The distinction between
these two disparate results was the infectivity titer of
the virus prior to formalin inactivation; to generate suitable CE vaccine, highly concentrated CE suspension
cultures as described for EEE vaccine production were
required (White et al., 1971). While the SMB product
did induce antibodies and was found to be protective,
the possibility of allergic reactions in humans limited
enthusiasm for further development of this material.
The GMKC vaccine was also found to induce high levels of antibodies and was protective against i.c. challenge with homologous virus; therefore, these cells were
used for further characterization of their vaccine potential. Further tests included cross-strain challenge in both
mice and monkeys, viremia profile determinations, and
antibody development assessment. The immunogenic
potential of the GMKC vaccine was demonstrated in
all these tests with no detectable viremia and good protection in monkeys after challenge with four strains of
CHIKV (Harrison et al., 1967) and indicated that further
development of this vaccine was warranted.
The next step in development of the GMKC CHIKV
vaccine examined alternate methods of inactivation
of the virus. The first products were prepared by
the long used approach of formalin inactivation.
Because CHIKV virions are lipid-containing particles,
the methodology being tested for experimental influenza and measles vaccines (Davenport et al., 1964;
Norrby et al., 1966) of extracting the virus with surfactant (Tween 80) and ether was investigated (Eckels
et al., 1970). The approach had been shown previously
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to produce an immunogenic vaccine that lacked any
infectivity and that same phenomenon was observed
with GMKCs infected with CHIKV. Additionally, this
vaccine stimulated the development of CF, HI, and
N antibodies as well as protecting mice against challenge with homologous virus. In fact, the hemagglutination (HA) activity of the tween-ether vaccine
was maintained or even slightly enhanced while the
formalin treatment destroyed the HA activity. A lack
of knowledge as to the character of the immunizing
antigen of the CHIKV particles precluded an explanation for this phenomenon. No further development of
CHIKV vaccine using this method of preparation has
been published.
The continuation of work by these investigators
focused on safety and immunogenicity by looking for
immune response, adverse events, and possible side
effects of the formalin-inactivated product from GMKC
culture. In this phase, the strain of virus used was
changed from the highly passaged strain originating
from the first outbreak in Africa to an isolate obtained directly from the serum of an infected patient
in Thailand. The strain was designated 15561 and was
used for all further development by these investigators.
Extensive actions to provide purity assurances were
undertaken to confirm the elimination of hepatitis agents
and simian and murine adventitious agents from the
starting material and all culture materials used. A vaccine lot was produced, formalin-inactivated, lyophilized,
and used in safety and sterility tests. Potency tests were
conducted in mice and were followed up with a human
volunteer study consisting of 16 subjects. Subjects were
given two doses of vaccine s.c. 28 days apart and examined for local and systemic reactions during the course
of the study. No adverse events were noted in any of the
volunteers and most developed N antibody by day 14
with all subjects demonstrating significant levels by day
42. CF and HI antibody levels remained low throughout
the study in all subjects (Harrison et al., 1971). However,
the initial results demonstrated both safety and immunogenicity and were promising enough to continue with
further serologic studies examining long-term persistence of antibody. This antibody persistence study was
undertaken using 12 laboratory or office workers (all
employed in the building housing the research facilities)
who were immunized with 4 distinct alphavirus vaccines
(DeMeio et al., 1979). Subjects received the CHIKV vaccine after all other alphavirus vaccines; this occurred at
7 years 9 months after immunization with the VEE liveattenuated vaccine, 3 years and 1 month post-EEE
vaccination, and 11 months after the WEE vaccine.
Unfortunately, the CHIKV vaccine failed to elicit any
significant N antibody levels in any of the participants.
The lack of efficiency was attributed to the low potency
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of the CHIKV vaccine lot used as the ED50 value of 0.33
found in mice may not have been expected to generate
significant levels of antibodies. Curiously, this vaccine
did induce a significant rise in titer against EEEV in one
subject and two other subjects developed CHIKV N
antibody in response to immunization with the VEEV
vaccine.
The disappointing immunogenicity demonstrated
by the formalin-inactivated CHIKV vaccine in the longterm antibody persistence study led to the development
of a second generation CHIKV vaccine. The 15561 strain
from human serum was used as seed material to generate vaccine CHIK 181/clone 25 resulting from a series
of 18 plaque to plaque passages in MRC-5 cells of the
starting virus which had been passaged 11 times in
GMKC culture (Levitt et al., 1986). The CHIK 181/clone
25 strain exhibited small plaques, was temperature sensitive (ts), had decreased virulence for suckling mice,
and showed a reduced level of viremia in monkeys.
All of these characteristics have been associated with
attenuation in other host systems (Eckels et al., 1980;
Halstead et al., 1984) suggesting that 181/25 would
have reduced virulence as well. The protective efficacy of this vaccine was evaluated in both mouse and
monkey model systems. Mice were inoculated with a
single 0.5 mL dose, i.p. and challenged i.c. with a virulent, heterologous strain of virus (168) 2 weeks following immunization. Monkeys received an intramuscular
(i.m.) dose of pilot lot of vaccine 37 days prior to i.m.
challenge with 5.0 log10 plaque-forming units (pfu) of
nonattenuated parental virus (15561). The CD-1 mice
were protected completely when immunized with
4.5–6.5 log10 pfu of vaccine and 50% of the mice survived when vaccinated with only 2.5 log10 pfu. In the
monkey study, all the animals developed neutralizing
antibody and were completely aviremic upon challenge
indicting strong protective immunity. Additionally, the
181/clone 25 seed generated either no viremia or significantly reduced levels with a marked delay in onset compared with the parental virus in monkeys. Presumably,
this reduced virulence in monkeys would correlate with
virulence patterns in humans.
Because this was a live virus, additional safety testing included examining the potential of the vaccine
to be transmitted by mosquitoes in the case a viremic
vaccinee was bit by a mosquito (Turell and Malinoski,
1992). This phenomenon has been reported for the live
attenuated VEEV vaccine (Pedersen et al., 1972). Of
concern was the possibility that the vaccine characteristics could be ablated during replication of the virus in
the mosquito and that the virus would revert to virulence before being transmitted to another vertebrate
host. The vaccine was examined in both Ae. aegypti and
Ae. albopictus, the two mosquitoes known to be

competent urban vectors of the virus (Tesh et al., 1976;
Banerjee et al., 1988; Turell et al., 1992). While the vaccine strain was able to replicate in both species and even
be transmitted by the mosquitoes that received the virus
via intrathoracic inoculation, there was no evidence of
reversion to virulence. Based upon the low viremias the
vaccine strain generated in test subjects, it was postulated that it would be unlikely for either mosquito vector to become infected from feeding upon a vaccinated
human (Turell and Malinoski, 1992). The promising
results generated by these studies led to the submission
of an investigational new drug (IND) application for the
CHIK 181/clone 25 vaccine strain to provide a route for
the initiation of human clinical trials.

CLINICAL TRIALS
Phase 1 clinical trials consisted of both alphavirus
naïve individuals (38) as well as 36 additional subjects
that had previously been immunized with a live attenuated VEEV vaccine (McClain et al., 1998). Vaccines
were delivered s.c. at a dose of 4.4 log10 pfu/0.5 mL.
Mild symptoms including headache, fever, myalgia,
and injection site tenderness were reported with equal
frequency for both the placebo and CHIKV vaccine
cohorts in the naïve subject study. Approximately onethird of these subjects had transient but detectable levels
of viremia. However, the levels were too low to be
detected directly from the serum but were only documented after cell culture amplification. All CHIKV vaccine subjects seroconverted as noted by the appearance
of IgM and IgG antibody detected in ELISA as well as N
antibody with a peak titer occurring at 28 days. Of those
with preexisting alphavirus vaccine history, no local
or systemic symptoms were reported after immunization. Antibody responses were poor in this group with
only 36% of the subjects generating detectable levels of
CHIKV-specific antibodies. However, there was some
cross-reactivity as subjects vaccinated against CHIKV
generated antibodies that were detected in a VEEV IgG
ELISA with an anamnestic response upon subsequent
immunization with VEEV vaccine. This information
suggested that the live attenuated CHIKV vaccine was
both safe and efficacious but that sequential immunization with live-attenuated alphavirus vaccines could
hinder the development of protective immune responses
to subsequent alphavirus vaccines or infections.
The positive results derived from the Phase 1 clinical
trial were sufficient to progress to a Phase 2 randomized, double-blind, placebo-controlled CHIKV vaccine
trial to further assess safety and immunogenicity.
A total of 73 subjects was enrolled in this study with
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59 receiving a single s.c. inoculation of ~105 pfu of
TSI-GSD-218 vaccine (CHIK 181/clone 25 strain) in
0.5 mL (Edelman et al., 2000). After clinical and serological evaluation of both vaccine and placebo groups,
the incidence of local or systemic reactions was found
to be comparable in both groups; this indicated safety
of the vaccine. The only differences noted were the
descriptions of minor joint pain by five subjects in the
vaccine group with all symptoms lasting less than 24 h.
Serologically 98% of those receiving the CHIKV vaccine
developed N antibodies that peaked in titer by day 28
postimmunization and over 85% were still seropositive
at 1 year. This vaccine was found to be highly immunogenic, well-tolerated, and safe. It appears to be a very
promising alphavirus vaccine for those at risk and additional long-term studies of duration of immunity are
certainly warranted.

POSTEXPOSURE
IMMUNOPROPHYLAXIS
No studies have examined any possibilities for
postexposure immunoprophylaxis to either CHIKV
or ONNV. Potential approaches may include passive
transfer of antibodies from sera of previously infected
patients or produced from specific donors, monoclonal
antibody therapy, or immediate postexposure vaccination. Because these viruses have a short incubation period and can produce illness in just a few days,
some of these options are not particularly attractive.
Early identification of outbreaks would be an essential
component of disease control to insure that people in
affected areas but not yet exposed or infected could
receive any vaccine that should become available.

for both short-term (during outbreak situations) and
long-term (sustained) control of vector mosquitoes. A
successful program will be a partnership among the
local population, government and health ministry officials, the scientific community, and the members of the
communication network providing accurate and timely
information. Examples of short-term vector control
measures include covering of open water breeding
sites or applying larvicidal products if coverage is not
feasible, elimination of artificial breeding sites such as
discarded waste or used tires, and the use of adulticide products for immediate control of adult mosquito
populations early in an outbreak. However, these temporary and short-term vector control measures must be
used in conjunction with long-term solutions including monitoring of levels of vector mosquitoes, developing a system of communication between disease
surveillance activities and vector control activities to
insure that control measures are implemented rapidly
when clusters of vector-borne disease are identified,
and education of the public on measures to maintain a
mosquito-free environment at their homes and places of
work. Hopefully, these immediately available options
for mosquito control can be implemented while the
scientific, political, and social barriers to CHIKV and
ONNV vaccine development and distribution can be
resolved. Given the intraglobal atmosphere currently
present and the potential for any disease to suddenly
appear in unexpected areas such as West Nile virus has
demonstrated, vaccination strategies for CHIKV and
ONNV should be seriously considered.

KEY ISSUES
●

PROSPECTS FOR THE FUTURE
While the preliminary basic science studies and
clinical human trials provide promise for a CHIKV vaccine that would be extremely beneficial from a public
health perspective, the lack of mortality and marketability are certainly factors that may limit rapid development of any licensed vaccine. Additionally, continued
advancement in the understanding of the basic biology
of the viruses themselves and their ability to induce
immunity in the vertebrate hosts is necessary to aid
in the design of the most appropriate vaccine strategy.
Ultimately, given the areas where the viruses are found,
any vaccine distribution must be used in concert with a
comprehensive mosquito control program that would
employ a diverse group of measures to be implemented

●

●

●

CHIKV and ONNV cause significant morbidity,
are widely distributed, cause explosive outbreaks,
are responsible for numerous laboratory acquired
infections, and can easily be imported into naïve
regions due to travel from endemic areas. These
traits clearly demonstrate the need for a highly
immunogenic vaccine.
Distinctly different ecological and epidemiological
patterns exist for these closely related viruses
potentially impacting the utility of a single
vaccination strategy.
No licensed vaccines are currently available.
Various formulations of potential CHIKV vaccines
have been examined and subjected to human
clinical trials. No ONNV vaccine development has
ever been published.
There is significant cross-reactivity among
alphaviruses and the antibodies developed against
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them. This has led to concerns including the
possibility of ADE of infection as well as impaired
development of neutralizing serologic responses
and protective immunity. Vaccine strategies such
as the use of live, attenuated preparations must
consider these possibilities.

References
Aaskov, J.G., Dalglish, D.A., Davies, C.E., Tucker, M. and
Donaldson, M.D. Cell-mediated immune response to Ross River
virus in mice: evidence for a defective effector cell response.
Aust. J. Exp. Biol. Med. Sci. 1983; 61(Pt 5):529–540.
Adebajo, A.O. Rheumatic manifestations of tropical diseases.
[Review] [30 refs]. Curr. Opin. Rheumatol. 1996; 8(1):85–89.
Adesina, O.A. and Odelola, H.A. Ecological distribution of
Chikungunya haemagglutination inhibition antibodies in
human and domestic animals in Nigeria. Trop. Geogr. Med.
1991; 43(3):271–275.
Andrei, G. and De Clercq, E. Molecular approaches for the treatment of hemorrhagic fever virus infections. Antiviral Res. 1993;
22(1):45–75.
Anthony, R.P. and Brown, D.T. Protein–protein interactions in an
alphavirus membrane. J. Virol. 1991; 65(3):1187–1194.
Arankalle, V.A., Shrivastava, S., Cherian, S., Gunjikar, R.S., Walimbe,A.M.,
Jadhav, S.M., Sudeep, A.B. and Mishra, A.C. Genetic divergence
of Chikungunya viruses in India (1963–2006) with special reference to the 2005–2006 explosive epidemic. J. Gen. Virol. 2007;
88(7):1967–1976.
Banerjee, K., Mourja, D.T. and Malunjkar, A.S. Susceptibility &
transmissibility of different geographical strains of Aedes aegypti
mosquitoes to Chikungunya virus. Indian J. Med. Res. 1988;
87:134–138.
Bedekar, S.D. and Pavri, K.M. Studies with Chikungunya virus.
II. Serological survey of humans and animals in India. Indian
J. Med. Res. 1969; 57(7):1193–1197.
Blackburn, N.K., Besselaar, T.G. and Gibson, G. Antigenic relationship between chikungunya virus strains and o’nyong
nyong virus using monoclonal antibodies. Res. Virol. 1995;
146(1):69–73.
Blackman, M.J. and Morris, A.G. Gamma interferon production
and cytotoxicity of spleen cells from mice infected with Semliki
Forest virus. J. Gen. Virol. 1984; 65(Pt 5):955–961.
Brault, A.C., Powers, A.M., Ortiz, D., Estrada-Franco, J.G.,
Navarro-Lopez, R. and Weaver, S.C. Venezuelan equine encephalitis emergence: enhanced vector infection from a single amino
acid substitution in the envelope glycoprotein. Proc. Natl. Acad.
Sci. U.S.A. 2004; 101(31):11344–11349.
Brault, A.C., Powers, A.M. and Weaver, S.C. Vector infection determinants of Venezuelan equine encephalitis virus reside within
the E2 envelope glycoprotein. J. Virol. 2002; 76(12):6387–6392.
Brighton, S.W. Chikungunya virus infections. S. Afr. Med. J. 1981;
59(16):552.
Brighton, S.W. Chloroquine phosphate treatment of chronic
Chikungunya arthritis. An open pilot study. S. Afr. Med. J. 1984;
66(6):217–218.
Brighton, S.W., Prozesky, O.W. and de la Harpe, A.L. Chikungunya
virus infection. A retrospective study of 107 cases. S. Afr. Med. J.
1983; 63(9):313–315.
Brighton, S.W. and Simson, I.W. A destructive arthropathy
following Chikungunya virus arthritis: a possible association.
Clin. Rheumatol. 1984; 3(2):253–258.

Briolant, S., Garin, D., Scaramozzino, N., Jouan, A. and Crance, J.M. In
vitro inhibition of Chikungunya and Semliki Forest viruses replication by antiviral compounds: synergistic effect of interferon-alpha
and ribavirin combination. Antiviral Res. 2004; 61(2):111–117.
Burke, D.S., Nisalak, A. and Nimmannitya, S. Disappearance of
Chikungunya virus from Bangkok. Trans. R. Soc. Trop. Med.
Hyg. 1985; 79(3):419–420.
Calisher, C.H. Chikungunya, O’nyong nyong and Mayaro viruses
(Togaviridae). In: Encyclopedia of Virology (A. Granoff and
R.G. Webster, Eds.), Vol. 3, 2nd ed. pp. 236–241. London: Elsevier
Science & Technology Books, 1999.
Carey, D.E. Chikungunya and dengue: a case of mistaken identity?
J. Hist. Med. Allied Sci. 1971; 26(3):243–262.
Carey, D.E., Myers, R.M., DeRanitz, C.M., Jadhav, M. and Reuben, R.
The 1964 chikungunya epidemic at Vellore, South India, including observations on concurrent dengue. Trans. R. Soc. Trop.
Med. Hyg. 1969; 63(4):434–445.
Casals, J. and Whitman, L. Mayaro virus: a new human disease
agent. I. Relationship to other arbor viruses. Am. J. Trop. Med.
Hyg. 1957; 6(6):1004–1011.
Chanas, A.C., Hubalek, Z., Johnson, B.K. and Simpson, D.I. A comparative study of o’nyong nyong virus with chikungunya virus
and plaque variants. Arch. Virol. 1979; 59(3):231–238.
Chanas, A.C., Johnson, B.K. and Simpson, D.I. Antigenic relationships
of alphaviruses by a simple micro-culture cross-neutralization
method. J. Gen. Virol. 1976; 32(2):295–300.
Chastel, C. Human infections in Cambodia by the Chikungunya
virus or an apparently closely related agent. I. Clinical aspects.
Isolations and identification of the viruses. Serology. Bull. Soc.
Pathol. Exot. Filiales 1963; 56:892–915.
Corbet, P.S., Williams, M.C. and Gillett, J.D. O’nyong-nyong fever:
an epidemic virus disease in East Africa. IV. Vector studies at
epidemic sites. Trans. R. Soc. Trop. Med. Hyg. 1961; 55:463–480.
Davenport, F.M., Hennessy, A.V., Brandon, F.M., Webster, R.G.,
Barrett, C.D., Jr. and Lease, G.O. Comparisons of serologic and
febrile responses in humans to vaccination with influenza A
viruses or their hemagglutinins. J. Lab. Clin. Med. 1964; 63:5–13.
Davis, N.L., Grieder, F.B., Smith, J.F., Greenwald, G.F., Valenski, M.L.,
Sellon, D.C., Charles, P.C. and Johnston, R.E. A molecular genetic
approach to the study of Venezuelan equine encephalitis virus
pathogenesis. Arch. Virol. 1994; 9:99–109.
Davis, N.L., Willis, L.V., Smith, J.F. and Johnston, R.E. In vitro
synthesis of infectious Venezuelan equine encephalitis virus
RNA from a cDNA clone: analysis of a viable deletion mutant.
Virology 1989; 171(1):189–204.
de Groot, R.J., Hardy, W.R., Shirako, Y. and Strauss, J.H. Cleavagesite preferences of Sindbis virus polyproteins containing the
non-structural proteinase. Evidence for temporal regulation of
polyprotein processing in vivo. EMBO J. 1990; 9(8):2631–2638.
Deller, J.J., Jr. and Russell, P.K. An analysis of fevers of unknown origin in American soldiers in Vietnam. Ann. Intern. Med. 1967;
66(6):1129–1143.
Deller, J.J., Jr. and Russell, P.K. Chikungunya disease. Am. J. Trop.
Med. Hyg. 1968; 17(1):107–111.
DeMeio, J.L., DeSanctis, A.N. and Thomas, W.J. Persistence in
humans of antibody after immunization with four alphavirus
vaccines. Asian J. Infect. Dis. 1979; 3(3):119–124.
Deneau, D.G. and Farber, E.M. The treatment of psoriasis with
azaribine. Dermatologica 1975; 151(3):158–163.
Diallo, M., Thonnon, J., Traore-Lamizana, M. and Fontenille, D.
Vectors of chikungunya virus in Senegal: current data and transmission cycles. Am. J. Trop. Med. Hyg. 1999; 60(2):281–286.
Ding, M.X. and Schlesinger, M.J. Evidence that Sindbis virus NSP2
is an autoprotease which processes the virus nonstructural polyprotein. Virology 1989; 171(1):280–284.

III. VIRAL VACCINES

36_P369408_Ch32.indd 602

11/5/2008 10:42:36 AM

KEY ISSUES

Durbin, R.K. and Stollar, V. Sindbis virus mutants able to replicate
in methionine-deprived Aedes albopictus cells. Virology 1985;
144(2):529–533.
Eckels, K.H., Harrison, V.R. and Hetrick, F.M. Chikungunya virus
vaccine prepared by Tween-ether extraction. Appl. Microbiol.
1970; 19(2):321–325.
Eckels, K.H., Harrison, V.R., Summers, P.L. and Russell, P.K.
Dengue-2 vaccine: preparation from a small-plaque virus clone.
Infect. Immun. 1980; 27(1):175–180.
Edelman, R., Tacket, C.O., Wasserman, S.S., Bodison, S.A., Perry, J.G.
and Mangiafico, J.A. Phase II safety and immunogenicity study
of live chikungunya virus vaccine TSI-GSD-218. Am. J. Trop.
Med. Hyg. 2000; 62(6):681–685.
Ekstrom, M., Liljestrom, P. and Garoff, H. Membrane protein lateral
interactions control Semliki Forest virus budding. EMBO J. 1994;
13(5):1058–1064.
Fourie, E.D. and Morrison, J.G. Rheumatoid arthritic syndrome
after chikungunya fever. S. Afr. Med. J. 1979; 56(4):130–132.
Fraser, J.R. Epidemic polyarthritis and Ross River virus disease.
Clin. Rheum. Dis. 1986; 12(2):369–388.
Fraser, J.R. and Becker, G.J. Mononuclear cell types in chronic synovial effusions of Ross River virus disease. Aust. N.Z. J. Med.
1984; 14(4):505–506.
Garoff, H., Hewson, R. and Opstelten, D.J.E. Virus maturation by
budding. Microbiol. Mol. Biol. Rev. (Washington, DC) 1998;
62(4):1171–1190.
Garoff, H. and Simons, K. Location of the spike glycoproteins in
the Semliki Forest virus membrane. Proc. Natl. Acad. Sci. U.S.A.
1974; 71(10):3988–3992.
Gorbalenya, A.E., Koonin, E.V. and Wolf, Y.I. A new superfamily of
putative NTP-binding domains encoded by genomes of small
DNA and RNA viruses. FEBS Lett. 1990; 262(1):145–148.
Grieder, F.B. and Vogel, S.N. Role of interferon and interferon regulatory factors in early protection against Venezuelan equine
encephalitis virus infection. Virology 1999; 257(1):106–118.
Gubler, D.J. Human arbovirus infections worldwide. Ann. N.Y.
Acad. Sci. 2001; 951:13–24.
Haddow, A.J., Davies, C.W. and Walker, A.J. O’nyong-nyong fever:
an epidemic virus disease in east Africa I. Introduction. Trans. R.
Soc. Trop. Med. Hyg. 1960; 54:517.
Hahn, Y.S., Strauss, E.G. and Strauss, J.H. Mapping of RNAtemperature-sensitive mutants of Sindbis virus: assignment of
complementation groups A, B, and G to nonstructural proteins.
J. Virol. 1989; 63(7):3142–3150.
Halstead, S.B. and Buescher, E.L. Hemorrhagic disease in rodents
infected with virus associated with Thai hemorrhagic fever.
Science 1961; 134:475–476.
Halstead, S.B., Eckels, K.H., Putvatana, R., Larsen, L.K. and
Marchette, N.J. Selection of attenuated dengue 4 viruses by
serial passage in primary kidney cells. IV. Characterization of a
vaccine candidate in fetal rhesus lung cells. Am. J. Trop. Med.
Hyg. 1984; 33(4):679–683.
Halstead, S.B., Nimmannitya, S. and Margiotta, M.R. Dengue and chikungunya virus infection in man in Thailand, 1962–1964. II. Observations
on disease in outpatients. Am. J. Trop. Med. Hyg. 1969a; 18(6):972–983.
Halstead, S.B., Scanlon, J.E., Umpaivit, P. and Udomsakdi, S.
Dengue and chikungunya virus infection in man in Thailand,
1962–1964. IV. Epidemiologic studies in the Bangkok metropolitan area. Am. J. Trop. Med. Hyg. 1969b; 18(6):997–1021.
Halstead, S.B., Udomsakdi, S., Scanlon, J.E. and Rohitayodhin, S.
Dengue and chikungunya virus infection in man in Thailand,
1962–1964. V. Epidemiologic observations outside Bangkok.
Am. J. Trop. Med. Hyg. 1969c; 18(6):1022–1033.
Halstead, S.B., Udomsakdi, S., Singharaj, P. and Nisalak, A. Dengue
chikungunya virus infection in man in Thailand, 1962–1964. 3.

603

Clinical, epidemiologic, and virologic observations on disease in
non-indigenous white persons. Am. J. Trop. Med. Hyg. 1969d;
18(6):984–996.
Halstead, S.B., Yammerat, C. and Scanlon, J.E. The Thai hemorrhagic fever epidemic of 1962, a preliminary report. J. Med.
Assoc. Thailand 1963; 46:449–462.
Hardy, W.R. and Strauss, J.H. Processing the nonstructural proteins
of Sindbis virus: Nonstructural proteinase is in the C-terminal
half of nsP2 and functions both in cis and in trans. J. Virol. 1989;
63:4653–4664.
Harley, D., Sleigh, A. and Ritchie, S. Ross River virus transmission, infection, and disease: a cross-disciplinary review. Clin.
Microbiol. Rev. 2001; 14(4):909–932.
Harrison, V.R., Binn, L.N. and Randall, R. Comparative immunogenicities of chikungunya vaccines prepared in avian and mammalian tissues. Am. J. Trop. Med. Hyg. 1967; 16(6):786–791.
Harrison, V.R., Eckels, K.H., Bartelloni, P.J. and Hampton, C.
Production and evaluation of a formalin-killed Chikungunya
vaccine. J. Immunol. 1971; 107(3):643–647.
Hodgman, T.C. A new superfamily of replicative proteins [letter]
[published erratum appears in Nature 1988;333(6173):578].
Nature 1988; 333(6168):22–23.
Jadhav, M., Namboodripad, M., Carman, R.H., Carey, D.E. and
Myers, R.M. Chikungunya disease in infants and children in
Vellore: a report of clinical and haematological features of virologically proved cases. Indian J. Med. Res. 1965; 53(8):764–776.
Johnson, B.K. O’nyong-nyong virus disease. In: The Arboviruses:
Epidemiology and Ecology (T.P. Monath, Ed.), Vol. III, pp. 217–
223. Boca Raton, FL: CRC Press, 1988.
Johnson, B.K., Chanas, A.C., Shockley, P., Squires, E.J., Gardner, P.,
Wallace, C., Simpson, D.I., Bowen, E.T., Platt, G.S., Way, H.,
Parsons, J. and Grainger, W.E. Arbovirus isolations from, and
serological studies on, wild and domestic vertebrates from Kano
Plain, Kenya. Trans. R. Soc. Trop. Med. Hyg. 1977; 71(6):512–517.
Johnson, B.K., Gichogo, A., Gitau, G., Patel, N., Ademba, G., Kirui, R.,
Highton, R.B. and Smith, D.H. Recovery of o’nyong-nyong virus
from Anopheles funestus in Western Kenya. Trans. R. Soc. Trop.
Med. Hyg. 1981; 75(2):239–241.
Johnston, R.E. and Davis, N.L. Future vaccines against emerging
encephalitides. Arch. Virol. Suppl. 2004; (18):207–220.
Jupp, P.G. and Kemp, A. What is the potential for future outbreaks
of chikungunya, dengue and yellow fever in southern Africa?
[editorial]. S. Afr. Med. J. 1996; 86(1):35–37.
Jupp, P.G. and McIntosh, B.M. Chikungunya virus disease. In: The
Arbovirus: Epidemiology and Ecology (T.P. Monath, Ed.), Vol.
II, pp. 137–157. Boca Raton, FL: CRC Press, 1988.
Jupp, P.G. and McIntosh, B.M. Aedes furcifer and other mosquitoes
as vectors of chikungunya virus at Mica, northeastern Transvaal,
South Africa. J. Am. Mosquito Control Assoc. 1990; 6(3):
415–420.
Kagi, D. and Hengartner, H. Different roles for cytotoxic T cells in
the control of infections with cytopathic versus noncytopathic
viruses. Curr. Opin. Immunol. 1996; 8(4):472–477.
Kamer, G. and Argos, P. Primary structural comparison of RNAdependent polymerases from plant, animal and bacterial viruses.
Nucleic Acids Res. 1984; 12(18):7269–7282.
Karabatsos, N. Antigenic relationships of group A arboviruses by
plaque reduction neutralization testing. Am. J. Trop. Med. Hyg.
1975; 24(3):527–532.
Khan, A.H., Morita, K., Parquet Md Mdel, C., Hasebe, F.,
Mathenge, E.G. and Igarashi, A. Complete nucleotide sequence of
chikungunya virus and evidence for an internal polyadenylation
site. J. Gen. Virol. 2002; 83(Pt 12):3075–3084.
Kit, L.S. Emerging and re-emerging diseases in Malaysia. Asia Pac.
J. Public Health 2002; 14(1):6–8.

III. VIRAL VACCINES

36_P369408_Ch32.indd 603

11/5/2008 10:42:36 AM

604

O’NYONG-NYONG AND CHIKUNGUNYA

Kitaoka, M. Japanese encephalitis vaccine including a preliminary
report on dengue fever and Chikungunya vaccines. Jpn. J. Med.
Sci. Biol. 1967; 20:41–56.
Kiwanuka, N., Sanders, E.J., Rwaguma, E.B., Kawamata, J.,
Ssengooba, F.P., Najjemba, R., Were, W.A., Lamunu, M.,
Bagambisa, G., Burkot, T.R., Dunster, L., Lutwama, J.J., Martin, D.A.,
Cropp, C.B., Karabatsos, N., Lanciotti, R.S., Tsai, T.F. and
Campbell, G.L. O’nyong-nyong fever in south-central Uganda,
1996–1997: clinical features and validation of a clinical case
definition for surveillance purposes. Clin. Infect. Dis. 1999;
29(5):1243–1250.
Kokernot, R.H., Casaca, V.M., Weinbren, M.P. and McIntosh, B.M.
Survey for antibodies against arthropod-borne viruses in the
sera of indigenous residents of Angola. Trans. R. Soc. Trop. Med.
Hyg. 1965a; 59(5):563–570.
Kokernot, R.H., Szlamp, E.L., Levitt, J. and McIntosh, B.M. Survey
for antibodies against arthropod-borne viruses in the sera of
indigenous residents of the Caprivi Strip and Bechuanaland
Protectorate. Trans. R. Soc. Trop. Med. Hyg. 1965b; 59(5):553–562.
Lam, S.K., Chua, K.B., Hooi, P.S., Rahimah, M.A., Kumari, S.,
Tharmaratnam, M., Chuah, S.K., Smith, D.W. and Sampson, I.A.
Chikungunya infection: an emerging disease in Malaysia.
Southeast Asian J. Trop. Med. Public Health 2001; 32(3):447–451.
Lanciotti, R.S., Ludwig, M.L., Rwaguma, E.B., Lutwama, J.J.,
Kram, T.M., Karabatsos, N., Cropp, B.C. and Miller, B.R.
Emergence of epidemic o’nyong-nyong fever in Uganda after a
35-year absence: genetic characterization of the virus. Virology
1998; 252(1):258–268.
Laras, K., Sukri, N.C., Larasati, R.P., Bangs, M.J., Kosim, R., Djauzi
Wandra, T., Master, J., Kosasih, H., Hartati, S., Beckett, C.,
Sedyaningsih, E.R., Beecham, H.J., III and Corwin, A.L. Tracking
the re-emergence of epidemic chikungunya virus in Indonesia.
Trans. R. Soc. Trop. Med. Hyg. 2005; 99(2):128–141.
Lastarza, M.W., Grakoui, A. and Rice, C.M. Deletion and duplication mutations in the C-terminal nonconserved region of
Sindbis virus nsP3: effects on phosphorylation and on virus
replication in vertebrate and invertebrate cells. Virology 1994a;
202(1):224–232.
LaStarza, M.W., Lemm, J.A. and Rice, C.M. Genetic analysis of the
nsP3 region of Sindbis virus: evidence for roles in minus-strand
and subgenomic RNA synthesis. J. Virol. 1994b; 68(9):5781–5791.
Levinson, R.S., Strauss, J.H. and Strauss, E.G. Complete sequence of the
genomic RNA of O’nyong-nyong virus and its use in the construction of alphavirus phylogenetic trees. Virology 1990; 175(1):110–123.
Levitt, N.H., Ramsburg, H.H., Hasty, S.E., Repik, P.M., Cole, F.E.,
Jr. and Lupton, H.W. Development of an attenuated strain of
chikungunya virus for use in vaccine production. Vaccine 1986;
4(3):157–162.
Lhuillier, M., Cunin, P., Mazzariol, M.J., Monteny, N., Cordellier, R.
and Bouchite, B. A rural epidemic of Igbo Ora virus (with interhuman transmission) in the Ivory Coast 1984–1985. Bull. Soc.
Pathol. Exot. Filiales 1988; 81(3):386–395.
Li, G.P., La Starza, M.W., Hardy, W.R., Strauss, J.H. and Rice, C.M.
Phosphorylation of Sindbis virus nsP3 in vivo and in vitro.
Virology 1990; 179(1):416–427.
Lidbury, B.A. and Mahalingam, S. Specific ablation of antiviral gene
expression in macrophages by antibody-dependent enhancement
of Ross River virus infection. J. Virol. 2000; 74(18):8376–8381.
Lidbury, B.A., Simeonovic, C., Maxwell, G.E., Marshall, I.D. and
Hapel, A.J. Macrophage-induced muscle pathology results in
morbidity and mortality for Ross River virus-infected mice. J.
Infect. Dis. 2000; 181(1):27–34.
Linn, M.L., Mateo, L., Gardner, J. and Suhrbier, A. Alphavirusspecific cytotoxic T lymphocytes recognize a cross-reactive

epitope from the capsid protein and can eliminate virus
from persistently infected macrophages. J. Virol. 1998; 72(6):
5146–5153.
Lumsden, W.H.R. An epidemic of virus disease in Southern
Province, Tanganyika Territory, in 1952–53. II. General description and epidemiology. Trans. R. Soc. Trop. Med. Hyg. 1955;
49:33–57.
Lutwama, J.J., Kayondo, J., Savage, H.M., Burkot, T.R. and
Miller, B.R. Epidemic O’Nyong-Nyong fever in southcentral
Uganda, 1996–1997: entomologic studies in Bbaale village, Rakai
District. Am. J. Trop. Med. Hyg. 1999; 61(1):158–162.
Mahalingam, S., Friedland, J.S., Heise, M.T., Rulli, N.E., Meanger, J.
and Lidbury, B.A. Chemokines and viruses: friends or foes?
Trends Microbiol. 2003; 11(8):383–391.
Marchette, N.J., Rudnick, A., Garcia, R. and MacVean, D.W.
Alphaviruses in Peninsular Malaysia: I. Virus isolations and
animal serology. Southeast Asian J. Trop. Med. Public Health
1978; 9(3):317–329.
Marshall, T.F., Keenlyside, R.A., Johnson, B.K., Chanas, A.C. and
Smith, D.H. The epidemiology of O’nyong-nyong in the Kano
Plain, Kenya. Ann. Trop. Med. Parasitol. 1982; 76(2):153–158.
Mason, P.J. and Haddow, A.J. An epidemic of virus disease in
Southern Province, Tanganyika Territory, in 1952–53; an additional note on Chikungunya virus isolations and serum antibodies. Trans. R. Soc. Trop. Med. Hyg. 1957; 51(3):238–240.
Mateo, L., La Linn, M., McColl, S.R., Cross, S., Gardner, J. and
Suhrbier, A. An arthrogenic alphavirus induces monocyte
chemoattractant protein-1 and interleukin-8. Intervirology 2000;
43(1):55–60.
McClain, D.J., Pittman, P.R., Ramsburg, H.H., Nelson, G.O.,
Rossi, C.A., Mangiafico, J.A., Schmaljohn, A.L. and Malinoski, F.J.
Immunologic interference from sequential administration
of live attenuated alphavirus vaccines. J. Infect. Dis. 1998;
177(3):634–641.
McCrae, A.W., Henderson, B.E., Kirya, B.G. and Sempala, S.D.
Chikungunya virus in the Entebbe area of Uganda: isolations and epidemiology. Trans. R. Soc. Trop. Med. Hyg. 1971;
65(2):152–168.
McGill, P.E. Viral infections: alpha-viral arthropathy. [Review]
[31 refs]. Baillieres Clin. Rheumatol. 1995; 9(1):145–150.
McIntosh, B.M. Susceptibility of some African wild rodents to infection with various arthropod-borne viruses. Transfusion (Paris)
1961; 55:63–68.
McIntosh, B.M., Jupp, P.G. and Dos Santos, I. Rural epidemic
of chikungunya in South Africa with involvement of Aedes
(Diceromyia) furcifer (Edwards) and baboons. S. Afr. J. Sci. 1977;
73:267–269.
Mi, S. and Stollar, V. Expression of Sindbis virus nsP1 and
methyltransferase activity in Escherichia coli. Virology 1991;
184(1):423–427.
Moore, D.L., Causey, O.R., Carey, D.E., Reddy, S., Cooke, A.R.,
Akinkugbe, F.M., David-West, T.S. and Kemp, G.E. Arthropodborne viral infections of man in Nigeria, 1964–1970. Ann. Trop.
Med. Parasitol. 1975; 69(1):49–64.
Moore, D.L., Reddy, S., Akinkugbe, F.M., Lee, V.H., David-West, T.S.,
Causey, O.R. and Carey, D.E. An epidemic of chikungunya
fever at Ibadan, Nigeria, 1969. Ann. Trop. Med. Parasitol. 1974;
68(1):59–68.
Mourya, D.T. Absence of transovarial transmission of Chikungunya
virus in Aedes aegypti & Ae. albopictus mosquitoes. Indian J. Med.
Res. 1987; 85:593–595.
Mourya, D.T. and Banerjee, K. Experimental transmission of chikungunya virus by Aedes vittatus mosquitoes. Indian J. Med. Res.
1987; 86:269–271.

III. VIRAL VACCINES

36_P369408_Ch32.indd 604

11/5/2008 10:42:36 AM

KEY ISSUES

Mourya, D.T., Gokhale, M.D., Malunjkar, A.S., Bhat, H.R. and
Banerjee, K. Inheritance of oral susceptibility of Aedes aegypti to
chikungunya virus. Am. J. Trop. Med. Hyg. 1994; 51(3):295–300.
Mourya, D.T., Thakare, J.R., Gokhale, M.D., Powers, A.M.,
Hundekar, S.L., Jayakumar, P.C., Bondre, V.P., Shouche, Y.S.
and Padbidri, V.S. Isolation of chikungunya virus from Aedes
aegypti mosquitoes collected in the town of Yawat, Pune District,
Maharashtra State, India. Acta Virol. 2001; 45(5–6):305–309.
Munasinghe, D.R., Amarasekera, P.J. and Fernando, C.F. An
epidemic of dengue-like fever in Ceylon (chikungunya—a clinical
and haematological study. Ceylon Med. J. 1966; 11(4):129–142.
Myers, R.M. and Carey, D.E. Concurrent isolation from patient of
two arboviruses, chikungunya and dengue type 2. Science 1967;
157(794):1307–1308.
Myers, R.M., Carey, D.E., Reuben, R., Jesudass, E.S., De Ranitz, C.
and Jadhav, M. The 1964 epidemic of dengue-like fever in South
India: isolation of chikungunya virus from human sera and from
mosquitoes. Indian J. Med. Res. 1965; 53(8):694–701.
Nakao, E. and Hotta, S. Immunogenicity of purified, inactivated
chikungunya virus in monkeys. Bull. World Health Organ. 1973;
48(5):559–562.
Nalca, A., Fellows, P.F. and Whitehouse, C.A. Vaccines and
animal models for arboviral encephalitides. Antiviral Res. 2003;
60(3):153–174.
Nimmannitya, S., Halstead, S.B., Cohen, S.N. and Margiotta, M.R.
Dengue and chikungunya virus infection in man in Thailand,
1962–1964. I. Observations on hospitalized patients with hemorrhagic fever. Am. J. Trop. Med. Hyg. 1969; 18(6):954–971.
Norrby, E., Lagercrantz, R. and Gard, S. Measles vaccination. V. The
booster effect of purified hemagglutinin in children previously
immunized with this product or formalin-killed vaccine. Acta
Paediatr. Scand. 1966; 55(1):73–78.
Nur, Y.A., Groen, J., Heuvelmans, H., Tuynman, W., Copra, C. and
Osterhaus, A.D. An outbreak of West Nile fever among migrants
in Kisangani, Democratic Republic of Congo. Am. J. Trop. Med.
Hyg. 1999; 61(6):885–888.
Obeyesekere, I. and Hermon, Y. Myocarditis and cardiomyopathy
after arbovirus infections (dengue and chikungunya fever).
Br. Heart J. 1972; 34(8):821–827.
Obeyesekere, I. and Hermon, Y. Arbovirus heart disease: myocarditis and cardiomyopathy following dengue and chikungunya
fever—a follow-up study. Am. Heart J. 1973; 85(2):186–194.
Olaleye, O.D., Oladosu, L.A., Omilabu, S.A., Baba, S.S. and
Fagbami, A.H. Complement fixing antibodies against arboviruses in horses at Lagos, Nigeria. Revue d Elevage et de
Medecine Veterinaire des Pays Tropicaux 1989; 42(3):321–325.
Olaleye, O.D., Omilabu, S.A. and Baba, S.S. Growth of Igbo-Ora
virus in some tissue cultures. Acta Virol. 1990; 34(4):367–371.
Olaleye, O.D., Omilabu, S.A. and Fagbami, A.H. Igbo-Ora virus (an
alphavirus isolated in Nigeria): a serological survey for haemagglutination inhibiting antibody in humans and domestic animals. Trans. R. Soc. Trop. Med. Hyg. 1988; 82(6):905–906.
Padbidri, V.S. and Gnaneswar, T.T. Epidemiological investigations
of chikungunya epidemic at Barsi, Maharashtra state, India. J.
Hyg. Epidemiol. Microbiol. Immunol. 1979; 23(4):445–451.
Paredes, A.M., Brown, D.T., Rothnagel, R., Chiu, W., Schoepp, R.J.,
Johnston, R.E. and Prasad, B.V. Three-dimensional structure of
a membrane-containing virus. Proc. Natl. Acad. Sci. U.S.A. 1993;
90(19):9095–9099.
Pastorino, B., Muyembe-Tamfum, J.J., Bessaud, M., Tock, F., Tolou, H.,
Durand, J.P. and Peyrefitte, C.N. Epidemic resurgence of
Chikungunya virus in democratic Republic of the Congo: identification of a new central African strain. J. Med. Virol. 2004;
74(2):277–282.

605

Paul, S.D. and Singh, K.R. Experimental infection of Macaca radiata with Chikungunya virus and transmission of virus by mosquitoes. Indian J. Med. Res. 1968; 56(6):802–811.
Pavri, K.M. Presence ff Chikungunya antibodies in human sera
collected from Calcutta and Jamshedpur before 1963. Indian
J. Med. Res. 1964; 52:698–702.
Peck, R., Brown, A. and Wust, C.J. In vitro heterologous cytotoxicity
by T effector cells from mice immunized with Sindbis virus. J.
Immunol. 1979; 123(4):1763–1766.
Pedersen, C.E., Jr., Robinson, D.M. and Cole, F.E., Jr. Isolation of the
vaccine strain of Venezuelan equine encephalomyelitis virus from
mosquitoes in Louisiana. Am. J. Epidemiol. 1972; 95(5):490–496.
Pfeffer, M., Kinney, R.M. and Kaaden, O.R. The alphavirus
3-nontranslated region: size heterogeneity and arrangement of
repeated sequence elements. Virology 1998; 240(1):100–108.
Porter, K.R., Tan, R., Istary, Y., Suharyono, W., Sutaryo Widjaja, S.,
Ma’Roef, C., Listiyaningsih, E., Kosasih, H., Hueston, L.,
McArdle, J. and Juffrie, M. A serological study of Chikungunya
virus transmission in Yogyakarta, Indonesia: evidence for the
first outbreak since 1982. Southeast Asian J. Trop. Med. Public
Health 2004; 35(2):408–415.
Porterfield, J.S. Cross-neutralization studies with group A arthropodborne viruses. Bull. World Health Organ. 1961; 24:735.
Posey, D.L., O’Rourke, T., Roehrig, J.T., Lanciotti, R.S., Weinberg, M.
and Maloney, S. O’Nyong-nyong fever in West Africa. Am. J.
Trop. Med. Hyg. 2005; 73(1):32.
Powers, A.M., Brault, A.C., Tesh, R.B. and Weaver, S.C.
Re-emergence of chikungunya and o’nyong-nyong viruses:
evidence for distinct geographical lineages and distant evolutionary
relationships. J. Gen. Virol. 2000; 81(Pt 2):471–479.
Powers, A.M. and Logue, C.H. Changing patterns of chikungunya
virus: re-emergence of a zoonotic arbovirus. J. Gen. Virol. 2007;
88(9):2363–2377.
Randall, R., Gibbs, C.J., Jr., Aulisio, C.G., Binn, L.N. and Harrison, V.R.
The development of a formalin-killed Rift Valley fever virus
vaccine for use in man. J. Immunol. 1962; 89:660–671.
Rao, T.R. Recent epidemics caused by chikungunya virus in India,
1963–1965. Sci. Cult. 1966; 32:215.
Rao, T.R., Carey, D.E. and Pavri, K.M. Preliminary isolation and
identification of chikungunya virus from cases of dengue-like
illness in Madras city. Indian J. Med. Res. 1965; 53(8):689–693.
Rayner, J.O., Dryga, S.A. and Kamrud, K.I. Alphavirus vectors and
vaccination. Rev. Med. Virol. 2002; 12(5):279–296.
Reuben, R. Some entomological and epidemiological observations
on the 1964 outbreak of Chikungunya fever in South India.
Indian J. Med. Res. 1967; 55(1):1–12.
Robinson, M.C. An epidemic of virus disease in Southern Province,
Tanganyika Territory, in 1952–53. Trans. R. Soc. Trop. Med. Hyg.
1955; 49:28.
Rodhain, F., Gonzalez, J.P., Mercier, E., Helynck, B., Larouze, B. and
Hannoun, C. Arbovirus infections and viral haemorrhagic fevers
in Uganda: a serological survey in Karamoja district, 1984. Trans.
R. Soc. Trop. Med. Hyg. 1989; 83(6):851–854.
Ross, R.W. The Newala epidemic. III. The virus: isolation, pathogenic
properties and relationship to the epidemic. J. Hyg. 1956; 54:177–191.
Rulli, N.E., Suhrbier, A., Hueston, L., Heise, M.T., Tupanceska, D.,
Zaid, A., Wilmes, A., Gilmore, K., Lidbury, B.A. and
Mahalingam, S. Ross River virus: molecular and cellular aspects
of disease pathogenesis. Pharmacol. Ther. 2005; 107(3):329–342.
Rwaguma, E.B., Lutwama, J.J., Sempala, S.D., Kiwanuka, N.,
Kamugisha, J., Okware, S., Bagambisa, G., Lanciotti, R.,
Roehrig, J.T. and Gubler, D.J. Emergence of epidemic O’nyongnyong fever in southwestern Uganda, after an absence of 35
years. Emerg. Infect. Dis. 1997; 3(1):77.

III. VIRAL VACCINES

36_P369408_Ch32.indd 605

11/5/2008 10:42:36 AM

606

O’NYONG-NYONG AND CHIKUNGUNYA

Ryman, K.D., Klimstra, W.B., Nguyen, K.B., Biron, C.A. and
Johnston, R.E. Alpha/beta interferon protects adult mice from
fatal Sindbis virus infection and is an important determinant of
cell and tissue tropism. J. Virol. 2000; 74(7):3366–3378.
Salim, A.R. and Porterfield, J.S. A serological survey on arbovirus
antibodies in the Sudan. Trans. R. Soc. Trop. Med. Hyg. 1973;
67(2):206–210.
Sanders, E.J., Rwaguma, E.B., Kawamata, J., Kiwanuka, N.,
Lutwama, J.J., Ssengooba, F.P., Lamunu, M., Najjemba, R.,
Were, W.A., Bagambisa, G. and Campbell, G.L. O’nyong-nyong
fever in south-central Uganda, 1996–1997: description of the
epidemic and results of a household-based seroprevalence survey.
J. Infect. Dis. 1999; 180(5):1436–1443.
Sarkar, J.K., Chatterjee, S.N., Chakravarti, S.K. and Mitra, A.C.
Chikungunya virus infection with haemorrhagic manifestations.
Indian J. Med. Res. 1965a; 53(10):921–925.
Sarkar, J.K., Chatterjee, S.N., Chakravarty, S.K. and Mitra, A.C. The
causative agent of Calcutta haemorrhagic fever: chikungunya or
dengue. Bull. Calcutta School Trop. Med. 1965b; 13(2):53–54.
Sawicki, D.L. and Sawicki, S.G. Role of the nonstructural polyproteins in
alphavirus RNA synthesis. Adv. Exp. Med. Biol. 1998; 440:187–198.
Sawicki, S.G., Sawicki, D.L., Kaariainen, L. and Keranen, S. A
Sindbis virus mutant temperature-sensitive in the regulation of
minus-strand RNA synthesis. Virology 1981; 115(1):161–172.
Schlesinger, M. and Schlesinger, S. Formation and assembly of
alphavirus glycoproteins. In: The Togaviridae and Flaviviridae
(S. Schelsinger and M.J. Schlesinger, Eds.), pp. 121–148. New
York: Plenum Publishing Corp., 1986.
Schuffenecker, I., Iteman, I., Michault, A., Murri, S., Frangeul, L.,
Vaney, M.C., Lavenir, R., Pardigon, N., Reynes, J.M., Pettinelli, F.,
Biscornet, L., Diancourt, L., Michel, S., Duquerroy, S., Guigon, G.,
Frenkiel, M.P., Bréhin, A.C., Cubito, N., Desprès, P., Kunst, F.,
Rey, F.A., Zeller, H. and Brisse, S. Genome microevolution of
chikungunya viruses causing the Indian Ocean outbreak. PLoS
Med. 2006; 3(7):1058–1070.
Sergon, K., Yahaya, A.A., Brown, J., Bedja, S.A., Mlindasse, M.,
Agata, N., Allaranger, Y., Ball, M.D., Powers, A.M., Ofula, V.,
Onyango, C., Konongoi, L.S., Sang, R., Njenga, M.K. and
Breiman, R.F. Seroprevalence of Chikungunya virus infection
on Grande Comore Island, Union of the Comoros, 2005. Am. J.
Trop. Med. Hyg. 2007; 76(6):1189–1193.
Shore, H. O’nyong-nyong fever: an epidemic virus disease in East
Africa. III. Some clinical and epidemiological observations in the
Northern Province of Uganda. Trans. R. Soc. Trop. Med. Hyg.
1961; 55:361.
Simizu, B., Yamamoto, K., Hashimoto, K. and Ogata, T. Structural
proteins of Chikungunya virus. J. Virol. 1984; 51(1):254–258.
Soekiman, S. A study on susceptibility of Indonesia colonies of
Aedes aegypti and Aedes albopictus mosquitoes to experimental
infection with dengue type 3 and chikungunya viruses. Kobe J.
Med. Sci. 1987; 33(1):19–34.
Soekiman, S., Konishi, E.J. and Matsumura, T. Susceptibility of
Indonesia colonies of Aedes aegypti and Aedes albopictus mosquitoes to experimental infection with chikungunya virus. Kobe J.
Med. Sci. 1986a; 32(4):127–132.
Soekiman, S., Matsumura, T. and Yamanishi, H. Multiplication of
chikungunya virus in salivary glands of Aedes albopictus (Oahu
strain) mosquitoes: an electron microscopic study. Jpn. J. Med.
Sci. Biol. 1986b; 39(5–6):207–211.
Spence, L.P. and Thomas, L. Application of haemagglutination
and complement fixation techniques to the identification and
serological classification of arthropod-borne viruses; studies on
Chikungunya and Makonde viruses. Trans. R. Soc. Trop. Med.
Hyg. 1959; 53(3):248–255.

Strauss, E.G., Levinson, R., Rice, C.M., Dalrymple, J. and Strauss, J.H.
Nonstructural proteins nsP3 and nsP4 of Ross River and
O’Nyong-nyong viruses: sequence and comparison with those
of other alphaviruses. Virology 1988; 164(1):265–274.
Strauss, J.H. and Strauss, E.G. The alphaviruses: gene expression, replication, and evolution [published erratum appears in
Microbiol. Rev. 1994;58(4):806]. [Review] [629 refs]. Microbiol.
Rev. 1994; 58(3):491–562.
Suhrbier, A. and La Linn, M. Suppression of antiviral responses
by antibody-dependent enhancement of macrophage infection.
Trends Immunol. 2003; 24(4):165–168.
Tesh, R.B. Arthritides caused by mosquito-borne viruses. Annu.
Rev. Med. 1982; 33:31–40.
Tesh, R.B., Gubler, D.J. and Rosen, L. Variation among geographic
strains of Aedes albopictus in susceptibility to infection with
chikungunya virus. Am. J. Trop. Med. Hyg. 1976; 25(2):326–335.
Thaikruea, L., Charearnsook, O., Reanphumkarnkit, S., Dissomboon, P.,
Phonjan, R., Ratchbud, S., Kounsang, Y. and Buranapiyawong, D.
Chikungunya in Thailand: a re-emerging disease? Southeast Asian
J. Trop. Med. Public Health 1997; 28(2):359–364.
Thaung, U., Ming, C.K., Swe, T. and Thein, S. Epidemiological features of dengue and chikungunya infections in Burma. Southeast
Asian J. Trop. Med. Public Health 1975; 6(2):276–283.
Thein, S., La Linn, M., Aaskov, J., Aung, M.M., Aye, M., Zaw, A.
and Myint, A. Development of a simple indirect enzyme-linked
immunosorbent assay for the detection of immunoglobulin
M antibody in serum from patients following an outbreak of
chikungunya virus infection in Yangon, Myanmar. Trans. R. Soc.
Trop. Med. Hyg. 1992; 86(4):438–442.
Thonnon, J., Spiegel, A., Diallo, M., Diallo, A. and Fontenille, D.
Chikungunya virus outbreak in Senegal in 1996 and 1997. Bull.
Soc. Pathol. Exot. 1999; 92(2):79–82.
Tomori, O., Monath, T.P., O’Connor, E.H., Lee, V.H. and Cropp, C.B.
Arbovirus infections among laboratory personnel in Ibadan,
Nigeria. Am. J. Trop. Med. Hyg. 1981; 30(4):855–861.
Turell, M.J., Beaman, J.R. and Tammariello, R.F. Susceptibility of
selected strains of Aedes aegypti and Aedes albopictus (Diptera:
Culicidae) to chikungunya virus. J. Med. Entomol. 1992;
29(1):49–53.
Turell, M.J. and Malinoski, F.J. Limited potential for mosquito transmission of a live, attenuated chikungunya virus vaccine. Am. J.
Trop. Med. Hyg. 1992; 47(1):98–103.
van Rossum, T.G., Vulto, A.G., Hop, W.C., Brouwer, J.T., Niesters, H.G.
and Schalm, S.W. Intravenous glycyrrhizin for the treatment
of chronic hepatitis C: a double-blind, randomized, placebocontrolled phase I/II trial. J. Gastroenterol. Hepatol. 1999;
14(11):1093–1099.
Wang, Y.F., Sawicki, S.G. and Sawicki, D.L. Sindbis virus nsP1
functions in negative-strand RNA synthesis. J. Virol. 1991;
65(2):985–988.
Way, S.J., Lidbury, B.A. and Banyer, J.L. Persistent Ross River virus
infection of murine macrophages: an in vitro model for the study
of viral relapse and immune modulation during long-term infection. Virology 2002; 301(2):281–292.
Weaver, S.C., Frey, T.K., Huang, H.V., Kinney, R.M., Rice, C.M.,
Roehrig, J.T., Shope, R.E. and Strauss, E.G. Togaviridae. In: Virus
Taxonomy: Eighth Report of the International Committee on
Taxonomy of Viruses (C.M. Fauquet, M.A. Mayo, J. Maniloff,
U. Desselberger and L.A. Ball, Eds.), pp. 999–1008. Amsterdam:
Elsevier Academic Press, 2005.
White, A., Berman, S. and Lowenthal, J.P. Inactivated eastern equine
encephalomyelitis vaccines prepared in monolayer and concentrated suspension chick embryo cultures. Appl. Microbiol. 1971;
22(5):909–913.

III. VIRAL VACCINES

36_P369408_Ch32.indd 606

11/5/2008 10:42:37 AM

KEY ISSUES

White, A., Berman, S. and Lowenthal, J.P. Comparative immunogenicities of Chikungunya vaccines propagated in monkey
kidney monolayers and chick embryo suspension cultures.
Appl. Microbiol. 1972; 23(5):951–952.
Williams, M.C. and Woodall, J.P. O’nyong-nyong fever: an epidemic
virus disease in East Africa. II. Isolation and some properties of
the virus. Trans. R. Soc. Trop. Med. Hyg. 1961; 55:135–141.
Williams, M.C., Woodall, J.P., Corbet, P.S. and Gillett, J.D. O’nyongnyong fever: an epidemic virus disease in East Africa. VIII. Virus
isolations from Anopheles mosquitoes. Trans. R. Soc. Trop. Med.
Hyg. 1965a; 59:300–306.
Williams, M.C., Woodall, J.P. and Gillett, J.D. O’nyong-Nyong fever:
an epidemic virus disease in East Africa. VII. Virus isolations
from man and serological studies up to July 1961. Trans. R. Soc.
Trop. Med. Hyg. 1965b; 59:186–197.

607

Woodall, J.P., Williams, M.C. and Lule, M. O’nyong-nyong. East Afr.
Virus Res. Inst. Rep. 1963; 13:31.
Woodruff, A.W., Bowen, E.T. and Platt, G.S. Viral infections in
travellers from tropical Africa. Br. Med. J. 1978; 1(6118):956–958.
Woodward, T.M., Miller, B.R., Beaty, B.J., Trent, D.W. and Roehrig, J.T.
A single amino acid change in the E2 glycoprotein of Venezuelan
equine encephalitis virus affects replication and dissemination in
Aedes aegypti mosquitoes. J. Gen. Virol. 1991; 72(10):2431–2435.
Yadav, P., Gokhale, M.D., Barde, P.V., Singh, D.K., Mishra, A.C. and
Mourya, D.T. Experimental transmission of Chikungunya virus
by Anopheles stephensi mosquitoes. Acta Virol. 2003a; 47(1):45–47.
Yadav, P., Shouche, Y.S., Munot, H.P., Mishra, A.C. and Mourya, D.T.
Genotyping of Chikungunya virus isolates from India during
1963–2000 by reverse transcription-polymerase chain reaction.
Acta Virol. 2003b; 47(2):125–127.

III. VIRAL VACCINES

36_P369408_Ch32.indd 607

11/5/2008 10:42:37 AM

C H A P T E R

33
Rabies
1

Anthony R. Fooks1, Nicholas Johnson1 and Charles E. Rupprecht2
Rabies and Wildlife Zoonoses Group, Veterinary Laboratories Agency (Weybridge),
Addlestone, Surrey, UK
2
Centers for Disease Control and Prevention, Atlanta, GA, USA

O U T L I N E
Introduction

Treatment

Etiologic Agent(s)
Classification

Physical Resistance of the Virus
Immunology
Antigens encoded by agent

Epidemiology
Species Affected

Protective Immune Responses

Pathogenesis

Vaccines

Quasispecies

Public Health Significance

Potential as Biothreat Agent

Prospects for the Future

Clinical Disease

Key Issues

Morbidity and Mortality
Diagnostic Methods

ABSTRACT
Rabies is unique among the viral diseases of man in that it kills virtually every individual it infects. The illness
associated with the disease, in previous times referred to as hydrophobia, is particularly unpleasant for the
victim but also for health care workers and relatives who have to witness it. Global estimates of death from rabies
suggest that one person dies from the disease every 10 min, and more than 300 others are exposed. This claim
is supported by a study of Malawian children with viral encephalitis, where 3 (11.5%) of 26 children originally
clinically diagnosed with cerebral malaria were later laboratory-confirmed as having rabies suggesting that human
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disease is underreported in some rabies-endemic countries. The disease is distributed worldwide and is endemic
in many countries causing an estimated 50,000–70,000 human deaths each year, although the true burden of the
disease is unknown due to underreporting and poor surveillance systems in many areas of the world (Meltzer
and Rupprecht, 1998; Fooks, 2005). Following exposure, the virus invades the peripheral nervous system before
entering the CNS leading to malfunction, organ failure, and ultimately death. Two clinical manifestations, “furious”
and “dumb” (paralytic) rabies are observed following infection although the mechanisms of both syndromes are
still not well understood. Rabies virus belongs to the Lyssavirus genus, which contains seven recognized genotypes.
The genus can be divided into two broad groups or phylogroups. Genotype 1 (“classical” rabies virus), 4, 5, 6, and
7 belong to phylogroup I, while genotypes 2 and 3 have been placed in phylogroup II on the basis of glycoprotein
sequence, pathogenicity, and immunogenicity. Additionally, there are four newly described lyssavirus species:
Aravan, Khujand, Irkut, and West Caucasian Bat Virus that have been recently isolated from bats in Eurasia. All
lyssaviruses are capable of causing clinical “rabies” in mammals.
Throughout the world, greater than 10 million people, many of whom are unvaccinated, have to endure
extreme anxiety of “suspect” rabies following exposure from a rabid animal. Although preexposure vaccination
and postexposure prophylaxis (PEP) for rabies is highly effective, ignorance about the disease, especially in
developing countries, impedes timely intervention. In rare circumstances, vaccine failures have been reported.
Highly effective vaccines have been developed for both animal and human use that induce long-term immunity
against virus challenge; however the rabies virus vaccines were derived from isolates obtained between 50 and
100 years ago. Such strains are unlikely to take into account the genetic variation of the virus in the field
accompanying the spatiotemporal fluctuation of reservoir species. Current evidence suggests that human vaccines,
based on inactivated rabies virus, are not fully protective against all of the lyssavirus genotypes.
The ease of obtaining live virus from an animal reservoir is straightforward although propagating the virus
requires specific skills and specialist laboratory facilities. Rabies virus is poorly transmitted by the airborne route,
but does present a substantial hazard to personnel exposed to aerosols of rabies virus. The virus is unlikely to be
an effective bioweapon if the aim of any terrorist act is to achieve rapid dissemination of the agent with maximum
human exposure, largely due to the unpredictability of transmission and long incubation periods. However, the
ability of the disease to provoke fear makes the virus a biothreat agent that could result in considerable public
concern if deliberately reintroduced into a rabies-free region, i.e., Western Europe. In addition, governments
confronted with a deliberate reintroduction would be obliged to instigate costly elimination strategies, protection
of domestic livestock, and public information programs suggesting that the virus could be used as a means of
“agroterroism.” As a result the virus is classified as a “category C emerging infectious disease threat.”
Future candidate vaccines need to be designed with broad-spectrum activity against all lyssaviruses, and
ease of delivery using either oral or parenteral routes focusing on the creation of herd immunity among species.
Furthermore, they must elicit long-term immunity, inducing both adaptive and innate immunity in a single-dose
and produced at a cost that will allow widespread use throughout the world but especially in developing countries
where rabies is still endemic. No antiviral agents are effective against the rabies virus and there is an urgent need
for biologicals that inhibit the virus and provide relief from this devastating disease.

INTRODUCTION
Rabies is an ancient, if not one of the oldest
reported diseases of man and has been reported in
the writings of most civilizations for more than three
millennia (Blaisdell, 1994; Neville, 2004; Swabe, 2004). The
Greek word for rabies is “lyssa,” a word of unknown
origin although the earliest documented use of the
word lyssa is from Homer’s Iliad where it refers to a
“raging dog” (Neville, 2004), and has been adopted as
the genus name (Lyssavirus) for the group of viruses to
which rabies belongs. This observation suggests that
rabies did exist in Homer’s time (8th–9th century BC).
It is likely however, that rabies existed a long time
before Homer first used the word lyssa to describe the
disease. In the 3rd century BC, Andreas of Carystos

wrote a treatise on rabies making him the first
author of a script devoted entirely to rabies (Neville,
2004). Some of the first reports of animal rabies may
date to the Laws of Eshunna in Mesopotamia, in the
23rd century BC, where the Babylonian word Segû
meant both to be mad and to become rabid, and where
the word kaduh-hu, which meant to have the mouth
open, was synonymous with canine rabies. In the 17th
century, the ancient word rabiem (“the madness”) was
used to describe the disease. Canine rabies was also
reported in the 6th century BC, in the Avesta (Persia),
in the 4th century BC by Aristotle (Greece), in the 1st
century BC in the Susrutasamhita (India), in the 1st
century AD by Rhazes and Avicenna (Arabia), in the
4th century in the Talmud and in Egyptian texts, then by
Roman authors (Dioscorides, Galen), by the Byzantine
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Hippiastrians (5th century), by Arab authors (10th century) (Neville, 2004; Swabe, 2004). In the 4th century BC,
the absence of any mention of rabies by the “Father of
Medicine,” Hippocrates, led historians to deduce that
rabies had not reached Europe by the 5th century BC.
However, Hippocrates did refer to “frenetics” who drink
little, are disturbed by every sound and afflicted with
trembling suggesting that rabies was indeed present.
Lacking scientific knowledge of the disease, the proposed methods at the time for preventing rabies were
largely improbable without any real prospect for success. In the 1st century BC, the considered cause and
prescribed treatment that was used until the 17th century for rabies was defined. Grattius Faliscus wrote a
poem describing a “little grub” supposed small worm
(lyssa, in Greek), that was located under the tongue of
rabid dogs. While the dogs were still young, the part
of the tongue thought to be responsible for the malady was removed in an attempt to prevent the dog
contracting the disease. It was during the reign of
Tiberius (14–37 AD) that detailed instructions from an
encyclopedia compiled by Aulus Cornelius Celsus for
the treatment of bites from rabid dogs was reported
(Neville, 2004). Celsus concluded that the bites from
rabid animals contained a poisonous substance which,
unless treated, would prove fatal. The “poison” that
Celsus referred to was from the Latin word for “virus.”
Throughout the period, many diagnostic and control
methods were also proposed. Two influential medical
authorities were Rufus and Soranus. Rufus believed
that rabies was sexually transmitted and Soranus
reported a baby afflicted with rabies as being terrified
of its mother’s breast. A treatise, probably written by
Soranus, described the contagious nature of rabies, not
just from a bite, but also from the breath or claws of a
rabid dog. The accurate recording of detailed clinical
symptoms and the logic behind observing and recording the results from different treatments for rabies
was undertaken by Galen in the 2nd century AD. He
reported that clinical signs from a rabid dog included
having saliva flowing from its mouth, irrationally running and then stopping, and biting with furious rage
(Neville, 2004). Some of the earliest reported descriptions of the clinical signs of rabid dogs and subsequent
treatments that were based on scientific evidence came
from Aretaeus (2nd century AD), Philumenis (2nd century AD), Felix (2nd century AD), Aphrodisiensis
(3rd century AD), Oribasius (4th century AD), Pelagonius
(4th century AD), Vegetius (4th century AD), Aetius
of Amida (5th/6th century AD), and Paul of Aegina
(7th century AD).
In 1576, George Tuberville reported that the time
of an animals’ breeding influenced the animals’
susceptibility to madness. A decade later, in 1587,
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Conrad Gesner described several variations of “madness” followed by an overview of the characteristics,
habits, and diseases of numerous animal species by
Edward Topsell in 1607. The latter identified rabies
as being the most important disease of dogs. In 1613,
Thomas Spackman, an English physician, devoted
a whole book to the description of rabies. In the 17th
century, religious popularity endorsed the faith in miracles, not least of all from St. Hubert, the patron saint
of hunters, who by the custom of visiting his shrine
could cure the afflicted from rabies (Swabe, 2004).
The “furious” stage of rabies is characterized by
radical changes in the patient’s behavior; changes that
would be of grave concern to all those in attendance. In
addition, the “madness” that embodies the final stages
of the disease has a deep social and metaphysical significance, especially in ancient cultures (Swabe, 2004).
The fear of a rabid person is therefore deep-rooted
in history, hence the universal dread of the disease.
Following infection, the human patient is undoubtedly reduced to a wild, uncontrolled animalistic state.
A rabid person breaches the gap between humans and
other animals thus opening the realms of reality to fantasy, myth, and folklore. The result to onlookers was to
promote their prejudices and inspire their imaginations, sense of danger, and disgust. The domesticated
dog was also reduced to an uncivilized and highly
dangerous state, shocking to humans who were unaccustomed to witnessing savage canine behavior.
Popular fantasies about vampirism and werewolves were also deeply entrenched beliefs in medieval folklore and have accounted for the demonism
of the disease that reduces perfectly healthy individuals to an “inhuman state” (Gomez-Alonso, 1998). It
became apparent that the earliest medical practitioners were prepared to attempt any possible outlandish
practice for rabies whether the treatment used was
based on accurate scientific and medical knowledge
or not. Many writers of the time had recognized the
“hydrophobia” in patients and also the changes in
behavior. In addition, the link between a “poisonous
substance” in the saliva of dogs and in human disease
had been reported in many ancient texts. The practice
of “worming” young puppies has been described previously. Celsus in the 1st century AD stressed the need
to attend to the wound afflicted by the bite of a rabid
animal as soon as possible, suggesting cauterization to
draw out the poison. An alternative approach that was
practiced in ancient times was to immerse someone in
water, usually a well. The patient was left in the well
until they had drunk sufficient water to overcome
the hydrophobia. More bizarre and tenuous treatments ranged from the healing power from a piece
of hyena skin wrapped in cloth (Scribonius Largus)
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as a supposed prophylactic against rabies to curative
substances including one remedy that was derived from
the skull of a hanged man to treat patients afflicted
from the bite of a mad dog (Antaeus). Numerous antidotes for rabies were “herbal remedies,” often adopted
as a “pick-and-mix” approach from previous medical writers. These included the root of the dog rose, a
bitch’s menstrual fluid, the ash of sea-crabs, garlic, hellebore, castoreum, rose oil, honey, laurel berries with
latter supposed improvements including chamomile,
sorrel, saffron, and nut kernel. Although many of these
remedies were reputed to be efficacious including
the mixture of river-crab ash and gentian, which was
reported to never fail, yet in fact, not one remedy was
ever proven to be effective (Neville, 2004). If any
animal survived any of the practices/remedies that
were on offer, it was certain that the animal was not
suffering from rabies (Swabe, 2004).
The 19th century saw the application of scientific method in attempting to understand the nature
of rabies and effective preventative measures. In
1804, the German scientist, Zinke, demonstrated the
infectious nature of saliva from rabid dogs. Galtier
succeeded in protecting sheep and goats by intravenous
inoculation with virulent saliva, with a series of experiments between 1879 and 1881. However, no effective
prophylaxis in animals was available before Pasteur’s
discovery in 1885. It should be recalled that the original
goal of Pasteur’s research was to develop a vaccine for
use in dogs before exposure and that his decision to
use this vaccine in man, after exposure, was only taken
under pressure from his peers. Pasteur was, moreover,
working on virulent matter (nerve tissues) and had not
isolated the pathogen. It was not until the advent of the
concept of “filterable agents,” that in 1903, Remlinger
isolated and identified the etiology of rabies as a virus.
Some of the first vaccines used extensively in exposed
animals consisted of Hogyes’ method, using six injections of fixed virus diluted in saline. Thereafter in the
early 20th century, many domestic animal vaccines
contained the attenuated virus (Flury), or were viruses
partially inactivated by phenol, as described initially
by Fermi, and later by Semple. Effective adjuvanted
vaccines containing inactivated viruses were not available largely until the latter half of the 20th century.

virus genera form the family Rhabdoviridae within
the order Mononegavirales. Four families comprise
the Mononegavirales including: Filoviridae (e.g.,
Ebola virus), Paramyxoviridae (e.g., measles virus),
Bornaviridae (Borna disease virus), and Rhabdoviridae.
The Lyssavirus genus is subdivided into four serotypes and seven major species, or genotypes, all
adapted to replication in the mammalian CNS (Bourhy
et al., 1993; Badrane et al., 2001). The archetype virus
of the genus is classical rabies virus (RABV) (Fig. 33.1).
Prior to the wider availability of genetic analysis,
strains of RABV were identified by serotype analysis
using hyperimmune sera and later by panels of antinucleocapsid monoclonal antibodies. These panels were
able to differentiate lyssaviruses into four distinct serotypes. The first serotype (serotype 1) contained classical rabies virus and Australian bat lyssavirus (ABLV);
serotype 2 included Lagos bat virus (LBV); serotype 3

ETIOLOGIC AGENT(S)
Classification
Rabies virus is single-stranded, negative-sense, nonsegmented RNA virus within the Lyssavirus genus,
which along with three other recognized animal

FIGURE 33.1

Schematic diagram of rabies virus (see color plate

section).
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included Mokola virus (MOKV); and serotype 4
consisting of Duvenhage virus (DUVV), European
Bat Lyssavirus type-1 (EBLV-1) from Denmark and
European Bat Lyssavirus type-2 (EBLV-2) from Finland.
With the development of molecular genetic analysis the Lyssavirus genus was differentiated into seven
genetically divergent lineages. These include, RABV
(genotype 1), LBV (genotype 2), MOKV (genotype 3),
DUVV (genotype 4), EBLV type-1 (genotype 5), EBLV
type-2 (genotype 6), and ABLV (genotype 7). With one
exception (MOKV), all genotypes have been isolated
from bats (Shope et al., 1970; Kuzmin et al., 2005). Four
additional rabies-related viruses have recently been isolated from bats in Eurasia (Botvinkin et al., 2003; Fooks,
2004): Aravan virus, Khujand virus, Irkut virus, and
West Caucasian Bat Virus (WCBV). These have been
proposed as new members of the Lyssavirus genus.
Aravan virus was isolated from the brain of a lesser
mouse-eared bat (Myotis blythi) in Southern Kyrgyzstan
in 1991 (Arai et al., 2003). A decade later, Khujand virus
was isolated from the brain of a whiskered bat (Myotis
mystacinus) in Northern Tajikistan (Kuzmin et al., 2003).
In 2002, Irkut virus was isolated from a greater tubenosed bat (Murina leucogaster) in Eastern Siberia. Later
that year, WCBV was isolated from a bent-winged bat
(Miniopterus schreibersi) in the Caucasus Mountains,

approximately 100 km southeast of the town of
Krasnodar and 150 km from the Eastern Turkish border. Subsequent studies have segregated the various
genotypes into larger groups or phylogroups based
on a number of genotypic and phenotypic characteristics (Badrane et al., 2001). Genotypes 1, 4, 5, 6, and 7,
Aravan virus, Khujand virus, and Irkut virus comprise phylogroup I, while phylogroup II contains the
two divergent African viruses, genotypes 2 and 3 and
the most divergent, WCBV (which may be considered
eventually in its own phylogroup).
Within genotypes, and especially for classical rabies,
variants or biotypes are associated with different
hosts (dog, fox, bat) and represent coevolution of
particular lineages of virus with a specific reservoir.

EPIDEMIOLOGY
Rabies is a fatal zoonotic disease of mammals
and is endemic on all continents with the exception of Antarctica and several islands (Hawaii, New
Zealand) and, at least in regards to rabies in carnivores, an increasing number of European countries
(Fig. 33.2). However, maintaining a rabies-free status

(West Caucasian
(Irkut Virus)
Bat Virus)
European Bat
Lyssavirus type-1
(Khujand Virus)
(Aravan Virus)

European Bat
Lyssavirus type-2

Many Caribbean
Islands are free
of rabies

Only classical rabies
virus has been found in
New World bats (both
insectivorous and
vampire bats).

Lagos
Bat
Virus

Australian Bat
Lyssavirus
Mokola
Virus

Terrestrial-rabies free
Wildlife rabies only
Wildlife and canine rabies

FIGURE 33.2

Global distribution of rabies virus variants.
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incurs considerable costs and there is a continual
risk of reimportation. Although targeted vaccination
programs have been successful in eliminating the disease
from carnivores over large areas, the virus still causes
30,000–50,000 human deaths per year. Fortunately the
virus is limited in the range of species that can serve
as suitable hosts. Those taxa that support cycles of
infection are termed reservoir species and are limited to members of the Carnivora and Chiroptera
orders. Factors such as the capacity to inflict a skin
puncturing bite, high mobility and density and the
degree of within-species interactions appear to favor
certain species in their ability to transmit virus from
one member to the next. All other species, including
man, are considered spillover hosts in which the virus
infects individuals, but is rarely transmitted further.
Principal among the reservoir hosts is the domestic
dog (Canis familiaris). Its proximity to humans as a
companion animal, make it a key link in the transmission of rabies to man. Where data are recorded, the
main source of human infection are bites from rabid
dogs. Cats are often implicated in the transmission of
rabies but due to their solitary nature act as a spillover
host. A range of wildlife species also harbor the virus
including the fox, raccoon, skunk, mongoose, and
many species of bats (Bourhy et al., 1992; McColl
et al., 2000; Rupprecht et al., 2002), and all are capable
of transmitting rabies virus to humans.
Until recently, epidemiological studies were limited to recording the prevalence of cases and associating rabies with particular hosts. The ability to
distinguish individual rabies viruses from the same
host species has greatly increased our understanding
of the interaction of viruses with particular reservoir
hosts and has enabled retrospective investigations
in human and domestic animal cases based on the
particular rabies virus variant identified. This capacity
to analyze the rabies virus variant has been dependent
on developments in the field of molecular biology
and as a result of the large variation observed
within the viral genome. The gene structure of RABV,
and the related lyssaviruses, is highly conserved but
within these genes there appears to be variation in
the length of coding and noncoding sequences and
enormous sequence variation that often translates to
amino acid variation in the expressed proteins. This
has enabled researchers to measure viral variation
and link this to geographical distribution, host reservoir, and transmission by spillover hosts. Originally,
virus typing using panels of monoclonal antibodies
was used to discriminate antigenic variants between
other lyssaviruses and RABV (Smith, 1989). This
approach has largely been superceded by genome
sequence analysis. Many regions of the genome have
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FIGURE 33.3 (A) A map of Turkey showing the principal cities that have reported rabies in recent years. (B) A phylogenetic tree
demonstrating the division of rabies viruses in Turkey between
those found in the western cities including the capital, Istanbul, and
those found in eastern cities.

been used to measure virus variation and as yet there
appears to be no consensus as to which is the most
appropriate sequence to use. Where comparative
studies have been attempted, similar relationships
between virus variants have been obtained (Bourhy
et al., 1999; Johnson et al., 2002a). However, to date,
surveys of GenBank indicate that most information is
available for the viral nucleoprotein gene. Early studies
attempted to compare rabies viruses from throughout
the world (Smith et al., 1992; Kissi et al. 1995). A
large number of later studies have focused on more
meaningful panels of viruses based on rabies-endemic
developing countries. For example, a molecular
epidemiological study of rabies in Turkey demonstrates a clear distinction between rabies in the west of
the country and viruses in the east (Fig. 33.3). Similar
work has been conducted in Latin America, including
Colombia and Mexico (Pãez et al., 2005; Velasco-Villa
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et al., 2005). Such studies could form the basis of
rabies elimination programs by allowing investigators
to distinguish between endemic variants and reintroductions. A further application has been the ability to
confirm the source of human rabies cases where little
information is available from the case history (Smith
et al., 2003; Willoughby et al., 2005; Johnson et al.,
2002b, Fooks et al., 2003).

SPECIES AFFECTED
In practice, it is possible to infect experimentally
any mammalian species with rabies virus, although
the degree of resistance of each species varies considerably according to the isolate and dose of rabies virus
inoculated, the age of the animal, and the route of
inoculation. This variation in resistance (species barrier) could explain why natural infection is unevenly
distributed in different species, the majority of which
are simply victims and not vectors of rabies virus
(Rupprecht et al., 2002). Birds are also susceptible, but
appear more naturally resistant to rabies (Schneider
and Burstler, 1967). The range of species which is
susceptible to rabies virus is large and differs according to continent.
Circumstantial evidence suggests that lyssaviruses may have evolved from the African continent
and since became established outside of Africa as
a result of zoogeographic spread (Rupprecht et al.,
1991). Urban (dog) rabies predominates in Africa. In
sub-Saharan Africa, the domestic dog is the principal
reservoir whereas in the countries of southern Africa,
a rabies cycle circulates in specific hosts, which is
independent of the canine cycle. Different biotypes
are maintained in the side-striped jackal (Canis adustus),
the yellow mongoose (Cynictis penicillata) (Nel et al.,
2005b), and the bat-eared fox (Otocyon megalotis)
(Sabeta et al., 2007). Infections into occasional hosts
such as kudu antelopes in Namibia as a result of spillover from the jackal population have been reported
(Mansfield et al., 2006).
The domestic dog is also the principal reservoir in
the Indian sub-continent (including India, Pakistan,
and Bangladesh), where human fatalities from rabies
are the highest in the world.
In contrast to most of the globe, no wild carnivore
vectors/reservoirs of rabies have been identified
definitively in southeast Asia, the dog being the only
species responsible for enzootic rabies in this region.
Insectivorous and frugivorous bats are also hosts of
lyssavirus variants throughout Asia and have independent cycles of infection (Tacal and Boado, 1966;
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Pal et al., 1980; Arguin et al., 2002; Lumlertdacha
et al., 2005; Tang et al., 2005). Although Australia is
free of terrestrial rabies, several species of bats
(frugivorous, insectivorous) are also responsible for
perpetuating rabies (Gould et al., 1998; Samaratunga
et al., 1998; McColl et al., 2000).
In the United States, in the early part of the
20th century, there were scores of cases of human rabies
each year but this has decreased to between one and
three cases in the 1980s. In 2004, rabies was responsible for eight cases, including four people who died
following receipt of infected organs and tissues from an
Arkansas donor bitten by a bat (Srinivasan et al., 2005).
In addition, a Wisconsin teenager contracted rabies
from a bat bite and survived rabies (Willoughby et al.,
2005). Widespread vaccination of companion animals
post World War II has been largely responsible for the
decrease in human cases. Vaccination campaigns were
implemented in the 1940s and greatly reduced canine
variants of rabies virus by the 1960s. In 2005, wild animals accounted for the majority of all reported cases
(greater than 92%), whereas domestic species accounted
for 8%. Raccoons are the most commonly reported
wildlife species (40%) followed by skunks and bats (23
and 22%, respectively) (Blanton et al., 2006).
In the Americas, all cases of bat rabies are caused
by a variant of genotype 1. For example, the most
common species found in the US include: the big
brown bat (Eptesicus fuscus); the Brazilian (Mexican)
free-tailed bat (Tadarida brasiliensis mexicana); the little
brown bat (Myotis lucifugus); the hoary bat (Lasiurus
cinereus); and the western pipistrelle bat (Pipistrellus
hesperus). The variants of rabies virus that are predominantly reported to cause cases in humans are
associated with the silver-haired (Lasionycteris noctivagans) and the eastern pipistrelle (Pipistrellus subflavus)
bats. Bats account for an increasingly larger proportion of human rabies incidents in the US (Messenger
et al., 2002). As the majority of cases of indigenous
human rabies in the US since the 1950s was caused by
insectivorous-bat variants of rabies virus, it led to conclusions that the silver-haired bat variant demonstrated
a higher neuroinvasiveness and subsequent virulence
in man. Although the route of entry into nerves in the
epithelium leading to invasion of the CNS has never
been established, the silver-haired bat variant does
replicate more efficiently and at lower temperatures than
dog variants of rabies virus (Dietzschold et al., 2000).
In contrast, the dog is also the main vector/
reservoir in many countries of Central and South
America, and a totally independent rabies cycle exists
in hematophagous bats (vampire bats), chiefly the
species Desmodus rotundus (Lord et al., 1975). This species is still responsible for the infection of thousands
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of domestic livestock and many cases in humans.
Insectivorous bats also act as a reservoir for rabies but
are rarely the cause of spillover infections.
Since 1989, the increased use of oral rabies vaccines
(ORV) has been instrumental in successfully eliminating
sylvatic rabies from large areas within Europe,
Canada, and the US (Slate et al., 2005; MacInnes
et al., 2001). For example, from 1990 onwards,
we have witnessed the elimination of rabies from
terrestrial mammals (principally the red fox) in many
Western European countries: the Netherlands (1991),
Switzerland (1999), France (2000), Belgium and
Luxembourg (2001), and the Czech Republic (2004)
resulting in these countries being declared “rabies-free.”
The last recorded case of terrestrial rabies in Germany
occurred in February 2006 close to the city of Mainz
(Thomas Muller, personal communication). Oral
rabies vaccination field trials were first reported in
Switzerland in 1978 using a live-attenuated rabies
virus strain (Street Alabama Dufferin, SAD). The use
of a genetically modified vaccine (vaccinia recombinant expressing the rabies virus glycoprotein, VRG)
has also been widely used in recent years. While the
threat in Europe from rabies in foxes has diminished
in western Europe as reported by Bourhy et al. (2005),
dog rabies in some eastern European countries, fox
rabies in central and eastern Europe, and raccoon dog
rabies in northeastern Europe continue to pose a risk.
Similar ORV efforts focusing upon raccoons, foxes,
and coyotes are operative throughout North America
(Slate et al., 2005).
Among bats, rabies virus perpetuates itself in a
cycle that is usually independent of rabies in terrestrial mammals, even though the latter, especially man,
may be the victim of bites by rabid bats, from time to
time. However, on rare occasions in the US, “spillover”
cases of bat variants to terrestrial mammals have
resulted in infection, and may occasionally lead to
local enzootic establishment (Daoust et al., 1996; Leslie
et al., 2006).
Animal rabies is distributed virtually worldwide.
However, some areas (particularly island countries,
such as the British Isles, Hawaii, Australia, New
Zealand, Japan, Taiwan) have succeeded in protecting
themselves against further incursion of the disease in
terrestrial carnivores. Other countries have progressively eliminated rabies by disease prevention measures or prophylaxis: this is the case in Western Europe,
and in some countries in the Southern Cone of Latin
America. However, maintaining a rabies-free status
incurs considerable costs and there is a continual risk
of reimportation as was the case in July 2004, when a
4-month-old female dog was introduced to France via
Spain and caused possible exposure to several dogs,

cats, and human beings (Servas et al., 2005). Moreover,
given their ability to fly, rabies in bats creates special
circumstances in considering the indigenous global
occurrence of disease (Constantine, 2003).

PATHOGENESIS
Rabies is transmitted through the saliva of rabid
animals (Fig. 33.4A). Bites are the most common means
of transmission. Occasionally less traumatic transfer of saliva such as the licking of a wound or broken
skin can lead to deposition of virus. Deeper bites that
lead to exposure of muscle tissue appear to be the
most effective at transmitting the virus. As a result,
the World Health Organization (2005) categorizes
wounds for humans into three groups of increasing
severity from category 1, which involves licking
of intact skin and requires no action, to category 2,
licking of broken skin, and category 3 single or multiple transdermal bites or scratches that warrant
postexposure prophylaxis (PEP). The virus appears
to persist at the bite site that leads to the long incubation times associated with rabies. Several unusual
case records document that years elapse between a
bite and the development of symptoms, although in
humans the time between exposure and disease is
usually measured in weeks to months. What the virus
is doing, if anything is unclear, mainly because it is a
very complex scenario to model with any accuracy.
One theory suggests that some pathogenic strains
are more adapted to replication at lower temperatures that may enhance persistence in the dermal layers (Dietzschold et al., 2000). Alternatively the virus
persists in a dormant state or replicates at low levels
in muscle or other tissues. However, it is clearly
capable of evading the immune system for a considerable length of time. At some point, possibly a
random event, RABV encounters a nerve cell, either
directly or at nerve–muscle junctions where it enters
the neuron through interaction of the viral glycoprotein with one of a number of protein receptors (Fig.
33.4B). At least three have been identified to date, the
acetylcholine receptor (Lentz et al., 1982; Lewis et al.,
2000; Gastka et al., 1996) shared with muscle cells, the
neuronal cell adhesion molecule (Thoulouze et al.,
1998) and the p75 neutrophin receptor (p75NTR)
(Tuffereau et al., 1998; Langevin et al., 2002). The relative importance of each of these receptors is unclear
but could be interpreted as a sign that the virus glycoprotein has adapted to bind a range of receptors to
maximize the chance of entering a nerve cell. Once
within the peripheral nervous system, virus migrates
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FIGURE 33.4 The infectious path of rabies virus. (A) From animal bite to CNS. (B) Intraneuronal: from reception to assembly (see color plate
section).

along peripheral nerves by retrograde movement
toward the CNS at approximately 50–100 mm per day.
Virus replication is detectable within nerve cell bodies
(Tsiang, 1993). In humans, this often leads to the first
overt symptoms of disease with paresthesia, a
tingling sensation at the site of the bite. Once within the
CNS the virus appears to replicate rapidly with associated developments of disease symptoms. The host
response to infection varies. The immune-privileged

status of the brain may limit the ability of the adaptive immune system to react to infection. More recent
data suggest that alternative innate-mechanisms of
immunity within the CNS do respond to infection,
such as the generation of interferon, although this
does not appear to effectively limit the infection and
may lead to further damage to the brain (Stewart and
Sulkin, 1966; Turner, 1972; Marcovistz et al., 1984,
1994; Prosniak et al., 2001; Saha and Rangarajan,
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2003; McKimmie et al., 2005; Johnson et al., 2006a).
Subsequently, the virus disseminates centrifugally out
from the brain to a wide range of organs. Critically for
the virus, one of the major portals of exit is the salivary glands through which the virus is shed, leading
to further cycles of infection. Although not proven,
it is possible that the virus targets areas of the brain
that modulate behavior thus making the victim more
likely to bite further individuals (Fig. 33.4A).

QUASISPECIES
The concept of quasispecies has been difficult to
confirm in virus samples. One difficulty in molecular
epidemiology and phylogeny is that the methods used
select a single (presumably dominant) isolate from a
virus strain, therefore population variants would be
excluded. In addition, nearly all virus studies are selective in that they examine a subset of viruses that lead
to disease fatalities. Currently no field isolate, particularly from wild animals, which are clinically silent and
fail to kill the host have been detected. If they exist
they have been overlooked in these analyses.
Benmansour et al. (1992) have suggested that
quasispecies exist in RABV using the glycoprotein
sequence. A high level of intrinsic heterogeneity
has been directly observed during the adaptation
of a human RABV isolate to growth in cell culture
(Benmansour et al., 1992). Using G gene sequence, a
street RABV isolate from a dog was compared with
that of CVS displaying a 10% divergence in overall
amino acid composition. Only 6% divergence was
noted in the ectodomain, suggesting that structural
constraints are exerted in this portion of the glycoprotein. A human RABV isolate cultured from saliva had
only five amino acids difference (1%) from a canine
isolate, an indication of their close relatedness. These
differences could have originated during transmission
from dog to dog, dog to human, or during isolation on
cell culture; nonetheless they do demonstrate genetic
evolution of street RABV. This evolution was further
evidenced by the selection of cell-adapted virus variants, which displayed new amino acid substitutions
in the glycoprotein, one of which was associated
with neurovirulence in mice (Arg333) (Benmansour
et al., 1992). This intrinsic heterogeneity was further
demonstrated by sequencing molecular clones of the
G gene, which revealed that only one-third of the
viral genomes present in the brain of a rabid animal
(dog) had the consensus sequence. Two-thirds of the
clones analyzed displayed from one to three amino
acid substitutions. These heterogeneous populations

provide the virus with the capacity to adapt quickly
and easily to new environmental conditions.
The occurrence of RABV quasispecies has also been
shown to have implications in disease pathogenesis.
Two virus variants of the (“fixed”) CVS-24 stain have
been described that differ genotypically and phenotypically. One is dominant in neuronal cells, the other
in nonneuronal cells, both in vitro and in vivo (murine
model) (Morimoto et al., 1998). The 10 amino acid
differences in the G protein between these two variants
have been shown to produce differences in pathogenesis. Both are virulent in neonatal mice but only the
neurotropic variant retained the ability to infect adult
mice. This suggests that certain aspects of host development, such as nervous and immune system maturation may be important in the virus variant selection
process (Morimoto et al., 1998). Other factors that may
be involved in generating sequence heterogeneity in
RABV, include duration of infection, route of transmission, virus load, virus and host protein cooperation (Kissi et al., 1999).
Kissi et al. (1999) examined the potential for variation in a wild RABV isolate from a fox and examined
mutation in several genes following passage in mice,
dogs, cats, and cell culture. Again substitutions in the
G protein were the most common. However, passage
(2–3) in animals other than mice was not sufficient to
produce a new dominant variant from the quasispecies population. It has been suggested that two mechanisms of genomic evolution of the RABV quasispecies
exist during adaptation to environmental change.
Firstly, a limited accumulation of mutations with no
replacement of the dominant sequence (conservative
changes) and secondly, a less frequent but rapid selective enrichment of favored variants where advantageous mutation has occurred (Kissi et al., 1999).
In the field, genetic variability has been especially
evident at wave fronts of disease spread, an observation that reflects and supports the quasispecies
concept, i.e., the hypothesis that virus populations
evolve most rapidly in a new environment, but that
after a few “passages” the most fit variants are stabilized
rapidly (Domingo et al., 1985; Holland et al., 1991).
Despite the obvious potential for random mutation,
overall high levels of genetic conservation are found
in wild RABV. This suggests that substantial selective pressures are operative in vivo, during productive infections in various “host-adaptive landscapes.”
RABV genomes appear to become trapped at local
fitness optima, adaptations to new hosts, or the adoption of other transmission strategies may be difficult
due to structural and functional constraints on the
virus. Several simultaneous coadaptive changes may
be required to affect host species transfer (Wandeler
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et al., 1994) as appears to have occurred with the wolf
to dog and fox to raccoon dog.

POTENTIAL AS BIOTHREAT AGENT
Lyssaviruses are potential biothreat agents because
confirmation of rabies in a population would spread
“terror”; a principal goal of any terrorist. One reason
for rabies being used as a weapon is for “notoriety”
and “fear,” largely related to the public familiarity
with the disease. In addition, media attention associated with the presence of the disease in a population
would promote “event” and “purpose.” The viruses
are capable of causing disease in all mammals including man resulting in widespread disruption, especially
to the agricultural industry and related economies
such as tourism or disruption in food supply. In addition, the disease has the capacity to confer a severe
burden to human health. Although lyssaviruses are
naturally fragile, are easily inactivated, and do not
persist in the environment (Rupprecht et al., 2002), this
group of viruses is capable of genetic change and new
and emerging strains are being identified. Currently
used human vaccines are not fully protective against
all of the members of this genus. Limitations of
biologicals could exacerbate a scenario with even conventional rabies viruses, as even a single rabid animal can result in hundreds of human exposures (Rotz
et al., 1998). Lyssaviruses are primarily spread by the
bite of an infected animal. However, recent data support the hypothesis that under optimum environmental conditions, virus can be spread by the airborne
route (Johnson et al., 2006b). Rabies has a worldwide
distribution ensuring the relative ease of obtaining
a source of virus via an infected animal. The most
important, and probably intangible, facet of rabies is
the “fear” the disease provokes. Although the disease
is usually vaccine preventable and there is a need for
an appropriate transmission vector to cause infection
in man, any perceived threat in the form of rabies
used as a bioweapon is realistic. Deliberate release of
virus in the form of a reservoir host in a previously
rabies-free area could result in economic losses due to
livestock death and subsequent costs of elimination. It
could also invoke “fear” in a human population without requiring large-scale human fatalities. For these
reasons, rabies could be perceived as a both an
economic and psychological bioweapon. To date, there
are no substantial documentations that lyssaviruses have
been weaponized. Nevertheless, with adequate technology, concentrations in cell culture can be obtained that
exceed 1 ⫻ 108 TCID50 without a loss in virulence.

The first characteristic signs of rabies usually appear
after an incubation period of 15–30 days. This period
is only an approximate indication, corresponding to
an exposure of average intensity in a species of average receptivity to a given virus. The incubation period
can be much longer and may extend from weeks to
months and even years (Rupprecht et al., 2002). The
clinical signs of rabies may vary according to the species; “furious” (encephalitic) or “paralytic (dumb)”
forms of the disease being observed in almost all
species affected (Warrell and Warrell, 2004). The majority
of patients (70%) demonstrate rabies in the “furious”
form. In humans, the onset of clinical rabies is characterized by nonspecific prodromal features consisting
of headache, fever, anorexia, nausea, vomiting, and
diarrhea. This may be associated with symptoms such
as anxiety, aggression, insomnia, hallucinations, and
nightmares. Clinical symptoms progress rapidly especially as the virus spreads through the central nervous
system (CNS) and the neurological impairment
increases. Symptoms often fluctuate with paroxysms
of hyperventilation and dysphasia, usually provoked
by sight or sound of water, which are punctuated
by periods of relative lucidity. The patient may also
complain of intolerance to tactile, auditory, and visual
stimuli. Paraesthesiae or pain at the bite site is observed
in about 45% of cases, which may be followed by
progressive pain or numbness in the limbs. Usually
within 4–7 days, from the onset of symptoms, pain is
reported in the neck region, which increases in intensity
before becoming a permanent headache.
Hyperexcitability and hydrophobia are characteristic of the furious (encephalitic) form of rabies. These
patients usually die within 7 days (average 5 days) after
the clinical onset (Hemachuda and Phuapradit, 1997). In
patients suffering from “paralytic” rabies, the average
length of survival is 13 days. The initial clinical features
of “furious” rabies are fever and hyperactivity. The latter is in response to internal stimuli such as thirst and
nervousness, and to external stimuli including light
and noise. The typical “furious” clinical symptoms
then include: aerophobia, hydrophobia, fluctuating
consciousness, spasms, and autonomic dysfunctions
(hypersalivation and piloerection).
The initial clinical features of “paralytic” rabies are
similar to those of “furious” rabies albeit later and
milder. Inspiratory spasms occur in all patients with
“paralytic” rabies during the preterminal phase. The
bitten limb will usually present with weakness, which
eventually spreads to all of the limbs, pharyngeal,
facial, and respiratory muscles. Other symptoms
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include hypersalivation and altered perception. In
many cases, a fear of death is continually expressed
leading to confusion, urinary incontinence, and atrial
fibrillation followed by respiratory spasms, breathing difficulties, convulsions, profuse salivation, and
ultimately cardiorespiratory arrest (Hemachuda and
Phuapradit, 1997; Solomon et al., 2005). In contrast, an
ascending paralysis, usually from the bitten limb, is
characteristic of the paralytic or “dumb” form of the
disease. The paralysis then spreads rapidly and
symmetrically with a loss of sphincter control and paralysis of the muscles of deglutination and respiration.
The latter occurs as a terminal event.

MORBIDITY AND MORTALITY
Rabies is almost always fatal, once symptoms appear
(Hemachuda and Phuapradit, 1997; Rupprecht et al.,
2002; Warrell and Warrell, 2004). It has been reported
that five vaccinated patients with “atypical” rabies have
survived as none of these patients showed the “usual”
clinical symptoms of rabies (Hemachuda, 1997). In
2005, a single case of survival from rabies in a teenager
from the US following rabies virus transmission from
a bat bite was reported (Willoughby et al., 2005). In
this case, the patient showed “typical” clinical symptoms of rabies and although she had not received pre
or postexposure vaccination against rabies, her treatment consisted of an innovative and largely unproven
regimen of drug-induced coma plus a combination of
antiviral therapy. Although premature in understanding, the success in treating this patient, and the history
of prior survivors, does suggest that the clinical course
of rabies can be altered in a small number of cases.
Attempts at duplicating the original achievement of
the “Milwaukee protocol” from different laboratories
in patients suffering rabies have been unsuccessful,
leading to the supposition that additional fundamental studies and development of relevant animal models are still required before this protocol is universally
accepted (Hemachudha et al., 2006; Jackson et al., 2007;
Willoughby 2007). Therefore, until the treatment used
is substantiated, once clinical symptoms develop rabies
remains a fatal and not a curable disease.

DIAGNOSTIC METHODS
A diagnosis of rabies is usually made on clinical
grounds in the first instance. In areas free of rabies, a
history of travel to a rabies-endemic country and/or

evidence of a bite wound support a rabies diagnosis. A
preliminary diagnosis should be verified through the
use of specific laboratory tests. Rabies is diagnosed in
many laboratories following positive histological examination of brain tissue by the direct fluorescent antibody
test (FAT), which employs the detection of the nucleocapsid protein (Goldwasser and Kissling, 1958; Dean
et al., 1996). This is a rapid, sensitive, and specific test
(2–3 h) with a high specificity. Histopathological preparation on formalin fixed paraffin-embedded brain preparations, stained with Hemotoxylin and Eosin (H&E), can
be performed as well, but take several hours longer than
the FAT. Aggregates of viral protein (“Negri bodies”)
often accumulate within certain neurons (particularly
in the brain stem, cerebellum, and hippocampus) and
can be observed under the light microscope, however
false-positive results have been reported due to nonspecific inclusion bodies. Although the older method
of examination for Negri bodies may be rapid, it has
a low specificity and sensitivity compared to other
methods (Nietfeld et al., 1989). Virus isolation can be
achieved by the mouse inoculation test (MIT). This is
performed by preparing homogenized suspension of
suspect tissue (normally brain tissue) that is administered to mice by intracranial injection (Koprowski,
1996). The mice are monitored up to 28 days postinfection. The rabies tissue culture infection test (RTCIT)
is comparable to the MIT and the results are obtained
within 2–4 days (Rudd and Trimarchi, 1987; Crick and
King, 1988). Laboratories with access to highly specific
monoclonal antibodies have the opportunity to employ
immunohistochemical techniques in detecting antigen
in fixed tissues. Rapid immunohistochemistry protocols
are under development for enhanced field surveillance
(Lembo et al., 2007). Molecular techniques including
the reverse transcriptase-polymerase chain reaction
(RT-PCR) can be used to identify the presence of
viral RNA in a range of samples (Sacramento et al.,
1991), including saliva, thus providing the ability to
attempt antemortem diagnosis in humans (Johnson
et al., 2002b; Smith et al., 2003). An advantage of
molecular diagnostic techniques, especially RT-PCR,
is the ability to amplify template in preparation for
sequencing. This may be required if more than one
lyssavirus genotype is present in the area when
the infection occurred. In general, the highly variable
regions of the genome are the most suitable for differentiating closely related isolates. In contrast, the conserved regions are suitable for typing distantly related
lyssaviruses. Given the cost, time, and opportunity for
both false positives from laboratory contamination, as
well as false negatives from primer mismatches, these
variables, among others, usually limit the diagnostic
utility of PCR to national research laboratories.
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TREATMENT
Although there is no proven treatment that exists
for rabies once clinical signs have appeared in an
animal, postexposure prophylaxis is highly effective in
man before clinical symptoms are observed and is
also likely to be effective in animals. For this reason the actions taken following a bite from a potentially rabid animal are critically important to ensure
prevention of disease. In the event of clinical suspicion,
it is advisable to isolate the suspect animal, and to
euthanize it (Rupprecht and Gibbons, 2004). Previous
studies have demonstrated that thorough cleansing
of the wound or wounds, with copious amounts of
soap and water can increase survival by 50% (Kaplan
et al., 1962). Subsequently, medical advice should be
sought and PEP initiated as soon as possible. This
consists of administering several injections of an antirabies vaccine according to a protocol defined by the
medical authorities, principally the WHO. Vaccine is
supplemented by the administration of rabies immune
globulins (RIGs) infiltrated around the wounds. In
some exceptional circumstances, recovery from clinical
rabies has been documented both in humans and
animals (Hattwick et al., 1972; Porras et al., 1976;
Willoughby et al., 2005) but as yet the reason for these
recoveries has not been elucidated.

PHYSICAL RESISTANCE OF THE VIRUS
Lyssaviruses are regarded as relatively fragile and
are susceptible to a range of physical agents: virions
are rapidly destroyed by heat, and heating to 50°C for
15 min completely inactivates the virus. Lyssaviruses
are also inactivated by light and ultraviolet rays, and by
different chemical agents including lipid solvents (ether,
chloroform), quaternary ammoniums, bleach, and
soapy solutions (practical application to the washing
of bite wounds and their disinfection) (Kaplan,
1996). Phenol, formaldehyde, β-propiolactone, acetylethyleneimine also destroy the virus (practical application for inactivation of the virus during vaccine
manufacture). In addition, lyssaviruses are preserved
by 50% glycerine (application to the preservation of
samples for dispatch to the laboratory in the event of
lengthy transport) and quite resistant to putrefaction
under certain circumstances, and virus has been identified in the carcass of a rabid animal that had been
buried for 9 days (Lewis and Thacker, 1974). Rabies
virus has been shown to survive from naturally infected
foxes, in the form of a suspension of salivary gland
tissue in physiological saline containing 10% calf serum.

At temperatures of 37 and 20°C there was a rapid
decline in the amount of virus over the first 24 h with
complete inactivation after 96 h. The effect of temperature was marked, with virus surviving 144 h at 5°C
when exposed on a flat surface but being inactivated
within 42 h at 20°C (Matouch et al., 1987). Solar radiation increased the rate of virus destruction; inactivation
was complete after one and a half hours when exposed
to intense sunshine at 30°C, but inactivation took 20 h
at the same temperature in the absence of sunshine.

IMMUNOLOGY
Antigens Encoded by Agent
The Lyssavirus genome is composed of a single
strand of negative-sense, nonsegmented RNA (around
12 kb) encoding for five separate proteins and comprising a vestigial intergenic region (psi) between the
G and L cistrons. The genes are ordered from 3⬘ to 5⬘
end of the genome as follows: nucleoprotein (N), phosphoprotein (P, NS, or M1), matrix protein (M or M2),
glycoprotein (G), and RNA-dependent RNA polymerase (L) (Fig. 33.5). Structurally, the virion is composed
of a nucleocapsid incorporating the N, P, and L proteins
in tight association with the genomic RNA. The
M protein forms a capsid structure which is in turn
surrounded by a host-derived envelope into which the
G protein is inserted. As a result the G protein is the
only surface exposed viral protein. The G- and N-gene
products are the major stimuli involved in eliciting
an immune response in vaccinated animals (Wunner
et al., 1988; Rupprecht et al., 1991) and therefore have
been the focus of much research.
The G-genes of fixed strains of RABV and that of
wild-type strains are drastically different (Lafon, 2005)
and as such suggest that the glycoprotein is responsible
for degrees of virulence and plays a fundamental role
in both pathogenicity and neuroinvasiveness in different hosts (Faber et al., 2007). Of critical importance
to neurovirulence is the presence of an arginine at
position 333 of the glycoprotein. A change of residue
at this position severely attenuates the virus variant
through a loss of neuroinvasiveness (Dietzschold et al.,
1983). Differences in pathogenicity between lyssavirus
strains might also be dependent on the length of the
genomic region between the L-gene start methionine
and the transcription termination and polyadenylation
(TTP) motif, which might affect transcriptional activity
and RNA stability. All available lyssavirus sequences
to date, including the EBLVs, use the second TTP site
with the exception being Pasteur Virus (PV) and
PV-derived isolates (Marston et al., 2007).

III. VIRAL VACCINES

37_P369408_Ch33.indd 621

11/4/2008 9:31:47 AM

622

RABIES

N

P

M

G

L

G–L noncoding region

Phylogenetic
analysis

FIGURE 33.5 A schematic representation of the rabies virus genome showing the 5 coding regions for the nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and the RNA polymerase (L). Also shown is the 400 base pair region of the nucleoprotein used
for phylogenetic analysis of panels of rabies viruses (see Fig. 33.3) and the 500 bp G–L intergenic region with no known coding function.

PROTECTIVE IMMUNE RESPONSES
The principal property of RABV is its ability
to infect neurons and gain access to the CNS, an
immune-privileged site. If the virus can gain access
to the CNS before an immune response is generated,
the fate of the host is largely sealed. The principal
correlate of protection against rabies is a strong virus
neutralizing antibody response (Hemachuda, 1994).
This response is used as a convenient marker to demonstrate the utility of vaccination in animals (Fooks
et al., 2002). Antibodies directed to the viral glycoprotein
are believed to provide the most effective immunological means as this is the only surface exposed
antigen (Celis et al., 1986) possibly by the inhibition of
cell-to-cell spread of infectious virus particles (Hooper
et al., 1998). However, the glycoprotein of different
RABV strains have different immunogenic properties, possibly related to the ability of certain strains to
induce apoptosis (Morimoto et al., 1999). It is hypothesized that fixed, laboratory adapted strains of RABV
overproduce glycoprotein and trigger the host cell to
apoptose. This in turn makes the virus more immunogenic and reduces virulence. By contrast, the street or
wild-type strains of RABV do not overproduce glycoprotein and maintain virulence for the host without
apoptosis (Theerasurakarn and Ubol, 1998; Bahloul
and Lafon, 2003).
The three-dimensional structure of the glycoprotein has not been fully elucidated, and as yet no crystal
structure for this protein has been resolved. However,
it is postulated to form trimeric structures within the
virion envelope, which may have frustrated efforts
to create recombinant vaccines against rabies. A
number of epitopes have been identified using monoclonal antibody mapping. The principal epitopes are
conformational (Seif et al., 1985; Prehaud et al., 1988)
although many linear, nonconformational epitopes have
been demonstrated (Dietzschold et al., 1990: Luo et al.,

1997: Ni et al., 1995: Raux et al., 1995: Mansfield et al.,
2004). However, it is unclear whether naturally infected
or vaccinated individuals produce antibodies against
these sites. Studies of RABV sequences encoding
for the glycoprotein have not demonstrated great
variation at suspected epitopes or for any selective
pressure at particular glycoprotein sites driven either
by the need to evade the host immune system or to
adapt to new hosts (Holmes et al., 2002).
RABV-specific cell-mediated responses have been
demonstrated (Celis et al., 1986; Cho et al., 1987) and
may play a role in protection but this may be limited to assisting in the development of the antibody
response. Gene knockout experiments in mice suggest
that the loss of the cell-mediated arm of the immune
system lowers but does not preclude resistance to
rabies, whereas loss of antibody production invariably
leads to fatal infection (Hooper, 2005).
Although the contribution of cell-mediated and
innate immune responses to protection against rabies
virus replication has not been fully defined, it is considered that they are not as important as the antibody
response. As a result only a small number of studies
have sought to identify T cell epitopes on particular virus-encoded proteins. Such epitopes have been
mapped to the phosphoprotein (Celis et al., 1990),
nucleoprotein (Ertl et al., 1991), and glycoprotein
(Desmezieres et al., 1999). The entry of primed cytotoxic T cells into the CNS would lead to the destruction of virally infected cells, which in turn could
contribute to the manifestations of disease (Sugamata
et al., 1992). They may also play a role in the expression of proinflammatory cytokines, especially type 1
interferons. The expression of interferon-γ, TNF-α,
IL-1α, and TLR3 are markedly increased following
rabies infection and correlate with disease symptoms
(Marquette et al., 1996; McKimmie et al., 2005).
However, it is unclear if T cell infiltration is a common feature of late stage rabies virus infection (Wang
et al., 2005). Indeed, RABV-specific cytotoxic T cells, in
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association with the production of inflammatory
cytokines such as tumor necrosis factor-α, may be
detrimental to the host and induce paralytic disease.
Human cases of infection do not always show evidence of an antibody response and although it is often
used diagnostically, serological tests for rabies are
often inconclusive (Crepin et al., 1998). In contrast,
vaccination is highly effective either given before
exposure or prophylactically.

VACCINES
The development of vaccination against rabies
began early in the 19th century with the pioneering
work of Louis Pasteur. Without the benefit of our current understanding of the pathogen or the immune
system, he developed a vaccine that prevented the
development of disease following exposure. The first
vaccines used the desiccated spinal cord of rabbits
infected with rabies and required a long course of
injections (which Pasteur as a scientist, not a clinician,
was unable to administer himself). Although nerve
tissue-derived vaccines are still in use today, WHO
(2005) does not recommend their use due to side
effects induced by components of the vaccine preparation. A 20th century milestone has been the development of cell-culture derived vaccines. These vaccines,
such as human-diploid cell vaccine (HDCV: Imovax®,
Sanofi), are considerably safer but are more expensive
to produce. However, they are now being superceded
by the purified chick embryo cell vaccine (PCECV;
Rabipur®, RabAvert, Chiron Behring Vaccines, USA),
and Vero cell vaccines (PVRV; Verorab, Sanofi). Such
vaccines can be used for both pre and postexposure
prophylaxis. Preexposure vaccination is recommended
for those at high risk, including research workers, veterinarians, animal handlers, and travelers to rabiesendemic areas. The vaccination schedule consists of
three intramuscular injections at day 0, 7 and 21 or
28. Postexposure vaccination is more complex and its
use may depend on the level of exposure. A number
of regimens have been developed (Dreesen, 1997)
that also include the use of RIG. The RIG is derived
from equine or human sources, although the cost of
its production has cast doubt on its future availability
(WHO, 2005). There are little data on the persistence
of protection although one study demonstrated that
14 of 22 vaccine recipients possessed neutralizing antibody levels above 0.5 IU/ml five years after immunization (Rodrigues et al., 1987). By current WHO
recommendations, those that are at continuous risk
of exposure to the virus are recommended to monitor serum antibody levels at 6 monthly intervals and
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to obtain a booster vaccination if the antibody level
drops below 0.5 IU/ml.
Parenteral vaccination of animals against rabies
is undertaken by the subcutaneous or intramuscular route at doses recommended by the vaccine
manufacturer. The vaccines most frequently used in
tropical countries until recently were modified live-virus
vaccines obtained by passage in laboratory animals or
in cell culture (ERA/SAD strains or derivatives) and
in chicken embryos (Flury strain, high or low egg passages: HEP or LEP). These vaccines had the advantage
of being easy to produce, were inexpensive, and provided protection for 2–3 years. They had the disadvantage, however, of being heat-sensitive and dangerous
for some species (e.g., the LEP vaccine in the cat).
These live-virus vaccines have therefore gradually
been replaced by inactivated virus vaccines produced
in cell culture, which had the advantage of lacking the
potential threat of vaccine-induced rabies. The length
of immunity conferred can also equal or exceed that
offered by live-virus vaccines, especially when an
adjuvant is added. Such vaccination should be given
to companion animals in rabies-endemic areas and is a
requirement for many animals being transferred from
a rabies-endemic area to a rabies-free country (Fooks
et al., 2002).
Japan is believed to be the first country to use
canine vaccination on a large scale to control rabies. A
Semple-type vaccine of rabbit brain origin was developed in the early 1920s, and its success aroused interest
in the US, where research on methods to assess the
potency of this type of vaccine, and on establishing
the duration of immunity in vaccinated dogs, was
undertaken.
A further development in the vaccination of
animals has been the development of live-attenuated
rabies vaccines that can be administered orally (Baer
et al., 1971). This approach was pioneered in the field
in Switzerland (Wandeler et al., 1988) and has been
used extensively in Europe and North America. The
three vaccines used most frequently are based on the
ERA/SAD strain, the SAG2 strain, and recombinant
vaccinia-rabies glycoprotein vaccine (VRG). These
vaccines are usually offered in liquid form, 1–2 ml
of which are placed in a vaccine container, such as a
plastic capsule, which is encased in a meatmeal or
fishmeal-based bait. Often the content and mode of
presentation of the bait needs to be refined to target
particular species and provide sufficient uptake to
ensure a high level of vaccine coverage. These baits
can either be distributed in the wild (manually or by
aerial means) in the case of wild carnivores or stray
dogs, or distributed individually by hand outs directly
in the case of domestic dogs. In view of the potential
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danger that these vaccines present to nontarget species
(notably man), who could ingest them, the distribution
of oral vaccines should be administered by authorized
persons and must be undertaken within a regulated
national vaccination program. This approach has
led to the virtual elimination of rabies from the fox
population in much of Europe and has contributed to
the control of rabies in a range of wildlife species in
North America.
Modern, cell culture-based rabies vaccines with
their origin from genotype 1/serotype 1 strains, are
composed of, and elicit protective immunity against,
strains within phylogroup I. It is unclear, however, that
vaccines based on genotype 1/serotype 1 strains will
protect against infection with viruses from the other
phylogroups. Studies to assess the ability of rabies
vaccines to protect against the other lyssaviruses
continue as results vary widely depending on the
vaccine virus strain, challenge method, and host
species. There are three main vaccine strains: PV, PitmanMoore (PM), or Flury low egg passage (LEP). Hanlon
and coworkers have shown that RABV-based vaccines
provide little to no crossprotection against the recently
identified lyssavirus, West Caucasian Bat virus. The
inability of conventional preexposure immunization
against rabies and postexposure prophylaxis against
these newly emerging lyssaviruses has serious public
health implications (Hanlon et al., 2005). As conventional prophylaxis does not exist for these new viruses,
there is an urgent need for the development of a broadspectrum vaccine and an appropriate immune globulin
with cross-neutralizing ability against all of the viruses
within the Lyssavirus genus.
Future DNA vaccines or recombinant viral vectors expressing immune-dominant regions may be
able to confer protective immunity against all of the
lyssaviruses. These prototype vaccines should be simple
to produce, cost-effective, safe from genetic reassortment, and able to elicit a balanced Th1/Th2 immune
response. In this respect, both the G- and N-proteins
have been expressed in prokaryotic and eukaryotic
expression systems and used as vaccine-delivery
systems for both parenteral and oral application
(Rupprecht et al., 1986; Prehaud et al., 1990; Yarosh et al.,
1996). Despite numerous research studies, DNA vaccination against rabies has not proved sufficiently efficacious to warrant phase I clinical trials (Ertl, 2003).
Edible plants expressing rabies virus proteins have also
been considered for the large-scale production of antigens. Plant-derived proteins could provide an inexpensive delivery vehicle for subunit vaccines in developing
countries to vaccinate both animals and man in mass
vaccination campaigns (Yusibov et al., 1997; Ma et al.,
2005). Transgenic tomatoes have been engineered to

express the RABV glycoprotein, freeze-dried, and fed
to mice resulting in the generation of G-specific antibodies (McGarvey et al., 1995). However, major issues
about antigen concentration and delivery remain.
Although initially complex, the ability to produce
recombinant negative-strand viruses is now very common. This has included the reverse genetics of rabies
virus (Schnell et al., 1994) and has lead to a revolution in our understanding of the relationship between
particular viral components and disease pathogenesis
(Faber et al., 2004). This technology now offers a great
many opportunities to design and develop a range
of live-attenuated vaccine candidates tailored to the
particular virus variant being targeted. For example,
in the United States this could find many applications
where current oral delivery vaccines have not proven
effective at reducing rabies among a number of wildlife vectors (Dietzschold and Schnell, 2002). Indeed,
the level of sophistication achieved by this approach
has enabled rationally attenuated rabies viruses to be
redesigned for use as a vaccine against other pathogens and also incorporating a beneficial cytokine gene
(McGettigan et al., 2006).

PUBLIC HEALTH SIGNIFICANCE
WHO estimates that there are in excess of 50,000
rabies deaths in humans each year. The highest
number of human rabies cases is reported in Africa
and Asia, particularly the Indian sub-continent. These
figures however, are considered to be conservative
estimates due to underreporting of the disease in
developing countries. This is largely a result of poor
health care infrastructures and also because of insufficient control measures confronting significant reservoirs present in domestic animals and wildlife species.
For these reasons, it is unlikely that rabies will be truly
eradicated globally, especially considering the role of
bats. Control efforts are focused on virus elimination
in animals that might have frequent contact with man,
particularly companion animals.
The Pan American Health Organization demonstrated in the late 1990s that human rabies could be
effectively reduced through a program of parenteral
vaccination of domestic animals in conjunction
with rabies education campaigns, especially in rural
rabies-endemic regions of developing countries of the
Americas. In this way, the transmission cycle from animals to humans was disrupted, acutely limiting virus
spread and reducing the public health risk. However,
this approach does not yet address elimination or
reduction of rabies in wildlife reservoirs. This provides
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a compelling argument for an understanding of the
epidemiological cycle of rabies in a specific region so
that appropriate control policies can be used to target
particular animal reservoirs. Furthermore, bat rabies
has never been successfully eliminated, and it is not
clear what strategies would be successful, so true eradication of the disease is not possible in many parts of
the world. Population controls used to reduce transmission of RABV from vampire bats in Latin America
using nonselective destructive methods are considered
to be obsolete and offer only a short-term respite from
the problem. In many cases, the problem can be exacerbated where habitat is destroyed or disrupted. Bats
incubating the disease can travel up to 100 km and
transmit rabies to new colonies resulting in further dissemination of the virus in geographical locations that
may have been previously rabies-free.
Apart from infection by bites, exceptional cases
of infection by aerosols have been reported (in caves
inhabited by large colonies of infected bats) or by the
ingestion of infected animal carcasses. However, these
natural modes of infection are not considered to be of
critical public health importance in epidemiological
terms at the present time (Constantine, 1962).

shortage of immune globulins for human use as part
of a PEP regimen has led to numerous approaches,
some coordinated by WHO, to provide an alternative
product for use throughout the world. Additionally,
the need for national strategic stockpiles of these
orphan biologicals has received recent attention.
It is necessary for governments and international
organizations to combat any terrorist use of biological
agents, such as rabies, by implementing a global, integrated surveillance program that has an “early detection” signal with open communication channels for
the free-flow of data and information between cooperating countries, before such events are documented.

KEY ISSUES
●
●

●
●

●

PROSPECTS FOR THE FUTURE
●

With the advent and widespread use of molecular biology techniques, it is now possible to construct
lyssaviruses from cloned cDNA (Schnell et al., 1994).
This pivotal report has led to an explosion in “reverse
genetics” allowing genome rearrangements and the
selection and isolation of “rescued” viruses that do
not occur naturally. Possible drawbacks in these technologies is their use in developing viruses with altered
phenotypes that demonstrate a broader cell-tropism
with enhanced targeting moieties. A genetically engineered strain of rabies virus could potentially be
generated with a high neuroinvasiveness, the potential ability to change tropisms, to be airborne, and
to evade immunity from current rabies vaccines. A
more simplistic and less technologically challenging
scenario would be a strain of virus that targeted feral
cats in urban areas. This would also cause widespread
disruption and risks to public health. Lastly, opportunistic scenarios and “timing” of an event could be
utilized for terrorist acts. In 2004, a shortage in the
supply of Imovax® rabies vaccine (Sanofi Pastuer) in
Canada led a second vaccine, RabAvert® (Chiron),
to be licensed for use in Canada in a relatively short
time. In the US and Europe, manufacturing problems in the shortage of Imovax® rabies vaccine led to
concerns over available vaccine for PEP. The global

●

●

●

●

●

●

●

●

Lyssaviruses are zoonotic.
Lyssaviruses are present in all continents of the
world.
Lyssaviruses must be notifiable in all countries.
Lyssaviruses should be considered as potential
biothreat agents.
Transmission of a lyssavirus from one host to
another is principally by the dissemination of
virus-laden saliva from a biting incident.
Lyssaviruses are readily inactivated in the
environment and are poorly transmitted by the
airborne route.
Detection of the virus in a previously “rabies-free
region” would result in widespread disorder,
especially if used for agroterrorism.
Misconceptions concerning rabies still avail. It is
largely the “notoriety” and “fear” of the disease,
especially in countries that are free from terrestrial
disease in animals, in which the disease would
cause the most disruption.
Efficacious animal (live-attenuated and recombinant
viral-vectored) vaccines are available for both
parenteral and oral use.
The large-scale control of rabies in wildlife has been
successfully demonstrated with the use of oral
vaccines.
Fully efficacious and safe (inactivated) cell-culture
produced human vaccines are available.
There is no reliable treatment for rabies once clinical
symptoms appear.
Postexposure prophylaxis against rabies is only
effective in humans before the onset of clinical
symptoms.
Any PEP regimen must include both a course of
vaccination and the administration of immune
globulin to be fully effective.
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New vaccine candidates and alternative immune
globulins are under development in order to
neutralize and cross-protect against new and
emerging lyssavirus strains.

As part of the emergency preparedness to deal
rapidly with any deliberate release of rabies virus
or a related lyssavirus, an incident report plan (IRP)
has been prepared. The IRP will be coordinated from
national veterinary/medical authorities in alliance
with international organizations, especially the WHO
and OIE and used to quickly identify an infected area
and to galvanize a rapid response team comprised of
designated experts involved with emergency planning
in consultation with rabies experts representing the
World Health Organization Communicable Disease
Surveillance and Response Collaborating Centre network and the OIE rabies reference laboratory network.
Additional support from international specialists in
veterinary public health, epidemiologists, clinicians,
and representatives from other government departments and nongovernmental organizations will be
provided in such an emergency.
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ABSTRACT
Ross River virus is a mosquito-borne Alphavirus which is endemic in Australia and Papua New Guinea and
which causes approximately 5000 cases of a disease known as epidemic polyarthritis each year. Horses are the
only hosts, other than humans, known to develop clinical signs or symptoms following a natural infection. The
dramatic increase in the number of cases reported between 1980 and 1990, and thereafter, reflects the development
and commercialization of ELISA-based tests to diagnose this disease and the requirement for it to be notified to
health authorities. Patients develop arthritis in the small joints of the hands and feet and also may experience
fever, rash, and a range of other nonspecific signs and symptoms. Disability lasts from a few weeks to a year
or more. The disease has been estimated to cost Australia more than US$10 million each year in direct medical
costs. The epidemic potential of the virus was demonstrated in 1979–1980 when it spread to Fiji, New Caledonia,
Samoa, Tonga, and the Cook Islands causing thousands of clinical infections. Interestingly, this outbreak by-passed
New Zealand. After an interval of 25 years, RRV transmission was detected again in Fiji in 2004. Isolated cases
of epidemic polyarthritis also are diagnosed among visitors returning from Australia to Europe and to areas of
the southern United States where there are mosquitoes which are able to transmit the virus. Vector control is
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an expensive and inefficient mechanism for controlling this disease because of the wide range of mosquito and
vertebrate hosts for RRV and the wide range of different habitats employed by these hosts. Natural infection in
humans appears to provide lifelong immunity against a second clinical infection so this virus appears to be an
ideal target for a vaccine. Experimental animals immunized with RRV inactivated with binary ethyleneimine
or with formalin developed no adverse signs or symptoms and did not develop a viremia when challenged
intravenously with large doses of virus. The titers of neutralizing antibody elicited by these killed vaccines in
experimental animals were similar to those in humans following a natural infection.

INTRODUCTION
Ross River virus (RRV) causes approximately 5000
cases of epidemic polyarthritis in Australia and an
unquantitated number in Papua New Guinea each
year. While the emergence of epidemic polyarthritis in
Australia is probably a reflection of the emergence of
a capacity by laboratories in this country to diagnose
RRV infection in a simple and reliable manner, the
epidemic of RRV infection in the Pacific in 1979–1980
was a clear demonstration of the epidemic potential of this virus in nonimmune human populations.
It remains to be seen whether the apparent absence
of RRV from most areas of the Pacific involved in
the 1979–1980 outbreak has allowed a large enough
population of nonimmune hosts to develop for another
outbreak to occur in this region. There also may be
value in monitoring the return of epidemic polyarthritis patients to areas of the United States where
the local mosquitoes are known to be competent to
transmit the virus. RRV infection is difficult to prevent
through vector control programs alone because of the
large number of potential hosts and mosquito vectors.
However, natural infection with this virus appears to
elicit lifelong immunity against clinical disease.

(Fig. 34.1) in 1956, Shope and Anderson (1960) were
able to show diagnostic rises in hemagglutination
inhibiting (HI) antibody titers to Semliki Forest virus
(three patients) and Bebaru virus (two additional
patients). A diagnostic rise in neutralizing antibody
titers against Bebaru virus also was detected in four of
these five patients.
Anderson et al. (1961) then detected antibody
that neutralized Bebaru virus in sera from humans
from Queensland, Victoria, the Northern Territory,
and Papua New Guinea and in horses, pigs, and cattle from throughout Queensland. Stanley and Choo
(1964) also detected antibody that reacted with
Bebaru virus in human sera from central and Western
Australia and in horses from south-west Western
Australia. Together, these studies suggested that epidemic polyarthritis was caused by a Group A arbovirus (Alphavirus) and that infection with this (these)
agents was widespread in Australia.
Isolation of RRV by Doherty et al. (1963)
enabled serological tests to be used to confirm that
it, rather than Bebaru virus, was the causative agent
of epidemic polyarthritis (Doherty et al., 1963, 1964).

Katherine

HISTORY OF THE DISEASE
Shope and Anderson (1960) recognized that the
outbreaks of polyarthritis that had been observed
throughout eastern Australia since 1928 (Nimmo, 1928;
Halliday and Horan, 1943; Harris, 1944; Sibree, 1944;
Dowling, 1946; Goswell, 1946; Short, 1949; Anderson
and French, 1957; Fuller and Warner, 1957; Wilson,
1957) resembled that in Tanganyika (Tanzania) in 1952
(Robinson, 1955) from which one of Casals’ (Casals,
1957) Group A arboviruses (Chikungunya) had been
isolated (see Chapter 32). Using a panel of Group A
arboviruses (Semliki Forest, Mayaro, Chikungunya,
Bebaru, and Getah) to test acute and convalescent sera
from patients who developed rash and polyarthritis during an outbreak of “epidemic polyarthritis” in
Mildura and surrounding towns in the Murray Valley

Townsville
(Ross River)

NORTHERN
TERRITORY

QUEENSLAND
WESTERN
AUSTRALIA
SOUTH
AUSTRALIA
NEW SOUTH
WALES
Mildura

Griffith
Echuca
VICTORIA

Murray Valley
TASMANIA

FIGURE 34.1 Locations in Australia mentioned in the text.
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ETIOLOGICAL AGENT

Subsequent serological studies have found the subclinical infection rates with RRV in humans to vary
from approximately 0.5% per annum in southern
Australia (Echuca-Melbourne Collaborative Group,
1976; Fraser et al., 1986) to 1.5% per annum, and
greater, in northern Australia (Doherty et al., 1966;
Aaskov et al., 1981e).

ETIOLOGICAL AGENT
Classification
Family: Togaviridae. Genus: Alphavirus (Fig. 34.2).
Doherty et al. (1963) used suckling mice to
isolate the prototype strain of RRV (T48) from a pool
of 88 female Aedes vigilax mosquitoes which had been
collected in a mangrove habitat near Ross River in
Townsville in northeastern Australia between January 27
and February 6, 1959.
Although Doherty et al. (1972) recovered RRV from
a child with headache, fever, and chills in 1971, using
suckling mice, the first isolate of RRV from an epidemic
polyarthritis patient was made, again using suckling mice, by Mataika and Miles during the outbreak
of RRV infection in Fiji in 1979 (Aaskov et al., 1981c).
Subsequently, Tesh et al. (1981) recovered a single isolate

FIGURE 34.2

Cryo-EM reconstruction of RRV showing the clusters of trimeric E1-E2 heterodimers over the surface of the virion.
The dark areas in the centre of the virion are regions in which the
lipid envelope is exposed.
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of RRV from epidemic polyarthritis patients in Samoa
and Rosen et al. (1981) recovered 49 isolates of RRV
from acute phase sera from epidemic polyarthritis
patients in the Cook Islands and demonstrated viremia
in these patients for up to a week following onset of
symptoms. Despite more than two decades of attempts
to isolate RRV from epidemic polyarthritis patients in
Australia using a variety of avian and mammalian systems, the first isolates were not made until 1983—using
C6-36 mosquito cells (Aaskov et al., 1985). Subsequent
experience in Australia suggested that virus could be
recovered from approximately 10% of acute phase seronegative serum samples from epidemic polyarthritis
patients using cultures of C6-36 cells. This rate is lower
than that reported by Rosen et al. (1981) in the Cook
Islands but few Australian patients present as early after
onset of symptoms as did those in the Cook Islands.
Shope and Anderson (1960) provided the first serological evidence that the causative agent of epidemic
polyarthritis was a “Group A” arbovirus and the subsequent serological studies with RRV (Doherty et al.,
1963, 1964) confirmed its classification in this family.
However, it was not until the studies by Martin et al.
(1979) and Richardson et al. (1980) and the limited
nucleotide sequencing by Dalgarno et al. (1983) that
there was biochemical evidence to support the subsequent classification of RRV as an Alphavirus in the
family Togaviridae.
The genomes of the prototype strain of RRV (T48)
and that of a mouse avirulent strain (NB5092) have
been sequenced (Faragher et al., 1988).
By analogy with other alphaviruses, the genome
of RRV (Faragher et al., 1988) is believed to code for
four nonstructural proteins (nsP1-4) and five structural proteins (capsid [C], envelope protein 3 [E3],
envelope protein 2 [E2], 6K protein, and envelope
protein 1 [E1]) although only C, E2, and E1 can be
detected in mature virions. RRV falls into the subgroup
of Alphaviruses with an OPAL stop codon (UGA) at
the 3⬘ end of the nsP3 protein. However, recent studies with O’nyong-nyong (Lanciotti et al., 1998) and
RRVes (Aaskov, unpublished) suggest that Alphavirus
populations may be polymorphic at this site having
genomes with the OPAL codon and genomes with a
codon for Arginine (CGA).
Cryo-electron microscopic reconstructions of the
RRV virion (Cheng et al., 1995; Smith et al., 1995;
Mukhopadhyay et al., 2002; Zhang et al., 2005)
(Fig. 34.2) revealed a genome encased in a nucleocapsid composed of 240 copies of the capsid protein in a
T ⫽ 4 icosahedral lattice and surrounded by an host
cell-derived lipid bilayer approximately 40 Å thick.
Anchored in the lipid bilayer were 80 spikes each composed of three E1-E2 envelope protein heterodimers.

III. VIRAL VACCINES

38_P369408_Ch34.indd 633

11/5/2008 5:02:09 PM

634

ROSS RIVER VIRUS: EPIDEMIC POLYARTHRITIS

There are no reports of the E3 protein being detected
in mature RRV virions. Amino acid residues around
E218 of the E2 protein may play a role in attachment
to host cells (Kerr et al., 1993; Heil et al., 2001) and the
region 80VYTGVUPFMWGGAYCFCD97 in the E1 glycoprotein of RRV shows extensive homology with the
same region of other alphaviruses and with other viral
proteins which are involved in fusion of virions with
host cell membranes (Strauss and Strauss, 1994) and may
play a similar role in the infection of cells by RRV.

Antigens Encoded by the Agent
While all the structural and nonstructural proteins of RRV are likely to be immunogenic, evidence
of humans producing antibodies, or cell-mediated
responses, against most of them is lacking.
Sera from epidemic polyarthritis patients and from
experimental animals infected with RRV react with
the E1 and E2 structural proteins (Kistner et al., 2007).
IgG antibody in serum from epidemic polyarthritis
patients reacts with both reduced and nonreduced
RRV E1 and E2 proteins in western blots, albeit more
strongly with the nonreduced proteins. IgM antibody from epidemic polyarthritis patients reacts with
nonreduced E1 and E2 proteins in western blots, but
rarely, if at all with reduced proteins. The reaction of
human anti-RRV IgM with the E2 protein invariably is
stronger than the reaction with E1 (unpublished observations). Sera from experimentally infected animals
react with the C protein as well as E1 and E2 (Kistner
et al., 2007) while that from patients has not been
observed to react with C (unpublished observations).
There have been no systematic studies of the reaction
of sera from patients with nonstructural proteins.
As with other alphaviruses, many of the determinants involved in antibody-mediated neutralization,
cell tropism, and mouse virulence have been identified
in the E2 glycoprotein of RRV (Kerr et al., 1992, 1993;
Meek et al., 1989; Vrati et al., 1986, 1988, 1996). Three,
and possibly four, epitopes recognized by monoclonal
antibodies which neutralized infection of RRV in vitro
have been identified in the E2 glycoprotein of RRV.
These involve amino acids at positions E4 (Kerr et al.,
1993), E216, E232-234 and E246-251 (Vrati et al., 1988).
However, polyclonal sera raised against peptides corresponding to the three putative epitopes between
amino acids 216 and 251 of the RRV E2 protein failed
to neutralize virus in vitro (Kerr et al., 1992). One possible explanation for these data was that the epitopes
recognized by the neutralizing monoclonal antibodies
in the RRV E2 protein were conformational or discontinuous and that the polyclonal sera raised against the

linear peptides bound to virions with insufficient affinity to neutralize infection.
It is not known whether sera from humans recognize the same epitopes in the E2 protein as these neutralizing monoclonal antibodies but, in an epitope
blocking ELISA, Oliveira et al. (2006) found sera from
epidemic polyarthritis patients, which inhibits the
binding of an anti-E2 mouse monoclonal antibody to
Ross River virions. No serological epitopes have been
identified in the E1 glycoprotein despite the extensive
serological responses to this protein by both humans
and experimentally infected animals.
Class switching of anti-RRV antibodies from IgM
to IgG occurs readily in both humans and experimental animals indicating the virus is eliciting an effective
TH (CD4) response. Furthermore, Fraser and Becker
(1984) observed predominantly CD4 lymphocytes
in the synovial effusion of epidemic polyarthritis
patients, although the role or function of these cells
could not be identified. In contrast, these authors
(Fraser et al., 1983) reported predominantly CD8 lymphocytes in the exanthem associated with many RRV
infections. Again, neither the function nor the epitopes
recognized by these cells could be determined.
An H-2Kd restricted T-cell epitope (QYSGGRFTI)
has been identified in the capsid protein of RRV (Linn
et al., 1998). Murine CD8 T-cells recognizing this
epitope were able to destroy RAW264.7 cells (a murine
macrophage cell line) infected with RRV in vitro but
had no effect on viremia in mice.

PROTECTIVE IMMUNE RESPONSE
Epidemic polyarthritis patients do not develop
a second clinical infection and in a prospective serological study (Aaskov et al., 1981e) a fourfold rise in
preexisting anti-RRV antibody titers was observed
in several participants suggesting they had experienced a subclinical anamnestic infection. While these
observations suggest a natural infection elicits a lifelong immunity, they do not identify which arm(s) of
the immune response are responsible for this protection. Also lacking are any data for the outcome of RRV
infections in humans who are immunosuppressed or
who have defined immunodeficiencies.
Early laboratory studies (Doherty et al., 1963) in
which mixtures of RRV and antibody were injected
into newborn mice demonstrated that antibody alone
could prevent infection in vivo—at least in experimental animals. There have been no definitive studies which demonstrate that T cells (CD4 or CD8) alone
can protect against an infection with RRV.
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FIGURE 34.3 Geographic distribution of confirmed transmission of RRV.

EPIDEMIOLOGY
Although the rate of infection of humans with
RRV at any given locality appears to be independent of age (Doherty et al., 1966; Echuca-Melbourne
Collaborative Group, 1976), clinical disease in children
is rare (Aaskov et al., 1981c) and when it does occur,
arthritis is mild or nonexistent (Doherty et al., 1972;
unpublished observations) (Fig. 34.3). The incidence
of disease in those over 40 years of age decreases, presumably due to immunity elicited by previous subclinical and clinical infections. There have been no
confirmed reports of an epidemic polyarthritis patient
developing a second clinical infection and there is no
other epidemiological evidence that the antibodydependent enhancement of monocyte/macrophage
cell lines by RRV observed in vitro (Linn et al., 1996;
Lidbury and Mahalingam, 2000) plays any role the
epidemiology of RRV infection.
While there was extensive serological evidence of
human infection with RRV prior to 1979 (Doherty, 1972),
disease appeared to occur as outbreaks in geographically

discrete regions. In areas where epidemic polyarthritis
was endemic, almost all cases were reported following
the summer rains (December–April)—new cases in the
July–October interval were rare (Doherty et al., 1971).
Subsequent expansion of RRV diagnostic facilities and
epidemic polyarthritis becoming a notifiable disease in
1990 showed this to be an incomplete picture of human
disease (Fig. 34.4).
The detection of anti-RRV antibodies in a wide
range of native and domestic animals raised the possibility of a zoonotic cycle of transmission of RRV with
humans as an incidental host. RRV has been recovered
from asymptomatic native birds (Grallina cyanoleuca
and Microeca fascinans; Whitehead et al., 1968) and
horses (Pascoe et al., 1978), and from horses with musculoskeletal disease (Azoulas et al., 2003). Horses and
little corellas (Cacatua sanguinea) have been shown to
develop viremias sufficient to infect Culex annulirostris
mosquitoes (Kay et al., 1986). Aedes aegypti (Taylor and
Marshall, 1975) and Aedes polynesiensis (Gubler, 1981)
mosquitoes could be infected by feeding on viremic
baby laboratory mice, and Aedes vigilax mosquitoes
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FIGURE 34.4

Number of cases of epidemic polyarthritis
reported each year in Australia from 1966 to 2006. Notification
became compulsory in 1990.

could be infected by feeding on viremic gray-headed
flying foxes (Pteropus poliocephalus) (Ryan et al., 1997).
A range of other native, domestic, and feral animals
have been shown to develop viremia following experimental infection with RRV (Whitehead, 1969; Marshall
and Miles, 1984; Kay and Aaskov, 1989) but they have
not been assessed for their capacity to infect known
vectors of RRV.
Although, RRV has been isolated from more than
30 species of mosquitoes (Russell, 1995, 2002), the
competence of most to transmit this virus has not been
assessed. The logistics of these studies are magnified
by the need to assess the competence of mosquito species collected from different localities to transmit a
range of RRV genotypes (Sammels et al., 1995).
Two events have directed attention to the possibility that RRV may be able to maintain itself in
human–mosquito–human cycles. The first was the
epidemic of RRV infection in the Pacific in 1979–1980
and the second was the realization, with the provision of comprehensive diagnostic RRV serology and
national reporting of cases of epidemic polyarthritis
that human infection occurred year round and that
many patients were urban dwellers (Aaskov et al.,
1981e) who lived nowhere near significant numbers of
most of the native animals proposed as likely amplifying hosts for RRV.
Although there are anecdotal accounts of the
first cases of epidemic polyarthritis appearing in the
Murray Valley with the arrival, each year, of sugarcane cutters from north Queensland to pick stone
fruit, the first definitive evidence of movement of RRV
over significant distances came with the outbreak of
RRV infection in the Pacific in 1979–1980. Evidence
to support the concept that the virus was introduced
into the Pacific with a viremic human came from the

subsequent reports of tourists developing epidemic
polyarthritis within days of returning to Australia
from Fiji (Bennett et al., 1980).
The first cases of epidemic polyarthritis were recognized, in Fiji, in late April 1979 near Nadi International
Airport. Cases then began to appear throughout the
island of Viti Levu, peaking in late May or early June.
Cases subsequently appeared on the second largest
island, Vanua Levu, and continued for more than a year
with virus being isolated from two patients from Labasa
in January 1981 (Marshall and Miles, 1984). In August
1979, epidemic polyarthritis appeared in American
Samoa and new cases continued to be recognized until
at least January 1980 (Tesh et al., 1981). By November
1979, cases of epidemic polyarthritis were recognized in
the Wallis and Futuna Islands (Fauran et al., 1984) and
in January 1980 they were being reported from Tonga
(Kay, 1981), the Cook Islands (Rosen et al., 1981), and
New Caledonia (Fauran et al., 1984). Serological testing
of preepidemic sera from Fiji (Aaskov et al., 1981c) suggested RRV transmission may have occurred there in
the years preceding the outbreak but was not sustained.
Similar testing of sera from Western Samoa suggested
that RRV infection also may have occurred there prior
to 1980 although no cases of epidemic polyarthritis were
recognized (Marshall and Miles, 1984). However, in the
absence of travel histories for the individuals involved,
it is possible they were infected with RRV during a visit
to Australia.
Taken together, these data suggested that RRV
employs multiple host–vector cycles, each adapted
to a particular ecological niche. The observation by
Hawkes et al. (1985) that the incidence of epidemic
polyarthritis could vary almost 10-fold between two
very similar communities (237 per 105 residents in
Forbes and 27 per 105 residents in Parkes), only 30 km
apart, during the same outbreak, in the same geophysical region of New South Wales, suggested that
these niches may be quite small. It seems possible that
multiple niches could exist even within a single large
metropolitan center. It also is likely that these niches
are dynamic environments which constantly change
in response to human (development, habitation, vector control programs) or natural (tides, temperature,
rain, wind) intervention.

Significance as a Public Health Problem
Approximately 5000 cases of epidemic polyarthritis are reported in Australia each year (Fig. 34.4) and
the direct medical costs of the disease have been estimated to be US$ 10 million annually (Aaskov et al.,
1998). Given the scores of possible vertebrate hosts
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and the scores of potential mosquito vectors, vector control programs can hope only to reduce the
number of cases of epidemic polyarthritis in urban
areas. Efforts to motivate individuals to take adequate
personal protective measures have fallen, largely, on
deaf ears.
The cost of vector control programs designed to
limit this disease have not been quantitated and it is
probably unreasonable to do so because a significant
motivation for mosquito control programs in Australia
is nuisance reduction rather than disease prevention.
The social costs of epidemic polyarthritis have not
been quantitated.
No estimate has been made of the cost of the epidemic of RRV infection in 1979–1980, which resulted
in tens of thousands of cases of clinical disease across
the Pacific (Aaskov et al., 1981c; Rosen et al., 1981;
Tesh et al., 1981), or of the disease burden in Papua
New Guinea (Scrimgeour et al., 1987). Each year small
numbers of tourists from Europe and the US also
develop epidemic polyarthritis after visiting Australia
as do foreign military personnel who participate in
exercises in northern Australia.

Potential as a Biothreat
While RRV would not appear to have potential
as a conventional biological weapon, its remarkable
capacity to cause epidemics, as demonstrated during
the outbreak in the Pacific in 1979–1980 (Aaskov et al.,
1981c; Rosen et al., 1981; Tesh et al., 1981; Kay, 1981),
marks this virus as a biothreat. The recent reports
of cases of epidemic polyarthritis originating in Fiji
(Klapsing et al., 2005; and unpublished) point to the
possibility of a repeat of the earlier epidemic in the
Pacific. The ability of rapid air travel to put viremic
humans into the southern states of the United States
where mosquitoes have been shown to be competent
to transmit this virus (Mitchell et al., 1987) suggest
RRV also poses a threat to that region.

CLINICAL DISEASE
The term “epidemic polyarthritis” was coined by
Dowling (1946) and now is used to describe the disease caused by RRV in humans. The recent use by
some of the term “epidemic polyarthritis” to describe
infections caused by other mosquito-borne viruses is
without foundation and causes confusion.
The interval from infection with RRV to onset of
symptoms has been estimated to be from 3 to 21 days
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(Anderson and French, 1957; Fraser and Cunningham,
1980; Rosen et al., 1981). Disease occurs most commonly in adults (Mudge and Aaskov, 1983; Hawkes
et al., 1985; Curran et al., 1997) with symptoms being
milder and of shorter duration in children. There is
a decreasing incidence of disease with age, presumably due to many long-term residents being immune
as a result of previous clinical or subclinical infections
(Aaskov and Doherty, 1994). The ratio of subclinical to
clinical RRV infections varies from approximately 20:1
in areas like Queensland where infection is endemic
to 4:1 (in Fiji; Aaskov et al., 1981c) or even lower
(1:2 in Griffith, New South Wales; Hawkes et al., 1985)
during outbreaks of disease. Those with the HLA DR7
haplotype are 3.3 times more likely to develop clinical
disease following an infection with RRV than those
with other haplotypes, while HLA DR3 appeared to
provide significant protection against clinical disease
(Fraser et al., 1980).
Epidemic polyarthritis is characterized by arthritis,
particularly in the knees and the small joints of the hands
and feet and may be accompanied by a maculopapular
rash and or fever/chills. Patients also may develop a
range of other nonspecific signs and symptoms (e.g., paresthesia, lethargy, depression, headache, nausea; Aaskov
et al., 1981c; Mudge and Aaskov, 1983; Hawkes et al.,
1985; Fraser, 1986; Condon and Rouse, 1995; Seldon and
Cameron, 1996; Harley et al., 2001; Mylonas et al., 2002).
The clinical presentation of what is believed to have
been epidemic polyarthritis appears to have changed
with both time and location (Keary et al., 1997). While
to Nimmo (1928), Halliday and Horan (1943), Goswell
(1946), and Shope and Anderson (1960) arthritis was the
most noticeable feature of this disease, but to Dowling
(1946), Weber (1946), Wilson (1957), and Fuller and
Warner (1957) it was the rash. In a survey by Mudge
and Aaskov (1983), rash was reported from 78% of
epidemic polyarthritis patients from South Australia
but from only 40% of patients from the remainder of
the country. Even with careful observation, rash was
detected in only 20% of Fijian patients (Aaskov et al.,
1981c). Seglenieks and Moore (1974) reported that in
the same area of South Australia rash was the most
prominent feature of the 1956 outbreak of RRV infection while in 1971 it was arthritis. It is unclear whether
the pathological processes leading to the rash are the
same as those that lead to arthritis (see below). There
is no evidence that different strains of RRV cause different symptoms, or symptoms of varying severity, in
humans. Another feature of epidemic polyarthritis that
appears to be changing is the duration of symptoms
and, perhaps related to this, more frequent reports of
lethargy and depression. It is difficult to quantitate these
changes because of the differing methodology used to
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obtain the data but they might be influenced by diagnosis and reporting of more patients with milder disease
now that laboratory confirmation is more readily available. While two early studies (Sibree, 1944; Goswell,
1946) reported hospitalization of significant numbers of
patients for from 1 to 4 weeks, there were few reports
of long-term sequelae. In contrast, hospitalization of
epidemic polyarthritis patients is now uncommon but
long-term sequelae are being reported more often. More
recent studies suggest epidemic polyarthritis patients
are absent from work for an average of 2 days (Mylonas
et al., 2002) and unable to perform normal duties for, on
average, 2–6 weeks (Hawkes et al., 1985; Condon and
Rouse, 1995; Seldon and Cameron, 1996; Westley-Wise
et al., 1996). Symptoms usually resolve over 3–6 months
(Aaskov et al., 1981b, 1987; Harley et al., 2002; Mylonas
et al., 2002) but some patients may have symptoms lasting a year or more (Fraser, 1986).
There is a body of evidence suggesting that strains
of RRV T48 and NB5092 vary in their tropism for cardiac and neurological tissue (Mims et al., 1973; Murphy
et al., 1973) but the issue of the tissue tropism of virus
populations that have not been passaged extensively in
mice has not been explored, and not in human tissues.
There also are isolated reports of involvement of
the renal and central nervous systems in RRV disease.
Davies et al. (1982) postulated on the basis of retrospective serology that RRV might cause segmental necrotizing
glomerulonephritis but it was not until two later studies
(Fraser et al., 1988b; Anstey et al., 1991) that a clearer association between RRV infection and glomerulonephritis
and hematuria was made. Changes observed in the renal
biopsy made by Fraser et al. (1988b) were compatible with
a serological or immune-complex mediated pathogenesis.
However, no viral antigen was detected in this tissue.
RRV is highly neurotropic in young mice
(Doherty et al., 1963; Mims et al., 1973; Murphy
et al., 1973) and possibly in horses (Gard et al., 1977),
but evidence for infection of the human central nervous system has been less convincing. Perhaps the
first such report was that of the death of a soldier
of encephalitis in Katherine (Northern Territory) in
1942 or 1943, several months after developing what
was believed to be epidemic polyarthritis (Short,
1984). Other tenuous examples include two from
Queensland (Aaskov, 1979), one from the Northern
Territory (Lucas and Qiao, 1999), one from Papua
New Guinea (Scrimgeour, 1999), and one of a focal
encephalitis in a 58-year-old male German tourist on
return from a visit to Queensland. This patient had
developed a febrile illness and prolonged arthritis
while in Australia where a RRV infection was confirmed by serology. Eight weeks after onset of
symptoms, he presented to a hospital in Germany

complaining of weakness, disturbed temperature sensation, and paresthesia in his left forearm.
Cerebrospinal fluid was normal as were routine
blood tests and blood chemistry. A cerebal magnetic
resonance tomography with gadolinium IV showed
three high-density subcortical plaques. It was felt
that one of these, in the right hemisphere, could
have explained the transient neurological symptoms
(Aaskov, unpublished data). Perhaps the strongest
evidence of meningitis following a RRV infection
was provided by Penna and Irving (1993). A patient
with symptoms (fever, arthralgia) and serology (HI
titer 80; anti-RRV IgM positive) compatible with a
diagnosis of epidemic polyarthritis presented with
the additional symptoms of headache and neck
stiffness during the 1993 outbreak of RRV infection in South Australia. Virus isolation could not
be attempted but cerebrospinal fluid contained 100
leukocytes/μl consisting of 80% lymphocytes and
20% neutrophils. No fungal or bacterial pathogens
could be cultured and no serological evidence of
infection with other pathogens was obtained.
Just as RRV can be extremely neurotropic in young
mice but rarely causes central nervous system symptoms in humans, it readily crosses the placenta of pregnant mice (Aaskov et al., 1981a; Milner and Marshall,
1984) but rarely does so in humans. Following the
outbreak of RRV infection in Fiji in 1979, cord blood
from approximately 5% (11/198) of children born
to mothers who were 11–19 weeks pregnant when
infected, contained anti-RRV IgM antibody suggesting in utero exposure to virus or viral antigen (Aaskov
et al., 1981d). These children, with anti-RRV IgM in
their cord blood, appeared normal at birth and following a physical examination several years later.
In a smaller retrospective study of children born
to women in the Cook Islands who were infected
with RRV during the first 21–22 weeks of pregnancy
(39 children), Aleck et al. (1983) found no evidence of in
utero infection nor of increased rates of abnormalities in
children born to infected mothers. However, the sample
size (39 subjects) in the study by Aleck et al. (1983) was
too small to detect an in utero infection, if the incidence
of transplacental transmission of virus was similar to
that reported by Aaskov et al. (1981d) in Fiji.

TREATMENT
The results of the only formal trial of treatment
for epidemic polyarthritis suggested recovery was
faster in patients taking corticosteroids (Mylonas
et al., 2004). However, most clinicians employ symptomatic treatment with nonsteroidal anti-inflammatory
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medication (Fraser, 1986). A number of patients with
prolonged, severe, arthritis have gained relief when
taking prednisolone.

PATHOGENESIS
Titers of anti-RRV antibodies and of autoantibodies
do not correlate with the presence or duration of arthritic
symptoms of epidemic polyarthritis and complement
activation has not been detected in the joints of patients
(Clarris et al., 1975; Aaskov et al., 1981b, 1981c; Fraser
et al., 1981, 1987, 1988a). Together with the predominantly mononuclear nature of the inflammatory response
in the arthritic joints of these patients (see below), these
observations point to a cell-mediated rather than an
antibody-mediated pathogenesis for this disease.
As outlined above, the feature common to all
epidemic polyarthritis patients is arthritis in the small
joints, particularly the hands and feet. Biopsies of joint
synovium from a small number of patients revealed
mild hyperplasia, mononuclear cell infiltration, and
some fibrin deposition (Hazelton et al., 1985; Soden et al.,
2000). The cell infiltrate consisted of approximately equal
numbers of monocytes/macrophages and lymphocytes.
Both B and T lymphocytes were detected with approximately 60% of the T lymphocytes being CD4⫹. The cell
exudate in the joints of epidemic polyarthritis patients
consisted predominantly of mononuclear leukocytes
with reports of the relative proportions of macrophages
and lymphocytes in the exudate varying extensively
(Halliday and Horan, 1943; Clarris et al., 1975; Fraser
et al., 1981; Fraser and Becker, 1984; Hazelton et al., 1985).
The lymphocyte populations in the exudate consisted of
B lymphocytes, natural killer (NK) cells and CD4⫹ and
CD8⫹ T lymphocytes (Fraser and Becker, 1984; Hazelton
et al., 1985).
T lymphocytes from the peripheral blood of epidemic polyarthritis patients proliferated in a virusspecific manner when cultured with purified RRV in
vitro (Aaskov et al., 1981b). However, the interval over
which lymphocytes recovered from patients would
proliferate when reexposed to virus in vitro did not
correlate with the duration of symptoms. A better, but
inverse, correlation was observed between peripheral blood NK cell activity and symptoms (Aaskov
et al., 1987). NK cell activity was depressed soon after
onset of symptoms and remained depressed for as
long as arthritis persisted, months after virus could no
longer be detected in joints or in the peripheral blood.
Significant depression of NK cell activity also occurred
when patients had severe relapses of arthritis. In the
study reported by Hazelton et al. (1985), functional
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NK cells were recovered from the knee of an epidemic
polyarthritis patient and subsequently Aaskov et al.
(1987) were able to demonstrate killing of uninfected
autologous synovial cells by NK cells.
Although there are no reports of recovery of live
virus from the joints of epidemic polyarthritis patients,
Fraser et al. (1981) were able to detect viral antigen in
mononuclear leukocytes in the exudate from the joints
(knee or ankle) of five patients for up to 7 days after
onset of symptoms. This is the same interval over which
it has been possible to isolate RRV from the peripheral
blood of patients (Rosen et al., 1981; Aaskov et al., 1985).
Soden et al. (2000) were able to detect viral RNA in
inflamed synovial tissue from 2 of 12 patients for up to
5 weeks after onset of symptoms but could not recover
live virus from the joints of any of these patients.
Journeaux et al. (1987) were able to establish
prolonged (up to 5 weeks), but not persistent, infections
with RRV in human synovial cells in vitro by lowering
the temperature of the cultures from 37°C to 35°C—the
approximate temperature of small peripheral joints.
This interval correlates reasonably well with the duration of intense arthritis experienced by many patients
early after onset of symptoms (Fraser, 1986a; Seldon and
Cameron, 1996; Westley-Wise et al., 1996). At the end of
this interval, only fibroblast-like (type B) synovial cells
remained in the virus-infected cultures. Superficially,
these data could be taken as suggesting that the
macrophage-like (type A) synovial cells supported virus
replication and that when these poorly replicating cells
had been destroyed, the infection terminated. However,
we, and others (Cunningham and Fraser, 1985) have
shown human fibroblast-like synovial cells to be able to
be infected with RRV in vitro so it is difficult to understand how they survived exposure to RRV in this system.
The levels of extracellular RRV produced in vitro by the
primary synovial cell cultures (Journeaux et al., 1987)
was very low as evidenced by its detection with the
highly sensitive C6-36 mosquito cell line but not with
Vero cells. The earlier failure of Cunningham and Fraser
(1985) to detect prolonged infection of human synovial
cells with RRV in vitro may have been due to their use
of relatively insensitive virus detection assays.
Linn et al. (1996) and Way et al. (2002) have been
able to establish persistent RRV infections in murine
macrophage cell lines—but not in human macrophage/monocyte cell lines or in human tissues. Way
et al. (2002) were able to detect viral RNA in their cells
when levels of extracellular virus were undetectable
by conventional cell culture techniques. Furthermore,
they were able to manipulate culture conditions to
induce these cells to again produce infectious extracellular virus—mirroring the relapses reported by
some epidemic polyarthritis patients.
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Although not all epidemic polyarthritis patients
develop a rash, many of the histological changes
associated with the rash mirror those seen in joints.
A perivascular infiltrate of mononuclear leukocytes
(monocytes/macrophages and CD8⫹ T-cells) was
observed in the dermis adjacent to the rash. RRV
antigen was detected in this region as well as in basal
epidermal and eccrine duct cells. No immunoglobulin
or complement (Clq, C3) deposition was detected
(Fraser et al., 1983).
While these data point to a possible role for
T lymphocytes in the pathogenesis of epidemic
polyarthritis, only one T-lymphocyte clone (CD4⫹) was
recovered after more than 2 years work by a group
with more than a decade of experience producing
T-cell clones from patients with other viral infections
(Suhrbier, unpublished observations).
There is an extensive literature describing the pathogenesis of RRV infection in mice beginning with that of
Mims et al. (1973) (reviewed by Suhrbier and Linn 2004
and Rulli et al., 2005). This points to a central role for
monocytes/macrophages and cytokines/chemokines
in the pathogenesis of epidemic polyarthritis. However,
many of these observations remain to be confirmed in
humans or in human tissue (Mateo et al., 1999).

VACCINES
Epidemic polyarthritis is an ideal target for a vaccine.
There are no confirmed reports of an epidemic polyarthritis patient ever having a second clinical infection
(i.e., immunity appears to be lifelong) and the limited
genetic analyses which have been performed suggest
there is very little genetic variation between isolates of
RRV (Faragher et al., 1985; Sammels et al., 1995).
In the absence of any markers of attenuation of
virulence of RRV for humans, a decision was made to
attempt to develop a killed vaccine. Irradiation with
ultraviolet light had been used previously to inactivate
RRV (Aaskov and Tucker, 1979) while retaining critical epitopes recognized by IgG and IgM antibodies in
sera from epidemic polyarthritis patients (Oseni et al.,
1983). However, at that time, there was no equipment or
facilities available that would have enabled this procedure to be undertaken on an industrial scale. The inactivation of viruses by formalin or beta-propiolactone
has nonlinear kinetics which makes determination of
the time required for inactivation of all virions difficult (Harrison et al., 1971; Cole et al., 1974; Barrett et al.,
1984; Klockmann et al., 1989; Barteling and Vreeswijk,
1991). Furthermore, both these agents affect the antigenic structure of proteins. Formalin cross-links adjacent proteins and beta-propiolactone alters the chemical

structure of amino acids such as methionine, cysteine,
histidine, praline, and lysine (Taubman and Atassi, 1968;
Boutwell et al., 1969). Inactivation of RRV with betapropiolactone resulted in a significant reduction of
binding of anti-RRV IgM antibody to virions in indirect
ELISAs but had less effect on the attachment of IgG
(unpublished observations).
RRV recovered from a child with epidemic polyarthritis and who had no evidence of other infectious or
chronic diseases (Yu and Aaskov, 1994) was inactivated
with binary ethylenimine (BEI), purified by centrifugation on a sucrose gradient, and evaluated as a vaccine.
This treatment had no detectable effect on the binding
to the BEI-inactivated virions of human polyclonal antiRRV IgM or IgG. It has been our experience that recognition of RRV virions by IgM antibodies is extremely
sensitive to any change in the conformation of the E1
and E2 glycoproteins. Furthermore, RNA extracted
from the BEI-inactivated virus was at least one thousand times less infectious than RNA extracted from live
virus, i.e., 1.5 μg RNA from the vaccine caused neither
morbidity nor mortality when injected intracerebally
into newborn mice (Aaskov et al., 1997).
Neither vaccine nor vaccine with Alhydrogel adjuvant caused any adverse reactions when administered
intramuscularly to mice. Biopsies of the sites of injection revealed a strong inflammatory response but no
significant tissue damage (Yu and Aaskov, 1994).
Mice immunized with one dose of vaccine elicited
lower total antibody titers (indirect ELISA) than mice
immunized with vaccine plus Alhydrogel adjuvant,
but the levels of anti-RRV neutralizing antibodies in
mice immunized with vaccine alone were higher than
in mice given vaccine plus adjuvant. Furthermore, the
levels of protection against in vivo challenge with live
virus were higher in mice given one dose of vaccine
alone than in those given vaccine plus adjuvant. Mice
given two doses of 0.2–30 μg vaccine or two doses of
0.2–30 μg vaccine with adjuvant produced no detectable viremia when challenged intravenously with
105 TCID of RRV 75 days after the second immunization
(Yu and Aaskov, 1994).
Because of an observed association between HLA DR7
and clinical disease following human infection with
RRV and a claimed increased prevalence of clinical RRV
infections in females, the responses of male and female,
inbred and outbred, mice were evaluated. Levels of neutralizing antibodies were similar in all groups 7 weeks
after two injections with 2 μg vaccine. While sera from
these animals neutralized a panel of contemporary
strains of RRV to varying degrees (log10 neutralization indices from 2.0 to ⬎3.5), these titers are similar to
those of former epidemic polyarthritis patients who are
immune to a second clinical infection (see below).
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Despite the promise of a BEI-inactivated RRV vaccine
in animal experiments, BEI has not been employed for
the production of a human vaccine and so there are no
protocols to satisfy regulatory authorities of its safety or
at least convince them that the BEI could be completely
removed or converted to a harmless metabolite. Prior
to committing to these processes, studies were conducted to determine whether or not standard formalininactivation protocols could be employed to produce a
safe immunogenic RRV vaccine (Kistner et al., 2007).
The strain of RRV used to prepare the BEIinactivated vaccine was grown serum-free in vaccinecertified Vero cells in commercial-scale fermenters,
inactivated with formalin and any contaminating Vero
cell DNA destroyed with Pronase. The virus was filtered through 1.2 and 0.2 μm filters throughout the
formalin treatment process and finally purified by
centrifugation on a sucrose gradient. Examination
of this material by electron microscopy revealed few
examples of clumps of two or more virions. SDSPAGE of the formalin-inactivated virus preparation
revealed capsid (C) and envelope proteins (E1, E2) of
anticipated sizes as well as several bands of protein
of larger molecular weight which were recognized by
polyclonal anti-RRV antisera. These were presumed
to be oligomers of E1 and E2 cross-linked by formalin. Human anti-RRV IgM antibodies reacted as well
with the E1 and E2 proteins from formalin-inactivated
virus as they did with these proteins from native virus
suggesting that the prolonged treatment with formalin had not damaged immunodominant epitopes. In
contrast to the response to BEI-inactivated vaccine,
formalin-inactivated RRV elicited both lower levels
of antibody and lower levels of neutralization in vitro
and in vivo than vaccine with Al(OH)3 adjuvant.
Two doses of 0.625 μg formalin-inactivated virus
with adjuvant elicited titers of neutralizing antibodies
(log10 2.7) similar to those in humans who were immune
following a natural infection with RRV (log10 1.1–3.5,
median 2.4).
Two different inactivation protocols have produced
killed RRV vaccines that, at clinically relevant doses,
elicited strong neutralizing responses in experimental
animals with no apparent adverse effects, even after
challenge with live virus. The virus grows to high titer
in serum-free cultures in industrial scale fermenters and
can be purified using conventional industrial protocols.
A clinical trial of a formalin-inactivated, U.V.-irradiated,
RRV vaccine is in progress. It is likely to be a cost-effective alternative to the burden of 5000 cases of epidemic
polyarthritis in Australia each year and it also could have
a place as a “tourist vaccine” and for military personnel coming to Australia for joint exercises. It also would
be a very useful tool in the event of the introduction

of RRV into the southern United States or if there is
another outbreak of RRV infection in the Pacific.

KEY ISSUES
●

●

●

Ross River virus causes approximately 5000 cases
of epidemic polyarthritis in Australia each year
and caused a major outbreak in Pacific countries in
1979–1980. Patients commonly are symptomatic for
up to 9 months and the health costs associated with
this disease are estimated at US$10 million each
year.
Because so many different species of mosquitoes
are potential vectors of Ross River virus and the
virus has so many vertebrate hosts, mosquito
control programs are not cost effective and will not
be able to prevent this disease.
The virus grows to high titer in cell culture and
retains immunogenicity when inactivated by a
number of methods. This makes Ross River virus
an ideal candidate for an inactivated vaccine.
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ABSTRACT
The most common cause of severe diarrhea in children under 5 years of age is rotavirus. Rotavirus infections are
responsible for over 600,000 deaths worldwide, representing 5% of all childhood deaths. Ninety percent of these
deaths occur in developing countries. In addition, it is estimated that societal costs, including doctor’s visits and
hospitalizations, are approximately 1 billion dollars per year. Since the 1990s, The World Health Organization
(WHO) has given priority to finding a safe and effective rotavirus vaccine. This quest has been going on for over
30 years. Natural infection with rotavirus has been shown to provide protection from subsequent severe disease,
although the exact mechanism of protection is unclear. Both live and non live vaccines have been developed
but only live oral rotavirus vaccines have progressed to human trials. One vaccine, Rotashield, was licensed
in the United States in 1998 but was later withdrawn due to safety concerns because of its association with
intussusception, a serious condition that causes bowel obstruction. After several years, and the completion of the
largest vaccine trials ever conducted for a vaccine, two new live attenuated vaccines became available. Rotarix®,
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an attenuated human strain became available in 2004 in Mexico and now is approved in over 100 countries. In
2006, another vaccine, RotaTeq™, a live five component bovine human reassortant was licensed in the United
States. In 2006, the WHO issued a recommendation that the two vaccines could be introduced in regions where
they had been evaluated in clinical trials. The licensure of these two vaccines should dramatically decrease the
burden of disease in countries where it is approved but the true impact of the vaccines will not be realized until it
is available in the countries with the highest disease burden.

INTRODUCTION

DISEASE BURDEN

Rotaviruses are recognized as the single most
important cause of severe infantile gastroenteritis
worldwide and have been estimated to be responsible
for ⬎600,000 deaths annually (Parashar et al., 2003,
2006). Transmission of rotaviruses occurs primarily by
the fecal–oral route, providing a highly efficient mechanism for universal exposure that circumvents differences in national cultural practices and public health
standards (Kapikian et al., 2001). Nearly all children
less than 5 years of age have experienced at least one
rotavirus infection (Glass et al., 2006; Rodriguez et al.,
1987; Kapikian, 1993).
The most common symptoms associated with rotavirus disease are diarrhea and vomiting accompanied
by fever (Kapikian, 1993; Staat et al., 2002). Rotavirus
illness can be mild and of short duration or produce
severe dehydration leading to hospitalization and
mortality if not treated. Severe disease occurs primarily in young children, most commonly between 6 and
24 months of age and treatment of rotavirus illness is
limited to supportive measures such as oral or intravenous rehydration (Kapikian, 1993; Staat et al., 2002;
Rodriguez et al., 1977). The only specific method to
combat rotavirus disease is the development of a vaccine. Fortunately, between 2004 and 2006, two new
rotavirus vaccine candidates have become available
and their licensure is proceeding in countries around
the world.
The reduced severity of illness, typically associated
with sequential rotavirus infections, provide the basis
for the development of rotavirus vaccines (Velazquez
et al., 1996). Thus, a realistic goal for a rotavirus vaccine would be to protect against severe disease and
hospitalization. The purpose of this review is to
present a summary of the development of rotavirus
vaccines including early vaccine candidates, the current licensed vaccines, and other vaccine candidates
under development. In addition, the epidemiology,
pathogenesis, molecular virology, and immunology of
rotavirus will be briefly discussed.

In the United States, nearly every child is infected
with rotavirus by the age of 5 and rotavirus illness
results in 20–70 deaths annually (Fischer et al., 2007;
Glass et al., 1996). Infection with rotavirus often results
in more severe illness than other pathogens and therefore rotavirus accounts for a higher percentage of gastroenteritis episodes requiring medical intervention
(Clark and McKendrick, 2004; Wilhelmi et al., 2003).
During peak rotavirus seasons, 70% of all gastrointestinal hospitalizations may be due to rotavirus-associated
gastroenteritis (Parashar et al., 1998). It is estimated
that 1 child in 7 will require a doctor’s visit at a clinic
or emergency room and 1 in 67 to 1 in 87 will be hospitalized because of a rotavirus illness (Malek et al.,
2006; Fischer et al., 2007). Based on these estimates,
rotaviruses are responsible for 5–10% of all gastroenteritis episodes in children under 5 years of age leading to over 50,000 hospitalizations. Depending on how
hospital surveillance studies were conducted, these
estimates may be lower than the actual numbers of
rotavirus-related hospitalizations (Hsu et al., 2005).
Similar estimates of the disease burden due to rotavirus were recently reported in a large study conducted
in seven European countries (Van Damme et al., 2007a;
Giaquinto et al., 2007a), demonstrating similar patterns
of rotavirus disease in developed countries.
Globally, rotavirus disease has a much more
dramatic and significant impact on infant health.
Although rates of rotavirus illness among children are similar throughout the world, the resulting mortality differs substantially. It is estimated that
rotavirus illness is responsible for over 600,000 deaths
annually, representing 5% of all deaths in children
younger than 5 years of age worldwide (Parashar et al.,
2003, 2006). More than 90% of these deaths occur
in Africa and Asia (Fig. 35.1). Greater than 100,000
deaths occur in India and sub-Saharan Africa and
35,000 occur in China (Parashar et al., 2003; Glass
et al., 2005). Therefore, safe and effective rotavirus
vaccines are urgently needed, especially in countries
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FIGURE 35.1 Distribution of deaths due to rotavirus. Each dot represents 1000 deaths. (Image courtesy of Umesh Parashar, Center for
Disease Control and Prevention, Atlanta, GA.)

with the highest rotavirus mortality and the most
limited resources available to treat diarrheal illnesses
(Girard et al., 2006).

HISTORY OF ROTAVIRUS
The first rotaviruses to be described, based on pathology and epidemiology, were murine strains which were
classified under the general description as the agents
responsible for “epizootic diarrhea of infant mice,” i.e.,
EDIM (Cheever and Mueller, 1947; Pappenheimer and
Enders, 1947). Murine rotaviruses were also among the
first to be visualized by electron microscopy (Adams
and Kraft, 1963), along with viruses obtained from
the rectal swabs of monkeys that contained viruses
with comparable morphologic features (Malherbe and
Harwin, 1963). These agents were described as 70-nm
particles that had a wheel-like appearance and were
later designated “rota” viruses from the Latin word for
wheel (Flewett et al., 1974; Wyatt et al., 1978). Mebus
et al. (1969) demonstrated the presence of these particles
in stools of calves with diarrhea, thus associating these
viruses with a diarrheal disease.

The correlation between these viruses and severe
diarrhea in young children was reported first in
1973 by Bishop and colleagues, who used electron
microscopy to examine biopsy specimens of duodenal mucosa from children with acute gastroenteritis
(Bishop et al., 1973, 1974). Within a short time other
investigators confirmed the association between the
presence of rotavirus in feces and acute gastroenteritis.
In addition to their distinctive morphologic features, human rotaviruses along with their animal
counterparts, share a group antigen (Kapikian et al.,
1976; Woode et al., 1976) and are classified as members
of the Rotavirus genus within the Reoviridae family
(Matthews, 1979). In 1980, particles that were morphologically indistinguishable from established rotavirus
strains but lacked the common group antigen were
discovered in pigs (Bridger, 1980; Saif et al., 1980). This
finding led to the identification of rotaviruses belonging to six additional groups (B–G) based on common
group antigens, with the original rotavirus strains classified as group A (Saif and Jiang, 1994). Only groups
A–C have been associated with human diseases, and
most known cases of rotavirus gastroenteritis are caused
by group A strains. Although, there have been large
outbreaks reported in China and Japan associated with
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FIGURE 35.2 Polyacrylamide gel electrophoretic patterns of
genomic RNAs obtained from group A human rotaviruses and
visualized by silver staining. The patterns demonstrate the characteristic four size classes of RNA separated into groups of four, two,
three, and two segments each. Human rotavirus strains included
(from left to right) lane 1, Wa; lane 2, ST-3; lane 3, DS-1; lane 4, natural isolate containing a short pattern similar to DS-1.

nongroup A strains, particularly among adults (Hung,
1988; Kuzuya et al., 1998; Matsumoto et al., 1989),
group A rotaviruses are the strains to which vaccine
development has been directed.

PROPERTIES OF THE VIRUS
Rotavirus is a double-stranded RNA virus. The
genome segments of rotavirus can be extracted from
viral particles and separated by polyacrylamide gel
electrophoresis into 11 bands visualized by ethidium
bromide or silver staining as shown in Fig. 35.2. Each
rotavirus strain has a characteristic RNA profile or
electropherotype, a property that has been used extensively in epidemiologic studies of these viruses. The
characteristic RNA electrophoretic pattern of group
A rotaviruses consists of four size classes containing
segments 1–4, 5 and 6, 7–9, and 10 and 11 (Kapikian
et al., 2001). A short pattern is seen when the segment 11
runs slower than segment 10. RNA segments of strains
belonging to less well characterized rotavirus groups

(i.e., groups B–G) also can be separated into four size
classes, but the distribution of segments within these
classes differs from group to group (Saif, 1990).
The genome of rotavirus encodes the six structural
proteins—VP1–VP4, VP6, and VP7—and six nonstructural proteins designated NSP1–NSP6 (Estes and
Kapikian, 2007; Estes, 2001). Each segment encodes
one known rotavirus protein except segment 11 which
encodes both NSP5 and NSP6 using alternative open
reading frames (Mattion et al., 1991). The genome segments range in size from approximately 660 to 3300
base pairs, and their encoded proteins, whose known
functions are briefly described in Table 35.1, have
molecular weights of approximately 12,000–125,000
(Estes and Kapikian, 2007).
Computer-generated images of rotavirus particles obtained by cryoelectron microscopy show it is ca.
100 nm in diameter and is composed of three concentric protein layers depicted in Fig. 35.3 (Pesavento et al.,
2006; Prasad and Chiu, 1994; Shaw et al., 1993). The
outer layer contains 780 molecules of the VP7 glycoprotein and 60 dimers or trimers of the VP4 protein
(Dormitzer et al., 2004) which forms spike-like projections that extend through and 11–12 nm beyond the VP7
layer (Pesavento et al., 2006; Prasad and Chiu, 1994). The
VP4 protein is anchored to the intermediate layer of the
particle composed of 780 molecules of the VP6 protein.
The innermost layer contains 120 molecules of the VP2
protein that interact with 12 molecules each of the viral
transcriptase (VP1) and the guanylyltransferase (VP3)
along with the 11 segments of the double-stranded RNA
genome (Valenzuela et al., 1991; Estes, 2001; Liu et al.,
1992; Estes and Kapikian, 2007).

Replication
Rotaviruses are activated by cleavage of the outer
capsid VP4 protein by trypsin-like proteases into proteins termed VP5 and VP8 which remain associated with
the virus (Lopez et al., 1985; Arias et al., 1996; Zarate
et al., 2000; Estes et al., 1981). After attachment to receptors on the cytoplasmic membrane, through association
with the VP8 protein, the activated virion either passes
directly through this membrane or is taken into the
cytoplasm within a vesicle (Hewish et al., 2000; Graham
et al., 2005, 2006; Nava et al., 2004; Blanchard et al., 2007;
Lopez and Arias, 2006). During membrane penetration
or soon thereafter, the outer capsid proteins are removed
(Cuadras et al., 1997). The RNA-dependent RNA
polymerase (i.e., the VP1 transcriptase) associated with
the inner shell is stimulated to synthesize the 11 viral
mRNAs that are capped by VP3 (Patton, 1994; Patton
and Spencer, 2000; Patton et al., 2006). The mRNAs
are extruded from the virus cores through channels
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TABLE 35.1
RNA segment

No. of base pairs

Rotavirus gene segments and properties of encoded proteins
Encoded protein

Molecular weight of
protein (H 10⫺4)

Properties of proteins

1

3300

VP1

12.5

2

2700

VP2

9.4

Inner core protein, RNA
binding, needed for VP1
replicase activity

3

2600

VP3

8.8

Inner core protein,
guanylyltransferase,
methyltransferase,
complexes with VP1

4

2360

VP4

8.7

Outer capsid protein,
hemagglutinin, receptor
binding, virulence,
neutralization protein,
fusogenic protein

5

1600

NSP1

5.9

Nonstructural protein, RNA
binding, IRF regulatory
protein

6

1360

VP6

4.5

Intermediate capsid protein,
group and subgroup
antigen, required for
transcription

7

1100

NSP3

3.5

Nonstructural protein,
mRNA binding, inhibits
host translation

8

1060

NSP2

3.7

Nonstructural protein,
RNA and NSP5 binding,
virosome formation

9

1060

VP7

3.7

Outer capsid glycoprotein,
neutralization protein

10

750

NSP4

2.0

Nonstructural glycoprotein,
transmembrane protein,
enterotoxin

11

660

NSP5

2.2

Nonstructural protein,
phosphorylated, NSP2
binding, VP2 and NSP6
interaction

NSP6

1.2

Nonstructural protein,
NSP5 binding

in the VP2 and VP6 protein layers at the 12 vertices of
the viral particles, and subsequently translated into
viral proteins (Prasad et al., 1996; Lawton et al., 1997).
Once viral proteins accumulate within the cytoplasm,
large inclusions or viroplasms are formed in which
the assembly of virion precursors is initiated (Patton
et al., 2003, 2006; Fabbretti et al., 1999). Particle assembly may be initiated by the formation of complexes
within the viroplasm that contain plus-strand RNAs
from the 11 genome segments along with VP1 and VP3
and RNA-binding nonstructural proteins NSP2, NSP5,

Inner core protein,
RNA-dependent RNA
polymerase, binds to
ssRNA, complexes with VP3

and NSP6 (Patton et al., 2003; Taraporewala et al., 2006;
Taraporewala and Patton, 2004).
Although the mechanism is not completely defined,
the virus assembles and packages one of each of the
plus-strand RNAs within individual precursor viral
complexes. These complexes eventually lose their
nonstructural proteins, evolve into double-layered
viral particles with the sequential addition of VP2
and VP6, and convert their single-stranded RNAs
into double-stranded genome segments (Silvestri
et al., 2004; Patton et al., 2004; Tortorici et al., 2006).
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VP4
VP6
VP7
VP2

FIGURE 35.3 Image obtained by cryoelectron microscopy.
(Image courtesy of B.V.V. Prasad, Baylor College of Medicine,
Houston, TX.)

The double-layered particles then bud into the rough
endoplasmic reticulum (ER) after their association
with the NSP4 transmembrane glycoprotein. VP4 is
either added prior to entry into the ER or sometime
thereafter. The other rotavirus glycoprotein, VP7,
which becomes sequestered within the rough ER, is
added to complete the formation of mature viral particles (Estes, 2001; Patton et al., 2007). These mature
viruses accumulate within the lumen of the rough ER
until cell lysis occurs (Estes and Kapikian, 2007).

Serotypes
The two outer capsid proteins, VP7 and VP4, contain neutralization epitopes (Greenberg et al., 1983;
Hoshino et al., 1984). Early studies using sera from
hyperimmunized animals in cross-neutralization assays
described a number of different serotypes found to
infect humans and animals based on the VP7 protein
(Hoshino et al., 1984; Wyatt et al., 1983). Viruses were
given a G type referring to the glycosylated structure
of this protein. Researchers later found that most of
the neutralizing antibody induced when an animal
was hyperimmunized, by injecting live preparations,
was directed against the VP7, but that in some cases,
i.e., after oral infection, VP4 could be the dominant
neutralization protein (Clark et al., 1990; Perez-Schael

et al., 1990; Ward et al., 1988, 1993). A dual serotyping
scheme was therefore developed.
VP7 serotypes are determined by cross-neutralization
and by using panels of monoclonal antibodies (Ward
et al., 1991; Coulson et al., 1987; Taniguchi et al., 1987),
VP4 serotype determination however, is more difficult (Mackow et al., 1988; Padilla-Noriega et al., 1992;
Taniguchi et al., 1988). Two numeric systems were
established to classify the VP4 protein, or P type referring to the protease sensitivity of this protein. The
P serotype is based on neutralization assays using
antisera against recombinant expressed VP4 proteins
or viruses with specific VP4 genes (Gorziglia et al.,
1990; Snodgrass et al., 1992). The second classification
is based on comparative nucleic hybridization and
sequence analyses or genotypes (Gentsch et al., 1992;
Gouvea et al., 1994). The P serotype is indicated by an
open number and the genotype is noted with a bracketed number. For example, the most common P type
worldwide belongs to serotype P1A and genotype
8 and is therefore designated P1A[8]. Most recently,
rotaviruses are often only classified by genotyping for
the P protein. To date, 15 G types and 25 P types have
been identified on the basis of sequence analyses from
animal and human isolates (Estes and Cohen, 1989;
Gentsch et al., 1996; Liprandi et al., 2003; McNeal
et al., 2005; Rahman et al., 2005). However, as discussed below only a few G and P type combinations
account for the vast majority of human infections.
Rotaviruses, similar to other viruses with segmented
genomes, have the ability to form reassortants. During
replication, if a coinfection has occurred, gene segments from each parent virus can be incorporated into
new progeny viruses. The gene segments from different viruses can segregate independently and the new
viruses produced can contain genes from either parent.
Rotaviruses have an extremely wide host range, but
natural cross-species infections, particularly between
animals and humans, may be rare. Nevertheless,
numerous human isolates appear to be animal strains or
animal–human rotavirus reassortants as determined by
sequence analyses (Cunliffe et al., 2000; Das et al., 1993a,
1993b, Matthijnssens et al., 2006). This property of reassortment has contributed to the diversity of G and P
types found throughout the world. In addition, as will
be discussed, a number of reassortant viruses have been
used as vaccine candidates.

GLOBAL DISTRIBUTION OF HUMAN
ROTAVIRUS SEROTYPES
Early studies using cross-neutralization assays and
monoclonal antibodies to determine serotypes found
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that four main G types (G1, G2, G3, and G4) accounted
for 90% of the stains isolated from humans. However,
it was common in these early studies to have a high
percentage of strains that were not typed by these
methods. With the development of surveillance studies using reverse-transcription polymerase chain reaction (RT-PCR) genotyping and automated nucleotide
sequencing of VP7, for G type, and VP4, for P type,
more strains have been identified and genotyped.
Over 42 different P–G combinations of strains infecting
humans have been described, containing 10 different
G types and 11 different P types (Gentsch et al., 2005).
The most common G types still remain G1 through G4
but now also include G5, G8, G9, G10, and G12 (especially G9) in various regions around the world. The
most common types for the P protein are P[8] and P[4]
in addition to the more recently described P[6].
The global distribution of G and P serotypes can
vary greatly by location and time, or, as was found in
some studies, vary little over sequential seasons (Ward
et al., 1991; Pipittajan et al., 1991). A review by Santos
and Hoshino (2005) has summarized rotavirus serotypes from 124 studies performed between 1989 and
2004 and included data on 45,571 isolates collected
from 52 countries on 5 continents. The four common G
types, G1, G2, G3, and G4, with either P[8] or P[4], represented over 88% of the strains identified worldwide
during this period. Serotype G9, containing either
P[8] or P[6], was found to be an emerging strain in a
number of different locations. Overall, the most common strains responsible for rotavirus illness have been
found to be G1P[8] strains (Gentsch et al., 1996; Santos
and Hoshino, 2005). In North America, Europe, and
Australia the G1P[8] strain was responsible for over
70% of rotavirus infections. In South America and Asia
the incidence was only 30% while in Africa it was only
23%. Africa has a G8 frequency as high as that of G3
or G4, and P[6] was found in a third of all isolates. In
addition, in Africa, 27% of the strains identified had
unusual combinations, such as G8 with P[4] or P[6].
Viruses containing G5 have been shown to be increasing in South America (Santos and Hoshino, 2005).
In another study by Gentsch et al. (2005), data on
studies conducted in 35 countries, involving over
20,000 isolates were analyzed. The four common
strains, G1P[8], G2P[4], G3P[8], and G4P[8] again
represented 72% of all strains with G9 containing
either P[6] or P[8] identified in over 2% of the isolates. Although P[6] was first identified in combination with G9 strains, recent studies have found
that the G9P[8] strain may be more predominant
(Iturriza-Gomara et al., 2000; Kirkwood et al., 2003,
2006a; Montenegro et al., 2007). It was also found that
G types including G5, G6, G8, and G10 in various
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combinations with P[4], P[6], P[8], P[9], and P[14]
were found in approximately 1.2% of the total strains
identified. Latin America, Africa, and Asia also had a
higher incidence of P[6] stains than Europe or North
America and developing countries were found to
have a higher incidence of unusual strains (Santos
and Hoshino, 2005; Gentsch et al., 2005). In European
countries, G1, G2, G3, G4, and G9 were the predominant G serotypes found, although the incidence varied
by country (Van Damme et al., 2007b). Similar findings were reported from Central and South-Eastern
Europe (Tcheremenskaia et al., 2007). A review of
studies from China showed that G1 was the overall
predominate strain but that G3 viruses were becoming more common in recent studies (Orenstein et al.,
2007; Wang et al., 2007). G12 viruses, either with P[6]
or P[8], appear to be the new emerging strains in India
(Ramani et al., 2007) and Australia (Kirkwood et al.,
2006b). The diversity of rotavirus serotypes, especially
in developing countries where mortality due to rotavirus is greatest, has had an effect on vaccine development, although the extent of cross protection remains
unclear as discussed below.

EPIDEMIOLOGY OF ROTAVIRUS
Severe human rotavirus disease occurs most commonly between 6 and 24 months of age (Kapikian
and Chanock, 1990; Rodriguez et al., 1987; Ward
et al., 1991), but the age may be lower in less developed
countries (Haffejee and Moosa, 1990; Raul Velazquez
et al., 1993). Neonatal rotavirus infections, which are
often asymptomatic, are common and appear to be
endemic in some newborn nurseries (Bishop et al.,
1983; Perez-Schael et al., 1984). The asymptomatic
nature of neonatal rotavirus infections may be due,
at least partially, to protection from transplacental
antibody that can persist for the first months of life
(Bernstein et al., 1990). The onset of rotavirus disease in infants has been reported to coincide with the
decline of maternal IgG antibody (Zheng et al., 1989).
Older children and adults, including elderly patients,
are susceptible to reinfections with rotavirus, which can
cause mild but rarely severe disease (Nakajima et al.,
2001; Griffin et al., 2002; Marshall et al., 2003; Iijima
et al., 2006). The reduced severity of rotavirus disease
in older children and adults is due primarily to the
immunity induced by previous rotavirus infections.
As with other respiratory and enteric viruses,
distinct seasonality is associated with rotavirus disease
(Estes and Kapikian, 2007; Cook et al., 1990; Haffejee,
1995; Kapikian et al., 1974; Turcios et al., 2006). This
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seasonality is particularly evident in temperate
climates, where rotaviruses are responsible for the
large increase in hospitalizations and deaths due to
diarrheal diseases found during the winter season
(Parashar et al., 1998). The seasonality of rotavirus
disease is less apparent in tropical climates but disease is still more prevalent in the drier, cooler months
(Haffejee, 1995). The cause for the seasonality of rotavirus disease remains unknown.

PATHOGENESIS
The incubation period for rotavirus is approximately
1–3 days (Kapikian et al., 1983). In children with symptoms, the onset is often abrupt, with fever and vomiting followed by explosive, watery diarrhea. Vomiting
may precede the diarrhea in approximately half the
cases (Haffejee, 1991). Fever occurs commonly during
rotavirus illness, with estimates of between 45 and 84%
of patients (Rodriguez et al., 1977; Uhnoo et al., 1986).
The disease is usually self-limited, lasting 4–8 days,
although the duration of symptoms ranged between
2 and 22 days in a Guatemalan study (Wyatt et al.,
1979). In a study conducted in the United States, 63% of
hospitalized children with rotavirus infection had fever,
vomiting, and diarrhea at presentation, but children also
presented with combinations of only one or two of these
symptoms (Staat et al., 2002).
After fecal–oral transmission of rotavirus, infection is
initiated in the upper intestine and typically leads to a
series of histologic and physiologic changes. Studies in
calves revealed that rotavirus infection caused the villus epithelium to change from columnar to cuboidal,
which resulted in a shortening and stunting of the villi.
The cells at the villus tips became denuded, while in the
underlying lamina propria, the numbers of reticulumlike cells increased and mononuclear cell infiltration was
observed. The infection started at the proximal end of the
small intestine and advanced distally (Mebus et al., 1974;
Mebus, 1976). From the few studies examining the pathologic changes in the intestines of humans, the resulted
changes appeared to be similar to those found in animals
(Holmes et al., 1975; Suzuki and Konno, 1975).
Although rotaviruses cause severe diarrhea in
numerous species, including humans, the mechanisms
responsible for the illness have not been completely
determined and may be due to multiple factors. From
various studies in animals, malabsorption of carbohydrates, sodium and calcium fluxes, retarded differentiation of uninfected enterocytes, or crypt cell secretions
have been found to be involved in causing diarrhea in
specific animal studies (Davidson et al., 1977; Graham

et al., 1984; Collins et al., 1988). Diarrhea also has been
induced in infant mice and rats by intraperitoneal inoculation with the rotavirus NSP4 protein as well as with
a 22 amino acid peptide derived from this protein (Ball
et al., 1996; Morris et al., 1999). Investigators observed
that this protein and its peptide increased the levels of
intracellular calcium by activating a calcium-dependent
signal transduction pathway that mobilizes transport
of this ion from the ER (Tian et al., 1994, 1995). Further
reports suggest that NSP4 possesses membrane destabilization activity that may result from increased intracellular calcium concentrations, resulting in cytoskeleton
disorganization and cell death (Tian et al., 1996; Browne
et al., 2000; Brunet et al., 2000a, 2000b). Thus, binding NSP4 to intestinal epithelium after its release from
infected cells may contribute to altered ion transport
and diarrhea. Another factor that may have a role in
rotavirus-induced diarrhea is the enteric nervous system which lies under the villus epithelium. It has been
reported that rotavirus infection can activate this system
in mice and drugs that block nerve activity attenuate
rotavirus-induced fluid secretion in vitro and attenuate
diarrhea in vivo (Lundgren et al., 2000). Whether this is
a major mechanism of diarrhea occurring after rotavirus
infection in humans remains to be determined.
The tissue tropism of rotavirus infection in humans
was thought initially to be restricted to the villi of
the small intestine. Because no consistent evidence
of extraintestinal replication of rotavirus had been
shown, the general assumption was that rotavirus
pathology is strictly intestinal. However, instances
of nongastrointestinal rotavirus-associated disease,
including the association with abnormal liver function,
as well as respiratory and nervous system involvement
were reported (Lewis et al., 1979; Matsuno et al., 1983;
Hongou et al., 1998; Nigro, 1991; Honeyman et al.,
2000; Hattori et al., 1992). This spread was explained
when it was reported that both antigenemia (presence
of rotavirus protein in the blood) and viremia (presence of live rotavirus in the blood) were found during
rotavirus infection in several strains of animals and in
humans (Blutt et al., 2003). Since that time, this observation has been confirmed by a number of studies in
humans (Chiappini et al., 2005, 2006; Fischer et al.,
2005; Blutt et al., 2006, 2007; Ray et al., 2006).

IMMUNITY
After over 30 years of research involving studies of
natural rotavirus infection, vaccine studies, and animal studies, the mechanisms of immunity to rotavirus
infection remain unclear. Humoral antibody responses
include an early IgM response followed by the
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production of rotavirus IgG and IgA (Riepenhoff-Talty
et al., 1981; Grimwood et al., 1988). Infection also
induces local, intestinal antibodies that are predominantly IgA (Bernstein et al., 1989; Coulson et al., 1990;
Matson et al., 1993; Brown et al., 2000). T cell responses
have been difficult to measure in humans, but several
rotavirus proteins have been identified that contain
T cell epitopes and have been used to measure T cell
responses after rotavirus infection (Offit et al., 1993;
Jaimes et al., 2002; Franco et al., 1994).
As stated before, virus neutralization epitopes are
found on VP4 and VP7 proteins located on the surface of the virion, and neutralizing antibody to the
infecting virus can be detected after infection or vaccination. However, VP6 appears to be the most immunogenic protein and antibody made against VP6 is not
neutralizing. One of the most controversial questions
concerning the development of immunity to rotavirus
infection is whether or not neutralizing or serotypespecific antibody is necessary for protection. As will
be discussed, this has had a dramatic effect on vaccine
development.
Studies dealing with natural rotavirus infections
were used initially to understand rotavirus immunity and the role of serotype specific antibodies. Many
investigators reported that natural rotavirus infections
produce incomplete protection, but many studies have
shown that previous infections protect against severe
disease associated with reinfection (O’Ryan et al.,
1990; Bernstein et al., 1991; Clemens et al., 1992, Ward
and Bernstein, 1994; Velazquez et al., 1996; Franco
et al., 2006). In a large study conducted in Mexico, protection from both rotavirus reinfection and rotavirus
diarrhea increased with each new infection (Velazquez
et al., 1996). However, sequential infections even with
the same serotype have been reported. In an early
study reporting rotavirus disease with reinfection by
the same serotype, the investigators noted that protection of young children in a Japanese orphanage lasted
6 months then declined after 1 year. This study noted
a close correlation between titers of serotype-specific
antibody and protection (Chiba et al., 1986). This
study is often cited to support the idea that neutralizing antibody is necessary for protection. While it is
generally accepted that if present at a sufficient titer,
neutralizing antibody will protect, it is still unclear
whether only neutralizing antibody is necessary for
protection.
Although, reinfections with rotavirus can be
common, other studies have shown that protection
lasts at least 1 year. Neonates infected within the first 2
weeks of life were protected against severe disease but
not against reinfection in one study (Bishop et al., 1983).
In another study, infants who developed a symptomatic
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or an asymptomatic rotavirus infection during the first
year of the study were protected against contracting a
subsequent rotavirus illness or even an asymptomatic
reinfection during the following year (Bernstein et al.,
1991). Similarly, in another study, a natural rotavirus
infection in the first year was found to be 93% protective
against a symptomatic reinfection in the second year.
This protection occurred even though the G1 strains
that circulated during the first year were responsible for
only 66% of rotavirus disease in the second year (Ward
and Bernstein, 1994).
Correlations of serotype-specific neutralizing
antibody and protection have not been supported in
other larger studies. In the largest study, conducted
in Bangladesh during a 2-year period when the four
major G serotypes circulated, the titers of both preexisting homologous and heterologous neutralizing antibody were significantly lower in patients with acute
rotavirus disease than in matched control subjects.
Further analysis, however, could not find a correlation
with serotype-specific neutralizing antibody, and protection seemed to correlate better with the magnitude
of the response rather than with specific neutralizing responses (Ward et al., 1992). Differences in these
studies evaluating the role of serotype specific antibody and the protection provided by natural infection
may be due to the variation in circulating strains, the
inoculum size, or the duration of protection.
Due to the difficulties associated with human studies, animal models using mice, rabbits, and gnotobiotic pigs have been developed (Ward et al., 1990;
Conner et al., 1988; Saif et al., 1996). But again results
from these studies have not completely identified the
mechanisms of protection against rotavirus illness or
infection possibly due to the use of different species.
Questions remain regarding the relevance of these animal models to human rotavirus disease. Early studies
in mice showed that while CD8 T cells are involved
in resolution of an infection, antibody is necessary
for protection against reinfection (McNeal et al., 1995;
Franco and Greenberg, 1995; Franco et al., 1997). In
a recent study, mice given an oral immunization of
a fully heterotypic rotavirus were almost completely
protected from shedding when later challenged, and
this protection was dependent on the ability of rotavirus-specific IgA to be transported through intestinal
epithelial cells or be present at the intestinal mucosa
(VanCott et al., 2006). If these studies mirror what is
needed in humans, then local antibody may be the
effector of protection and non-neutralzing antibody
that is not serotype-specific can also be involved in
protection. Thus, serum levels of rotavirus-specific
IgA may be a good correlate of protection, because it
appears to parallel antibody levels in the gut (Brown
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et al., 2000; Jiang et al., 2002). Our understanding of
protective immune responses will improve with further animal evaluations and should be aided by studies of the two new vaccines. The absence of a reliable
immunologic marker of protection, however, continues to render vaccine trials more difficult.

ROTAVIRUS VACCINES
Public health institutions around the world have
given the development of an effective rotavirus vaccine a
high priority (Parashar and Glass, 2006). Numerous costeffectiveness analyses in many countries have evaluated
the need and benefit of a rotavirus vaccine. Although
studies in the United States have shown mixed results,
rotavirus vaccination is considered a cost-effective intervention (Widdowson et al., 2007) and a recent study has
indicated pediatricians in this country are willing to
implement the recently licensed vaccine (Kempe et al.,
2007). Studies in other countries, especially countries
that have high mortality due to rotavirus disease, clearly
have shown that a rotavirus immunization program
would be cost-effective from the perspective of society
and the health care system (Glass et al., 2005; Podewils
et al., 2005; Giaquinto et al., 2007b; Lorgelly et al., 2007).
Because natural rotavirus infections can induce excellent protection, at least against severe rotavirus disease,
vaccine efforts have been directed mostly at the development of live attenuated rotavirus vaccines given orally.
Early efforts concentrated on the use of animal rotavirus strains, labeled the Jennerian approach because
it relies on the natural attenuation of animal viruses in
humans for safety and largely heterotypic immune
responses for protection. The initial efforts with animal
rotavirus vaccines yielded inconsistent results. Therefore,
in an attempt to make the vaccines more closely related
to human strains, human rotavirus genes coding for the
proteins that induce neutralizing antibody, VP4 and VP7,
were introduced into these animal strains by creating
reassortant viruses as described earlier. This approach is
often labeled the modified Jennerian approach. Another
approach has been to use human rotaviruses, either isolated from asymptomatic infections in human neonates
or isolated from a child with rotavirus illness and
attenuated by cell culture adaptation and passage.

Animal Strains
The first vaccine trial was conducted 10 years after
the identification of rotavirus as an agent of severe
diarrhea. This vaccine candidate was based on an animal strain, a bovine rotavirus termed RIT4237 that

was derived from the Lincoln isolate, NCDV, and was
a G6P[1] virus (Hoshino and Kapikian, 1994). The initial studies of the RIT4237 vaccine produced variable
results. The vaccine was safe and effective in Finland,
providing a protective efficacy of approximately 50%
against all disease and greater than 80% protection
against severe disease. This trial, thus supported the
hypothesis that heterotypic protection was possible
since this virus shared neither G nor P serotypes with
the predominant human types. Antibody responses
after vaccination showed a seroconversion rate of
53% as measured by serum IgG (IgA antibody was
not determined in these early studies) but protection
against severe diarrhea was detected even in vaccinees
who did not seroconvert, suggesting that IgG was not
a good measurement of vaccine take (Vesikari et al.,
1983, 1984, 1985). However, later studies in developing countries were disappointing, showing little or no
efficacy (DeMol et al., 1986; Hanlon et al., 1987; Lanata
et al., 1989). Similarly, the vaccine failed to provide
protection in a study performed on a Navajo reservation in Arizona (Santosham et al., 1991) and ultimately
development of this vaccine was discontinued.
Another bovine rotavirus based vaccine, WC3, also
appeared to be safe but replicated poorly in humans
with between 5 and 17% of vaccinees shedding detectable vaccine virus (Clark et al., 1988). Immunized
infants developed a neutralizing antibody response
to WC3 in addition to rotavirus IgA and IgG antibody responses (Bernstein et al., 1990). The initial
studies conducted in Philadelphia using one dose of
the vaccine appeared promising, showing a protection rate of 76% against rotavirus diarrhea and 100%
protection against more severe cases during a season
that had predominantly G1 strains (Clark et al., 1986).
Unfortunately, later trials in Cincinnati (Bernstein
et al., 1990) and in less developed countries (GeorgesCourbot et al., 1991) showed no significant protection.
As will be discussed, WC3 was later used to develop
reassortant vaccines and is indeed the backbone of the
RotaTeq™ vaccine now licensed in the USA (Merck
Research Company).
The next major vaccine candidate was a simian
rotavirus isolated from the diarrheal stool of a rhesus
monkey and termed MMU18006 or more commonly
known as RRV. This vaccine was a G3P[3] strain and
thus shared the G type with a strain that is common in
humans. This strain replicated better in humans than
the bovine strains, perhaps because of the sharing
of the G3 serotype. RRV vaccination was associated
with mild side effects, including low-grade fever and
mild diarrhea, especially when it was given to older
children who had lost maternal antibodies (Vesikari
et al., 1986; Perez-Schael et al., 1987; Losonsky et al.,
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1986). RRV was found to induce serum rotavirus IgG
and IgA, intestinal rotavirus IgA, and RRV neutralizing antibody responses, but no neutralizing antibody
against non-G3 human rotaviruses could be detected
(Losonsky et al., 1986). Protection with this vaccine
was inconsistent, ranging from greater than 50%, even
in developing countries, to moderate (20–50%) to nonexistent (Midthun and Kapikian, 1996). Some evidence suggested that protection was more effective in
G3 than G1 outbreaks but the evidence was not conclusive (Flores et al., 1990; Conner et al., 1994). This
virus was later used to make the reassortants containing human rotavirus VP7 genes that became
Rotashield™ vaccine (Wyeth).
One additional animal strain that has been developed into a vaccine is a G10P[12] strain isolated from
a lamb, designated LLR. In 2000 and 2001, a vaccine
based on this strain and produced by the Lanzhou
Institute of Biological Products was introduced in
China (Ling-Qiao, 2001). The vaccine was not tested
in a controlled trial against a placebo group, therefore
the efficacy is not known.
A summary of the various vaccines based on animal strains is presented in Table 35.2.

Reassortant Vaccines
Because of the belief that homotypic immunity,
or the development of serotype-specific antibody
responses, might increase the protection seen with
rotavirus vaccines and because of a lack of consistent
protection after vaccination with heterotypic animal
strains, the next vaccines developed were reassortant vaccines (Table 35.3). These vaccines contained
the genes encoding VP7 or the VP7 and VP4 proteins of human rotavirus strains, with the remainder of the genes from an animal strain. As discussed
earlier, these proteins were chosen because they
induce neutralizing antibody. One goal of this strategy
was to create a multivalent vaccine containing viruses
with human rotavirus genes representing the main
human serotypes, initially G1–4.

Rotashield™
The simian strain, RRV, was used as the background
to make three different reassortant viruses containing
the VP7 gene from human strains D (G1 serotype),
DS-1 (G2 serotype), and ST-3 (G4 serotype) with the

TABLE 35.2 Animal rotavirus strains used as vaccine candidates
Candidate

Origin

G and P type

Comments

RIT4237

Bovine

G6P[1]

In small trials, safe but variable results; no efficacy in developing
countries; discontinued development

WC3

Bovine

G6P[5]

Safe but variable results; virus used to make reassortants containing
human genes

MU18006
(RRV)

Simian

G3P[3]

Some incidence of fever in vaccinees; inconsistent protection; virus
used to make reassortants containing human genes

LLR

Lamb

G10P[12]

Used in China, efficacy not known

TABLE 35.3 Animal human reassortant rotavirus strains used as vaccine candidates
Candidate

Virus
background

Human gene
substitutions

Comments

RRV-TV
(Rotashield)

RRV G3P[3]

G1, G2, G4

Some fever in vaccinees; 49–64% protective against rotavirus; 80%
protective against severe disease; licensed in United States in 1998;
withdrawn due to association with intussusception

RotaTeq™

WC3 G6P[5]

G1, G2, G3,
G4, P[8]

Safe, no association with intussusception after trials involving over 60,000
infants; highly protective, especially against severe disease; three doses
given to infants starting at 6–12 weeks of age; licensed in the United States
in 2006

UK
reassortants

UK G6P[5]

G1, G2, G3, G4

In small studies, safe and protective; under development in several
countries; may add more reassortants, possibly for G9 and G8
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G3 serotype represented by RRV itself. The reassortant viruses were initially tested individually in various trials for safety, immunogenicity, reactogenicity,
and efficacy. Each RRV reassortant had a safety profile
comparable to RRV, with low-grade fevers occurring
in about 20% of the vaccinees. Protection rates varied
with the different monovalent viruses depending on
the study, but generally heterotypic and homotypic
protection were measured (Midthun and Kapikian,
1996). Therefore, all four strains were incorporated
into a tetravalent vaccine, RRV-TV which later was
licensed as Rotashield™.
Vaccination with RRV-TV produced a rotavirus
IgG and IgA serum antibody response, but neutralizing antibodies were produced predominantly to
RRV rather than to the human serotypes (Bernstein
et al., 1995; Rennels et al., 1996). This finding appears
to be consistent with data suggesting that VP4 rather
than VP7 is more immunogenic after live oral infection (Ward et al., 1988, 1993). Extensive evaluations of
the RRV-TV were completed before licensure. In two
large trials conducted at centers across the United
States, the RRV-TV vaccine was found to be safe, with
the subjects developing a slight increase in temperature after the first dose. The efficacy of the vaccine
against any rotavirus disease for the first year was
49–64%, whereas during a 2-year follow-up, it was 57%.
Protection against severe disease was 80% (Bernstein
et al., 1995; Rennels et al., 1996). Vaccination also
significantly decreased the number of medical office
visits for rotavirus gastroenteritis or dehydration. In a
postlicensure vaccine effectiveness study, it was determined that three doses of the vaccine were 100% effective in preventing hospitalization due to rotavirus (Staat
et al., 2006). Vaccination appeared to provide protection
against both G1 and G3 serotypes (Rennels et al., 1996;
Bernstein, 2000). Similar results were reported from
Finnish studies except that fever occurred somewhat
more commonly and efficacy was somewhat enhanced
(Joensuu et al., 1997). Protection similar to that seen in
the US studies was also provided by the vaccine when
it was evaluated in a less developed country, Venezuela
(Perez-Schael et al., 1997).
As a result of these studies, RRV-TV or
Rotashield™, was licensed in the United States in
1998 and recommended for general use in all infants
(American Academy of Pediatrics, 1998). However,
less than 1 year after licensing, 15 cases of intussusception that occurred shortly after vaccination were
reported to the Vaccine Adverse Events Reporting
System (VAERS). Intussusception is a form of intestinal blockage caused when a segment of the bowel
prolapses into a more distal segment of the intestine
(Centers for Disease Control, 1999a). Further analysis

by the Advisory Committee on Immunization
Practices led to the conclusion that an association
existed between receipt of the vaccine and development of intussusception. Their recommendation for
the use of Rotashield™ was withdrawn and the vaccine was withdrawn by the manufacturer (Centers for
Disease Control, 1999b).
Much debate and controversy occurred after the
use of Rotashield™ was halted. Initial publications
describing the association reported an increased risk
of the development of intussusception from 3 to 14
days after receipt of the first dose of Rotashield™
(adjusted odds ratio 21.7) and a smaller risk after
administration of the second dose of vaccine (Murphy
et al., 2001). The initial estimate was that one case of
intussusception attributable to vaccination with RRV
would occur for every 4670–9474 infants vaccinated.
Therefore, the decision was made to discontinue the
use of Rotashield™ (Murphy et al., 2001, 2002, 2003).
In more recent analysis, the consensus was that the
risk was approximately 1 in 10,000 (Peter and Myers,
2002). Further, when the data were further analyzed,
it appeared that the risk of intussusception was age
related and increased substantially in children greater
than 90 days of age, leading some researchers to suggest that vaccination with any live rotavirus vaccine
should be restricted to younger children (Simonsen
et al., 2005; Rothman et al., 2006). The Food and Drug
Administration (FDA) also recommended that future
trials using live oral rotavirus vaccines should be conducted with more than 60,000 children to ensure that
the risk of intussusception from a new vaccine would
be less than was attributed to Rotashield™ (Glass
et al., 2004).
The pathogenic mechanism underlying the association of the Rotasheild™ vaccine and intussusception
has not been defined (Lynch et al., 2006). Several studies have investigated the possible infectious etiology
of intussusception, but these studies have had a small
sample size and several different pathogens, including adenoviruses, have been identified (Bhisitkul
et al., 1992; Hsu et al., 1998). It does not appear that
wild-type rotavirus causes intussusception as there is
a lack of seasonal variation for intussusception that
would be expected to occur if rotavirus was a major
cause of intussusception (Rennels et al., 1998; Parashar
et al., 2000; Chang et al., 2002).
RotaTeq™
After the bovine WC3 vaccine, discussed previously, was shown to be safe but not consistently effective, a monovalent vaccine containing the VP7 gene
of a human G1 rotavirus (WI79-9) and the remainder
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of the genes from WC3, was developed. This vaccine was reported to be effective especially against
more severe disease during a predominantly serotype
G1 outbreak in Rochester (Clark et al., 1990). Next,
because of the idea that serotype-specific protection
was necessary, a WC3-based reassortant quadrivalent
vaccine containing three viruses with gene substitutions of the VP7 gene with human G1, G2, or G3, and
one virus containing a VP4 gene substitution with a
human P[8] on a WC3 background was evaluated. In
studies conducted at multiple centers in the United
States, it was shown to be safe and effective against all
cases of rotavirus gastroenteritis (75%) and especially
against severe cases (100%) (Clark et al., 2004). Finally
by adding a reassortant virus containing a human
G4 VP7 to the above four viruses, a pentavalent vaccine, RotaTeq™, was developed by Merck Research
Laboratories (Clark et al., 2006).
Because of the association of Rotashield™ with
intussusception, the large pivotal trial of RotaTeq™
included over 70,000 infants from 11 countries.
The vaccine was shown to be safe and, unlike
Rotashield™, it did not induce fever (Vesikari et
al., 2006d). Most importantly there was no association with intussusception. Intussusception occurred
in 12 vaccine recipients and 15 placebo recipients
within 1 year after the first dose of vaccine including six vaccine recipients and five placebo recipients
within 42 days after any dose (relative risk, 1.6; 95%
confidence interval, 0.4–6.4). The vaccine was also
highly effective, reducing all G1–G4 rotavirus gastroenteritis by 74.0%, severe gastroenteritis by 98.0%,
and hospitalizations and emergency room visits by
94.5% (Vesikari et al., 2006d). On February 3, 2006
RotaTeq™ was licensed by the US FDA for use in
infants. The American Academy of Pediatrics recommended the vaccine which is administered in a threedose schedule between 6 and 32 weeks of age, with
a first dose administered between 6 and 12 weeks of
age and all three doses administered by 32 weeks of
age (American Academy of Pediatrics, C.O.I.D., 2007a,
2007b). In the United States, postmarketing safety
of RotaTeq™ is being monitored by the CDC and
the FDA. As of February, 2007 there was no suggestion of an association of RotaTeq™ vaccination with
intussusception and CDC reaffirmed its recommendation for routine vaccination of infants with RotaTeq™
(Centers for Disease Control, 2007).
Bovine UK Reassortant Vaccine
The bovine UK strain, which is also a G6P[5] similar
to WC3, has also been used to develop a reassortant
tetravalent vaccine. The bovine UK reassortant vaccine
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was developed in the laboratory of Albert Kapikian
of the National Institutes of Health in Bethesda, MD
where RRV-TV was also developed. The tetravalent
UK reassortant vaccine contains single VP7 gene substitutions from G1, G2, G3, or G4 human rotaviruses
on a 10-gene UK background. Initially, monoreassortants were developed and evaluated. They were found
to be safe and immunogenic in infants under 6 months
of age and also did not induce fever (Clements-Mann
et al., 1999). The tetravalent UK vaccine was then evaluated for safety and immunogenicity in the USA and
later for safety/immunogenicity/efficacy in Finland.
Although the studies were small, protection was significant (60% against any rotavirus disease and 90%
against severe rotavirus disease; P ⬍ 0.02) (Vesikari
et al., 2006c). In order to facilitate the production and
commercialization of this vaccine, the NIH Office of
Technology Transfer has granted licenses to at least
eight groups throughout the world, seven of which
are in developing nations, including vaccine manufacturers in Brazil, China, and India. There has been
additional work done to develop UK-based reassortants containing additional VP7 genes for some of the
emerging viruses such as G8 or G9 strains, thereby,
proposing a hexavalent reassortant vaccine (Kapikian
et al., 2005).

Human Strains
The use of human strains for vaccine candidates is
based on the data that show that natural infection can
provide protection against subsequent infection or
disease. The human strains considered as vaccine candidates are either naturally attenuated, as thought to
be the case with neonatal strains, or attenuated by culture adaptation and multiple passage. The candidates
discussed below and listed in Table 35.4 are each composed of one strain and therefore, rely on homotypic
and heterotypic mechanisms of protection.
Neonatal Strains
The first natural history study showed that asymptomatically infected neonates had a subsequent
reduction in the frequency and severity of rotavirus
diarrhea, thereby, generating interest in the use of
neonatal strains as vaccine candidates (Bishop et al.,
1983) Therefore, one of the first human strains to be
tested as a rotavirus vaccine was a neonatal strain
isolated from an asymptomatic newborn infant in
Venezula. The strain, M37 is a G1P[6]. Several small
studies with this candidate showed that the vaccine was safe but only moderately immunogenic,
inducing neutralizing antibody responses to the

III. VIRAL VACCINES

39_P369408_Ch35.indd 657

11/4/2008 9:32:41 AM

658

ROTAVIRUS

TABLE 35.4
Candidate

Origin

Human strains developed as vaccine candidates

G and P type

Comments

M37

Neonatal

G1P[6]

Isolated in Venezuela; safe but not very immunogenic; no
protection in small trials; discontinued

RV3

Neonatal

G3P[6]

Isolated in Australia; safe, and small trials showed limited
protection at low dose; plans for Phase II and III trials at higher
doses

116E

Neonatal

G9P[11]

Isolated in India; natural bovine human reassortant; small trials
have shown immune responses; development continues in
India

I321

Neonatal

G10P[11]

Isolated in India; natural bovine human reassortant; small
trials have shown very poor immune responses; development
discontinued

Rotarix®

Child with
gastroenteritis

G1P[8]

Isolated in Cincinnati, OH; safe, no association with
intussusception after trials involving over 63,000 infants; highly
protective, especially against severe disease; given in two doses;
licensed in Mexico in 2004 and in over 90 countries worldwide
to date

M37 strain and not to other G1 strains such as Wa
(Midthun et al., 1991). In an efficacy study of 203
Finnish infants, there was no protection against
predominantly G1 strains and this vaccine candidate
was not pursued (Vesikari et al., 1991).
RV3, another vaccine candidate, is a G3P[6] human
rotavirus that was isolated in an obstetric nursery in
Melbourne, Australia, where it caused endemic, asymptomatic infections in newborn infants in the 1970s. As
stated above, neonates infected with this virus were
100% protected against severe rotavirus disease, caused
primarily by heterotypic G2P[4] strains, for their first 3
years of life (Bishop et al., 1983). Once RV3 was developed into a vaccine candidate, Phase I and early Phase II
trials were conducted. Although an immune response
to the vaccine (6.5 ⫻ 105 ffu) was detected in only 46% of
subjects, protection in the responders against primarily
serotype G1 circulating rotaviruses was 54% (P ⫽ 0.08)
(Barnes et al., 1997, 2002). Future evaluations will utilize a higher dose of vaccine to improve the immune
response and protection.
Two other, more recent vaccine candidates, were
derived from two neonatal strains isolated from
asymptomatically infected neonates in India in the
mid-1980s, one from New Delhi and the other from
the Bangalore region of India. Both of these strains
are natural reassortants between bovine and human
strains. The strain from New Delhi, 116E, a G9P[11]
strain, contains a VP4 gene segment from a bovine
rotavirus and the other 10 genes are from a human
strain (Das et al., 1993a). The other strain I321, is a

G10P[11] strain and contains nine genes of bovine
origin and only gene segments for two nonstructural
proteins from a human strain (Dunn et al., 1993).
Early studies suggested that neonates infected with
viruses similar to these two strains were protected
against subsequent rotavirus illness (Bhan et al., 1993;
Aijaz et al., 1996), but a recent report by another group
suggests otherwise for G10P[11] or I321-like viruses
(Banerjee et al., 2007). Both I321 and 116E vaccine candidates were tested in a small, placebo-controlled trial,
that showed only the 116E strain elicited significant
immune responses (Bhandari et al., 2006). Therefore,
only the 116E strain is being pursued as a vaccine candidate in India under a consortium with partners from
the United States including the Children’s Vaccine
Program at PATH (Dennehy, 2007).
Rotarix®
The second marketed vaccine, Rotarix, was
first licensed in Mexico in 2005 and has since been
approved in over 100 countries worldwide including
developed, less developed, and developing nations
(Bernstein, 2006). This vaccine is based on the attenuated human strain, 89-12. This strain was obtained
from an infant with rotavirus gastroenteritis in
Cincinnati, OH and is a G1P[8] strain, representing the
most common strain worldwide (Santos and Hoshino,
2005). The isolate was attenuated by multiple passages
in tissue culture and then developed into a vaccine.
Early studies with 89-12 showed that it was safe but
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a low-grade fever did develop in 19% of recipients.
Results of a multicenter efficacy trial showed that two
doses of this vaccine provided 89% protection against
any rotavirus disease and 100% protection from severe
disease (Bernstein et al., 1999).
The 89-12 strain was further purified by limiting dilution and passage in tissue culture by
GlaxoSmithKline. The final product was called RIX4414
and is now marketed as Rotarix (GlaxoSmithKline), a
two dose oral vaccine. Initial safety testing in Finland
showed that the vaccine was safe and more attenuated than the parent vaccine strain as it did not produce the fevers that had been detected with the parent
89-12 (Vesikari et al., 2004a). Subsequent studies in
Singapore, Finland, Latin America, and the US confirmed that it was safe, not associated with fever and
still remained highly immunogenic (Phua et al., 2005;
Salinas et al., 2005). Other studies showed the vaccine
did not interfere with other concomitantly administered childhood vaccines (Dennehy et al., 2005; RuizPalacios et al., 2007). In the initial efficacy trial of
RIX4414 conducted in Finland over two rotavirus seasons, the vaccine was 73% protective against all rotavirus gastroenteritis and 90% protective against severe
illness even though a relatively low dose was used
(Vesikari et al., 2004b).
Similar to RotaTeq™, and because of the concerns about intussusception, the pivotal vaccine
trial with RIX4414 also involved large numbers.
Over 63,000 infants from several countries in Latin
America and Finland were enrolled in a safety trial.
The RIX4414 vaccine (106.5 median cell culture infective dose) was given in a two dose schedule at
approximately 2 and 4 months of age (compared to
the three dose schedule of RotaTeq™). This large
study showed the vaccine was safe, did not induce
fever and again, most importantly, was not associated with intussusception. During the 31-day period
after each dose, six vaccine recipients and seven
placebo recipients had confirmed intussusception
with no evidence of clustering (difference in risk, ⫺0.32
per 10,000 infants, 95% confidence interval, ⫺2.91 to
2.18; P ⫽ 0.78). During the entire study, there were 25
cases of intussusception, 16 in the placebo group and 9
in the vaccine group (Ruiz-Palacios et al., 2006).
Efficacy data from a subset of 20,000 infants from
this trial showed 85% protection against severe rotavirus diarrhea and hospitalization. Protection against
more severe gastroenteritis was 100%. It was also
demonstrated that protection was high (86%) not only
against severe rotavirus diarrhea caused by G1P[8]
strains but also against G3P[8], G4P[8] and G9P[8]
strains which all shared the VP4 P[8] genotype.
Efficacy against G2P[4] strains (strains that are not

659

matched for either VP4 or VP7) was 41%. However, in
a meta-analysis efficacy was calculated to be 67–71%,
indicating that the vaccine will provide substantial
protection even against strains that do not have either
G1 or P[8] specificity (Ruiz-Palacios et al., 2006).
In a more recent trial, conducted in six European
countries, in a population more similar to that used in
trials for RotaTeq™ over 4000 infants were evaluated.
Protection in this study was 87% against any rotavirus
gastroenteritis, 96% against severe disease and 100%
against hospitalization due to rotavirus. In this study,
efficacy against G3, G4, and G9 strains was similar
to that against G1 strains and was over 95%. Efficacy
against the unrelated G2 strains was 75%, suggesting that heterotypic or non-neutralizing antibody
responses are also involved in protection (Vesikari
et al., 2006a, 2006b). Of importance, protection against
hospitalization for gastroenteritis of any etiology was
75%, demonstrating the importance of rotavirus as a
pathogen of severe gastroenteritis in these countries.
One of the best correlations between rotavirus
antibody induced by vaccination and protection was
shown in studies using Rotarix. If a vaccinee did not
develop a measurable serum rotavirus IgA response
after two doses of Rotarix, they were significantly
more likely to develop rotavirus disease when compared to subjects that did develop an IgA response
(De Vos et al., 2004). However, protection rates against
severe rotavirus illness were higher than the rate of
vaccinees who had a measurable IgA response after
Rotarix immunization (Salinas et al., 2005).
Similar to RotaTeq™, postlicensure safety of Rotarix
is being monitored in the countries where use has
begun. Additional trials are ongoing in developing
countries in Asia and Africa to determine safety and
efficacy in these areas where rotavirus disease burden
is greatest. In addition, an application for licensure in
the United States was accepted for review by the FDA
in August, 2007.

NONLIVING ROTAVIRUS VACCINE
CANDIDATES
In addition to live oral rotavirus vaccines, a number
of nonliving vaccine candidates have been developed
and evaluated in animal models. Nonliving vaccine
candidates were developed in attempt to formulate
a vaccine that would be more effective than live oral
vaccines, since even natural infection does not always
result in 100% protection from reinfection. In addition,
these candidates were often studied in an attempt to
better define mechanisms of protection, including
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determinations regarding the protective efficacy of
various viral proteins. Finally after the association of
Rotashield with intussusception, possible safety concerns with live virus vaccines added to the possible
need for nonliving vaccine candidates. The nonliving
candidates studied include DNA vaccines (Chen et al.,
1997; Choi et al., 2007), inactivated purified triple and
double-layered virus particles (McNeal et al., 1998,
1999), recombinant virus-like particles (VLPs) containing VP2 and VP6, with or without VP4 and VP7
(O’Neal et al., 1998), and recombinant expressed VP6
protein (Choi et al., 2002a). To date none of these candidates have been tested in humans.
Using animal models, each of the above candidates
have shown significant levels of protection, especially in the adult mouse model which uses reduction of viral shedding as its measure of protection.
Of note, VLPs did not induce protection from illness
when used in the gnotobiotic pig model, currently
the only illness animal model (Yuan et al., 2000).
Except for DNA-based vaccines, the other candidates
often require the use of an effective adjuvant, usually recombinant formulations of bacterial toxins, to
induce protection (Choi et al., 2002b; Bertolotti-Ciarlet
et al., 2003). However, the use of this type of adjuvant
in humans greatly increases the safety concerns associated with these vaccine approaches. If the present
licensed live oral vaccines, RotaTeq™ and Rotarix, or
other live oral rotavirus vaccines prove to be ineffective or have safety issues, the present nonliving vaccines may be further developed.

Alliance, formerly known as the Global Alliance for
Vaccines and Immunization, has committed to helping with the financial cost of the vaccine in countries
which qualify for support. In addition, in February,
2007, Rotarix was granted WHO prequalification status, an important first step in getting a rotavirus vaccine to poor countries.

KEY ISSUES
●

●

●

●

●

CONCLUSIONS
Worldwide, rotavirus infections are responsible
for over 600,000 deaths, representing 5% of all childhood deaths in children less than 5 years of age. A
safe and effective rotavirus vaccine is the best hope of
combating this disease. After the largest vaccine trials in history, two live oral vaccines, RotaTeq™ and
Rotarix, have been licensed or will soon be licensed in
many countries around the world. Both vaccines were
shown to be safe and effective, decreasing severe disease and hospitalization due to rotavirus by 85–100%.
In addition, neither vaccine has been associated with
intussusception in either the large trials or postmarketing surveillance. However, neither vaccine has been
evaluated, to date, in the poorest countries where it is
most needed. Assuming the vaccines are also effective in these countries, the next hurdle will be to make
the vaccines available to these populations. The GAVI

●

●

●

●

Rotavirus is the most common cause of
gastroenteritis in young children in all parts of the
world. It is responsible for over 600,000 deaths
around the world, and over 50,000 hospitalizations
in the US.
Rotavirus is a segmented double-stranded RNA
virus. Serotyping is based on the two outer capsid
proteins that induce neutralizing antibodies VP7
(G type) and VP4 (P type).
The mechanism of protection against rotavirus is
not completely clear but neutralizing antibodies
play a role. The role of non-neutralizing antibodies
and T cells are less clear but are probably
important.
Rotavirus vaccine development has largely
concentrated on the use of live attenuated vaccines
administered by the oral route in order to generate
local, intestinal immunity.
The initial approach of using animal rotavirus
strains that were naturally attenuated for humans
was replaced by the use of reassorted strains, i.e.,
replacement of animal rotavirus genes with human
genes (most commonly encoding VP7 or VP7
and VP4 proteins) or using an attenuated human
strain.
The first licensed rotavirus vaccine Rotashield™
used a rhesus monkey rotavirus strain as the
backbone for a quadrivalent vaccine. This vaccine
was associated with intussusception and was
quickly withdrawn from the market.
There are now two rotavirus vaccines available in
the US, EU, Latin America as well as many other
countries. Rotateq™ is a pentavalent vaccine
based on reassortants of a bovine rotavirus while
Rotarix™ is an attenuated human strain.
Both vaccine have undergone rigorous testing
in large human trials of over 60,000 infants and
appear safe with neither being associated with
intussusception.
Both vaccines also appear to protect infants from
the most common human serotypes.
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The remaining challenge for both vaccines is
to show they can impact disease in the poorest
countries of the world where mortality is the
highest.
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ABSTRACT
Five years after the first severe acute respiratory syndrome (SARS) outbreak, several candidate SARS-coronavirus
(CoV) vaccines are at various stages of preclinical and clinical development. Based on the observation that SARSCoV infection is efficiently controlled upon passive transfer of antibodies directed against the spike (S) protein of
SARS-CoV, vaccines containing the S protein have been formulated. Animals immunized with inactivated whole
virus vaccines or live-recombinant vaccines expressing the SARS-CoV S protein (e.g., using rabies virus, vesicular
stomatitis virus, bovine parainfluenza virus type 3, adenovirus, or attenuated vaccinia virus MVA as a vector), as
well as mice immunized with DNA vaccines expressing the S protein gene all developed neutralizing antibodies to
SARS-CoV and were protected against SARS-CoV challenge.
Although much effort has been focused on developing a SARS vaccine, the commercial viability of such a
vaccine for SARS-CoV will ultimately depend on whether the virus re-emerges in the near future. This vaccine
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should induce highly cross-reactive neutralizing antibodies to protect against newly emerging viruses related
to SARS-CoV and protect both the gastrointestinal and respiratory tract in the absence of significant side effects.
Given the fact that in the previous outbreak mainly the elderly succumbed to the infection, special attention should
be given to vaccines that are able to efficiently protect aged individuals.

INTRODUCTION
Severe acute respiratory syndrome coronavirus
(SARS-CoV) first emerged in the human population
in November 2002. Phylogenetic analysis of SARSCoV isolates from animals indicated that this virus
most probably originated from bats, was transmitted first to palm civets and subsequently to humans
at the wet markets in southern China. Subsequent
outbreaks occurred early 2003 in Hong Kong, Hanoi,
Toronto, and Singapore, and could be directly traced
back to one index patient who acquired the infection
in Guangdong and traveled to Hong Kong. A worldwide epidemic was halted through the efforts of the
World Health Organization, which responded rapidly
to this threat by issuing a global alert, rigorous local
containment efforts, warning against unnecessary
travel to affected areas, and by creating a network of
international experts to combat this virus. In the end
only 8096 people became ill, and 774 people died in
this first SARS epidemic. Because SARS-CoV could
re-emerge and cause another epidemic at any time,
development of effective vaccines remains of vital
importance.

ETIOLOGIC AGENT
Although several infectious agents, including
chlamydia, influenza A subtype H5N1, and human
metapneumovirus, were considered as a possible
cause of SARS, three groups independently reported
the isolation of a previously unrecognized CoV from
clinical specimens of SARS patients (Peiris et al., 2003;
Rota et al., 2003; Drosten et al., 2003).
Through electron microscopy, serology, and reversetranscription PCR with consensus- and randomprimers, and subsequent sequencing of the replicase
gene, its identity could be revealed and consistently
demonstrated in clinical specimens from patients with
the disease but not in healthy controls. To conclusively
establish a causal role for this CoV, cynomolgous
macaques were inoculated with a SARS-CoV isolate.
Because the disease in macaques caused by SARSCoV infection was pathologically similar to that seen
in human patients with SARS, and since the virus

was successfully re-isolated from the nasal swabs
and lung lesions of these animals, and a specific antibody response to the virus was shown in the infected
animals, SARS-CoV proved to be the causative agent
of this infectious disease (Fouchier et al., 2003; Kuiken
et al., 2003).

CLASSIFICATION AND ANTIGENS
ENCODED
SARS-CoV is a single-stranded, positive-sense
RNA virus, phylogentically related to coronaviruses
from group 2 despite the fact that it does not encode
a hemagglutinin-esterase protein (Snijder et al., 2003).
The genome is packaged together with the nucleocapsid protein, at least five membrane proteins (M, E,
3a, 7a, and 7b) and the spike (S) protein (Fig. 36.1).
The S1 region within the S protein, and more specifically a 193-amino acid fragment of the S protein
(corresponding to residues 318–510), has been identified as the region that interacts with the cell receptor, angiotensin-converting enzyme 2 (Li et al., 2005a).
The majority of neutralizing antibodies are directed
against this region of the S protein. Antibodies raised
against the N-terminal region of 3a protein or the M

S

3a

N
7a

E
M

7b
RNA

FIGURE 36.1

Schematic diagram of the SARS-CoV particle. S,
spike protein; M, membrane protein, E, envelope protein; N, nucleocapsid protein; 3a, 7a, and 7b; structural proteins of SARS-CoV.
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protein also inhibit SARS-CoV replication in vitro
but their relevance in protection remains unclear. The
genome also encodes two large poly-proteins with
diverse enzymatic activities needed for efficient replication and several accessory proteins with unknown
function (3b, 6, 8a, 8b, and 9b).

EPIDEMIOLOGY
At the end of 2004, 30 countries reported a total of
8096 probable cases of SARS (Fig. 36.2). Pathogenic
SARS-CoVs do not circulate in the human population
at the moment, but their re-emergence from animal
reservoirs may likely occur in the future. Because
many of the early SARS patients in Guandong had
epidemiological links to the live-animal market trade,
different animal species were tested for the presence of SARS-like viruses. Soon after the outbreak,
a SARS-like coronavirus, which had more than 99%
homology with human SARS-CoV, was detected
by RT-PCR in the nasal and fecal swabs of palm

civets (Paguma larvata) and a raccoon dog (Nyctereutes
procyonoides) (Guan et al., 2003). More recent studies indicate that bats may potentially act as natural
reservoirs for SARS-like CoVs (Li et al., 2005b; Lau
et al., 2005). However, sequence comparison of the S
protein genes from bat SARS-like CoV and palm civet
SARS-like CoV revealed only 64% genetic homology.
Subsequent studies by Tang et al. (2006) have demonstrated that approximately 6% of bats sampled in
China were positive for CoVs. Interestingly, these
CoVs are genetically diverse and many bat CoVs
clustered with existing group 1 viruses, while others
formed a separate lineage that included only viruses
from bats (putative group 5). Other SARS-CoV like
viruses clustered in a putative group 4 consisting of
two subgroups, one of bat CoVs and another of SARSCoVs from humans and other mammalian hosts.
However, from these studies the direct progenitor of
the SARS-CoV isolated from palm civets has not been
identified. Major genetic variations in the S protein
gene of these viruses from civet cats, seemed essential
for the transition from animal-to-human transmission

9
251
5327

7

346

27
1755
14

9
63
238

6

FIGURE 36.2 Reported suspected SARS cases from November 1, 2002 to July 31, 2003 (data from the World Health Organization, http://
www.who.int/csr/sars/country/table2004_04_21/en/index.html). Countries with ⬎5 suspected cases are indicated.
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to human-to-human transmission, which eventually
caused the SARS outbreak of 2002–2003.

SIGNIFICANCE AS PUBLIC HEALTH
PROBLEM AND POTENTIAL AS
BIOTHREAT AGENT
There is at present no evidence for the virus persisting in the human population. Possible options for the
re-emergence of SARS include the escape of the virus
from laboratories, which has already occurred on
three occasions. The re-emergence of the virus from its
animal reservoir remains possible, given that the virus
is detectable in the feces and respiratory secretions of
some animals. Indeed, SARS-CoV re-emerged in four
patients in Guangdong in December 2003, although
these SARS-like CoVs caused milder clinical disease (Liang et al., 2004). The US National Institute of
Allergy and Infectious Diseases Biodefense Network
classified SARS-CoV as a category C priority pathogen pointing out that SARS-CoV could be a potential
biothreat agent.

CLINICAL DISEASE
The clinical symptoms of SARS-CoV infection are
those of lower respiratory tract disease and include
fever, malaise, peripheral T cell lymphocytopenia,
decreased platelet counts, prolonged coagulation
profiles, and mildly elevated serum hepatic enzymes
(Peiris et al., 2004; Li et al., 2004). Chest radiography
reveals infiltrates with subpleural consolidation or
“ground glass” changes compatible with viral pneumonitis. Around 20−30% of individuals with SARS
require management in intensive care units and the
overall case:fatality rate reached approximately 10%.
Although the main clinical symptoms are those of
severe respiratory illness, SARS-CoV actually also
causes a gastrointestinal and urinary tract infection;
SARS-CoV can be detected in the feces and urine of
patients, and electron microscopic studies of biopsies
of the upper and lower intestinal mucosae of patients
with SARS confirmed the presence of the virus in these
tissues (Peiris et al., 2004). Fecal transmission proved
to be important in at least one major community outbreak in Hong Kong (Amoy Gardens), in which over
300 patients were infected within a few days.
Three features of SARS may be relevant for intervention strategies. First, progressive age dependence
in mortality and disease severity is observed in SARS

patients. In fact, none of the SARS-CoV-infected children aged below 12 years in Hong Kong required intensive care or mechanical ventilation (Ng et al., 2004). This
is not totally explained by comorbid factors but similar
age dependence in mortality is seen in patients with
other (nonviral) causes of acute respiratory stress syndrome (Rubenfeld et al., 2005). Second, virus transmission is low in the first days of illness and peaks around
day 10 after disease onset (Chu et al., 2004). Finally,
several studies revealed that high viral load in the
nasopharyngeal aspirate was found to be an independent predictor of mortality (Hung et al., 2004; Chu et al.,
2004). Therefore, vaccine strategies aimed at reducing
the viral load may suffice to provide clinical benefit.

TREATMENT
The first efforts to treat SARS patients were mainly
based on the use of ribavirin and corticosteroids.
Ribavirin, which targets IMP dehydrogenase, has
been known a long time as a broad-spectrum antiviral
agent. However, current data do not support the use of
ribavirin for SARS treatment; in vitro studies did not
show significant antiviral activity (Cinatl et al., 2003)
and ribavirin enhanced the infectivity of SARS-CoV in
mice (Barnard et al., 2006). On the other hand, a protective effect of interferon (IFN)-α has been observed in a
preliminary study during the SARS outbreak (Loutfy
et al., 2003). These results are in concordance with
several studies that noted antiviral activity in vitro
(Cinatl et al., 2003; Hensley et al., 2004) and animal
studies showing that pegylated IFN-α effectively
reduced SARS-CoV replication and excretion, viral
antigen expression by type 1 pneumocytes and the pulmonary damage in cynomolgous macaques that were
infected experimentally with SARS-CoV (Haagmans
et al., 2004). However, despite an extensive literature
reporting on SARS treatments, it is not possible to
determine whether treatments benefited patients during the SARS outbreak. Because of variation in treatment regimens—particularly the wide range in doses,
duration of therapy, and route of administration of
ribavirin and corticosteroids, no clear conclusion can
be drawn regarding the efficacy of the drugs tested
(Stockman et al., 2006). In the event of a future outbreak of SARS-CoV or another novel agent, attempts
should be made to develop treatment protocols, organize randomized trials and to collect and contribute
information for a standardized minimum dataset that
could facilitate analysis of treatment outcomes among
different settings (Stockman et al., 2006).
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PATHOGENESIS
The major sources of transmission in humans are
droplets that deposit on the respiratory epithelium.
Unlike the situation in several other respiratory viral
infections, viral load of SARS-CoV in the upper respiratory tract peaked around day 10 after disease onset
(Peiris et al., 2004). Therefore, virus transmission may
be less efficient in the first days of illness, a finding
supported by epidemiological observations. Realtime PCR assays detect SARS-CoV during the first
week in specimens of the lower respiratory tract (e.g.,
bronchoalveolar lavage, sputum, endotracheal aspirates), nasopharyngeal aspirate, throat swabs, and/or
serum (Chan et al., 2004), whereas fecal samples may
show very high viral loads toward the end of the first
week and second week of illness. In typical cases,
which were largely confined to adult and elderly
individuals, SARS presented with acute respiratory
distress syndrome, characterized by the presence of
diffuse alveolar damage and multiorgan dysfunction
upon autopsy (Nicholls et al., 2003). The pathological
changes in lung alveoli most likely follow a common
pathway characterized by an acute phase of proteinrich alveolar fluid influx into the alveolar lumina
as a consequence of the injury to the alveolar wall.
Subsequently type-2 pneumocyte hyperplasia takes
place to replace the loss of infected type-1 pneumocytes and to cover the denuded epithelial basement

(A)

membrane, resulting in restoration of the normal
alveolar architecture. Severe alveolar injury may lead
to fibrosis with loss of alveolar function in more protracted cases (Fig. 36.3).

INNATE IMMUNE RESPONSE TO
INFECTION
It has been hypothesized that the pathological changes observed in the lungs are initiated by
a disproportional innate immune response, illustrated by elevated levels of inflammatory cytokines
and chemokines, such as CXCL10 (IP-10), CCL2
(MCP-1), IL-6, IL-8, IL-12, IL-1β, and IFN-γ (Huang
et al., 2005; Wong et al., 2004). These in vivo data
have been confirmed in vitro, demonstrating that
SARS-CoV infection induces a range of cytokines
and chemokines in diverse cell types (Cheung
et al., 2005; Law et al., 2005). Although in vitro
studies argued that production of type I IFNs is
inhibited or delayed by SARS-CoV, in SARS-CoVinfected macaques, and also early during SARS in
humans, type I IFNs can be readily demonstrated
(De Lang et al., 2007). Because prophylactic treatment of macaques with pegylated IFN-α reduces
SARS-CoV replication in the lungs, regulation
of the production of IFNs may be important in
controlling SARS (Haagmans et al., 2004).

(B)

FIGURE 36.3 Acute lung injury after experimental infection of nonhuman primates with SARS-CoV. Shown are the histological changes in
the lungs after SARS-CoV infection (A) as compared to the normal lung tissue (B). Viral infection of bronchiolar epithelial cells, type 1 and type 2
pneumocytes results in the influx of macrophages and neutrophils (A). The subsequent loss of type 1 cells may cause flooding of the alveolus
by edema fluid (A) and in later stages fibrosis of the alveolar wall (deposition of collagen and influx of fibroblasts).
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HUMORAL IMMUNE RESPONSE

VACCINES

Seroconversion usually occurs in weeks 2 or 3 of illness and virus-neutralizing antibodies can be detected
in convalescent human serum. In patients who had
recovered from SARS-neutralizing antibody titers
peaked at month 4 but were undetectable in 16% of
patients at month 36 (Cao et al., 2007). Neutralizing
antibodies may be directed against different regions
of the S protein (S1 and S2) as monoclonal antibodies
against these epitopes exert potent neutralization of
SARS-CoV in vitro (Sui et al., 2004; Lip et al., 2006).
Conversely, peptides which are located in these
regions were able to induce neutralizing antibodies (Bisht et al., 2005; Keng et al., 2005; Zhang et al.,
2004).
Although experiments in diverse animal models
have revealed that relatively low levels of neutralizing
antibodies exert potent protection against lower respiratory tract infection, the neutralizing antibody titer
necessary to achieve protection in humans exposed
to SARS-CoV is not known. A concern in case of reemergence of SARS is the possible absence of cross
protection against these viruses. However, recent
studies by He et al. (2006) have shown that the some
neutralizing epitopes of SARS-CoV have been maintained during cross-species transmission, suggesting
that receptor binding domain-based vaccines may
induce broad protection against both human and animal SARS-CoV variants.

Based on the observation that SARS-CoV infection
is efficiently controlled upon passive transfer of antibodies directed against the S protein of SARS-CoV, a
range of vaccines containing the S protein/gene has
been developed. Animals immunized with inactivated
whole virus vaccines or live-recombinant vaccines
expressing the SARS-CoV S protein (e.g., using rabies
virus, vesicular stomatitis virus, bovine parainfluenza
virus type 3, adenovirus, or attenuated vaccinia virus
MVA as a vector), as well as mice immunized with
DNA vaccines expressing the S protein gene all developed neutralizing antibodies to SARS-CoV and were
protected against SARS-CoV challenge. Table 36.1 displays an overview of vaccines that have been tested
for efficacy in animal models.

CELLULAR IMMUNE RESPONSE
In most SARS autopsies, extensive necrosis of the
spleen and atrophy of the white pulp with severe lymphocyte depletion have been observed. On the other
hand, rapid phase in peripheral lymphocyte recovery
usually coincided with improved clinical conditions of
SARS patients (Peiris et al., 2004). Long-lived memory
T cell responses against SARS-CoV nucleocapsid and
S protein have been demonstrated in recovered SARS
patients, although their relevance in antiviral protection is not well understood (Yang et al., 2006; Peng
et al., 2006; Li et al., 2006). However, despite potent
immune responses and clinical recovery, peripheral
lymphocyte counts in the recovered patients were not
restored to normal levels (Li et al., 2006).
Interestingly, mice that lack NK-T cells, or NK cells,
or T and B cells all cleared the virus by day 9 after
infection (Glass et al., 2004). These data argue that
cell-mediated immune responses are not essential to
control virus clearance.

Inactivated Whole Virus and Subunit Vaccines
Inactivated SARS vaccines have been reported
to elicit high titers of S protein-specific neutralizing
antibodies. Few studies, however, have addressed
whether inactivated whole SARS-CoV virions confer protection from virus challenge. Mice that were
immunized twice with a candidate SARS-CoV vaccine, produced through a two-step inactivation procedure involving sequential formaldehyde and U.V.
inactivation developed high-antibody titers against
the SARS-CoV S protein and high levels of neutralizing antibodies (Spruth et al., 2006) (see Chapter 11).
Moreover, the vaccine conferred protective immunity as demonstrated by prevention of SARS-CoV
replication in the respiratory tract of mice after intranasal challenge with SARS-CoV. Protection of mice
was correlated to the antibody titer against the SARSCoV S protein and neutralizing antibody titer. Similar
results have been obtained using a beta-propiolactone
inactivated SARS-CoV vaccine in mice (Stadler et al.,
2005). In addition, two Chinese groups have demonstrated protective efficacy of inactivated SARS vaccines in rhesus monkeys (Qin et al., 2006; Zhou et al.,
2005). A soluble recombinant polypeptide containing
the N-terminal segment of the S glycoprotein may
suffice to induce neutralizing antibodies and protective immunity in mice (Bisht et al., 2005). In addition,
a trimeric recombinant S protein was able to elicit an
efficacious protective immune response in hamsters
(Kam et al., 2007).
One of the most promising vaccine candidates is
based on the combination of recombinant S protein
with the Protollin adjuvant. In both young and aged
mice, an intranasal Protollin-formulated S protein
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TABLE 36.1 SARS-CoV vaccinesa
Vaccineb

Author

Animal species

Immunogenicityc

Protection

Spruth et al. (2006)

Inactivated whole virus

Mice and macaques

Neutralizing Abs

Yes

Stadler et al. (2005)

Inactivated whole virus

Mice

Neutralizing Abs

Yes

Qin et al. (2006)

Inactivated whole virus

Macaques

Neutralizing Abs

Yes

Zhou et al. (2005)

Inactivated whole virus

Macaques

Neutralizing Abs

Yes

Bisht et al. (2005)

Subunit

Mice

Neutralizing Abs

Yes

Kam et al. (2007)

Subunit

Mice

Neutralizing Abs

Yes

Hu et al. (2007)

Subunit

Mice

Neutralizing Abs/
lung IgA

Yes

Yang et al. (2004)

Plasmid DNA vector

Mice

Neutralizing Abs

Yes

See et al. (2006)

Adenovirus vector

Mice

Neutralizing Abs

Yes

Bisht et al. (2004)

MVA vector

Mice

Neutralizing Abs

Yes

Chen et al. (2005)

MVA vector

Macaques

Neutralizing Abs

Yes

Weingartl et al. (2004)

MVA vector

Ferrets

No neutralizing Abs

No

Buchholz et al. (2004)

Parainfluenza virus vector

Hamsters

Neutralizing Abs

Yes

Bukreyev et al. (2004)

Parainfluenza virus vector

Macaques

Neutralizing Abs

Yes

Kapadia et al. (2005)

VSV vector

Mice

Neutralizing Abs

Yes

Vogel et al. (2007)

VSV vector

Aged mice

Neutralizing Abs

Yes

DiNapoli et al. (2007)

NDV vector

African green monkeys

Neutralizing Abs

Yes

Deming et al. (2006)

VEEV vector

Aged mice

Neutralizing Abs

Yes

Aged mice and heterologous
challenge

No neutralizing Abs

No

a

Only those SARS-CoV vaccines containing the spike protein/gene and tested for protection against a SARS-CoV challenge are listed.
MVA, modified vaccinia virus Ankara; VSV, vesicular stomatitis virus; NDV, Newcastle disease virus; VEEV, Venezuelan equine encephalitis
virus.
c
Presence of neutralizing antibodies at time of challenge.
b

vaccine elicited high levels of antigen-specific IgG in
serum and significant levels of antigen-specific lung
IgA (Hu et al., 2007). In contrast, mice immunized
intramuscularly with Alum absorbed S protein did
not develop detectable IgA responses. Following virus
challenge of the aged mice, no virus was detected in
the lungs of mice vaccinated intranasally, whereas
intramuscularly immunized mice did not show significant control of virus replication compared to controls
(Hu et al., 2007).

Vectored Vaccines
A DNA vaccine encoding the S glycoprotein of
the SARS-CoV induces T cell, neutralizing antibody
responses, and protective immunity in a mouse model
(Yang et al., 2004). These authors also demonstrated
that antibody responses in mice vaccinated with an
expression vector encoding a form of S protein that
includes its transmembrane domain elicited neutralizing antibodies. Viral replication was reduced by
more than six orders of magnitude in the lungs of

mice vaccinated with these S protein plasmid DNA
expression vectors, and protection was mediated by a
humoral, but not a T-cell-dependent, immune mechanism. Subsequent studies using a prime-boost combination of DNA and whole killed SARS-CoV vaccines
elicited higher antibody responses than DNA or
whole killed virus vaccines alone (Kong et al., 2005).
Apart from this study, several other groups have analyzed the immunogenicity of SARS DNA vaccines but
none of these challenged the vaccinated animals with
SARS-CoV.
Adenovirus-vector based vaccination strategies
against SARS-CoV were employed early on after the
SARS outbreak to demonstrate that vaccinated rhesus macaques developed virus-neutralizing antibody
responses against fragment S1 of the S protein and
T cell responses against the nucleocapsid (Gao et al.,
2003). More recently, See et al. (2006) demonstrated
that vaccination of C57B/L6 mice with adenovirus
type 5-expressing S and nucleocapsid administered
intranasally, but not intramuscularly, significantly limited SARS-CoV replication in the lungs.
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The highly attenuated modified vaccinia virus
Ankara (MVA) has been used to express the S glycoprotein of SARS-CoV in vaccination experiments
using mouse, ferret, and rhesus monkey models (Bisht
et al., 2004; Chen et al., 2005; Weingartl et al., 2004).
Intranasal and intramuscular administration of MVA
encoding the SARS-CoV S protein led to the induction of a humoral immune response in BALB/c mice,
as well as reduced viral titers in the respiratory tract
(Bisht et al., 2005).
Recombinant bovine-human parainfluenza virus
type 3 vector (BHPIV3) is being developed as a live
attenuated, intranasal pediatric vaccine against
human parainfluenza virus type 3. Immunization of
African green monkeys with a single dose of BHPIV3
expressing SARS-CoV S protein administered via the
respiratory tract induced the production of SARSCoV neutralizing antibodies (Bukreyev et al., 2004). A
recombinant BHPIV3 expressing SARS-CoV structural
protein (S, M, and N) individually or in combination
has been evaluated for immunogenicity and protective efficacy in hamsters (Buchholz et al., 2004). In the
absence of S protein, expression of M, N, or E did not
induce a detectable serum SARS-CoV-neutralizing
antibody response and no protection against SARSCoV challenge in the respiratory tract, whereas the
vectors expressing the S protein induced neutralizing
antibody responses and protection.
Recombinant rabies virus expressing the S protein of
SARS-CoV induced a neutralizing antibody response
in mice (Faber et al., 2005). Similarly, an attenuated
vesicular stomatitis virus vector that encodes the
SARS-CoV S protein may be used to induce neutralizing antibody responses (Kapadia et al., 2005). Mice
vaccinated with recombinant vesicular stomatitis virus
expressing S protein developed SARS-CoV-neutralizing
antibody and were able to control a challenge with
SARS-CoV performed at either 1 month or 4 months
after a single vaccination. In addition, by passive antibody transfer experiments these authors demonstrated
that the antibody response induced by the vaccine was
sufficient to control SARS-CoV infection.
The efficacy of these vectors was further demonstrated in studies using aged mice. In aged mice, vaccinated with recombinant vesicular stomatitis virus
expressing S protein, antibody titers induced were
sufficient to protect them against subsequent challenge with SARS-CoV (Vogel et al., 2007).
African green monkeys immunized via the respiratory tract with two doses of a recombinant Newcastle
disease virus encoding the S protein developed a
relatively high titer of SARS-CoV neutralizing antibodies and upon challenge demonstrated a 1000-fold

reduction in pulmonary SARS-CoV titer compared
with control animals (DiNapoli et al., 2007).
Finally, Venezuelan equine encephalitis virus based
vaccines have been tested extensively in young and
aged mice. Most importantly, different recombinant
SARS-CoV bearing epidemic and zoonotic S protein
variants were used to challenge the vaccinated mice.
Venezuelan equine encephalitis virus replicon particles expressing the 2003 epidemic Urbani SARS-CoV
strain S glycoprotein but not particles containing the
nucleocapsid protein from the same strain provided
complete short- and long-term protection against
homologous strain challenge in young and senescent
mice (Deming et al., 2006). Although the S protein
encoding vaccine provided complete short-term protection against heterologous (strain GD03) challenge
in young mice, only limited protection was seen in
vaccinated senescent animals. Interestingly, nucleocapsid-encoding vaccines not only failed to protect
from homologous or heterologous challenge but also
resulted in enhanced immunopathology with eosinophilic infiltrates within the lungs of SARS-CoVchallenged mice (Deming et al., 2006).

BASIC SCIENCE AND RATIONALE OF
NEW GENERATION VACCINES
A new generation of vaccines may be obtained from
manipulating the full-length infectious cDNA clone of
SARS-CoV. One approach would be to delete the ORFs
3a, 3b, 6, 7a, 7b, 8a, 8b, or 9b similar to other coronavirus mutants generated previously; some mouse hepatitis or feline infectious peritonitis deletion viruses
replicate to the same extent as wild-type viruses in
vitro but are severely attenuated in vivo making them
potential vaccine candidates. However, SARS-CoV
deletion mutants lacking ORFs 3a, 3b, 6, 7a, or 7b,
grew similar to that of the parental wild-type virus
in the mouse model (Yount et al., 2005). On the other
hand, a recombinant SARS-CoV that lacks the E gene
was attenuated both in vitro and in vivo (DeDiego
et al., 2007). Viable recombinant virus with the E
gene deleted was recovered in Vero cells with a titer
around 106 pfu/ml but titers in the respiratory tract
of hamsters were 100–1000-fold reduced compared to
wild-type SARS-CoV replication, suggesting that this
mutant is attenuated. Multiplication of these viruses in
packaging cell lines would provide the missing protein
in trans and would make a promising SARS-CoV vaccine candidate that has the E gene deleted.
Live attenuated virus vaccines may revert to wildtype and recombine with other circulating human or
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zoonotic coronaviruses. In order to prevent this, it has
been proposed to delete an essential gene, located in
a position distant from gene E, and the relocation of
the deleted gene to the position previously occupied
by gene E (Enjuanes et al., 2008). A potential recombination leading to the rescue of gene E would lead to
the loss of the essential gene. Alternatively, the transcriptional regulatory sequences (TRS) of a vaccine
virus could be genetically manipulated to a sequence
incompatible with the TRS of any known circulating
coronavirus as described by Yount et al. (2006). This
virus could be further modified by building attenuating mutations on the genetic backbone of the recombination resistant TRS rewired virus either for use as
a safe high titer seed stock for making killed vaccines
or as a live virus vaccine. One such attenuating mutation could be targeted to the nonstructural protein 1.
Recombinant Mouse Hepatitis Virus (MHV) encoding a deletion in the nsp1-coding sequence grew normally in tissue culture but was severely attenuated
in vivo (Züst et al., 2007). Low doses of nsp1 mutant
MHV elicited potent cytotoxic T cell responses and
protected mice against homologous and heterologous
virus challenge. This attenuation strategy provides a
new paradigm for the development of highly efficient
coronavirus vaccines.

PRECLINICAL DEVELOPMENT,
INCLUDING RELEVANT ANIMAL
MODELS
Although several types of vectored vaccines have
been developed, several companies favored the classical approach using inactivated whole virus to develop
a vaccine to be used for preclinical testing (see
Chapter 11). Methods in place for the production of
available vaccines could be easily used using wellestablished technologies. In the preclinical development stage, it is preferable that different animal
species are used to evaluate the safety and efficacy of
candidate vaccines.
Overall, a wide range of animal species, including rodents (mice and hamsters), carnivores (ferrets
and cats), and nonhuman primates (cynomolgus and
rhesus macaques, common marmosets, and African
green monkeys) can be experimentally infected with
SARS-CoV (Subbarao et al., 2004; Roberts et al., 2005b;
Martina et al., 2003; Kuiken et al., 2003; McAuliffe
et al., 2004; Haagmans and Osterhaus, 2006). Most species show no clinical signs of disease, although the virus
replicates efficiently in respiratory tissues. Aged mice
and ferrets on the other hand, show signs of clinical

disease, albeit in the absence of the typical lung lesions
seen in humans with SARS (Roberts et al., 2005a). In
contrast, inoculation of SARS-CoV in the respiratory
tract of cynomolgus macaques causes infection of bronchial epithelial cells and type-1 pneumocytes 1–4 days
postinfection, followed by extensive type-2 pneumocyte hyperplasia in the lungs at 4–6 days postinfection
(Kuiken et al., 2003; Haagmans and Osterhaus, 2006).
The lesions, consisting of multiple foci of acute diffuse alveolar damage and characterized by flooding of
alveoli with protein-rich edema fluid mixed with variable numbers of neutrophils, are quite similar to those
observed in humans in the acute stages of SARS.
Remarkably, vaccine candidates tested in ferrets showed reduced efficacy. Vaccination with MVA
encoding the S protein induced only moderate antibody responses and consequently did not protect
against intranasal SARS-CoV infection and even
resulted in an inflammatory response in the livers of
the vaccinated ferrets (Weingartl et al., 2004). Whether
these aberrant responses resulted from immunopathological mechanisms, like antibody-dependent enhancement of infection, or represented recall responses to
viral antigen in the liver is not clear at the moment but
deserves further investigation. In addition, limited protection from SARS-CoV challenge was observed in ferrets vaccinated with inactivated whole virus (Darnell
et al., 2007). Two out of four ferrets showed little or
no neutralizing antibody even after the second immunization and none of the vaccinated ferrets were able
to reduce virus excretion at day 2 after challenge but
subsequently cleared the virus more rapidly compared
to control animals. Adenovirus-based vaccines tested
in ferrets seemed more powerful as they protected the
lower respiratory tract efficiently but had less effect on
virus excretion in the upper respiratory tract (Kobinger
et al., 2007).

CLINICAL TRIALS
Five years after the first SARS outbreak a range of
candidate vaccines have been developed. Early in 2006
some companies in China and the US initiated phase
1 trials. The first clinical trial has been initiated by a
Chinese company, Sinovac Biotech of Beijing in collaboration with the Chinese academy of Medical Sciences
using an inactivated whole virus vaccine. To evaluate the safety and immunogenicity of this vaccine, 36
subjects received two doses of vaccine or placebo control. On day 42, all individuals showed seroconversion and peak titers of neutralizing antibodies were
reached 2 weeks after the second vaccination followed
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by a significant decline 4 weeks later (Lin et al., 2007).
Several other candidate SARS vaccines are at various
stages of preclinical and clinical development.

POSTEXPOSURE
IMMUNOPROPHYLAXIS
In SARS patients who recover, high levels of neutralizing antibody responses are observed, suggesting
that antibody responses play a role in determining
the ultimate disease outcome of SARS-CoV-infected
patients (Zhang et al., 2006). Although attempts have
been made to test the efficacy of serum preparations
from seroconvalescent SARS patients in the acute
phase of SARS, no conclusive evidence has been
obtained regarding their efficacy. In mice, on the other
hand, SARS-CoV infection is efficiently controlled
upon passive transfer of convalescent immunoglobulines (Subbarao et al., 2004). The concept that antibodies protect against SARS has been further explored
through the generation of human monoclonal antibodies against SARS-CoV. Prophylactic administration
of a human monoclonal antibody reduced replication of SARS-CoV in the lungs of infected ferrets by
1000-fold, completely prevented the development of
SARS-CoV-induced macroscopic lung pathology, and
abolished shedding of virus in pharyngeal secretions
(Ter Meulen et al., 2004). In subsequent studies, several other monoclonal antibodies were evaluated for
their efficacy in mouse and hamster models (Sui et al.,
2005; Traggiai et al., 2004).

PROSPECTS FOR THE FUTURE
The importance of assessing immunogenicity of
candidate SARS-CoV vaccines using virus neutralization assays is well acknowledged, but the variety
of these tests in use is a significant problem since
there is at this time no consensus on the most sensitive, specific, and reproducible assay system. To
compare data from each of the candidate vaccines
requires international standardization of the immunological assays and the availability of an antibody
standard used for the evaluation of these vaccines. To
test cross reactivity of antibodies generated by vaccination, murine leukemia virus was used to generate infectious particles containing different S proteins
(Giroglou et al., 2004).
Enhanced disease and mortality have been
observed in kittens immunized against or infected

with a type I coronavirus, feline infectious peritonitis
virus (FIPV), when subsequently exposed to FIPV
infection (Weiss and Scott, 1981). Macrophages are
able to take up feline coronavirus-antibody complexes
more efficiently causing the virus to replicate to higher
titers. Interestingly, one study also demonstrated that
antibodies against human SARS-CoV isolates enhance
entry of pseudo-typed viruses expressing the civet cat
SARS-like CoV S protein into cells, but not replication
(Yang et al., 2005). To date, there is no evidence for
enhanced replication following SARS-CoV challenge
in previously immunized animals.
One other problem which may arise after vaccination with whole inactivated virus when absorbed with
certain adjuvants such as alum, could relate to the
induction of skewed Th2 recall responses similar to
what has been observed in children vaccinated with
inactivated respiratory syncytial and measles virus
vaccines.
Although much effort has been focused on developing a SARS vaccine, the commercial viability of developing a vaccine for SARS-CoV will ultimately depend
on whether the virus re-emerges in the near future. It
is questionable whether possible future outbreaks will
cause major outbreaks but vaccines, antivirals, or passive immunization would be relevant in the context
of protecting high-risk individuals such as laboratory
and health-care workers.

KEY ISSUES
●

●

●

●

Five years after the first SARS outbreak, several
candidate SARS-CoV vaccines are at various stages
of preclinical and clinical development.
Based on the observation that SARS-CoV infection
is efficiently controlled upon passive transfer of
antibodies directed against the S protein of SARSCoV, vaccines encoding this protein have been
developed.
Animals immunized with diverse vaccines
containing the S protein or S protein gene
developed SARS-CoV-neutralizing antibodies and
were protected against SARS-CoV challenge.
Future challenges for the development of
SARS-CoV vaccines are linked to the potential
re-emergence of this virus. Vaccines able to
induce highly cross-reactive antibodies which
efficiently protect the gastrointestinal and
respiratory tract are needed. Given the fact that
in the previous outbreak mainly elderly humans
succumbed to the infection, special attention
should be given to protect specifically these
individuals.
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ABSTRACT
Throughout history mankind has been ravaged by smallpox, a devastating disease which touched every corner
of the earth and was capable of destroying entire civilizations. Through repeated epidemics and pandemics
smallpox altered the course of history and is thought to have killed more people than any other infectious disease.
Although attempts to control and mitigate the disease had been practiced for thousands of years, it still took
nearly two centuries after Jenner’s initial experiments with cowpox and vaccination before smallpox was brought
under control. The eventual eradication of smallpox in 1980 is undoubtedly one of mankind’s greatest medical
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achievements. It is a sad commentary on human nature that, only a few decades after this dreadful scourge was
eradicated, smallpox is once again a subject of international concern, due to its potential as a biological weapon.
Smallpox has been used as a biological weapon in the past and history has clearly and repeatedly shown that
whether intentional or not, outbreaks of this disease in a susceptible population are devastating. Given the
morbidity and mortality of this disease it is not surprising that the early part of the 21st century has seen millions
of dollars being spent on preparedness, prevention, and therapeutic measures to combat the smallpox threat.

INTRODUCTION
Smallpox, a deadly disease with telltale clinical symptoms and signs, has plagued mankind for
millennia. Before its eradication it was endemic (with
the exception of Australia) throughout the world and

claimed hundreds of millions of lives (Table 37.1). In
the last century alone, it is estimated to have killed
500 million people (Fenner, 1988). It has wiped out entire
civilizations and altered the course of empires and
yet its origin remains obscure (Dixon, 1962; Hopkins,
1983; Hays, 2005).

Smallpox has been eradicated world-wide and variola-virus is currently found only in secure repositories in the US and Russia.

This chapter deals with not only the history of the
disease and the organism that causes it, but will also
focus on the vaccines and other strategies used to
control the disease. This is especially important in the
context of being the only infectious disease which has

been successfully eradicated, and yet remains capable
of inordinate morbidity, mortality, and societal disruption. This chapter will also discuss current issues
as well as future prospects concerning smallpox and
related poxviruses.
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TABLE 37.1
Year

Smallpox epidemics throughout history

Location

Details

BC
1000–2000
1350
568
430
395
165

Egypt
Egypt
Mecca
Athens
Sicily
Rome

Smallpox signs found in several Egyptian mummies
Epidemic among the Hittites thought to be smallpox
Ethiopian army suffer outbreak during the “Elephant War”
Plague of Athens likely caused by smallpox
Plague among Carthaginian army thought to be smallpox
Antonine Plague thought to be caused by smallpox

AD
710–731
735
1241
1368
1507
1519
1524
1617–1619
1623
1636–1697
1702
1713
1763
1776
1789
1795
1804–1810
1824
1868–1884
1870
1896/1904

Europe
Japan
Iceland
Siam
Caribbean
Mexico
Peru
Massachusetts
Russia
Massachusetts
Canada
South Africa
Ottawa
Quebec
Australia
Germany
Russia
Europe
India
Europe
US/Africa

Islamic armies bring smallpox to Spain, Portugal, France
Epidemic in Nara kills thousands
First epidemic in Iceland
Smallpox outbreak kills the king of Burma
Epidemic wipes out entire tribes on Hispaniola
Cortez brings smallpox to Aztecs, death toll ~3.5 million
Smallpox follows Pizarro to the Incan empire
Severe outbreak eliminates many of the indigenous tribes
First recorded occurrences of smallpox in Russia
Boston suffers major epidemics about once every 10 years
A severe outbreak in Quebec kills 1/4 of the inhabitants
Epidemic in Cape Town started by contaminated clothing
Deliberate infection of Indians with smallpox by the British
An epidemic wipes out a portion of the Continental Army
Severe outbreak among aborigines
Epidemic in Berlin caused by variolation
Severe epidemics kill ~1 million Russians
European smallpox pandemic
Five major outbreaks in India kill over 2.5 million people
Pandemic during Franco-Prussian war kills over 500,000
Variola minor occurs in Florida and South Africa

EARLY HISTORY
The causative agent of the disease, variola major
(Latin for mottled (varius) or pimple (varus)), is likely
to have evolved by adaptation to humans from a virus
which infected animals who lived in close proximity to
the human populations. It appears to have developed
in concert with civilizations reaching sufficient density
to support a disease which only infected humans and
required face-to-face contact for reliable transmission.
Well-settled and thriving agricultural societies provided
the close proximity and numbers of susceptible victims
necessary for smallpox to establish itself. It is thought
that smallpox originated between 5000 and 10,000 BC
in the Nile river valley and Fertile Crescent areas of the
Near East (Fenner, 1988). Perhaps the best early evidence
of smallpox comes from ancient mummies, such as that
of Rhamses V (died 1157 BC) shown in Fig. 37.1. These
mummies bear scars characteristic of smallpox (Fenner,
1988; Dixon, 1962). From this base, the disease spread to
Asia, Europe, and northern Africa. The earliest definitive mention of smallpox in India is by the physician

Vagbhata in the 7th century AD and in China there are
unmistakable descriptions of smallpox by the physician Ko Hung in 340 AD (Dixon, 1962). Europe likely
had intermittent importations of smallpox throughout the early part of the first millennium AD until its
population reached sufficient size to support endemic
disease. Smallpox was periodically reintroduced to
Europe by Muslim Armies in the 6th and 7th centuries
and by knights returning from the Crusades of the
11th and 12th centuries (Dixon, 1962).
In Africa, smallpox spread across the Mediterranean
coast with the expansion of Islam in the 8th century.
Exploration and trade brought the disease to the
coastal towns and then into the interior of Africa
where it remained endemic until the 1970s.
The Western hemisphere remained free of smallpox
until the European explorations and conquests in the
15th–18th centuries (Patterson and Runge, 2002; Eyler,
2003). In 1519 Cortez’s army brought the disease
into central Mexico where it killed millions of Aztec
Indians. Less than a decade later, smallpox infected
the Incan empire 2000 miles to the south, killing
hundreds of thousands of individuals. Early settlers
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1967

1968

1969

1970

1971

1972

1973

1974

1975

Endemic
Smallpox re-established
Transmission interrupted
1976–1977

Importations

The mummified head of Rhamses V with typical
scarring from variola infection.

FIGURE 37.2 Worldwide smallpox prevalence during the

on the eastern coast of North America brought smallpox into contact with the local Indian tribes with the
same tragic consequences.
In the 17th and 18th centuries, smallpox was
endemic throughout the world with periodic deadly
epidemics. Smallpox is estimated to have killed
400,000 people per year and to have caused more
than one-third of all blindness in Europe during this
period (Fenner, 1988). Smallpox never became established in Australia but it did cause major epidemics
with massive numbers of casualties, mainly among
the aborigines.
In the 1890s a milder version of smallpox was identified in South Africa and at about the same time in the
southeastern USA. This disease, called variola minor,
amaas, or alastrim, was considerably less severe than
variola major, with a mortality rate of ~1% (Fenner,
1988; Shchelkunov et al., 2000; Bray and Buller, 2004).
By the 1930s alastrim had replaced variola major in
the US, Canada, the United Kingdom, and parts of
Central America (Bray and Buller, 2004) while variola
major continued to circulate in Asia and Africa.

the smallpox eradication program in 1959, but little progress was made until the Intensified Smallpox
Eradication Program began in 1967. At this time smallpox was endemic in 31 countries in South America,
Africa, India, and Asia. The eradication program consisted of a twofold strategy (Behbehani, 1980; Fenner,
1988). (1) Massive vaccination campaigns in areas with
endemic smallpox and in the neighboring countries
were quickly implemented. It was hoped that by
achieving 80% vaccine coverage, sufficient herd
immunity would be obtained to disrupt transmission
and halt the spread of the disease. (2) Sophisticated
disease surveillance systems were developed to allow
early detection and containment of outbreaks. Once an
outbreak was detected, all known or possible contacts
with infected victims were vaccinated (Eichner, 2003).
Figure 37.2 tracks the worldwide reduction in
endemic smallpox areas from 1967 to 1977. Within
3 years South America and most of Africa had been
cleared of the disease. By 1975 clearance of smallpox
from Asia occurred as well as the end of variola major
infections. Two years later, on October 26, 1977, the
last natural case of smallpox occurred in Somalia. The
victim was Ali Maow Maalin a hospital worker who,
ironically, was afraid to receive the vaccine.
On May 8, 1980 the 33rd World Health Assembly
declared that smallpox had been eradicated from the
world. During the eradication effort the WHO had
spent approximately $112 million and enlisted hundreds of workers, while the international community

FIGURE 37.1

ERADICATION
In spite of having achieved local control, smallpox remained a significant public health issue worldwide, even in countries without endemic cases. The
World Health Organization (WHO) officially adopted

Intensified Eradication Effort (1967–1977). Reproduced with
permission from Fenner et al. (1980).
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at large had donated vast amounts of vaccine, supplies, cash, and volunteer work. It is estimated that
eradication of smallpox directly saved over $1 billion
in global health care costs annually (Behbehani, 1983).
While it is hard to put a price on a single case of a
disease, a Pakistani traveler introduced smallpox to
Great Britain in 1961. The resulting epidemic involved
67 smallpox cases, the vaccination of 5.5 million people, and cost $3.6 million (Behbehani, 1983).
During the Intensified Eradication Program, it was
also decided that all samples of the virus would be
destroyed or sent to one of the two approved repositories, the Centers for Disease Control and Prevention
in Atlanta, GA, and the Research Institute of Viral
Preparations in Moscow (virus specimens were subsequently moved to the Russian State Research Center
of Virology and Biotechnology in Koltsovo) (Alibek,
2004). A fatal laboratory-acquired case of smallpox occurred in 1978 in Birmingham, England and
no doubt spurred many of the remaining smallpox
laboratories to destroy or transfer their samples to the
two official repositories.
For the next 30 years smallpox was no longer a
public health problem and the only attention paid to
the disease were the efforts to comply with the WHO
recommendations regarding vaccine stockpiles and
the limited research on variola conducted at the two
reference laboratories. This research initially focused
on gene sequencing and later moved into developing animal models and diagnostic and detection
assays (Massung et al., 1992, 1994; Antoine et al., 1998;
Shchelkunov et al., 2000, 2001; Esposito et al., 2006; Li
et al., 2006, 2007). Most basic research into variola virus
and smallpox disease stopped, although work with
other poxviruses, particularly vaccinia virus continued.
In fact, shortly after the eradication, vaccinia began to
show great promise as a vector for other vaccines.
There remains considerable debate over the fate
of the last remaining variola specimens (Roizman
et al., 1994; Henderson and Fenner, 2001; Breman
et al., 2003) which are slated to be destroyed in 2011
(WHO, 2006). Arguments both for and against the
destruction of the variola stocks center on whether
or not continued research and testing is necessary in
order to prepare for possible future biological attacks
or outbreaks of emerging poxviruses.

POXVIRUS BIOLOGY
The etiologic agents responsible for smallpox
are variola major and variola minor. Both are members of the Poxviridae family which are large, complex, DNA viruses that replicate in the cytoplasm

TABLE 37.2 Poxvirus families and representative species
Genus

Example

Reservoir

Avipoxvirus

Fowlpox virus

Birds,
arthropods

Capripoxvirus

Goatpox

Ungulates,
arthropods
Ungulates,
arthropods

Lumpy skin
disease virus
Leporipoxvirus

Myxoma
Shope fibroma
virus

Zoonotic
hosts

Rabbits,
squirrels
Rabbits,
squirrels

Molluscipoxvirus Molluscum
contagiosum

Humans

Orthopoxvirus

Buffalopox virus

Unknown

Camelpox virus

Camels

Cowpox virus

Rodents

Ectromelia virus

Rodents

Monkeypox
virus
Uasin Gishu
disease virus
Vaccinia virus

Rodents,
squirrels
Unknown

Monkeys,
humans
Horses

Unknown

Variola virus

Humans

Wide host
range
None

Bovine papular
stomatitis virus
Orf

Cattle

Humans

Ungulates

Humans, cats

Suipoxvirus

Swinepox virus

Swine

Tanapoxvirus

Yaba monkey
tumor virus

Monkeys

Humans

Yatapoxvirus

Tanapox virus

Rodents,
insects

Humans,
monkeys

Parapoxvirus

Buffaloes,
humans
Camels,
humans
Wide host
range

of the host cell (Fields et al., 1996). Two subfamilies
exist: Entomopoxvirinae, which infect insects and
Chordopoxvirinae, which infect vertebrate animals
(Table 37.2).
As shown in Fig. 37.3, Poxviruses have linear,
double-stranded, DNA genomes 130–300 kb pairs in
size (Fields et al., 1996). At each end of the genome is
a hairpin loop and inverted terminal repeats which
covalently join the two strands into one continuous chain
(Gubser et al., 2004). Orthopoxvirus genomes contain
200–250 open reading frames (ORF), with most of the
essential conserved genes located in the central region
of the genome (Wittek, 1982; McCraith et al., 2000;
Upton et al., 2003; Randall et al., 2004). An excellent
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Mature Virion (MV)
Previously called the Intracellular
mature virion (IMV)

Outer membrane
Inner membrane

MV

Description: Consists of the DNAProtein core and associated
enzymes surrounded by a lipid
membrane with over 12 embedded
viral proteins. It is the most
abundant infectious form.

Core wall

Core
DNA
genome
Viral
enzymes
B

MV

ITR
Terminal loop
20

40

60

80

100

120

140

160

180 kbp

70 bp 70 bp 54 bp
2
4
Tandem repeats

6

8

Wrapped virion (WV)
Previously called the Intracellular
enveloped virion (IEV)

10 kbp

FIGURE 37.3 Diagram of (A) poxvirus virion and (B) genome
structure. Reproduced with permission from Harrison et al. (2004).

online database with regularly updated genomic and
proteomic information can be found at http://www.
poxvirus.org.
Figure 37.3 also shows the brick shaped, or
rounded, rectangular virions about 350 ⫻ 270 nm. The
outer lipid membrane is studded with protein tubule
structures as well as cellular antigens (Krauss et al.,
2002). Enclosed within this membrane is a dumbbell
shaped nucleoprotein core and two lateral bodies. This
virion, consisting of the core, lateral bodies, and membrane is fully infectious. Many strains of poxviruses
can exist in other forms containing additional lipid
bilayers (Fig. 37.4) which likely play distinct roles in
viral spreading within the host (Buller and Palumbo,
1991; Smith et al., 2002; McFadden, 2005b; Moss, 2006).
The viral life cycle is shown in Fig. 37.5 and can be
divided into several discrete stages. The timeframe
for one complete viral life cycle (Entry→Assembly→
Release of progeny virus) depends heavily on the viral
strain and the type of host cell infected. For vaccinia
virus, maximal yields are obtained 12–24 h after infection, although progeny virus can be seen in just 4–6 h
postinfection (Buller and Palumbo, 1991).
Like most viruses poxviruses are able to quickly
shutdown and/or control critical cellular processes
such as DNA translation and transcription, protein synthesis, cell cycle, apoptosis, intracellular transport,
and cytoskeletal machinery. Poxviruses also possess
a large number of genes aimed at subverting a wide
variety of key host defense mechanisms (Palumbo
et al., 1994; Alcami et al., 1999, 2000; Bowie et al.,
2000; Moss and Shisler, 2001; Seet et al., 2001; Shisler

Description: This form of the virus
is identical to the MV with
two additional membranes.

Extracellular virion (EV)
Previously called the Extracellular
enveloped virion (EEV)
and the cell associated virion (CEV)
Description: The MV surrounded by
one additional membrane. It can be
both cell associated or extracellular.
The cell associated form is
responsible for cell-to-cell spread by
actin tails.

EV

50 nm

FIGURE 37.4 Infectious forms of poxviruses. Used with
permission from Moss (2006).

and Moss, 2001; Fruh et al., 2002; Katze et al., 2002;
Symons et al., 2002; Dunlop et al., 2003; Reading et al.,
2003; Seet et al., 2003a, 2003b; Li et al., 2004a, 2005;
McFadden, 2004; Haga and Bowie, 2005; Stack et al.,
2005; Alejo et al., 2006; Taylor and Barry, 2006; Webb
et al., 2006; Humrich et al., 2007; Nuara et al., 2007).
Both vaccinia and variola viruses are stable for
several days at room temperature and for months at
4°C, however they are inactivated relatively quickly at
temperatures above 50°C (Harper, 1961). Viral suspensions in most liquids are more labile than dried virus
such as scabs or freeze-dried vaccine (Cardone, 1953,
1956; Ferrier et al., 2004), in fact variola major has been
recovered from scabs kept in a laboratory cupboard for
over 13 years. Both variola and vaccinia are sensitive
to ultraviolet light, and most common cleaning and
disinfecting agents such as alcohols, bleach, ordinary
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1
Early
phase

Cytoplasm
2

4

3

5
Nucleus
Vitf2
6

8
Intermediate phase
9
12

7
10

IMV
Late
phase

16

14
11
13

IEV
15

17

EEV
Neighboring cell

18

FIGURE 37.5 Poxvirus life cycle. Description of steps. (1) Entry.
(2) Early mRNA synthesis. (3) Early gene transcription. (4) Secretion
of modulatory proteins. (5) Release of genome. (6) Replication of
viral DNA. (7) Additional viral genomes made. (8) Intermediate
mRNA synthesis. (9) Intermediate gene transcription. (10) Late
mRNA synthesis. (11) Late gene transcription. (12) Early virion
assembly. (13) Formation of immature virion. (14) Brick shaped IMV.
(15) Cell lysis releases IMV. (16) Formation of IEV. (17) Transport to
cell surface (CEV). (18) Direct transfer to neighbor cell or release as
EEV. Used with permission from Flint et al. (2003).

detergents, and quaternary ammonium compounds
(Tanabe and Hotta, 1976; Ferrier et al., 2004).

THE IMMUNE RESPONSE TO
POXVIRUSES
Smallpox was eradicated well before the advent of
modern immunologic techniques for assaying cellmediated immunity; consequently much of what we
know about the immune response to variola major is confined to humoral immunity (Fenner, 1988). In ordinary
cases of smallpox antibody titers rose 6–10 days after
illness (approximately 3 weeks after infection) and persisted for several years following infection. The magnitude and speed with which the humoral immune

691

response developed correlated with both disease severity and survival. Infection left survivors with lifelong
immunity. Prominent physicians in the 19th and 20th
centuries estimated that only 1 in 1000 subjects would
suffer a second attack, and field reports from the
Intensified Eradication Effort revealed that rarely would
one see a case of variola major in a pockmarked person
(Dixon, 1962; Fenner, 1988).
Immune responses to vaccination show a slightly
different picture. Vaccination produces robust antibody
responses far more quickly than infection (⬃10 days
after immunization) and is likely the reason that early
postexposure vaccination reduced or even eliminated
the clinical symptoms of smallpox. Historically, protection from disease was thought to wane 3–10 years after
vaccination (Behbehani, 1983) and the CDC recommends revaccination every 10 years for those working
with vaccinia and every 3 years for those working with
pathogenic Orthopoxviruses such as monkeypox.
More recent work shows clear and distinct roles for
both humoral and cellular immune responses as well as
innate effector mechanisms such as γδ T cells, NK cells,
complement, and defensins (Haga and Bowie, 2005;
Stack et al., 2005). Like antibody levels both CD4 and
CD8T cell responses also rise dramatically in the few
weeks following vaccination. CD8 responses steadily
decline with a half-life of 8–15 years, while antibodies
and CD4 responses persist for decades (Hammarlund
et al., 2003; Kan et al., 2007; Sivapalasingam et al., 2007)
but it is not known how much protection against disease this residual immunity may provide (Nishiura and
Eichner, 2006).
Subjects with T or B cell deficiencies are at increased
risk of serious adverse events following immunization
with vaccinia virus, and may have had higher rates of
severe smallpox disease (Fulginiti, 2003; Fulginiti et al.,
2003b; Wollenberg and Engler, 2004). In some animal
studies, the adoptive transfer of immune serum or
virus-specific T cells confers full protection against
subsequent vaccinia challenge indicating that either
arm of the immune response is sufficient (Ramirez et
al., 2002; Snyder et al., 2004; Chaudhri et al., 2006),
whereas other studies show that while humoral
responses provide protection against disease, CD8⫹ T
cell responses prolong survival but do not offer protection against death (Edghill-Smith et al., 2005; Fang
and Sigal, 2005). The emerging picture is that during
primary infection cellular immune responses function
early to limit viral spreading while antibody responses
function at later time points to clear the pathogen
and provide protection from subsequent reinfection
(Panchanathan et al., 2006).
Following the events of September 11 and renewed
interest in smallpox, a number of researchers focused
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on the identification of immunogenic proteins,
peptides, and epitopes from vaccinia. The first CD8⫹ T
cell epitopes were described in 2003, and a few
years later, vaccinia-specific MHC I epitopes numbered in the hundreds (Drexler et al., 2003; Terajima
et al., 2003, 2006; Snyder et al., 2004; Dong and Denny,
2006; Moutaftsi et al., 2006; Terajima and Ennis, 2006;
Kennedy and Poland, 2007). MHC II restricted
epitopes are also beginning to be identified (Tang
et al., 2006; Jing et al., 2007; Mitra-Kaushik et al., 2007;
Moutaftsi et al., 2007). The identification of numerous
B cell epitopes has also been accomplished, and
unlike T cells, B cells preferentially target structural
and membrane proteins (Bell et al., 2004; Davies et al.,
2005a, 2005b; Jones-Trower et al., 2005).

EPIDEMIOLOGY
Smallpox is a human disease for which there are no
known animal or insect vectors (Fenner, 1988). In spite
of the fact that viral particles are relatively resistant to
environmental conditions, transmission almost always
occurs via close physical contact with an infected subject who has the characteristic rash or with infected
bedding or clothing (Breman and Henderson, 2002).
Although rare, airborne transmission did occur under
certain conditions (Meiklejohn et al., 1961; Downie
et al., 1965; Wehrle et al., 1970). Outbreaks spread
slowly and were easy to trace given that: (1) transmission required prolonged, close physical contact, (2)
the incubation period was long, and (3) patients were
infectious only when bedridden with a highly visible
rash. Infection conferred lifelong immunity to the survivors, and there was no evidence of latent infection,
recurrences, or a carrier state. Subclinical infections
occurred but were rare and confined to vaccinated
individuals. These subjects rarely shed virus and had
little impact on disease transmission (Fenner, 1988).
Historical accounts indicate that there were two
separate epidemiological patterns to the disease.
When smallpox was introduced into a naive population it spread rapidly, infecting nearly every susceptible individual. These outbreaks affected all age
groups and had very high mortality rates. The introduction of the disease to the Native Americans and
Australian aborigines are the best documented examples of smallpox’s destructive power, however there is
no reason to believe that it was any less deadly among
the naive populations in China, India, or Europe hundreds or thousands of years earlier.
In geographical areas with endemic smallpox the disease continually circulated through the community with

seasonal outbreaks mostly in winter and spring when
conditions (i.e., temperature and humidity) allowed
the virus to persist longer in the environment. These
larger outbreaks would occur when sufficient numbers of uninfected people accumulated in a town
or city to allow a full-fledged epidemic. Most of the
adults in the affected region were survivors of previous attacks and were immune to the disease, consequently disease outbreaks in these areas primarily
affected children.

SMALLPOX AS A BIOLOGICAL
WEAPON
Smallpox has a long history of use as a biological
weapon, with most of the documented incidents coming from the Western Hemisphere (Hopkins, 1983;
Bhalla and Warheit, 2004; Frischknecht, 2003) (Table
37.3). After the eradication it was thought that the
likelihood of smallpox being intentionally reintroduced as a biological weapon was remote. That viewpoint changed in the 21st century (Henderson et al.,
1999) after details came to light about the extensive
nature of the Soviet and Iraqi biological weapons programs (Alibek, 2004; Roffey et al., 2002). The anthrax
attacks in the US in 2001, as well as the large number
of conventional terrorist attacks shortly thereafter

TABLE 37.3 Historical uses of smallpox as a biological weapon
Date

Description

1500s

Spanish conquistadors give Native Americans
contaminated clothing. Resulting outbreaks
contribute to the downfall of the Aztec and Inca
empires.

1760s

French and Indian war—The British army gives Indians
tribes loyal to the French contaminated blankets.
Outbreaks estimated to have ⬃50% mortality.

1776

Revolutionary war—British send infected civilians
out of Boston in hope of infecting continental Army.
Washington institutes mandatory vaccination of
soldiers.

1800s

Blankets from smallpox victims deliberately given to
Native Americans causing widespread epidemics.

1860s

Civil War—Former Kentucky Governor sells
contaminated clothing to Union troops.

1980s–?

The Soviet Union develops a bioweapons program
which includes large quantities of smallpox. Iraqi
biological weapons program attempts to develop
camelpox as a biological weapon. International
concern that other countries are also involved in
biological weapons development and testing.
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were grim reminders that individuals and groups
were willing to use such weapons. The CDC created
a categorized list of potential biological agents with
variola listed as one of the most likely pathogens
to be used as a biological weapon (Henderson et al.,
1999; Bhalla and Warheit, 2004). Smallpox has several
key features which make it an excellent choice for
a biological weapon (Fig. 37.6) (Tegnell et al., 2002;
Blendon et al., 2003; Mahy, 2003; Pennington, 2003;
Whitley, 2003; Cleri et al., 2006).

Deadly, disfiguring illness
Extremely low infectious dose
High mortality rate
Contagious pathogen
Long incubation time allows
for the perpetrator to escape
Would cause widespread
panic and disruption

The clinical course of the disease can be divided
into several discrete phases (Fenner, 1988; Breman
and Henderson, 2002) shown in Fig. 37.7. The average incubation period is 12–14 days (range: 7–17 days)
during which time the subject is asymptomatic and
noninfectious. This is followed by a prodromal phase
accompanied by the abrupt onset of severe headache,
backache, high fever (⬎40°C), prostration, and sometimes vomiting. Symptoms may last for 2–4 days. The
rash begins with an enanthema involving the mouth
and oropharynx followed a day later by small reddish
macules which develop into papules over a period of
1–2 days. One to two days later the papules become
vesicles 2–5 mm in size. The lesions initially occur on
the face and extremities and gradually cover the entire
body. Round, hard, fluid-filled pustules soon develop
and over the next 5–8 days begin to crust over. All of
the lesions typically progress with the same kinetics.

Modern populations largely
susceptible
No effective treatment
Insufficient vaccine to deal
with large epidemics
Odorless and tasteless,
making it difficult to detect

FIGURE 37.6 Characteristics of smallpox which make it an
ideal biological weapon.
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III. VIRAL VACCINES

41_P369408_Ch37.indd 693

11/4/2008 9:34:14 AM

694

SMALLPOX

Recovery occurs as the scabs fall off, leaving 65–80%
of the victims with extensive scarring typically concentrated on the face (Fenner, 1988). Blindness from viral
keratitis or secondary infection occurs in 1% of cases
(Behbehani, 1983). Encephalitis is rare but can occur
(1% of cases) (Dixon, 1962). Rarely, disease occurring in children can lead to arthritis due to infection
and disruption of the growing bone and joint tissues
(Fenner, 1988). Variola minor cases resemble mild
cases of ordinary type smallpox while disease caused
by variola major can be classified into five main types
based on clinical severity (Table 37.4).

TABLE 37.4
Designation
Ordinary

Classification of smallpox
Symptoms

Mortality

Fever, backache,
malaise, headache,
delirium
The extent of the rash
can vary
Discrete pocks
Semiconfluent
Confluent

~30%

⬍10%
25–50%
50–75%

Less severe (far more common in vaccinated individuals)
Modified type
Rash has discrete,
Rare
smaller lesions
which rapidly
resolve
Variola sine
Asymptomatic or
0%
eruptione
brief fever,
influenza like
symptoms; patients
may or may not
present with rash
More severe (account for ~10% of all cases)
Flat type
Lesions are flat,
evolve slowly, and
eventually coalesce;
rash may be
discrete or
confluent
Hemorrhagic
Prolonged, severe
prodrome; dusky
rash, bleeding from
mucosal
membranes
Variola minor
Alastrim or
amaas

The two milder forms are called modified type and
variola sine eruptione and are more commonly seen
in vaccinated individuals as they have preexisting
immunity which lessens the severity of disease
symptoms. Ten percent of the cases are much more
severe: flat type or hemorrhagic smallpox. Death rates
are extremely high for both of these classes of disease.
In addition, victims of hemorrhagic smallpox act as
“super-spreaders” of disease by virtue of the higher
viral titers, prolonged prodrome, and profuse bleeding. It was noted early on that the extent and distribution of the lesions correlated with mortality. Patients
with fewer discrete lesions were more likely to
recover, while victims with dense or confluent lesions
typically had a poor prognosis (Fenner, 1988; Breman
and Henderson, 2002).

Similar to ordinary
type variola major
but far more mild
symptoms

80% immune
99% naive

97%

1–2%

Adapted from: Fenner (1988), Breman and Henderson (2002), and
Cleri et al. (2006).

TREATMENT
There remains no effective treatment for smallpox.
In the past, patients were typically isolated and then
provided with supportive care such as intravenous (IV)
fluids, antibiotics to reduce secondary infections, and
medications for pain relief. If an outbreak were to occur
today our options would be essentially unchanged.
Data from numerous outbreaks during the 20th
century indicate that postexposure immunization can
reduce the severity of symptoms. Immunization within
3–4 days of smallpox infection is thought to provide
nearly complete protection from disease, while immunization later than this may provide partial protection and
reduce the disease severity (Breman and Henderson,
2002; Massoudi et al., 2003; Mortimer, 2003a; Nishiura
and Eichner, 2007). This is likely due to the long incubation period of variola virus which allows time for
the crossprotective antivaccinia responses to develop.
Consistent with this data, the CDC recommends vaccination within 3 days of exposure.
Historically, numerous drugs were tried and
although initial reports of thiosemicarbazones and
arabinoside derivatives showed therapeutic effects,
further studies could not confirm these results and
showed high levels of toxicity (Neyts and De Clercq,
2003; Sliva and Schnierle, 2007). Cidofovir, a nucleoside analog DNA polymerase inhibitor has shown
antiviral activity in vitro and in animal models with
several poxviruses (Smee et al., 2001b; De Clercq,
2002; De Clercq and Neyts, 2004; Neyts et al., 2004;
Quenelle et al., 2004a; Knorr et al., 2006). Although
it may be used to treat smallpox or vaccine complications under an investigational new drug application its utility is limited by its severe renal toxicity
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(Bray and Roy, 2004). Several groups have focused
on modifications of cidofovir which enhance its oral
availability, activity against poxviruses, and reduced
nephrotoxicity with promising results (Smee et al.,
2001a; Bray et al., 2000; Buller et al., 2004; Painter
and Hostetler, 2004; Quenelle et al., 2004b). Other
drugs showing promising activity against poxviruses
include: ribivirin, trifluridine, a variety of tetrapyrrole compounds (Chen-Collins et al., 2003), and small
molecule inhibitors of essential viral enzymes (Byrd
et al., 2004; McFadden, 2005a; Reeves et al., 2005;
De Clercq, 2001) with limited homology to human
enzymes (Smee and Sidwell, 2003; Yang et al., 2005;
Sliva and Schnierle, 2007).
Vaccinia immune globulin (VIG) is concentrated
gamma-globulin from pooled plasma of recently
vaccinated individuals. It was initially developed in
the 1950s to combat vaccine-related complications
(Fenner, 1988; Bray, 2004). There is extensive literature
attesting to its efficacy in treating disease and
vaccine complications and while there are no controlled therapeutic trials, the United States and other
countries have once again begun making and stockpiling VIG (Goldsmith et al., 2004; Hopkins and Lane,
2004; Hopkins et al., 2004).
Yet another area of exploration is the use of
immunotherapeutics to combat smallpox infections
(Atrasheuskaya et al., 2004; Liu et al., 2004; Law et al.,
2005). There are a few reports indicating that combined vaccination and VIG administration is more
effective than postexposure vaccination alone. One
avenue of current research is to develop humanized
monoclonal antibodies with similar or enhanced efficacy compared to VIG (Casadevall, 2002; Chen et al.,
2006). Along a similar vein, one can envision the
use of agents which block viral virulence factors, or
molecules such as TNFα antagonists to reduce immunopathology, or even the use of adjuvants to redirect
and shape a developing immune response to increase
protective immunity while decreasing inflammation
and its associated side effects (Ahmed et al., 2005;
Staib et al., 2005).
In summary, there is currently no treatment for
smallpox infection other than immediate postexposure
vaccination and perhaps VIG. This picture is likely
to change in the future, especially given the research
impetus and the results in this field so far.

PATHOGENESIS
Much of our understanding of smallpox pathogenesis comes from studies using related poxviruses such
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as mousepox, rabbitpox, and monkeypox (Fenner
et al., 1957; Marshall and Fenner, 1960, 2000; Wallace
and Buller, 1985; Esteban and Buller, 2005; Levine
et al., 2007). The virus enters the respiratory tract and
rapidly enters the local lymph nodes. Within a few
days, a brief, low-level viremia deposits the virus into
the liver and spleen, where it grows to extremely high
titers over the next 4–14 days (Breman and Henderson,
2002). A secondary viremia marks the beginning of
the prodromal phase when large quantities of the
virus enter the bloodstream and infects the mucous
membranes of the mouth and pharynx followed
by infection of the dermal layer of the skin. The
characteristic lesions form on the mouth and tongue
24 h before the rash appears on the skin. All of
the lesions contain large quantities of virus (Fenner,
1988). The virus is also present in the urine, blood,
and other body fluids as well as internal organs such
as the liver, spleen, lymph nodes, kidneys, and bone
marrow (Sarkar et al., 1973a, 1973b). Virus is present
in respiratory secretions and can be found on clothing, linen, and bedding. Viral shedding is greatest
during the first 10 days of the rash however patients
remain infectious until all scabs and crusts are shed
(Mitra et al., 1974; Sarkar et al., 1974; Breman and
Henderson, 2002).
The immune response develops within a week
of the first symptoms of disease and consists of both
humoral and cellular responses. Survival depends
on the ability of both arms of the immune system to
curb viral replication and eliminate virally infected
cells. These immune responses are a two-edged
sword as deaths after infection were frequently due to
immunopathology.
In addition to variola virus there are a number of
other poxviruses which can cause human disease.
These are shown in Table 37.5. Of particular concern
for public health officials is monkeypox, which has
been associated with sporadic outbreaks in Africa
(Ligon, 2004; Levine et al., 2007), and a 2003 outbreak
in the Midwestern United States (Kile et al., 2005)
related to the unregulated importation of exotic pets.
There are also recent reports from South America
describing outbreaks of novel poxviruses in cattle
with documented transmission to humans (Damaso
et al., 2000; Schatzmayr et al., 2000; da Fonseca
et al., 2002; de Souza Trindade et al., 2003; NagasseSugahara et al., 2004) and an outbreak of buffalopox in India (Singh et al., 2006). While usually less
severe than smallpox, these other poxviruses can
spread from human-to-human and are considered
important emerging zoonotic pathogens (Di Giulio
and Eckburg, 2004; Jezek et al., 1986; Fine et al., 1988;
Frey and Belshe, 2004; Fleischauer et al., 2005; Learned
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TABLE 37.5 Poxviruses that infect humans and cause disease
Genus and species (disease)

Primary reservoir

Geographic region

Mode of transmission

Protection provided by
vaccinia vaccination

Orthopoxvirus
Cowpox

Rodents

Monkeypox

Rodents

Europe, Africa, central and
northern Africa
Central and West Africa

Vaccinia
Variola (smallpox)b

Unknowna
Humans

US, Russia

Nonhuman primates
Nonhuman primates

Kenya, Zaire
Central Africa

Direct contact
Direct contact

No
No

Ungulates

Worldwide

Direct contact

No

Ungulates

US, Canada, Africa,
Australia, New Zealand,
Great Britain, Europe
North America, Europe,
New Zealand
North Sea, Pacific Ocean,
Atlantic

Direct contact

No

Direct contact

No

Direct contact

No

Worldwide

Direct contact

No

Yatapoxvirus
Tanapox
Yabapox
Parapoxvirus
Pseudocowpox (milker’s
nodules and paravaccinia)
Bovine papular
stomatitis
Orf

Ungulates

Sealpox

Seals

Molluscipoxvirus
Molluscipox (molluscum
contagiosum)

Humans

a
b

Direct contact

Yes

Direct contact, respiratory
droplets
Direct contact
Direct contact, respiratory
droplets

Yes

Yes

Genetic analysis of vaccinia reveals it to be different from cowpox; its origin is unknown, but it may be an extinct horsepox virus.
Smallpox was declared eradicated in 1980.

et al., 2005). Of further concern is camelpox, the
closest genetic relative to variola virus (Afonso et al.,
2002b), which was a component of the Iraqi biological
weapons program (Zilinskas, 1997).

HISTORY OF THE SMALLPOX VACCINE
Variolation
Well before the development of microbiology
and the germ theory the idea that physical separation
from the ill would protect the healthy was independently developed and utilized by most civilizations
(Dixon, 1962; Fenner, 1988). Separate huts or even
villages were designated for those harboring infection and ships entering port cities were frequently
quarantined.
China, India, and several Middle Eastern countries
had developed a procedure to protect themselves from
the effects of smallpox (Dixon, 1962; Behbehani, 1983;
Fenner, 1988). In Asia, people who had undergone less
severe disease provided infected scab material which
was ground to a fine powder and inhaled through

the nose by healthy individuals. This procedure was
termed insufflation and resulted in a severe, generalized rash which resembled a mild case of smallpox.
In Persia, a modification of this procedure was used
whereby pus from a smallpox lesion was scraped
into the skin of a healthy individual, who soon developed a severe local lesion frequently accompanied by
satellite pustules. The cutaneous method of variolation was thought to be somewhat less severe than the
inhalation method. Both practices were later called
“variolation” to distinguish them from “vaccination”
with cowpox virus and were characterized by a much
less severe form of smallpox with mortality rates of
about 1–2% in contrast to smallpox’s 30% death rate.
An unfortunate side effect of variolation was that the
subjects were contagious, and could and did cause
further outbreaks of smallpox. Variolation was practiced in Asia and the Middle East and was slowly
brought to Europe by travelers to the Middle East.
The main advocate of the practice was Lady Mary
Wortley Montagu, who was introduced to the technique in Turkey (Dinc and Ulman, 2007) and helped to
establish the practice of variolation in England
(Behbehani, 1983).
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Vaccination

CMLV M96
CMLV CMS

Contrary to popular belief, the idea that
cowpox (an orthopox virus related to variola) infection
brought with it immunity to smallpox did not originate with Edward Jenner. Numerous reports describing this phenomenon have been found dating back
to the 1760s, over 30 years before Jenner published
his work. While practicing variolation in his country,
Jenner noticed that he was unable to variolate many
of his patients who had previously contracted cowpox. The potential to develop a safe and effective
protective measure against smallpox held great appeal
for him and he began investigating this phenomenon
by inoculating his 10-month-old son and two neighborhood children with cowpox taken from the hands
of his son’s nurse. When he tried to variolate them
some time later, both his son and the nurse were
unable to be infected with smallpox. Over the next
10 years he carefully performed numerous additional
experiments. The most famous of his subjects was
James Phipps, who, at the age of 8, was inoculated
with cowpox taken from an infected nursemaid, Sarah
Nelmes on May 14, 1796. Despite vocal opposition,
the success of his “inoculation” was clear and within
10 years of its inception, large-scale vaccination was
being practiced throughout the world. As vaccination
was safer, less painful, and did not spread smallpox
many European nations began to outlaw variolation
and impose compulsory vaccination. It soon became
apparent that inoculation with cowpox did not
provide lifelong protection against smallpox and
regular revaccination was instituted. Widespread
vaccination began to control the number, frequency, and
mortality of smallpox epidemics throughout the 19th
century and had even eliminated smallpox in many of
the more developed countries by the 1940s and 1950s.

SMALLPOX VACCINE
In the early years of vaccination, a wide variety of
poxviruses were utilized including: cowpox, sheeppox, goatpox, horsepox, swinepox, and buffalopox.
Over time physicians began to use vaccinia virus for
immunization against smallpox. The source of vaccinia virus is, to this day, unknown. While various
explanations for its origins have been postulated, the
most common are: (1) a derivative smallpox virus,
altered by years of passage in laboratories and domesticated animals, (2) a derivative cowpox virus, similarly altered by laboratory passage, and (3) a remnant
strain of now extinct horsepox virus. As shown in
Fig. 37.8 numerous poxviruses have been sequenced
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VARV IND
VARV BAN

RPXV
m0

Lis
95

CPN
Tian

WR MVA
CPXV GRI

0.005

MPXV ZAI
MPXV W61
MPXV U39

CPXV BRI

ECTV
MOS

FIGURE 37.8 Sequence diversity in poxviruses. Conserved
OPV central genomic nucleotide sequences were aligned using
DIALIGN, and gapped regions were realigned with CLUSTAL W
and trimmed with Gblocks. The scale indicates estimated distance.
For additional details on the generation of the tree see the reference.
Reproduced with permission from Tulman et al. (2007).

(Yau and Rouhandeh, 1973; Bhat et al., 1991; Afonso
et al., 2000, 2002a, 2002b, 2005, 2006; Tulman et al.,
2001, 2004) and genetic analysis shows that although
closely related to rabbitpox, horsepox, and cowpox, vaccinia is a distinct viral species (Shchelkunov
et al., 2000; Esposito et al., 2006; Tulman et al., 2006).
Regardless of its origin, vaccinia virus proved to be a
relatively safe and effective vaccine, and was the basis
for all of the smallpox vaccines in widespread use
during the eradication efforts.
Throughout the 1800s several key improvements
were made in vaccine production and usage. Italian
physicians began using calves as a source of the
vaccine in 1805 and commenced large-scale vaccine
production in calves in 1840 (Dixon, 1962). Another
key development was the use of glycerol as a stabilizer
and phenol as a bactericidal agent which occurred
during the same time period (Fenner, 1988). Numerous
different virus strains and species were used, grown
using varied methodologies, had different titers, take
rates, side effects, and efficacy (Table 37.6).
The advent of the Intensified Eradication Program
brought with it standardized production methods,
reporting of vaccine take rates, and quality control
measures including: seed lots for virus production,
maximal acceptable bacterial counts, minimum
acceptable viral titers, and defined heat stability (Fenner, 1988). The vast majority of the vaccine
strains were produced using large healthy animals
(mainly calves but also sheep, and water buffaloes) as
vaccinifers. The belly or the flanks of these animals were
shaved, disinfected, and rinsed with sterile water.
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TABLE 37.6 Vaccinia strains used in smallpox vaccines
Strain

Locations

EM-63

USSR

New York City Board of Health

North and South America

Lister

UK, Africa, North and South
America, Asia, Europe, India

Temple of Heaven

China

BIEM

USSR

Bern

Germany, Yugoslavia, Austria

B-15

USSR

Patwadangar

India

Copenhagen

Denmark

Paris

France, Brazil, Syria, Turkey

Budapest

Hungary

Darien

Japan

Ikeda

Japan

Gam

USSR

MRIVP

USSR

Per

USSR

Tashkent

USSR

Tom

USSR

Williamsport

USA

LMC

UK

Bordeaux

Africa, Portugal

Massachusetts 999

Argentina

Bohemia

Czechoslovakia

Hamburg

Germany

Aosta

Italy

Sweden

Sweden

Finland

Finland

Vienna

Bulgaria

Spain

Spain

Tom

USSR

Two perpendicular series of parallel scratches 1 mm
apart were made on the prepared area. High titer seed
virus was rubbed into the scarified skin and incubated for several days. The vaccine pulp, a mixture of
epidermal cells, leukocytes, plasma, hair, bacteria, and
the virus, was then scraped from the animal’s skin
and further processed. The vaccine lymph was prepared by grinding and homogenizing the pulp and
adding glycerol (50% final concentration) and phenol
(0.4% final concentration). The resulting liquid vaccine required constant refrigeration and, despite being
satisfactory for countries with cold chain transportation, it was not acceptable in tropical and developing
countries. Freeze-dried vaccines were more stable and
could survive higher temperatures than the liquid

counterparts and from the 1950s onward freeze-dried
vaccines were used almost exclusively.
Vaccination techniques varied widely, but by the
1950s all of the methods had the same basic principle:
to introduce the virus into the epidermis. Vaccination
sites included the external side of the upper arm over
the deltoid muscle, the flexor surface of the forearm,
a small portion of the back, and various locations on
the legs. A number of different instruments were used
to introduce the virus including: needles, lancets, small
knives to scratch the virus into the skin, the rotary lancet
to abrade the epidermis, jet injectors which used compressed air to force the virus into the subcutaneous
tissue, and the bifurcated needle, developed by
Benjamin Rubin at Wyeth Laboratories in 1965. The
rotary lancet was frequently associated with more
severe local reactions and was phased out for safer
methods. The jet injectors were quite effective but
were rapidly replaced by the cheap and simple-to-use
bifurcated needle (Fenner, 1988).
One major advance was the replacement of higher
pathogenicity strains with safer ones which caused
fewer and less severe side effects (Kretzschmar et al.,
2006). By the end of the eradication effort the two
most utilized commonly strains were the New York
City Board of Health (NYCBOH) and Lister strains
(Fenner, 1988).
In order to further reduce vaccine complications a
number of laboratories developed attenuated vaccinia
strains. These included CVI-78 and CVII strains,
which were less reactogenic than the NYCBOH strain
(Kempe et al., 1968), the modified vaccinia Ankara
(MVA) strain developed through 572 serial passages in
chick embryo fibroblasts (Mayr et al., 1978; Blanchard
et al., 1998), and LC16m8, a Japanese strain attenuated through passage in rabbit kidney cells at 30°C
(Sugimoto and Yamanouchi, 1994; Kenner et al., 2006).
MVA and LC16m8 were used on tens of thousands
of subjects with fewer adverse reactions than the
nonattenuated strains, however as these attenuated
strains were produced at the very end of the eradication effort efficacy data is lacking (Mayr, 2003; Slifka,
2005). Modern studies of these attenuated strains have
refocused primarily on MVA, LC16m8, and NYVAC
(McCurdy et al., 2004; Tartaglia et al., 1992). They
have been safely tested in immunocompromised animal models (Earl et al., 2004; Wyatt et al., 2004), but
unfortunately appear to be less immunogenic than
their nonattenuated cousins and it is not clear whether
or not they would provide protection against smallpox (Coulibaly et al., 2005; Puissant and Combadiere,
2006; Staib et al., 2006; Parrino et al., 2007).
In the 1960s many researchers tried to develop
inactivated smallpox vaccine in an effort to reduce
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complication rates. A variety of inactivation methods
were tested including: heat killing, formaldehyde, UV
or gamma irradiation, photodynamic inactivation,
and others. For reasons that are still not understood,
none of these vaccines produced satisfactory results
(Fenner, 1988). One possibility is that they consist
almost entirely of nonenveloped viral particles and
hence may not have primed for immune recognition
and clearance of the enveloped virions, a necessary
requirement for protective immunity.
Currently, the only licensed vaccine is Dryvax,
made by Wyeth Laboratories. The existing available
doses were manufactured in the 1970s and early 1980s
and stored frozen at ⫺20°C. The smallpox vaccine
is the most reactogenic of all FDA approved vaccines
and has a large number of contraindications (Table
37.7), limiting its usefulness in the general population (Lane and Fulginiti, 2003). These include anyone
with a compromised immune system (HIV, cancer,
radiation therapy, organ transplant recipients), with
skin disease such as eczema or atopic dermatitis, with
a variety of heart conditions, pregnancy, and others.
Many of these conditions are so widespread that it is
estimated that as much as 50% of the US population
today could not receive the vaccine (Kemper et al.,
2002). This situation adds further urgency to the need
to develop safer vaccine candidates.
The current vaccination technique is essentially
unchanged from what was done during the global
smallpox eradication effort (Wyeth, 2002). The typical
site for vaccination is the deltoid area of the upper
arm. The use of alcohol to prep the area is contraindicated as this can inactivate the vaccine virus. The
multiuse vaccine vial is reconstituted with water and
a sterile bifurcated needle is dipped into the vaccine. The needle will hold ⬃2.5 μl of vaccine containing 250,000 pock forming units of virus. The needle is
then used to make several insertions in a small area
of the arm (5 mm in diameter). Percutaneous immunization has been shown to promote more robust immune
responses than other vaccination routes (Fenner, 1988;
Fulginiti et al., 2003a). For primary vaccination three
insertions are made, and if no blood is visible another
three insertions are made. For revaccination 15 insertions are made. The needle is then discarded into an
appropriately labeled biohazard container. Excess
vaccine is then absorbed with sterile gauze and the vaccine site is covered to prevent spread of the virus. The
bandage should be changed every 1–3 days and the
site should be kept dry. Care should be taken to wash
hands after direct contact with the site or potentially
contaminated objects, and to wash clothing, towels,
and bedding separately with detergent and/or bleach
and to dispose of the scab properly once it falls off.

TABLE 37.7 Contraindications for smallpox vaccination
Cancer
Organ/bone marrow transplant
Steroid therapy
Disease affecting immune system (HIV, lymphoma, leukemia)
Primary immune deficiency disorder
Lupus or other severe autoimmune disease
Darier’s disease
Active skin disease/condition (burns, impetigo, psoriasis, acne,
poison ivy, chickenpox, herpes, severe rashes)
Current or past atopic dermatitis (eczema)
Current history of heart problems (congestive heart failure, heart
attack, cardiomyopathy, stroke, chest pain)
Three or more of the following
• High blood pressure
• High cholesterol
• Diabetes or high blood sugar
• Current smoker
• First degree relative with heart condition before the age of 50
Pregnancy or breastfeeding
Allergies to polymyxin B, streptomycin, chlortetracycline,
neomycin, or latex

After vaccination a pock will form at the site after 3–
4 days (Fig. 37.9). Over the first week, this vesicle typically grows to 5–15 mm in diameter, fills with pus, and
begins to drain. After 2–3 weeks the blister will dry
up and a scab will form. The scab will fall off a short
time later leaving a small scar. For individuals receiving a repeat vaccination the vesicle will be smaller and
resolve more quickly. Individuals receiving the vaccine
should be in good general health and not have any
symptoms of illness when they receive the vaccine.
Like all immunizations, the smallpox vaccine can
induce a number of side effects and adverse events.
These are listed in Table 37.8 and can range from common annoyances to life-threatening conditions (Lane
et al., 1969, 1970b, 1970a; Goldstein et al., 1975; Fenner,
1988; Fulginiti et al., 2003b; Lane and Goldstein, 2003;
Casey et al., 2005; Kretzschmar et al., 2006). Most individuals receiving the vaccine can expect to experience
one or more of the following reactions: fever, headache, muscle and joint aches, chills, nausea, swelling,
soreness and itching at the vaccine site, and regional
lymphadenopathy. Satellite lesions may form near
the vaccine site. These are typically mild and last
for several days. Studies of the large-scale vaccination programs started after September 11 showed a
lower number of most adverse events than expected
based on historical data (Casey et al., 2005). However,
multiple cases of myo- and pericarditis, inflammation
of the heart tissue or the pericardium respectively,
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Primary vaccination site reaction

TABLE 37.8 Frequencies of adverse events following smallpox
vaccination (numbers represent events per million vaccinations)

1 cm

1 cm

Day 4

Day 7

1 cm

1 cm

Day 14

Day 21

FIGURE 37.9 Characteristic smallpox vaccine “Take.” Courtesy
of the CDC. http://www.bt.cdc.gov/agent/smallpox/vaccination/
index.asp.

were identified at a much higher rate than historically recorded (Halsell et al., 2003; Poland and Neff,
2003; Poland et al., 2005). Although a causal link
between smallpox vaccination and myopericarditis
has not been conclusively proven it remains a concern.
Although the majority of these subjects recovered
promptly it remains to be seen whether or not they
suffer any long-term sequelae and consequently the
CDC included a variety of heart conditions on the list
of contraindications (Arness et al., 2004; Cassimatis
et al., 2004; Gami et al., 2005).
The most common side effects of vaccination are:
(1) inadvertent autoinoculation which occurs when
vaccinia virus from the vaccination site is transferred
to other sites on the body or to other individuals
(Sepkowitz, 2003) and (2) erythematous or urticarial
skin rashes, collectively termed generalized vaccinia.
These rashes are fairly frequent and typically resolve
spontaneously requiring no special care (Fulginiti
et al., 2003b; Wollenberg and Engler, 2004). Ocular vaccinia can result in keratitis and the scarring may result
in impaired vision or blindness. Topical antiviral
agents can be used to treat the symptoms and in some
cases VIG may be recommended. Bacterial superinfection of the vaccination site can also occur, typically by
staphylococci or β-hemolytic streptococci (Fulginiti
et al., 2003b). These types of infections are readily
treated by appropriate antibiotic therapy and their
incidence is greatly reduced by proper care of the vaccination site (Vellozzi et al., 2004).
Other more serious complications occur in patients
with some degree of immunologic deficit and

2003
Vaccination
Programsb

1963 National
Surveya

1968 National
Surveya

Postvaccinial
encephalitis

1.9

2.9

2.6

Progressive
vaccinia

1.1

0.9

0

Eczema
vaccinatum

8.7

10.4

0

Generalized
vaccinia

20.8

23.4

59.7

Accidental
inoculation

13.6

25.4

221.8

Myopericarditis

NDc

NDc

133.6

1.1

1.3

Death

3d

a

Data from 1963 and 1968 are taken from nationwide surveys
conducted by the CDC (Neff et al., 1967; Lane et al., 1969). The first
number represents the incidence rate among primary vaccinees.
b
Data from reports on the two US Smallpox Vaccination Programs
that began in 2002 among civilian (n ⫽ 40,422) and military
(n ⫽ 730,580) personnel (Grabenstein and Winkenwerder, 2003;
Casey et al., 2005; Poland et al., 2005).
c
ND, no data.
d
The three deaths listed, occurred among the civilian personnel
and were a result of myocardial infarctions. It is not known if they
are directly related to the vaccine. No deaths have been reported
among the 730,000⫹ military personnel receiving the vaccine.

include: eczema vaccinatum, progressive vaccinia
(vaccinia necrosum), and postvaccinal encephalitis
(Fenner, 1988; Fulginiti et al., 2003b; Rock et al., 2004;
Vellozzi et al., 2005).
Eczema vaccinatum can be either a localized or
systemic spread of the infection. The rash progression
mimics that of the normal vaccination site, however,
the lesions are typically confluent and cover the areas of
the skin with current or past eczema. If left untreated,
patients can develop septic shock and die, therefore
prompt treatment with VIG is recommended as soon
as possible after diagnosis. Given the predisposition of
this complication for eczematous patients it is important to refrain from vaccinating these individuals unless
absolutely necessary (Engler et al., 2002).
Progressive vaccinia (also called vaccinia necrosum), is a severe illness with local progressive necrosis
at the vaccination site. Inflammatory responses are
absent and the lesion fails to resolve. This is soon
followed by secondary lesions elsewhere on the body.
Nearly all cases involved individuals with defects
in cell-mediated immunity (O’Connell et al., 1964;
Redfield et al., 1987). Lymphocyte transfer through
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blood transfusion allows for viral clearance but also
results in lethal graft-versus-host disease. Before the
use of VIG and antiviral agents the disease was uniformly fatal and even the current treatment regimen
(prompt hospitalization and supportive care, massive
doses of VIG, and/or cidofovir) is not effective unless
the T cell defect is minor or reversible.
Postvaccinial encephalitis is another rare complication
with high mortality and morbidity rates. Historically
the death rate was 15–25% and 1/3 of the survivors were left with permanent neurological damage.
Hospitalization and supportive care are required but
there is no specific therapy and VIG is ineffective and
not recommended.
While rare, smallpox vaccine can cause fetal complications, hence the contraindication for pregnant women
(Hassett, 2003). There have been approximately 50
reported cases of fetal vaccinia, which results in stillbirth
or death of the infant shortly after delivery (Fulginiti
et al., 2003b).
Historically, for every million primary vaccine
recipients several hundred people would experience
complications severe enough to require hospitalization and one to two people would die, typically the
result of either postvaccinial encephalitis or progressive vaccinia. After the eradication of smallpox, even
this small risk was deemed unacceptable and routine
vaccination stopped. The complication rate in individuals receiving revaccination is far lower (about 1/10)
for all adverse events.

SMALLPOX VACCINES IN
DEVELOPMENT
Two obstacles hinder the testing of new smallpox
vaccines. The first is that there are very few historical
studies that quantitate protective immunity and there
are no defined immune correlates of protection. The
second point is that testing the clinical efficacy of new
vaccines is not possible in the absence of endemic smallpox. Consequently, next generation vaccines are being
compared side-by-side with the already licensed vaccines
in order to demonstrate equivalent immunogenicity
in humans and protective efficacy in animal models.
One of the first priorities has been to reexamine
the licensed vaccines using modern immunological
techniques and involves several large-scale vaccination programs (Stienlauf et al., 1999; Grabenstein and
Winkenwerder, 2003; Poland and Neff, 2003; Combadiere
et al., 2004; Kennedy et al., 2004; Orr et al., 2004;
Poland et al., 2005; Amanna et al., 2006; Treanor et al.,
2006; Simpson et al., 2007). Another priority was to
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determine if the existing Dryvax vaccine could be
diluted without a loss of immunogenicity. The ability to dilute a vaccine with proven efficacy would
substantially increase the utility and number of
persons who could be protected given the limited
vaccine stock available. These studies found that
“take rates” and immune markers (antibody levels and cellular immune responses) did not differ
between groups receiving undiluted, a 1:5 dilution
or a 1:10 dilution of Dryvax (Frey et al., 2002; Talbot
et al., 2004; Couch et al., 2007), and in fact, reducing
the vaccine dose also reduced vaccine-associated side
effects (Couch et al., 2007). Studies have also been
conducted with the Aventis Pastuer and Lister-based
vaccines with similar results (Kim et al., 2005; Hsieh
et al., 2006).
New smallpox vaccines are also being developed and
tested. In September 2000, Acambis Inc. received a contract to create a stockpile of 40 million doses of a new
vaccine. The next year they received a second contract to
create an additional 155 million doses. Acambis created
two tissue culture-based vaccines using the NYCBOH
strain of vaccinia ACAM1000 and ACAM2000, grown
in MRC-5 or Vero cells respectively (Weltzin et al., 2003;
Monath et al., 2004; Artenstein et al., 2005). Aventis
Pastuer produced a vaccine similar to Dryvax which
was approved for use until 1997. This vaccine is undergoing additional testing as an Investigational New
Drug (IND) (Rock et al., 2006). Additionally, NIH is supporting research into MVA-based vaccines including
ACAM3000 (Acambis) and IMVAMUNE-BN (Bavarian
Nordic) (Vollmar et al., 2006). These vaccines are currently undergoing clinical trials and are destined to
join the US strategic national stockpile which in 2004
contained over 400 million doses of smallpox vaccines.
Other groups are developing vaccines based on other
attenuated strains such as the Japanese LC16m8 strain
of vaccinia or on the NYVAC (Kidokoro et al., 2005;
Empig et al., 2006; Najera et al., 2006). An updated list of
smallpox vaccine clinical trials can be found at http://
www.clinicaltrials.gov.
A number of groups are working on developing
DNA, protein, and peptide-based subunit vaccines for
smallpox (Otero et al., 2005; Thornburg et al., 2007).
Several promising candidates have demonstrated protective efficacy in multiple animal models (Hooper
et al., 2000, 2003, 2004, 2007; Fogg et al., 2004, 2007;
Meseda et al., 2005; Heraud et al., 2006; Sakhatskyy
et al., 2006; Xiao et al., 2007). Another subunit vaccine
produced in plants protects mice from lethal poxvirus
infection and may provide a stable, easily administered vaccine (Golovkin et al., 2007). Theoretically
these vaccines will be safer to administer as they
would contain no live virus. While such vaccines
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work well in animal models they do not induce robust
immune responses in humans. This lack of immunogenicity is currently the focus of intense research and
in the future we may see these types of vaccines not
only for smallpox but also other pathogens as well
(Bonilla-Guerrero and Poland, 2003; Poland, 2005).
Mice, rabbits, and nonhuman primates are typically used as animal models for studying poxvirus
pathogenesis and immunity (Turner, 1967; Wallace
and Buller, 1985; Williamson et al., 1990; Martinez
et al., 2000; Smith and Kotwal, 2002; Esteban and Buller,
2005). Just as important as the choice of animal host
is the selection of the virus strain to be used in the
studies. As mentioned earlier, studies using an animal
and its natural pathogen (i.e., mice and mousepox, or
nonhuman primates, and monkeypox) provide different
results from studies using vaccinia virus. It should
be noted that these are, at best, close approximations
of the human disease. For example, researchers have
been able to mimic certain symptoms (characteristic
rash, high mortality) of the human disease by the IV
inoculation of extremely high titers (109 pfu) of variola
(Rubins et al., 2004) into nonhuman primates which
are typically resistant to variola infection.
As mentioned before, vaccinia virus is highly amenable to the insertion of exogenous DNA sequences and
has shown promise as a vector for the development
of vaccines for other pathogens including HIV, HBV,
rabies, RSV, malaria, TB, leishmania, and numerous
cancer antigens as well (Xing et al., 2005; Lindsey
et al., 2006; Bejon et al., 2006; Perez-Jimenez et al.,
2006; Puissant and Combadiere, 2006; Weyer et al.,
2007; Wang et al., 2007; Hutchings et al., 2005).

PROSPECTS FOR THE FUTURE
In the aftermath of September 11 the United States
took stock of preparedness in the event of an intentional
release of smallpox (or any other biological agent). A
smallpox scenarios is of concern because (1) there was
no effective treatment for the disease, (2) the US population under 35 years of age was not immunized and
those over 35 had not received a vaccine for decades and
were likely to have waning immunity, (3) the United
States had a stockpile of only 7–15 million doses of vaccine and the WHO only had 500,000 doses, (4) VIG was
an unproven product and was in short supply, (5) vaccine production facilities were nonexistent and the production methods would not meet FDA requirements,
(6) there was only one antiviral drug approved for human
use that might be effective against smallpox—Cidofovir,
(7) most physicians had never seen a case of small-

pox, making early detection unlikely, and (8) public
health infrastructure was inadequate and unprepared
for the mass casualty situations likely to occur with
a biological attack. The United States allocated
hundreds of millions of dollars into biodefense spending
in an effort to address these issues. In 2004, President
Bush authorized Project Bioshield which appropriated $5.2 billion over 10 years to address these issues
(Schuler, 2004, 2005; Lam et al., 2006; Franco and Deitch,
2007). Several years later in 2007, considerable progress
had been made (LeDuc and Jahrling, 2001; Breman
et al., 2003; Janoff and Lynfield, 2003; Mahalingam
et al., 2004; Arita, 2005; Bossi et al., 2006; Ruef, 2006).
The strategic national stockpile now holds over
400 million doses of live smallpox vaccine, with additional doses of attenuated strains currently being tested
and produced (Rosenthal et al., 2001; Wiser et al.,
2007). An important question now before us is what
type of vaccination policy, if any, to promote (Bicknell
and James, 2003; Mortimer, 2003b). Universally safe
subunit vaccines are under development. Numerous
promising drug candidates have been discovered with
activity against poxviruses (Baker et al., 2003; Bray and
Roy, 2004). A wide range of new methods for detection, identification, and analysis of poxviruses and
immune responses to them have been developed (Espy
et al., 2002; Earl et al., 2003; Leparc-Goffart et al., 2003;
Newman et al., 2003; Cosma et al., 2004; Li et al., 2004b;
Rotz and Hughes, 2004; Leparc-Goffart et al., 2005).
First responders and public health infrastructure at the
state and local levels has been bolstered in order to cope
with mass casualty events (Meltzer et al., 2001; Hull et
al., 2003; Kaplan et al., 2003). Emergency management
plans have been formulated and tested using advanced
computer algorithms to predict both smallpox transmission and preventive measures (Gani and Leach, 2001;
O’Toole et al., 2002; Eichner, 2003; Eichner and Dietz,
2003; Grais et al., 2003; Kiang and Krathwohl, 2003).
Details regarding the US emergency response plans and
vaccination policy in the event of smallpox release can
be found at the CDC website (http://www.bt.cdc.gov/
agent/smallpox/index.asp).
This remarkable progress has come with a large
price-tag; nevertheless we are far better prepared for
an outbreak of smallpox now than we were a few years
ago. We have a greater understanding of viral biology,
infection and immunology, useful knowledge for the
creation of vaccines not just for smallpox but also for
SARS, avian influenza or any of the other emerging
viral infectious diseases and threats we may encounter.
We have developed antiviral drugs with activity
against poxviruses as well as other virus families. We
have sequenced poxvirus genomes and have begun to
harness viral proteins as therapeutic agents for other
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Key elements to eradication effort
No animal reservoir
Long incubation period
Transmission required close contact
Patients only infectious during rash
Readily recognizable rash
Severe disease with high mortality and morbidity
Infectious persons bedridden
Cheap, stable and effective vaccine
International cooperation and political will

●

●

●

●

FIGURE 37.10 Key elements of the successful smallpox eradication effort.

●

diseases and conditions (De Clercq, 2001). We are closer
to developing peptide and protein-based vaccines with
far better safety profiles than live viral vaccines. There
has been research into immunologic adjuvants with
the potential to be used in numerous vaccines. Public
health infrastructure is now better able to cope with not
only biological attacks, but also natural disasters such as
hurricanes, earthquakes, tsunamis, and natural outbreaks. Continuing progress in all of these areas will be
necessary in order for us to be prepared for biological
threats of either man-made or natural origin.

CONCLUSIONS
The eradication of smallpox is one of the greatest
triumphs of modern medicine and illustrates the full
potential an effective vaccination program can realize.
The eradication effort cost hundreds of millions of
dollars, widespread international cooperation, countless hours of effort by thousands of health care workers
worldwide, and required the wide availability of an
effective vaccine (Fig. 37.10). While large, these costs are
dwarfed by the savings in human life, not to mention
the elimination of health care, quarantine, surveillance,
and prevention measure costs associated with smallpox. Several other diseases are now being considered
for eradication including measles and polio. The eradication of these diseases will no doubt require efforts of
a similar magnitude as those needed to eliminate smallpox yet the end results will be equally impressive.

KEY ISSUES
●

●

●

Smallpox has probably killed more people than any
other disease in history.
Edward Jenner proved that cowpox can protect
against smallpox infection.
The use of vaccinia virus as a smallpox vaccine led
to the eradication of smallpox in 1980.

Smallpox has been used as a biological weapon for
centuries.
The Soviet Union had a massive bioweapons
program beginning in the 1980s.
The threat of smallpox being used as a biological
weapon today is small but would have a
devastating impact on society.
The currently licensed vaccine can cause severe
complications.
New vaccines are needed but cannot be tested for
efficacy against smallpox.
There is still no effective treatment for smallpox.
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ABSTRACT
Tick-borne encephalitis (TBE) is a disease caused by a group of closely related tick-borne flaviviruses with an endemic
range across Asia from Japan into Western Europe. TBE can range from a subclinical or mild disease to a severe disease
with a high incidence of encephalitis and long-term sequelae. Related viruses have been found in North America,
India, Saudi Arabia, and Malaysia, and several are associated with viral hemorrhagic fever rather than encephalitis.
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There are currently four inactivated virus vaccines available for the prevention of TBE—two produced in Russia
and two licensed for use in Europe. Although effective, there are some limitations with the use of inactivated virus,
primarily the need for multiple doses for development of a protective immune response. There are also limitations
on the availability of the vaccines and questions about the efficacy of these vaccines in protecting against tick-borne
flaviviruses that cause hemorrhagic fever. Although the current vaccines have made a significant impact in parts of
Western Europe, the overall incidence of disease is still increasing in many countries. A number of modern approaches
are currently being examined for development of a new generation of TBE vaccines. These include the use of liveattenuated viruses, chimeric viruses, DNA vaccines, and protein subunit vaccines. Each technology has shown some
promise in animal models, but clinical trials have not been reported for any of the novel vaccine candidates. With
current licensure requirements, the active use of any new vaccine is still several years away; however, with disease
incidence increasing, the need for improved vaccines will continue.

INTRODUCTION
Tick-borne encephalitis (TBE) is a disease that is
endemic from Western Europe, across Asia, and into
parts of Japan. TBE accounts for 7000–10,000 cases of illness annually with nearly 4000 cases reported in Europe
alone in 2006 [Tick-Borne Encephalitis International
Scientific Working Group (TBE-ISW) http://www.tbeinfo.com]. The causative agent for TBE is TBE virus
(TBEV), a member of the TBE serocomplex of flaviviruses that are related serologically and genetically. TBEV
causes two clinically distinct diseases, depending on the
subtype of virus. The disease found in Europe is typically biphasic with a relatively low mortality rate and
few sequelae in survivors. The disease in eastern Asia is
much more severe with a higher mortality rate, significant sequelae in survivors, and the potential to develop
chronic or persistent disease. To date there are no effective therapeutics for the treatment of TBE.
There are currently four known vaccines available
for prevention of TBEV and one that is in use in India
for Kyasanur Forest disease virus (KFDV). Two of the
TBEV vaccines are licensed for use in Europe while the
remaining two are manufactured for use in Russia. All
four TBEV vaccines are inactivated virus vaccines that
are manufactured following similar processes. The principal variation between the four vaccines is the choice
of virus strain used. Two of the manufacturers use a
Western subtype TBEV as the basis for their vaccine
while both of the Russian vaccines have been developed
using a Far Eastern subtype virus.
There is currently a significant effort to develop TBEV
vaccines that are not based on the use of an inactivated
virus. The concerns about inactivated virus vaccines
center around the potential for incomplete inactivation,
the need for multiple vaccinations and boosters, and relatively poor immunogenicity in some people. Modern
vaccine development focuses on the use of subunit vaccines, live-attenuated vaccines, or DNA-based vaccines.
The benefit of subunit vaccines is that there is no virus

present in the vaccine; hence, the likelihood of virus
reactivation or reversion is nil. The limitations of subunit
vaccines include the need for multiple vaccinations and
boosters, and their efficacy may be determined by the
quality of the adjuvant used in the vaccine formulation.
Live-attenuated vaccines include naturally attenuated
viruses, artificially attenuated viruses, and recombinant
virus vaccines. There have been a wide variety of candidates developed for vaccine trials and all have the
advantage of requiring a single vaccination with periodic boosters. The limitations of these vaccines are the
significant concern about vaccine reversion and the use
of genetically modified viruses in humans. DNA-based
vaccines have shown some promise as most are a combination of live-attenuated and subunit vaccines that
are capable of replicating, but only contain a portion of
the TBEV genome and cannot generate infectious TBEV.
Most DNA vaccines use alternative virus vectors, such
as adenoviruses, to express TBEV proteins and induce
a protective immune response. However, the use of
DNA vaccines has met with some resistance, as there is
concern about the production of replication-competent
highly pathogenic viruses, an unlikely event given the
construction of the vaccines.
As with vaccine development for many viruses,
the development of vaccines for TBEV has entered the
modern age where the demands for safety and efficacy
sometimes collide.

HISTORY OF TBE
A neurologic disease with high mortality was first
recognized around 1932 in Far Eastern regions of the
former Union of Soviet and Socialist Republics (USSR)
(Silber and Soloviev, 1946). Initially, this disease was
thought to be Japanese summer encephalitis. The
virus was thought to be transmitted through interpersonal contact and movement of the disease between
endemic regions was believed to be due to movement
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of forest workers (Silber and Soloviev, 1946). The first
published description of TBE was in 1936 by Silber
et al. and described the disease in far-eastern Russia
(then the USSR) (Silber and Soloviev, 1946). Laborers
in forested regions frequently became ill from a severe
neurologic disease that often resulted in death. In 1937,
L.A. Silber led a special expedition with a mandate
to study TBE in the eastern USSR. Silber et al. determined that ticks were the primary vector for the contagion and that Ixodes persulcatus ticks were the most
likely vector (Silber and Soloviev, 1946). Subsequently,
Chumakov et al. demonstrated experimentally that
I. persulcatus could transmit the disease (Chumakov
and Gladkikh, 1939). In 1937, two groups were able to
isolate the virus and clearly demonstrate that the isolated virus was responsible for the disease (Silber and
Soloviev, 1946). Subsequently, the virus was named
Far Eastern encephalitis virus (Silber and Soloviev,
1946). The isolation of the virus also led to the first
effort to generate a vaccine, as Smorodintsev developed a formalin-inactivated vaccine that was used
in forest workers in endemic regions (Smorodintsev
et al., 1941). A number of subsequent studies characterized the clinical aspects of Far Eastern encephalitis
including the first descriptions of chronic and progressive forms of the disease (Silber and Soloviev, 1946). In
the early 1940s Far Eastern encephalitis was described
in Siberia and the European part of the USSR
(Chumakov et al., 1944). It was noted at that time
that the virus in Siberia and European USSR caused
a different clinical disease than Far Eastern encephalitis, and it was proposed by Chumakov et al. (1944)
that the diseases be termed Far Eastern and Western
encephalitis to reflect their clinical differences.
Outside of the USSR, TBE was first recognized in
epidemics in Czechoslovakia in 1948 and 1949 and
the virus was isolated in 1949 from both humans and
ticks (Gallia et al., 1949; Hloucal, 1960). This virus was
found to be serologically related to the Far Eastern
and Western encephalitis viruses, and the milder clinical disease in the Czechoslovakian epidemics suggested that these viruses were of the Western subtype.
In 1951–1952, a large epidemic of Western encephalitis
was reported in the Roznava district of Czechoslovakia.
In this outbreak, it was determined that transmission
of the virus in goat milk played a major role in the epidemic in which more than 600 people were affected
(Blaskovic, 1958). Smorodintsev had previously shown
that Far Eastern encephalitis virus could be transmitted
by drinking raw goat’s milk (Silber and Soloviev, 1946;
Smorodintsev, 1958).
Since its discovery, TBE has now been recognized in
many countries in Europe, including most of Eastern
Europe and parts of Western Europe (Fig. 38.1). The

endemic range for Western subtype TBE reaches east
to the Ural mountains while the endemic range for the
Far Eastern subtype ranges from Eastern Europe to fareastern Russia and Hokkaido island in Japan with some
reports of TBEV in far-eastern China. The endemic
areas of the viruses are essentially coincident with the
endemic range of their primary tick vectors. Ixodes
ricinus, the principle vector for Western subtype TBEV,
is found primarily in Europe, parts of Asia, and North
Africa. I. persulcatus, the vector for Far Eastern subtype
TBEV, is found across northern Asia (Brown et al., 2005).
Since the discovery and identification of TBEV,
a number of related viruses have been identified
(Table 38.1). All of these viruses are transmitted by
ticks and there is a certain degree of serological crossreactivity among the viruses. These viruses include Omsk
hemorrhagic fever virus (OHFV) that was first isolated
in 1947 in Siberia from human blood (Chumakov, 1948);
Langat virus (LGTV) isolated in Malaysia in 1956 from
tick pools (Gordon Smith, 1956); Kyasanur Forest disease
virus (KFDV) that was isolated in India in 1957 from
humans, monkeys, and ticks (Work, 1958); Powassan
virus (POWV) isolated in Canada in 1958 from human
brain (McLean and Donohue, 1958); and Alkhurma virus
(ALKV) isolated in Saudi Arabia in 1996 from human
blood (Zaki, 1997). OHFV, KFDV, and ALKV are all
associated with viral hemorrhagic fever, and KFDV and
ALKV have also been shown to produce encephalitis in
humans (Zaki, 1997). POWV appears to cause primarily
subclinical disease but can result in extremely severe and
lethal encephalitis. LGTV does not typically cause disease in humans and in the 1970s, the E5 strain of LGTV
was developed and tested as a potential live-attenuated
vaccine for TBEV (Mayer, 1975; Mayer et al., 1976; Price
and Thind, 1973; Price et al., 1970).
Since the discovery of these viruses, the tick-borne
flaviviruses in the TBE serocomplex have been shown to
be closely related serologically. Genetic analysis of these
viruses has subsequently confirmed serological data.
The TBEV have since been divided into three subtypes
(Far Eastern, Siberian, and Western) and genetic variation between the viruses correlates well with differences
in clinical presentation described when Far Eastern and
Western encephalitis were first recognized.

ETIOLOGIC AGENTS
Classification
The genus Flavivirus in the family Flaviviridae
consists of approximately 70 related viruses that are
typically transmitted by mosquitoes or ticks, yet there
are several flaviviruses that are classified as “no known
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FIGURE 38.1 Worldwide distribution of tick-borne flaviviruses with significant human health issue.

vector” as there does not appear to be an arthropod
host associated with virus transmission (Calisher and
Gould, 2003). The mosquito-borne flaviviruses consist
of viruses such as dengue virus (DENV), yellow fever
virus (YFV), and viruses in the Japanese encephalitis
virus serocomplex including Japanese encephalitis (JEV)
and West Nile viruses (WNV). The mosquito-borne
viruses can also be delineated by their arthropod vectors, as DENV and YFV are typically transmitted by
Aedes spp. mosquitoes while JEV serocomplex viruses
are transmitted by Culex spp. mosquitoes. There is also
a significant amount of serological and genetic diversity
among the mosquito-borne flaviviruses (Gould et al.,
2001, 2004; Zanotto et al., 1995).
There are two subsets of tick-borne flaviviruses:
those that are associated with seabirds and those with
mammals (Gould et al., 2001, 2004). Mammal-associated
tick-borne flaviviruses subset contains the only viruses
known to cause disease in humans and is commonly
referred to as the TBE serocomplex of viruses. The TBE
serocomplex is genetically divided into four major
clades representing Far Eastern subtype TBEV, Siberian
subtype TBEV, Western subtype TBEV, and Louping Ill

virus (LIV) (Gould et al., 2001, 2004; Zanotto et al., 1995).
Other viruses in the serocomplex have very few species
and form their own clades.
The progenitor virus for the TBE serocomplex is
thought to be POWV (Gould et al., 2001, 2004; Zanotto
et al., 1995). The evaluation of evolutionary trends of
the TBE serocomplex is that the virus migrated from
eastern Asia across Asia and into Europe with Western
subtype TBE and louping ill viruses (LIV) representing
the most recently evolved virus subtypes (Gould et al.,
2001, 2004; Zanotto et al., 1995) (Fig. 38.2).
The level of serologic and genetic diversity among
the tick-borne flaviviruses is much less than among
the mosquito-borne viruses. There is approximately
30% nucleotide variation between POWV and LIV,
and Western subtype TBEV, the most distant relatives.
There is 16% nucleotide variation between Far Eastern
subtype and Western subtype TBEV. The diversity at
the amino acid level is about 23% between POWV and
LIV, the least related viruses (Lin et al., 2003). There is
less than 4% amino acid diversity between Far Eastern
and Western subtypes of TBEV (Lin et al., 2003). This
high level of similarity at the nucleotide and amino acid
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TABLE 38.1
Virus

Subtype

Members of the mammalian tick-borne encephalitis group, including major stains
Strain

Site of isolation

Source

Year of isolation

References

Human brain

1937

Silber and Soloviev
(1946)

Far Eastern

Sofjina

Far-eastern
USSR

Siberian

Vasilchenko

Novosibirsk

Western

Byelorussia
strain 256

Western USSR

Ixodes ricinus

1940

Stillerova

Czechoslovakia

Human brain

1950

Absettarov

USSR

Human blood

1951

Kumlinge A52

Finland

I. ricinus

1951

Graz

Austria

Human CNS

1953

Hypr

Czechoslovakia

Human blood

1953

Neudörfla

Austria

Ticks

Powassan

Byersa

Canada

Human brain

1958

McLean and
Donohue (1958)

Omsk hemorrhagic
fever

Kubrina

USSR

Human blood

1947

Chumakov (1948)

Guriev

USSR

Human blood

?

P9605a

India

Human blood

1957

W377

India

Monkey brain

1957

Saudi Arabia

Human

1996

Zaki (1997)

TP21a

Malaysia

Ixodes granulatus

1956

Gordon Smith
(1956)

TBEV

Kyasanur Forest
Disease
Alkhurma
Langat

⬃1971

Oker-Blom et al.
(1962)

Kunz (2003)

Work (1958)

Source: Adapted from Theiler and Downs, The arthropod-borne viruses of vertebrates, 1973.
a
Prototype strain.

FIGURE 38.2 A cladogram showing the evolutionary cline of TBE serocomplex viruses across Asia. FETBE: Far Eastern TBEV; TSE:
Turkish sheep encephalitis virus; GGE: Greek goat encephalitis virus; WTBE: Western subtype TBEV; SSE: Spanish sheep encephalitis virus; LI:
Louping Ill virus. Reprinted from Zanotto et al. (1995), with permission from Elsevier (see color plate section).

III. VIRAL VACCINES

42_P369408_Ch38.indd 717

11/5/2008 10:44:20 AM

718

TICK-BORNE ENCEPHALITIS

V
LGT Malaysia
OHF Omsk
FETBE
FETBE/205
TBEVs Siberia
TSE Turkey
GGE Greece
WTBE Austria
SSE Spain
LI/MA54 Ireland
LI/I Wales
LI/M
LI/SB526
LI/31
LI/917
Scotland
LI/NOR
and
LI/G
England
LI/369
LI/261
LI/A
Neglshi
LI/K

POW Ontario
KFD India

Far East
Russia

FIGURE 38.3 Cryo-electron microscopy surface representation of dengue-2 virus, a mosquito-borne flavivirus (left). The incorporation
of the viral envelope protein into electron densities is observed by cryo-electron microscopy. The arrangement of E protein dimers are shown
along with putative carbohydrate moieties. Adapted from Kuhn and Strauss (2003), with permission from Elsevier.
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FIGURE 38.4 A diagrammatic representation of the flavivirus genome and polyprotein. Protease cleavage sites are also indicated.

level is further borne out in structural similarities of the
viral envelope (E) protein, the primary immunogen on
the surface of the virion, as these viruses are difficult
to distinguish serologically. The high level of similarity further suggests that vaccines raised against one
member of the TBEV serocomplex will show a high
level of cross-reactivity against other members of the
complex.

Flavivirus Genome Organization
The flaviviruses are small enveloped viruses with
a diameter of approximately 50 nm. The virus particle is composed of 90 envelope (E) protein dimers

arranged in a herringbone type array (Kuhn et al., 2002)
(Fig. 38.3). Interspersed among the E protein lattice is
the viral membrane (M) protein, though the precise
location of the M protein is not clear. The viral particle
contains the single-stranded positive-sense RNA viral
genome that is approximately 11 kb in size. The viral
genome is translated as a single polyprotein and is
co- and post-translationally cleaved to generate 10 individual proteins, three structural and seven nonstructural
proteins (Fig. 38.4). The structural proteins consist of the
capsid (C), pre-membrane (prM), and E proteins while
the nonstructural proteins include NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5. NS2B and NS3 associate to
produce a viral protease and NS5 functions as a helicase
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and the viral RNA polymerase. The flavivirus nonstructural proteins serve a number of functions, but are primarily associated with viral replication (e.g., NS1, NS3,
and NS5) and polyprotein processing (e.g., NS2B and
NS3), although the function of some of the nonstructural proteins is poorly understood. Several nonstructural proteins have been associated with stimulating or
moderating the host response to viral infection by interferon induction or inhibition (e.g., NS5) and induction
of apoptosis (e.g., M protein).
The structural proteins make up the total protein
component of the flavivirus virions as none of the nonstructural proteins are included in the virion. The C protein is associated with the viral RNA although the role
of the C protein in RNA organization in the virion is still
unclear. The prM protein functions as a chaperone and
facilitates folding of the E protein. This is an important
role that cannot be overlooked, as a number of vaccine
development strategies have included DNA vectors
that encode the prM and E proteins to generate subviral particles. The lack of the prM protein results in poor
protein expression and poor immunogenicity. During
virion organization the prM protein is assembled along
with the E protein, but the protein is cleaved during
virus maturation by a furin-like protein leaving only the
M protein in the mature virion with the E protein. The
flavivirus E protein is the major virus protein on the surface of the virion. The E protein is the primary immunogen for the flaviviruses and serves as a receptor-binding
protein and fusion protein (Chen et al., 1997; Chu et al.,
2005; Hung et al., 2004; Lee and Lobigs, 2000; Mandl
et al., 2000). The structures of the E protein from several
flaviviruses have been solved and it has been shown
to have three distinct domains—I, II, and III (Modis
et al., 2003; Rey et al., 1995). Domain I is the central
domain and serves as a hinge between domains II and
III. Domain II is the dimerization domain and also contains the viral fusion peptide. Domain III is the receptorbinding domain (Chu et al., 2005; Hung et al., 2004; Lee
et al., 2006) and is also a principal target for neutralizing
antibodies (Beasley and Barrett, 2002; Crill and Roehrig,
2001; Lin and Wu, 2003; Sanchez et al., 2005; Thullier
et al., 2001). During viral attachment and entry, the
virus binds to an as-yet-unidentified cell surface receptor, is internalized in clathrin-coated pits, and undergoes fusion with endosomal membranes during a low
pH-induced conformational rearrangement (Bressanelli
et al., 2004; Heinz and Allison, 2000, 2001; Kuhn et al.,
2002; Modis et al., 2004; Stiasny et al., 2002, 2005; Zhang
et al., 2004). Following fusion, the viral RNA is released
into the cell cytoplasm where replication occurs.
The flavivirus entry provides potential intervention
points for neutralizing antibodies in a protective
response to viral infection. The first is at the point of

viral attachment. A neutralizing antibody could bind
to the E protein domain III and prevent the virus from
binding to cell surface receptors. A number of neutralizing monoclonal antibodies are known to interact with
domain III to prevent infection by different flaviviruses
(Beasley and Barrett, 2002; Crill and Roehrig, 2001;
Kaufmann et al., 2006; Lin and Wu, 2003; Sanchez et al.,
2005; Volk et al., 2004; Wu et al., 2003; Wu and Lin, 2001).
A second point of inhibition is prevention of membrane
fusion. Antibodies can bind to the viral E protein and
inhibit the pH-induced rearrangement of the E protein
that occurs in cellular endosomes to allow fusion of the
viral envelope protein with the endosomal membrane.
Several monoclonal antibodies are thought to neutralize
flavivirus infection in this manner. Epitopes for these
antibodies have been mapped to several regions of
the viral E protein including domains I and II (Beasley
and Aaskov, 2001; Oliphant et al., 2006).

EPIDEMIOLOGY
Significance as Public Health Problem
TBE is a widespread arboviral encephalitis that is
of significant human heath importance. As discussed
earlier, TBEV was first isolated in far-eastern Russia
and has since been found across Asia with related
viruses found throughout Europe, the British Isles,
and also in North America (Fig. 38.1). TBE is a significant human health issue in Europe where 2000–4000
cases are reported annually with the total number of
cases increasing (TBE-ISW http://www.tbe-info.com)
(Table 38.2). The current case numbers are reflective
of a significant vaccination effort in some countries in
Europe, particularly Austria, where total case numbers
have been reduced by 90% of their pre-vaccine totals.
Prior to the development and effective use of TBE
vaccines there were more than 600 cases annually in
Austria. Although TBE is a notifiable disease in many
countries, most countries in Europe were not reporting
consistently prior to the mid-1970s.
However, despite a reduction in the number of annual
TBE cases due to improved vaccination coverage and
changes in personal behavior in some countries, the range
of TBE endemicity appears to be increasing and therefore
the total case number is also on the rise. Recent reports of
virus isolation or amplification of TBE RNA from tick pools
has provided evidence of TBEV circulation in locations
where this virus has not been previously found (Haglund,
2002; Skarpaas et al., 2004). The increase in the endemic
range of TBE is thought to be associated with the increased
range of I. ricinus, the principal vector for TBEV in Europe
and I. persulcatus, the vector for Far Eastern subtype TBEV
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TABLE 38.2

Incidence of TBEV in Europe and Russia (1990–2006)
Year

Country
Austria

1990

1991

1992

89

128

84

102

178

109

128

99

62

2

20

50

66

97

67

78

Belarus
Croatia

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

41

60

54

60

82

54

100

84

26

23

61

18

25
500

642

1113

23

60

27

76

87

59

57

25

24

26

18

27

30

193

356

338

629

613

744

571

415

422

490

719

411

647

1

4

3

1

1

4

8

4

Estonia

37

68

163

166

177

175

177

404

387

185

272

215

90

237

182

164

171

Finland

9

18

France

2

Czech
Republic
Denmark

Germany
Hungary

222

14

25

16

23

10

19

17

12

41

33

38

16

31

17

1

2

5

4

6

1

1

2

5

0

0

2

6

7

0

44

142

118

306

226

114

211

148

115

133

253

226

278

274

431

547

288

206

329

258

234

224

99

84

51

45

76

80

114

59

90

115

2

2

8

6

8

8

11

5

15

19

6

14

23

22

14

Italy
Latvia
Lithuania

122

227

287

791

1366

1341

716

874

1029

350

544

303

153

365

251

142

171

9

14

17

198

284

426

309

645

548

171

419

298

168

763

425

242

462

1

1

2

1

2

1

3

0

5
316

Norway
Poland

20
606

8

4

8

249

181

267

257

201

209

101

170

205

126

339

262

174

Slovak
Republic

14

24

16

51

60

89

101

76

54

57

92

76

62

74

70

28

Slovenia

235

245

210

194

492

260

406

274

136

150

190

260

262

275

204

297

372

Sweden

54

75

83

51

116

68

44

76

64

53

133

128

105

105

160

130

163

Switzerland

26

37

66

44

97

60

62

123

68

112

91

107

53

116

138

206

259

TotalEurope

1043

1571

1667

3050

4293

4159

3282

3617

3345

1955

2970

2528

2129

3420

2651

2689

3810

Russia

6529

6796

7968

10,943

9889 10,141

12,830

10,156

10,332

11,910

8901

8867

7279

8190

6886

7140

7320

Source: Adapted from: http://www.tbe-info.com/upload/medialibrary/Reported_Cases.pdf.

(Haglund, 2002; Johan et al., 2006; Lindgren and Gustafson,
2001; Skarpaas et al., 2004, 2006; Skarphedinsson et al.,
2005). However, studies of climate change and its correlation with incidence of TBE suggest that climate change
specifically may not be associated with the northern
migration of TBE (Randolph, 2004; Rogers and
Randolph, 2006). However, the increasing range of
TBEV is important as new endemic foci have naïve
populations and do not yet have extensive vaccination
programs in place.
TBEV is transmitted to humans via the bite of
infected ticks. The tick life cycle consists of three
distinct phases: larvae, nymph, and adult. Ticks in all
three phases have been shown to have the capacity to
transmit TBEV although only the larvae and nymphs
are likely to play a significant role in the TBEV life
cycle (Nuttall and Labuda, 2005). TBEV has also been
shown to be transmitted transstadially (Nuttall and
Labuda, 2005) and transovarially (Rehacek, 1962). TBEV
transmission cycles between infected ticks and small

mammals or birds, which are the principal hosts for
immature ticks. Adult ticks typically feed on goats, deer,
or other ungulates that are not typically susceptible to
TBEV and, subsequently, do not play a significant role
in virus transmission (Nuttall and Labuda, 2005).

Potential as Biothreat Agent
TBEV is considered a potential biothreat agent
largely due to its pathogenicity, ability to be transmitted via aerosol, lack of therapeutic treatment, and limited vaccine coverage. While these parameters make
TBEV a highly dangerous virus, the inability of TBEV
to be transmitted by human-to-human contact, the
instability of the virus in UV light, and the lack of a
suitable arthropod vector in many parts of the world
would make extensive outbreaks of this virus difficult
to engineer. TBEV is relatively stable when kept in
cool conditions and it appears to also remain active in
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liquids for extended periods of time (Kharitonova and
Leonov, 1985). There has also been evidence, based on
accidental laboratory exposures, of aerosol transmission of TBEV (Scherer et al., 1980); however, conclusive studies have not been published. TBEV can also
clearly survive the stomach and gut since the ingestion of contaminated milk has long been recognized
as a means of transmission (Gritsun et al., 2003b;
Moritsch and Kovac, 1960; Pogodina, 1958, 1960).

CLINICAL DISEASE
As discussed earlier, TBEV infection can result in diseases with varying severity depending on the subtype
of TBEV involved. Western subtype TBEV generally
causes a milder biphasic disease while Far Eastern subtype typically causes a much more severe disease with
paresis and neurological sequelae more common and
a higher mortality rate. The typical course of TBE can
last up to 8 weeks from the time of infection with more
severe cases lasting considerably longer. There has also
been evidence of latent or persistent infections due to
Far Eastern or Siberian subtype TBEV in both humans
and nonhuman primates (Frolova and Pogodina, 1984;
Gritsun et al., 2003a, 2003b; Pogodina et al., 1981a).
Western subtype TBEV and Far Eastern subtype
TBEV cause clinically distinct diseases. Western subtype TBEV is typically characterized as a biphasic
disease. However, in approximately 65% of persons
infected with Western subtype TBEV, the infection
remains inactive or ends after the first phase of disease.
Of the remaining 35% of patients, the majority have a
disease that follows the typical biphasic disease profile
and progresses to the much more severe second stage
characterized by neurological symptoms. In some
cases, the first phase of disease is very mild, or asymptomatic, with the onset of clinical illness corresponding
to the second, severe, phase of disease (Gritsun et al.,
2003b; Reisner, 1981). Following infection, Western
subtype TBEV typically has an incubation period that
lasts from 2 to 18 days (Gritsun et al., 2003b). There is
no indication of disease during the incubation period.
Following the incubation period, disease onset can be
rapid with nonspecific systemic signs of disease predominating. These signs include headache, fatigue,
myalgia, nausea, general malaise, and fever with body
temperatures rising to more than 38°C. This first stage
of disease generally lasts for 1–8 days and corresponds
to the viremic phase. The first phase of disease is followed by an afebrile period that can last from 1 to 20
days. Symptoms of disease generally subside during this period. The second phase of disease begins

with a rapid onset of symptoms following the afebrile
phase. Manifestations are generally similar to the first
phase of disease, but are more severe with extremely
high fevers and significant evidence of neurological
involvement. Patients typically develop meningitis,
meningoencephalitis, meningoencephalomyelitis, or
meningoencephaloradiculitis (Gritsun et al., 2003b).
The meningitis usually resolves and the case fatality
rate is 1–2%. Some patients who have more severe disease can develop long-term sequelae; however, longterm health effects of the infection are generally minor.
There is also evidence of age-dependence in disease
severity whereby children have less severe disease and
sequelae than adults, especially the elderly (Krausler,
1981; Kunz, 1974; Logar et al., 2000; Messner, 1981).
In persons infected with a Far Eastern strain of
TBEV, the incubation period is similar and onset
is sudden. Symptoms can include headache, high
fever, vomiting, myalgia, photophobia, and sensorial
and visual changes. Prodromal symptoms are rare.
Patients also develop signs of neurological involvement such as paresis, paralysis, seizures, and coma
over the course of disease (Burke and Monath, 2001;
Clarke and Casals, 1965). Paralysis normally begins
in the upper extremities including the shoulders and
neck and is accompanied by hyperesthesia. Disease
can be complicated by flaccid lower motor neuron
paralysis where evidence of ascending paralysis or
hemiparesis is a development that results in a poor
prognosis (Clarke and Casals, 1965). A poliomyelitislike illness has also been described (Silber and
Soloviev, 1946). The case fatality rate is estimated at
20–30%. Unlike infection with Western subtype TBEV,
neurological sequelae are much more common in individuals infected with the Far Eastern subtype virus.
These include atrophy and paresis of the brachial
plexus and neck muscles, paresis of the lower extremities, and other sequelae resembling poliomyelitis. As
mentioned above, TBEV has also been shown to cause
persistent or chronic disease, although only the intermediately pathogenic Siberian subtype has clearly
been associated with this phenomenon (Gritsun et al.,
2003a, 2003b; Pogany et al., 2003; Pogodina et al.,
1981a, 1981b, 1981c).

TREATMENT
There are currently no approved therapeutic interventions for TBE. The onset of encephalitis or meningitis requires supportive care in an intensive care ward
where treatment protocols are general and depend on
the severity of disease. Corticosteroids may be used in
certain circumstances to reduce inflammation while
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specific treatments to reduce or prevent seizures may
also be provided if symptoms arise. General pain
medications and sedatives may be used. Intubation
and ventilation support may also be required.
A few experimental therapies for TBE have been
attempted in animal model systems. These include the
use of phosprenyl, an immunomodulatory compound
(Danilov et al., 1996), the interferon inducers Poly I:
C and tilorone hydrochloride (Hofmann and Kunz,
1972) and amiphenosine (Libikova, 1968). None of
these therapies have been included in clinical trials.

PATHOGENESIS
Description of Disease Process
The exact mechanism of the disease process during TBEV infection has not yet been determined, but
general hypotheses can be drawn based on clinical
data, and data from other neurotropic flaviviruses and
arboviruses.
Virus is introduced via tick bite and thought to replicate locally where it may either infect or be phagocytosed by resident macrophages or Langerhans cells.
These cells are then believed to migrate to draining lymph nodes where further replication occurs.
Replication in the lymph nodes leads to release of
the virus into the lymphatic system and subsequent
release into venous blood flow where the virus is
distributed systemically. It is also possible that virus
could penetrate endothelial cells lining lymph vessels
to allow infection of surrounding tissues.
TBEV clearly targets neural tissues, but it is not clear
how the virus penetrates the blood-brain barrier (BBB).
Several hypotheses have been proposed for penetration of the BBB by neurotropic flaviviruses, but none
have been conclusively proven. These include migration across or through endothelial cells (Dropulic and
Masters, 1990; Liou and Hsu, 1998), the use of toll-like
receptors (Wang et al., 2004), and migration across the
olfactory epithelium (McMinn et al., 1996; Monath
et al., 1983). There have also been suggestions for the
point of viral penetration of the BBB through damaged
endothelial cells (Lustig et al., 1992). Given the presence
of encephalitis or meningitis in afflicted individuals, it
seems reasonable to assume that damage to vascular
endothelial cells and migration of inflammatory cells
may at least contribute to viral introduction into the
brain; however, it is not clear whether inflammation is a
response to virus that is already in the CNS.
As discussed above, Far Eastern subtype TBEV frequently causes neurological damage to peripheral neurons, particularly in the brachial plexus. These data

suggest the possibility of peripheral penetration of the
CNS and subsequent migration of virus to the brain
in cerebral spinal fluid. The use of magnetic resonance
imaging (MRI) has recently proven useful in the detection of damage to the spinal cord and brain during
some acute TBEV infections. MRI has identified damage
to a range of tissues including anterior horns of cervical
and thoracic vertebrae, lumbar nerve roots, basal ganglia, and thalamus in more severe cases (Alkadhi and
Kollias, 2000; Bender et al., 2005; Pfefferkorn et al., 2007;
Stich et al., 2007), but has also shown that the majority
of afflicted persons have normal MRI results (Alkadhi
and Kollias, 2000).
Studies examining the localization of Western subtype TBEV viral antigen in historical postmortem
samples have identified a fairly specific distribution of
viral antigen in the brain. TBEV appears to target large
neurons of the anterior pons, medulla oblongata, dentate nucleus, Purkinje cells, and striatum (Gelpi et al.,
2005). This study also found that infiltration of cytotoxic T cells was a common result of infection. These
data and other evidence suggested that the CD8 positive T cells may contribute to the loss of nerve cells
(Gelpi et al., 2005).

PROTECTIVE IMMUNE RESPONSE
The immune response to TBEV infection includes
all aspects of host immunity from a strong innate
inflammatory response to activation of cell-mediated
immunity (CMI) and humoral immunity (HI).
Evidence suggests that a cell-mediated response is
required for effective clearance of virus, but CMI is
also thought to be at least partially responsible for
neural damage during severe cases of disease (Gelpi
et al., 2005, 2006). HI also plays a protective role during TBEV infection as anti-TBEV IgM and IgG levels in both serum and the CNS are elevated during
infection (Gunther et al., 1997; Kaiser and Holzmann,
2000). The vast majority of studies examining the
immune response to TBEV have been performed in
vaccinated individuals. In these studies, both CMI
and HI play a significant role during vaccination.
The majority of TBEV vaccines tested to date are nonreplicating vaccines consisting of inactivated virus,
subviral particles, or viral subunits. In all cases, it is
evident that the stimulation of neutralizing antibodies
is correlated with protective immunity. As with other
virus diseases, the stimulation of CMI is more closely
associated with viral replication; hence, a significant
cell-mediated response is not usually seen following
vaccination with inactivated virus.
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Humoral Immunity
The role of humoral immunity in the protection
against infection by flaviviruses, including TBEV, is
well established. All currently licensed vaccines have
been evaluated for their efficacy by determination of
the neutralizing antibody titer induced by the vaccine.
The development of neutralizing antibodies is the
clinical correlate of protection of a successful vaccine.
What is less well understood is the role of humoral
immunity in the protection of naïve individuals during a natural infection with TBEV. Very few studies have examined this aspect of disease carefully in
humans with studies on convalescent patients making up the majority of these studies. It is clear that
the production of virus-specific IgM and IgG occurs
during manifest infections and that both are found
in serum and the central nervous system (CNS). IgM
levels are presumably high during the prodromal
stage of disease (8–14 days following infection). IgM
levels wane over the course of disease, but are still
detectable in some patients at 4–10 months postinfection (Hofmann et al., 1983). It is not clear why
some patients would maintain elevated IgM levels.
A majority of patients with TBE have been shown
to have elevated IgM and IgG levels in their CSF at
presentation with patients demonstrating intrathecal
production of IgM and IgG at 15 days post-presentation
(Kaiser and Holzmann, 2000). However, it has been
shown that the presence of IgM or IgG in the CSF is
not a prognostic indicator for the outcome of disease (Gunther et al., 1997; Kaiser and Holzmann,
2000). Patients with low levels of serum IgG (Kaiser
and Holzmann, 2000) or CSF IgM (Gunther et al.,
1997) early in disease may develop a more severe illness due to an inability to rapidly clear the virus and
allow an increased viremia. Individuals with manifest TBE develop high neutralizing titers of IgG with
a peak toward the end of the disease phase. IgG titers wane somewhat, but remain elevated (Klockmann
et al., 1991). As there are no documented cases of secondary infections with TBEV it is assumed that protective antibody titers remain elevated for life.
The demonstration of virus-specific IgM or IgG is
the principal diagnostic tool used for demonstrating a positive TBEV infection. ELISAs represent the
primary assays used for the determination of TBEV
infection while hemagglutination inhibition assays
have also been used as a diagnostic tool. However,
neutralization assays are considered the best method
for demonstrating the induction of a protective antibody response against TBEV as previous exposure to
flaviviruses (e.g., yellow fever vaccine) can confound
results from ELISA and hemagglutination inhibition
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assays (Holzmann et al., 1996). The limitation of neutralization assays is the necessity of working with live
virus. TBEV is considered a BSL-3 or BSL-4 virus in
most parts of the world; hence, it is not readily available in clinical diagnostic laboratories.
The development of protective antibodies is the
basis for successful vaccine development (see below
for more extensive discussion). Studies in humans
have measured IgM and IgG levels in vaccinated mice
and found that neutralizing antibodies are produced
following the initial vaccination, but that the titer is
significantly increased following secondary and tertiary vaccination. The levels of neutralizing antibodies in
humans remain high for several years post-vaccination
with early studies indicating that positive hemagglutination titers fell below 70% at 3–4 years after the
final boost (Kunz et al., 1991). A more recent study
found that some vaccinated individuals were seropositive more than 8 years following their final vaccination, suggesting that the 3-year requirement for
boosters could be extended, at least in healthy adults
under 50 years old (Hainz et al., 2005; Rendi-Wagner
et al., 2004b). However, in elderly persons serum antibody titers wane more quickly, so that shorter booster
intervals are indicated in order to maintain protection
(Hainz et al., 2005).

Cell-Mediated Immunity
The role of CMI in TBE is unclear at the present
time. There have been very few studies that have
examined CMI in TBE patients and most point to the
CMI as being more detrimental to the host, via CD8mediated killing of neurons, than beneficial. One
study examined the proliferative ability of T-cells
isolated from infected individuals and found that a
depression of the proliferative response of T-cells led
to more severe disease (Shilov and Ryzhaenkov, 2000).
Studies examining the CSF of TBE patients have
found that an increased cell counts in the CSF are
common and that these cells are predominantly lymphocytes (Logar et al., 2000; Ziebarth-Schroth, 1972).
There is also evidence that increased CNS cell counts
are correlated with more severe disease (Kaiser and
Holzmann, 2000). Histopathology studies have also
suggested that CD8⫹ cells may be associated with
damage to neurons (Gelpi et al., 2005). Indirect examination of the role of CMI in the CNS suggests that a
significant T cell response is likely, as the chemokines
CXCL10 and CXCL11 were both elevated in infected
individuals (Lepej et al., 2007). CXCL10 and CXCL11
are IFN-γ responsive chemokines that are associated
with T-cell recruitment.
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As discussed above, the production of a strong
neutralizing antibody response to vaccination is the
hallmark of successful vaccination. The cell-mediated
response is typically less robust as viral replication
appears to be required for a strong T-cell response and
current vaccines are inactivated non-replicating viruses.
In order to stimulate a more profound T-cell response,
a number of replication competent vaccines have been
developed. Examination of the cellular response to replication-competent vaccines found induction of Th1
type (CD8⫹)-mediated immunity (Aberle et al., 2005)
that may be associated with viral nonstructural proteins
(Gomez et al., 2003) while viral C and E proteins are
associated with induction of a CD4⫹ response (Gomez
et al., 2003). There remains a number of unknowns
regarding the induction of a strong cell-mediated
response to vaccination, including the development of
a memory response and the potential induction of a
detrimental inflammatory response.
While replication-competent vaccines appear to
be the best approach for generating a more complete
and long-lasting immune response to vaccination,
there remains a significant concern about the potential
production of infectious virus from these systems.

HISTORY OF TBE VACCINES
Tissue culture–derived TBE vaccines were first
developed in 1960 in Russia (Levkovich et al., 1960),
and field trials have thereafter demonstrated the efficacy (Chumakov et al., 1963). In 1971, a collaborative effort between the Institute of Virology at the
University of Vienna, Austria, and the Microbiological
Research Establishment at Porton Down, United
Kingdom, started with the aim of developing a vaccine to protect against TBE. An Austrian isolate (strain
Neudörfl) of the Western TBEV subtype, subcloned in
specific pathogen-free (SPF) chicken embryo cells was
used to produce the vaccine antigen. The initial vaccine contained virus grown in suspensions of primary
SPF chicken embryo cells, clarified by centrifugation
and purified by hydroxylapatite chromatography after
formalin inactivation (Kunz, 2003). The vaccine was
stabilized with human albumin and further contained
aluminum hydroxide as adjuvant. Between 1973 and
1975, this candidate vaccine was administered to
about 30,000 people. The Austrian company Immuno
took over the vaccine from that point and started
commercial marketing of the product in 1976 under
the name FSME-IMMUN®. More than 400,000 people
received the first generation of this vaccine in Austria
and high seroconversion rates (greater than 90% by

hemagglutination inhibition test) were observed
after two doses (Kunz et al., 1976). Due to a relatively
quick decline in antibodies after the second dose, a
third immunization was indicated after 9–12 months
(Barrett et al., 2003). This vaccine showed a concerning rate of local and systemic side effects, such as
headache, malaise, and pyrexia. Since contaminating
proteins were assumed to be their cause, continuousflow zonal centrifugation of the inactivated virus was
introduced in 1979 to purify the antigen (Heinz et al.,
1980). The new product had a significantly improved
purity level, showed good immunogenicity and
a reduced level of side effects (Kunz et al., 1980). In
the late 1990s the manufacturing process was further
modified (Barrett et al., 2003) by changing the seed
virus used to inoculate the primary chicken embryo
cells from mouse brain–derived material to seed stocks
passed twice in chicken embryo cell culture. This passage history eliminated the potential risk of carrying contaminating mouse brain protein into the final
product. Further modifications at that point were the
elimination of thiomersal and human serum albumin
(used as stabilizer) from the formulation. This new
formulation was named TicoVac®. Unexpectedly, the
elimination of stabilizer led to an increase in adverse
events, mostly high fever in infants and young children (Marth and Kleinhappl, 2001). Subsequently,
FSME-IMMUN® containing human serum albumin
as stabilizer was reintroduced in 2001 in dosages for
adult and pediatric applications.
A second European product (Encepur) was developed by Behring-Werke, Marburg (Germany), in the
late 1980s using the K-23 strain, a Western subtype isolate from Southern Germany, and reached the market in
1992 (Girgsdies and Rosenkranz, 1996). A pediatric formulation was developed and released in 1995 due to the
high incidence of adverse reactions observed in children,
especially after the first dose. The Encepur vaccines are
produced using essentially the same process used for
production of FSME-IMMUN®, the only differences are
that virus seed of K-23 was always produced in chicken
embryo cells and different stabilizers were applied.
The first vaccine tested in the early 1960s to control
KFD in the area of Shimoga district, Mysore state of
India, was a 5–10% suspension of formalin-inactivated
RSSEV (Far Eastern subtype) (mouse brain preparation) produced by Walter Reed Army Institute of
Research laboratory, Washington, D.C., United States.
It was injected subcutaneously, two doses a week
apart followed by a third dose five weeks after the
second. About 4000 vaccinees displayed no unwanted
reaction such as allergic and febrile reactions (Aniker
et al., 1962). The vaccine induced weak hemagglutination inhibition antibody response but stimulated no
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complement fixation antibody response. The vaccine
also failed to evoke boost responses in many individuals with previous KFDV infection. The RSSEVbased vaccine was therefore found to be ineffective in
reducing the attack rate of KFD or in modifying the
disease course (Pavri et al., 1962; Shah et al., 1962).
The first effort to produce a KFDV-based vaccine was
made by growing KFDV in brains of infant mice and
subsequent inactivation by formalin. The vaccine
retained potency up to six months if it was stored in
a refrigerator and induced neutralizing antibodies
in mice (Mansharamani et al., 1965). Another experimental KFDV vaccine was also produced by growing
the virus in chick embryo cells, but the product was
poorly immunogenic and failed to evoke neutralizing
antibody responses in mice (Dandawate et al., 1965a,
1965b). In 1966, another formalized experimental vaccine was successfully prepared by growing KFDV in
chick embryo fibroblast cell cultures. The vaccine was
found to be immunogenic, potent, stable, and safe
(Mansharamani and Dandawate, 1967; Mansharamani
et al., 1967). Field trials with this tissue culture vaccine yielded acceptable results, as they induced neutralizing antibodies in 50% of the vaccinees and
stimulated protective responses in ⬃23% of vaccinees (Banerjee et al., 1969). Efforts were also made
to develop a live-attenuated KFDV vaccine by attenuating the strain P9605 through serial tissue culture
passages. Langurs (Presbytis entellus) vaccinated with
this attenuated KFDV generated neutralizing antibodies and survived challenge (Bhatt and Anderson,
1971). In another experiment, two dosages of formalininactivated KFDV administered to langurs by subcutaneous route induced neutralizing antibodies. The
antibodies, though transient, could be detected up to
15 months after administration of the first dose of vaccine. Although the vaccine did not completely protect
the langurs from challenge, it prevented death (Bhatt
and Dandawate, 1974). A surveillance study indicated
that the formalized KFDV vaccine has some, but not
absolute, protective effect on vaccinees in Sagar-Sorab
taluks of Shimoga district (Upadhyaya et al., 1979).
LGTV is a member of the TBE serocomplex isolated in Malaysia, which is a BSL-2 virus. An attenuated LGTV vaccine based on the E5 strain was also
tested and showed protection against KFDV (Thind,
1981). Kayser et al. (1985) studied the human antibody response to immunization with 17D YFV and
inactivated TBEV vaccine. They reported that vaccines producing hemagglutination inhibition titers
⬎20 against TBEV showed cross-reaction with KFD.
The formalin-inactivated KFDV vaccine produced in
chick embryo fibroblasts has been licensed and is currently in use in the endemic areas in Karnataka state

of India. The locations for vaccination were selected
on the basis of prevalence of KFDV activity in the previous years, including the villages from which mortality in monkeys was reported and those adjacent to
the KFDV-affected areas. The efficacy of the vaccine
was satisfactory, exerting a highly significant protective effect (Dandawate, 1994). In outbreak situations,
almost all individuals, including children, are being
routinely vaccinated by the local government authorities. However, the occurrence of KFD cases, despite
vaccination, suggests some changes in virus antigenic
determinants have occurred. The KFDV strain currently used for vaccine preparation was isolated late
in the 1950s. Thereafter, KFDV strains have not been
well characterized at the molecular level; hence, possible antigenic drift and diversity since its first introduction in India during the late 1950s remain poorly
understood. The trend of increasing KFD cases in
Karnataka state warrants development of a new vaccine preparation that includes currently circulating KFDV. Improper storage of vaccine and lack of
maintenance of cold chain resulting in inactivation of
the vaccine could be another reason for the vaccine
failures.

CURRENT LICENSED VACCINES
At least four formalin-inactivated TBE vaccines are
currently available, derived from virus grown in chick
embryo fibroblasts, inactivated by formaldehyde and
purified by either chromatography or continuous flow
centrifugation (Table 38.3). These vaccines are administered along a two-dose schedule followed by a
booster immunization at one year and recommended
booster injections every 3–5 years. They are produced
in Austria (Baxter Vaccine; previously Immuno AG),
Germany (Novartis, previously Beringwerke), and
the Russian Federation (Institute of Poliomyelitis and
Viral Encephalitides and Virion Company). Active
surveillance in Austria has demonstrated a dramatic
decline in the incidence of TBE in vaccinated groups,
with an estimated vaccine efficacy of at least 96%
(Kunz, 2003). The main reported side effect with currently available vaccines is post-vaccination fever and
allergic reactions in children. A series of improvements to the available vaccines were introduced to
reduce their reactogenicity. In Germany, the vaccine is
widely used to immunize children in high-risk areas.
The Russian vaccines also induce high seroconversion
rates and are believed to be highly effective, albeit
safety data are not readily available (Table 38.3).
An inactivated virus vaccine for KFD was developed many years ago for use in India (see above)
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TABLE 38.3 Current Licensed TBE vaccines
FSME-IMMUN®

Encepur TM

Encevir

TBE vaccine

Manufacturer

Baxter Vaccines, Vienna,
Austria

Novartis Vaccines and
Diagnostics, Germany

Virion Corporation,
Tomsk, Russia

Chumakov Institute for
Poliomyelitis and Viral
Encephalitides, Moscow,
Russia

Virus strain (subtype)

Neudörfl (Western subtype)

K-23 (Western subtype)

205 (Far Eastern subtype)

Sofjin (Far Eastern subtype)

Production method

Cultured in primary
chicken embryo
cells, purified
after formaldehyde
inactivation by
continuous-flow
zonal centrifugation

Cultured in primary
chicken embryo
cells, purified
after formaldehyde
inactivation by
continuous-flow
zonal centrifugation

Cultured in primary
chicken embryo cells,
purified and concentrated
after formaldehyde
inactivation

Cultured in primary
chicken embryo cells,
purified and concentrated
after formaldehyde
inactivation

Excipients

Aluminum hydroxide,
human serum albumin

Aluminum hydroxide,
sucrose

?

?

Countries licensed

Austria, Germany,
Switzerland, Hungary,
Czech Republic, Baltic
States, UK, Canada

Germany, Austria,
Switzerland, Czech
Republic, Baltic States,
Russia

Russia

Russia

Pediatric vaccine

1–⬍16 years old

1–⬍12 years old

Same as adults

Same as adults

Vaccination schedule
(conventional)

0, 1–3 months,
6–15 months
Booster doses for adults
as per 2005 Austrian
Immunization Plan
⬍60 years: first booster
after 3 years, subsequently
5-year intervals
ⱖ60 years: 3-year-interval
booster doses for children
per manufacturer: 3-year
intervals

0, 1–3 months,
9–12 months
Booster doses for adults
as per 2005 Austrian
Immunization Plan
⬍60 years: first booster
after 3 years, subsequently
5-year intervals
ⱖ60 years: 3-year-interval
booster doses for children
per manufacturer: 3-year
intervals

3 doses

3 doses

Vaccination schedule
(accelerated)

Day 0,
day 14, 6–15 months
Booster doses: as
above

Day 0, 7, 21

NA

NA

First booster at 12–18
months, subsequent
booster doses as above

Immunogenicity
(seroconversion)
(conventional
schedule)

Adults: 92.9–97% after
second dose, 100% after
third dose
Children: 98.5–100% after
second dose, 100% after
third dose

Adults: 100% after
second dose
Children: clinical trials
not available

NA

NA

Immunogenicity
(seroconversion)
(accelerated schedule)

Adults: clinical trials not
available
Children: 95% after
second dose

Adults: 100% after
primary series (3 doses)
Children: 100% after
primary series (3 doses)

NA

NA

Safety

Mild–moderate systemic and local reactions common
Fever in very young children common
Fever in older children occasional
Fever in adults infrequent
Severe neurologic reactions rare

NA

NA
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(Dandawate et al., 1965a, 1965b, 1980; Mansharamani
and Dandawate, 1967; Mansharamani et al., 1965, 1967;
Upadhyaya et al., 1979). The vaccine called anti-KFD
is produced by the Virus Diagnostic Laboratory (VDL)
of the health department of the State government of
Karnataka (Shimoga, India). This vaccine is not particularly efficacious and boosters are required annually.
Annual epidemics still occur in the endemic area with
several hundred cases reported every year (Pattnaik,
2006).

VACCINES IN DEVELOPMENT
Rationale for Next-Generation Vaccines
Issues with Current Vaccines
Safety Since the development of the first TBE vaccines in Europe in the early 1970s (Barrett et al., 2003),
a number of safety issues have been observed and new
formulations introduced aimed at addressing these
issues. As stated above, in 2000, a new, albumin-free
formulation of TBE vaccine (Ticovac) was released
by Baxter. This formulation elicited severe vaccination side effects in the form of high fever in more
than 1% of vaccinated children. As a consequence, in
Germany the vaccine use was restricted to individuals 12 years and older. Recently, a lower dosage (50%
of the adult dose) with human albumin as a stabilizer
was approved in children under the age of 12 after
studies showed that this formulation does not induce
fever (Marth and Kleinhappl, 2001). A study of the
other commercial TBE vaccine Encepur®, established
that doses of antigen administered to children should
be at least twofold lower than those administered to
adults to reduce the risk of fever above 38°C (Girgsdies
and Rosenkranz, 1996). Most of the side effects seem to
be attributable to the ability of inactivated TBEV particles in combination with alum to stimulate a strong
cytokine response (TNF-α and IL-1β) (Marth and
Kleinhappl, 2001). Polygeline was used as a proteineous stabilizer in former vaccines causing a relatively
high rate of allergic reactions, especially in children. A
new formulation has recently proven to show a lower
incidence of side effects (Zent and Hennig, 2004). In a
study using current (adult) formulations, local reactions were observed in 33–45, systemic reactions in
13–38, and fever in 0.2–9% of the individuals in study
groups after receiving their first dose of vaccine (LoewBaselli et al., 2006). Thus, while the new formulations
appear to be safer than their previous counterparts,
safety remains a concern. Due to the risks associated with TBE vaccinations [between 2001 and 2005,
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approximately 1% of vaccinees experienced serious
adverse reactions (source: Baxter Product monograph
FSME-IMMUN)], vaccination and re-vaccination rates
in some endemic areas are lower than one would
expect based on virus prevalence, disease severity, and
incidence rates, especially in children.
In addition to clinical safety concerns, there are
also issues related to vaccine production. Large-scale
growth of pathogenic viruses requiring BSL-3 containment adds significantly to the challenges and cost of
manufacturing the existing inactivated vaccines.

Multiple Doses All current vaccines require at least
three doses to achieve sufficient protective efficacy, followed by another booster after 1–3 years (Beran, 2005;
Schondorf et al., 2007). Even when the recommended
vaccination schedule is followed, not all subjects
develop protective titers of neutralizing antibodies
(Ehrlich et al., 2003). Cases of vaccine breakthrough
are well documented in the literature, showing the
importance of sufficient neutralizing antibody titers
(Bender et al., 2004; Kleiter et al., 2007). Shortening of
the time intervals between initial vaccinations (accelerated schedule) compromises the magnitude of maximal antibody levels and the duration of protective
immunity (Zent and Broker, 2005). Thus, induction of
protective efficacy with the currently available products requires several doses and an extended period of
time—an abbreviated dosing schedule would therefore represent a significant improvement.

Frequent Boosters The currently available vaccines
normally require boosters every 3 years. In addition,
clinical data suggest that severe disease outcome in
TBE patients can be correlated with lower neutralizing titers (Kaiser and Holzmann, 2000) showing the
importance of maintaining sufficient neutralizing
antibody titers against TBE viruses. Passive protection by serum transfer was previously used as a treatment of TBE infections in humans, but is not available
anymore since there were indications that this treatment can lead to severe disease outcome (Waldvogel
et al., 1996). This might be linked to the fact that success with serum transfer is only successful if it occurs
before the virus enters the CNS (Nalca et al., 2003).
This suggests that in order to properly protect individuals over the long term with the vaccines currently
available, regular boosting is required to maintain
appropriate serum titers of neutralizing antibodies.
Increased durability of immune response and protective efficacy would represent a distinct improvement
to the existing vaccines.
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Lower Efficacy in the Elderly Population Recent
data indicate that it may be acceptable for individuals up to 49 years old to extend the booster interval
with the currently available vaccines to 5 years (Beran,
2005). For older persons boosters are still required
every 3 years (Rendi-Wagner et al., 2004a). This is
due to lower virus neutralizing titers observed in elderly persons, especially after only completing the initial vaccination course (3 doses) (Rendi-Wagner et al.,
2004a). Hainz et al. (2005) described a study of vaccine
efficacy, which showed that 1–2 years after the last vaccination, 16% in a group of persons over 60 years old
had TBE-specific ELISA titers below the recommended
levels (⬍100VIE units). Among individuals of the same
age group who were last vaccinated 2–3 years previously, 27% tested negative. Waning antibody titers
potentially compromising efficacy, seem to be particularly problematic in the immunosenescent population.
Protection Range The commercially available
vaccines are only indicated for protection against a
single TBE subtype (CEEV or RSSEV). While crossneutralizing activity against Far Eastern strains has
been demonstrated with current vaccines, the crossreactive virus-neutralizing titers are lower (Hayasaka
et al., 2001; Leonova et al., 2007). No current product claims protective efficacy against the even more
distantly related viruses of the TBE complex such
as POWV, OHFV, and KFDV. A vaccine which could
protect against the spectrum of TBE complex viruses
would provide a significant advantage over existing
products—especially since no products of satisfactory quality are available for protection against KFDV
and OHFV.
Other Approaches to Vaccine Development
Recent experimental approaches to produce novel
TBEV vaccines include DNA vaccines (Schmaljohn
et al., 1997) and recombinant vaccinia viruses (Dmitriev
et al., 1996) (Table 38.4). Vaccinia strains expressing the
segment of proteins from E to NS1 provided the best
level of protection. Novel vaccines could also be based
on attenuated strains of TBE viruses. Studies have
shown that deletions in the 3⬘ noncoding region can
lead to highly attenuated mutants in the mouse model
(Mandl et al., 1998). Large deletions in the capsid protein
seem to lead to attenuation by disturbing virus assembly (Kofler et al., 2002). An approach using chimeric
viruses based on swapping the prM and E structural
protein genes into a dengue-4 virus backbone with a 30
nucleotide deletion in the 3⬘ noncoding region (TBEV/
DEN4Δ30 and LGT/DEN4) has shown good safety in

monkey trials (Rumyantsev et al., 2006); vaccine efficacy
was demonstrated against LGTV challenge, but suggests
that further improvement might be necessary. Candidate
vaccines based on purified, insect cell–expressed recombinant subunits have demonstrated broad protective
potential, which included protection against OHFV in
the mouse model.

CLINICAL TRIALS
At this time no clinical trials for novel vaccines are
being reported. Post-marketing surveillance continues
on the European formulations.

POST-EXPOSURE
IMMUNOPROPHYLAXIS
In Russia, prevention of TBE with the use of specific immunoglobulins is still available (via a product from the Chumakov Institute of Poliomyelitis
and Viral Encephalitides, Moscow). This treatment
is effective when administered to tick-bitten persons
within 3 days post-bite. This therapy is reported to
be effective in 98% of cases in a curative context and
100% in a prophylactic context (i.e., administered
to individuals before visiting natural foci of TBEV)
(Charrel et al., 2004). In Europe, the two products
based on TBE immunoglobulin [Encegam® (Behring)
and FSME-bulin (Baxter)] were produced. However,
they initially lost their license for administration to
children aged up to 14 years because of a suspected
association between post-exposure application of
immunoglobulin and severe forms of the disease
(Arras et al., 1996; Kluger et al., 1995; Waldvogel et al.,
1996). Subsequently, both products were withdrawn
completely from the market and are no longer
available, even though the suspected antibodydependent enhancement (demonstrated in vitro)
could not be shown in vivo in the mouse model (Kreil
and Eibl, 1997). It is likely that the remaining Russian
product will have little future because of safety regulations regarding the use of human-derived products
for treating humans.
Theoretically, active TBE vaccination could be
considered as an alternative to post-exposure
prophylaxis—but since increased reactogenicity has
been associated with higher antigen doses, particularly
at the beginning of the primary immunization course,
it is unlikely that currently vaccines will be recommended for this use.
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TABLE 38.4 TBE vaccines in development
Candidate

Description

Stage of development

Developer

DNA vaccine

DNA vectors expressing CEEV
E or prM⫹E region of virus
polyprotein

Some of the candidates were
successful in achieving protective
efficacy in mice. Gene gun
application was more successful
than injection

University of Vienna, Austria

DNA vaccine

DNA vectors expressing either
CEEV or RSSEV prM⫹E region
of virus polyprotein

Proof-of-concept in mouse
and nonhuman primates successful
with vaccine administered using
particle bombardment technique

USAMRIID, Frederick, USA

DNA vaccine

DNA vectors expressing CEEV
NS1 protein

DNA vaccine alone protected a
significant portion of vaccinated mice
from live virus challenge (Timofeev,
2004). A prime-boost approach
applying a recombinant vaccinia
vector expressing NS1 protein also
showed a high level of protection
against RSSEV (Aleshin, 2005)

Chumakov Institute of
Poliomyelitis and Viral
Encephalitides, Moscow, Russia

Recombinant TBE/vaccinia
viruses

Recombinant vaccinia viruses
were created incorporating
various polyprotein segments
from the capsid protein C to NS3

Candidates were successful
in protecting mice from live
virus challenge

VECTOR, Novosibirsk, Russia

Recombinant TBE/vaccinia
viruses

Recombinant vaccinia vector
was created expressing the
prM⫹E section of CEEV

Good immunogenicity and efficacy
was seen with sufficient doses in
the mouse model (Holzer, 1999)

Baxter, Orth, Austria

Recombinant TBE/
adenovirus

Adenovirus (Ad51) expressing
NS1 protein

Vaccine candidate protected
mice against challenge and
potentiated immune responses
observed if administered together
with killed virus vaccine

Chumakov Institute of
Poliomyelitis and Viral
Encephalitides, Moscow,
Russia

Recombinant TBE/dengue
4 viruses

Attenuated dengue-4 vaccine
strain expressing Langat or
RSSEV prM⫹E

Recombinant viruses are safe in
immunodeficient mice and induce
neutralizing antibody titers in mice
and nonhuman primates. Protective
efficacy against Langat virus was
demonstrated in nonhuman primates

NIH/NIAID, Bethesda, USA

Attenuated Langat virus

Attenuated version selected
after serial passages of LGT E5
in embryonated chicken
eggs—strain LGT E5

A previous candidate (LGT TP21)
caused neurological disease in
1/18,570 vaccinees in a Russian
clinical trial (Smorodincev, 1986). The
new candidate vaccine strain shows
markedly reduced neurovirulence in
SCID mice (Rumyantsev et al., 2006)

NIH/NIAID, Bethesda, USA

Attenuated TBE virus

Attenuation is achieved by
intentional amino acid deletions
in the capsid protein region

Attenuated virus has shown safety
and immunogenicity in mice

University of Vienna, Austria

Peptides from TBE NS1
protein

Various peptides identified
in the NS1 protein of RSSEV
representing linear epitopes
were tested

One peptide (aa 37–55) provided
partial protection in the mouse
model of TBE virus infection

Chumakov Institute of Poliomyelitis
and Viral Encephalitides and
Institute of Bioorganic chemistry
(both Moscow, Russia)

Recombinant E subunits

Envelope subunit proteins
of RSSEV and CEEV
expressed by insect cells

Candidates have shown
efficacy against RSSEV, CEEV,
and OHFV in the mouse model

Hawaii Biotech, Aiea, USA

Recombinant subviral
particles and other
recombinant proteins

Various forms of recombinantly
expressed or virus-derived
subunits from CEEV

Recombinant subviral particles
and rosettes showed good
immunogenicity and efficacy in the
mouse model, while soluble forms
were much less immunogenic
(Heinz et al., 1995)

University of Vienna, Austria
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PROSPECTS FOR THE FUTURE
All current novel TBE vaccine approaches are still
of mainly academic interest and have not reached
the industrial development stage. It is unlikely that a
recombinant subunit or live-attenuated TBEV vaccine
will be licensed within the next 5 years.
Post-exposure treatment using TBE Ig is no longer
recommended in almost all European countries and
it is expected that during the next 5 years the recommendation to use Igs for post-exposure treatment will
be revoked for the remaining European Union (EU)
member states. Recommendations for post-exposure
prophylaxis on the basis of active TBE immunization
are not expected in the near future.

KEY ISSUES
●

●

●

●

●

●

●

●

The endemic range of TBE viruses is increasing in
multiple regions across the world.
The increase in TBE case numbers is believed to
be largely associated with an increase in outdoor
activity and increased contact with the tick vectors.
Although mortality rates associated with TBEV
infections are not very high, the most serious effect
is the high prevalence of long-term sequelae caused
especially by the Far Eastern strains.
Due to considerable stability, members of the TBE
complex are considered to be serious candidates
to be used as biowarfare agents that could be
disseminated via various routes of exposure.
The quality and quantity of available vaccine in
many Eastern European countries is poor. Vaccine
coverage in those endemic areas is well below the
desirable range.
No commercial vaccines are available to protect
against “exotic” members of the TBE complex
(Kyasanur Forest Disease and Alkhurma viruses).
The cost of well-established and effective “Western”
vaccines is high and as recently as in the 2007 season
there has been a shortage in available doses.
Vaccines require routine boosts to maintain efficacy,
especially in the elderly population.
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ABSTRACT
West Nile virus (WNV) is an emerging flavivirus throughout the western hemisphere. Originally isolated in Africa
in 1937, WNV jumped continents, first to Europe, and later to North America in 1999. Since its original discovery
in the New York City area in 1999, WNV has been on an inexorable march west and south through North, Central,
and South America, demonstrating a 20% human morbidity rate and a 30% equine case-fatality rate. By the end of
2007, there have been over 27,000 human cases of WNV with 1086 human case fatalities in the United States alone.
The unexpected introduction of WNV into the United States continues to serve as an excellent example of the
effects an emerging infectious disease can have on the public health infrastructure of a country, and the subsequent
steps taken to track, prevent, and control such events.
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INTRODUCTION

SHORT HISTORY OF THE DISEASE

Although West Nile virus (WNV) can be considered
an “old” virus historically, it is currently an “emerging” viral agent and serves as a model of a bioterror
threat. In 1999 WNV was first discovered in the New
York City area. How and when WNV made the jump
from the Middle East to North America has been and
probably will never be adequately explained (Lanciotti
et al., 1999). It has been assumed that the virus was
introduced in an infected mosquito or a legally or illegally imported bird. In the fall of that year, the U.S.
Centers for Disease Control and Prevention’s Division
of Quarantine undertook a study to identify commerce
flow between the two regions, but were never able to
determine a likely source for the virus. Regardless of
how WNV jumped continents, WNV has had a significant economic and public health impact on the
United States. As the virus moved westward with a
20% human morbidity rate and a 30% equine casefatality rate, considerable resources were invested in
surveillance, diagnostics, prevention, and control of
this disease. National guidelines for prevention and
control of WNV in the United States were drafted in
1999, modified twice, and are still used today (http://
www.cdc.gov/ncidod/dvbid/westnile/resources/
wnv-guidelines-aug-2003.pdf).
There were a number of lessons learned or relearned
from this experience. The state and local public health
infrastructure needed to respond to a major vectorborne disease outbreak was in shambles from years
of neglect. The last major vector-borne disease outbreak in the United States occurred in the late 1970s
and was caused by St. Louis encephalitis (SLE) virus.
Even though enzootic/endemic transmission of
viruses like LaCrosse and eastern equine encephalitis
viruses occur on a yearly basis, public health dollars
were spent on vector-borne disease programs in only a
handful of jurisdictions. The national collective public
health expertise was maintained only at the CDC
through their longitudinal programs. Because of that
expertise, a national response was mounted rapidly,
and programs were initiated and funded to reestablish the infrastructure and knowledge base necessary
for vector-borne disease prevention and control programs. These programs are essential since it is apparent that once a mosquito-borne agent takes hold in a
new region, it is virtually impossible to eradicate, and
that even with relatively low human case-fatality rates,
the social, human behavioral, and economic load can
be significant. As always, the trick is to develop a creative vision to guide retention of the newly developed
expertise as vector-borne diseases again fade from the
short collective memories of the public and politicians.

WNV was first isolated from the serum of a febrile
woman in the West Nile district of Uganda in 1937.
Since that time, WNV has circulated in endemic and
occasionally epidemic transmission cycles throughout Europe, Western Asia, Africa, the Middle East,
Australia (as Kunjin virus), and North and Central
America (Fig. 39.1). Major outbreaks of WNV have
been documented throughout the world (Table 39.1).
In 1999 a WNV outbreak was recognized in the
United States for the first time. This initial human and
animal outbreak was identified in the New York City
area. Genetic studies determined that this virus introduction likely occurred from the Middle East, most
likely from Israel (Lanciotti et al., 1999). Since that
time, WNV has spread westward through the entire
continental U.S. and into Canada, Mexico, Central
America, and some Caribbean islands (Table 39.2 and
Fig. 39.2).

ETIOLOGIC AGENT
Classification
WNV is an arthropod-borne virus (arbovirus) and
as such is transmitted to humans and other animals
through the bite of a virus-infected mosquito, usually
of the genus Culex. WNV is a member of the family
Flaviviridae, genus Flavivirus. The WNV genome is a
positive-sense, single-stranded RNA of about 11,000
nucleotides (Fig. 39.3). The RNA genome has a single
open-reading frame that encodes a polycistronic precursor protein (Rice et al., 1985). Three structural proteins: capsid, (C), premembrane (prM), and envelope
(E), and seven nonstructural proteins: (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) are encoded by
the genome (Chambers and Rice, 1987; Rice et al.,
1985). The 5-end of the genome is noncoding, capped,
and not polyadenylated. The 3-end of the genome is
noncoding and assumes a stabilized, folded structure
that has been well-studied. Serological classification
places WNV within the Japanese encephalitis virus
(JEV) complex along with other medically important
flaviviruses such as SLE, Murray Valley encephalitis
(MVE), and Kunjin (KUN) viruses.

Antigens Encoded by the Agent
The WN virion contains a nucleocapsid formed by
C proteins that protects the viral genomic RNA. The
virion is enveloped. The envelope is derived from host
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FIGURE 39.1 Geographic distribution of WNV.

TABLE 39.1 Outbreaks of WNV worldwide
Location

Date(s)

Israel

1951–1954, 1957, 1999–2003

South Africa

1974

Algeria

1994

Morocco

1996

Tunisia

1997, 2003

Czech Republic

1997

Italy

1998

France

2003

Romania

1996–2000

Russia

1999–2001

North America and Central America

1999–2006

(Kuhn et al., 2002; Mukhopadhyay et al., 2003). The
primary antigens for all flaviviruses are the E, C, prM,
M, NS1, NS3, and NS5 proteins. The immunogenicity of the NS2A, NS2B, NS4A, and NS4B has not been
well-studied.

PROTECTIVE IMMUNE RESPONSE
Antibody

cell membrane that has been modified by the insertion
of the prM and E-proteins. The prM protein is cleaved
in a host cell-dependent manner to pr and M protein
during late viral maturation. The M protein stays incorporated in the virion envelope while the pr is released into the extracellular fluid. The virion structure
has been solved by cryoelectron microscopy (Fig. 39.4).
The envelope is highly ordered and is composed
of 90 closely packed homodimers of the E-protein

The adaptive, protective immune response to
WNV infection is driven by the presence or absence of
antibodies that neutralize virus infectivity. Virusneutralizing antibodies are largely elicited by the
E-protein (for review, see Roehrig, 2003). There is nothing remarkable about the human antibody response to
WNV infection. Upon infection WNV elicits IgM, IgG,
and IgA responses. The IgM response begins early,
frequently before onset of symptoms, and can persist
in serum or cerebrospinal fluid (CSF) in cases of WN
neuroinvasive disease (WNND) (Kapoor et al., 2004;
Roehrig et al., 2003). IgM is usually always detectable in
serological assays by 7–8 days post-onset of symptoms.
IgA antibodies are also detectable early in infection
and have half-lives similar to IgM (Prince et al., 2005b).
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TABLE 39.2 WNV activity in the United States, 1999–2006
Statesa

Year

Humans/fatalities

Mosquito pools

Veterinary

1999

4

62/7

?

16

25

2000

11  DC

21/2

4305

515

63

2001

27  DC

66/9

7338

919

731

2002

44  DC

4156/284

16,739

6604

14,571

2003

46  DC

9862/264

12,066

8384

5251

2004

47  DC  PR

2539/100

7396

8759

1544

2005

48  DC

3000/119

5393

11,816

1253

2006

48  DC

4269/177

4106

11,898

1121

2007

47  DC

3630/124

2182

8215

507

a

Abbreviations: DC  District of Columbia; PR  Puerto Rico.
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FIGURE 39.2 WNV case distribution by animal type from 1999
to 2005 in the United States.

IgG antibodies are detectable soon after infection and
are maintained for years.
Structural Proteins
The molecular structure of the flaviviral E-protein
has been solved by x-ray crystallography for WN
(Nybakken et al., 2006; Kanai et al., 2006), dengue
(DEN) 2, DEN 3, and tick-borne encephalitis (TBE)
viruses (Modis et al., 2003, 2005; Rey, 2003; Rey et al.,
1995). While the E-protein amino acid sequences vary,
the overall E-protein structure appears to be conserved among all flaviviruses studied thus far. The Eprotein is the most important viral antigen for eliciting
a protective immune response and is a Class II viral
fusion protein that undergoes an irreversible oligomeric reorganization at acidic pH (Modis et al., 2004;
Rey, 2003; Zhang et al., 2004). Antibodies to the E-protein limit or neutralize viral infectivity by blocking

attachment of viruses to cells and blocking virusmediated cell-membrane fusion, both of which are
critical steps in virus infection (Butrapet et al., 1998;
Crill and Roehrig, 2001; Gollins and Porterfield, 1986;
Roehrig, 2003).
The E-proteins of TBE and DEN viruses have been
studied most completely, and flaviviral structure–function relationships that are generally applicable to all
flaviviruses have been developed and are reviewed in
detail elsewhere (Allison et al., 1999; Guirakhoo et al.,
1989; Heinz et al., 1982, 1983, 1984, 1991; Mandl et al.,
1989; Rey et al., 1995; Roehrig et al., 1998). Briefly, three
structural domains, I, II, and III, have been identified
in the E-protein monomer (Fig. 39.5). These structural domains appear to be identical to the functional
and antigenic domains C, A, and B previously identified for TBE and DEN virus E-proteins (Rey et al.,
1995). Domain II (A-domain) is the dimerization
region and contains the fusion peptide. This domain
contains flavivirus cross-reactive epitopes. Domain
III is an immunoglobulin-like structure that is likely
involved in cell attachment and can be rescued from
proteolytically cleaved E-protein as a stable 9–10 kDa
peptide (approximately amino acids 300–400). Domain
III can also be expressed in a variety of expression
systems. Domain III elicits strongly neutralizing
and virus-specific antibodies. Domain I contains the
molecular “hinge” about which the low pH catalyzed
oligomeric reorganization occurs (Bressanelli et al.,
2004; Modis et al., 2004; Stiasny et al., 2004). It is not
surprising that important epitopes in Domains I and II
are highly conformational. It is important to note that
only DEN viruses are glycosylated at N67, and WNV
does not have an N-linked glycosylation motif at this
location. In addition, utilization of the N153 N-linked
motif by WNV is variable. It has been shown that
usage of the N153 glycosylation motif helps define
viral neuroinvasion (Beasley et al., 2004, 2005).
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FIGURE 39.3 Flaviviral genome. Abbrevia-
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tions: NC, noncoding; ns, nonstructural. The
serine protease furin cleaves the prM into pr
and M protein.

pr  M
7 Nonstructural genes/proteins
3 Structural
genes/proteins

FIGURE 39.4

Cryoelectron microscopic structure of WNV. Panel A,
view of the WN virion looking down
the fivefold axis. Panel B, C-alpha
trace showing the fitted E-protein
heterodimers looking down the
fivefold axis. Courtesy of Baerbel
Kaufmann and Richard Kuhn,
Purdue University (see color plate
section).

The C and prM proteins can elicit antiviral antibody. It has been suggested that anti-prM and antiE-protein antibodies can neutralize virus infectivity
by interfering with viral attachment to dendritic cellspecific ICAM-3 grabbing nonintegrin (DC-SIGN)
bearing dendritic cells (Barba-Spaeth et al., 2005;
Kwan et al., 2005; Lozach et al., 2005; Marovich et
al., 2001; Modis et al., 2005; Navarro-Sanchez et al.,
2003; Palmer et al., 2005; Sakuntabhai et al., 2005;
Tassaneetrithep et al., 2003; Wu et al., 2000). The significance of this observation in vivo has yet to be thoroughly explored; however, evidence with both WNV
and DEN virus suggest that virus–DC-SIGN interaction may play a pivotal role in capturing virus through
mannose residues in their N-linked glycosylation sites
onto susceptible cells (Pokidysheva et al., 2006).
Nonstructural Proteins
The most important antibody response to flaviviral
nonstructural proteins is elicited by the NS1 protein
(Cane and Gould, 1988; Costa et al., 2006; Henchal et al.,
1988; Konishi et al., 1991; Macdonald et al., 2005;
Putnak and Schlesinger, 1990; Schlesinger et al., 1986,

1987, 1993; Zhang et al., 1988). The anti-NS1 response
has been intensely studied in DEN and yellow fever
(YF) virus-infected mice. Passive antibody protection studies using murine anti-NS1 monoclonal antibodies demonstrated some protective effects against
DEN or YF virus infection. Since the NS1 protein is
not expressed in the infectious virion, but rather it is
expressed on virus-infected cell surfaces, it is believed
that anti-NS1 antibodies mediate protection at the
level of the virus-infected cell. Similar studies with
viruses causing encephalitis—like WNV—have not
been performed. Antibody responses to other NS proteins of WNV have not been well-studied; however,
the antibody response to the WNV NS5 protein has
served as the target to diagnose WNV infections in
humans using a microsphere immunoassay.

T-Cell Epitopes
As with all viruses, both CD4 and CD8 T-cells are
required to drive the immune response to flaviviruses.
WNV is no exception. WNV T-cell epitopes have
not been well-defined; however, results from other
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FIGURE 39.6 Distribution of human WNND in temperate
(north) and more tropical (south) regions of the United States.

COOH

FIGURE 39.5 Crystallographic molecular structure of the DEN2
E-glycoprotein homodimer. Panel A, homodimer top view (aa 1–
394). Panel B, homodimer lateral view. Structural domains of monomers identified by color: gray, Domain I; white, Domain II; black,
domain III. N-linked glycosylation shown in ball-and-stick notation. Fusion loop (aa 98–110) ) marked in DII. Structural coordinates
from Modis et al. (2003) (see color plate section).

closely related flaviviruses (e.g., JE and MVE viruses)
can likely be extrapolated to WNV. Recent studies in
animal models have reaffirmed the requirement for
a CD8 T-cell response for viral clearance and recovery (Klein et al., 2005; Shrestha and Diamond, 2004;
Shrestha et al., 2006; Wang et al., 2003b). The NS3 protein seems to contain the most important flaviviral
cytotoxic T-cell epitopes (Douglas et al., 1994; Hughes,
2001; Kesson et al., 2002; Kurane et al., 1991, 1995,
1998; Lobigs et al., 1994, 2003; Mathew et al., 1996;
Okamoto et al., 1998; Rothman et al., 1996; Zivny et al.,
1995). Helper T-cell epitopes have been identified
on the E-protein as well (Mathews et al., 1991, 1992;
Roehrig et al., 1992).

EPIDEMIOLOGY
Significance as Public Health Problem
WNV now accounts for the largest number of cases
of viral encephalitis in the United States. Worldwide
WNV is an arbovirus, primarily transmitted by the
mosquitoes of the genus Culex (e.g., Culex tarsalis, Culex
pipiens pipiens, Culex pipiens quinquefasciatus, Culex
salinarius, and Culex nigirpalpus in the United States).
Mosquito-borne transmission to humans in temperate
climates usually peaks in the late summer and early

fall (Fig. 39.6). Mosquito-borne transmission to humans
in milder or more tropical climates can occur throughout the year, whenever mosquitoes are active.
In the United States alone, however, 62 species of
mosquitoes have been shown to be infected with
WNV. The actual vector-status of many of these mosquito species remains to be determined. WNV is a
zoonotic disease with birds being the primary natural
reservoir. Over 300 species of birds have been shown
to be WNV-infected in the western hemisphere.
Humans are primarily infected through the bite of
a WNV-infected mosquito. Recently, other modes
of WNV transmission have been identified such as
blood transfusion, tissue transplantation, percutaneous occupational exposure, breast feeding, and intrauterine transfer (Hayes and O’Leary, 2004). The last
two modes of transmission have been documented,
but are very rare (O’Leary et al., 2006; Paisley et al.,
2006).
Even though WNV has now been in the United
States since 1999, molecular epidemiological analysis of current and past strains of the U.S. WNV has
demonstrated low-level genetic drift, with remarkable overall phenotypic stability (Davis et al., 2005;
Lanciotti et al., 1999, 2002). WNV can be divided into
two genetic lineages (1 and 2), with lineage 1 WNVs
primarily responsible for major human outbreaks
(Fig. 39.7). Lineage 1 strains have been divided into
four clades: A, B, Indian, and KUN (Beasley et al.,
2004).

Potential as Biothreat Agent
The potential of using WNV as an agent to inflict
mass human casualties via aerosol application is small.
The experience of the United States following the introduction of WNV has demonstrated, however, that WNV
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blood-borne WNV infections in the United States
since it was initiated. A similar survey for WNVcontaminated blood in Mexico, identified only one
WNV positive specimen (Sanchez-Guerrero et al., 2006).

Phylogenetic tree based on envelope
glycoprotein sequence data
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CLINICAL DISEASE

Lineage 1

Approximately 20% of human infections with
WNV result in clinical disease. Less than 1% of human
infections with WNV result in WNND (Mostashari
et al., 2001). Incidence of WNND and death increase
with age; however, persons of all ages appear equally
susceptible to infection. West Nile fever (WNF) is
characterized by an acute onset of flu-like symptoms
including fever, headache, malaise, and myalgia, and
frequently a transient rash. WNND may result in
meningitis, encephalitis, and poliomyelitis-like flaccid
paralysis resulting from infection of the anterior horn
cells of the spinal motor neurons (Hayes et al., 2005;
Jeha et al., 2003; Li et al., 2003; Sejvar et al., 2003).
Individuals with WNND may suffer from relatively
long-term sequellae that may persist for years (Klee
et al., 2004). The overall case-fatality rate for WNND
is approximately 9–10% (O’Leary et al., 2004).

DIAGNOSIS

Lineage 2

FIGURE 39.7 Phylogenetic tree of WNV based on E-protein
gene sequence data. Two major lineages (1 and 2) are shown.
Courtesy of R. Lanciotti, CDC. MEGA, distance tree, Kimura
2-parameter, neighbor-joining.

transmission can cause significant human, avian, and
equine outbreaks, and can be quite financially costly.
The determination that WNV can be transmitted from
human-to-human through transfer of contaminated
blood products has resulted in the screening of the entire
U.S. blood supply for WNV on a continuing basis (Anon
2002; Anon 2003a; Anon 2003b; Busch et al., 2005a;
Cameron et al., 2006; Custer et al., 2006; Epstein, 2005;
Gallian et al., 2005; Hardinger et al., 2003; Harrington
et al., 2003; Hiatt et al., 2003; Humar, 2004; Iwamoto
et al., 2003; Kiberd and Forward, 2004; Kleinman et al.,
2005; Lee et al., 2005; Macedo de Oliveira et al., 2004;
Petersen and Epstein, 2005; Prince et al., 2005a; Rados,
2003; Stramer et al., 2005). This testing is quite costly,
but has been shown to have likely averted over 4000

The diagnosis of WNV infection in humans is primarily based upon the detection of WNV-specific IgM
in serum or CSF specimens from individuals with
clinically compatible symptoms of WNF or WNND
(Malan et al., 2004; Martin et al., 2002, 2004). WNVspecific IgM is usually detectable by 8 days postonset of clinical symptoms and is measured in an IgM
antibody-capture enzyme-linked immunosorbent
assay (MAC-ELISA). There are currently three U.S.
Food and Drug Administration approved WNV-reactive MAC-ELISAs commercially available. Individuals
with WNV-specific IgM in their CSF are considered
confirmed WNV infections. One caveat of IgM testing is the possible long-term persistence of WNV IgM
in serum (greater than 12 months with some patients)
(Roehrig et al., 2003). This observation could confuse
interpretation of the actual time of infection.
Newer platforms for detection of anti-WNV antibody have been developed. These microsphere immunoassays detect IgM or IgG antibody specific for either
the E or NS5 proteins (Johnson et al., 2005, 2007; Wong
et al., 2003, 2004). The advantages of these tests are
the requirement for smaller specimen volumes, less
time to perform testing, and the ability to multiplex
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testing using a variety of arboviral antigens with a
single specimen.
Because of the possibility of flaviviral crossreactivity of serum IgM with other flaviviruses, a
second-tier and more virus-specific assay (plaquereduction neutralization test, PRNT) is frequently
performed. The PRNT is more virus-specific that
ELISAs, but is usually only performed in state public
health laboratories or national reference laboratories.
Because of the aforementioned serological cross-reactivities of flaviviral immune sera, it is also important
to acquire a complete travel and vaccination history
from a suspected WNV patient.
For infected humans, nucleic acid amplification
tests (NAATs) such as reverse-transcriptase polymerase chain reaction (RT-PCR) or real-time PCR (e.g.,
TaqMan) and nucleic acid sequence-based assay
(NASBA) are useful in only about 50% of cases maximally (Lanciotti, 2003; Lanciotti and Kerst, 2001;
Lanciotti et al., 2000). This low level of sensitivity
results from a low WNV viremia at the time of hospital presentation of an ill individual. The NAATs are
more useful in screening blood donations for WNV
contamination (Macedo de Oliveira et al., 2004; Pealer
et al., 2003). WNV NAAT-positive blood donations
are usually acquired prior to the onset of disease in
the blood donor when viremias are higher. Currently
every U.S. blood donation is tested for WNV contamination using FDA approved NAATs (Busch et al.,
2005a, 2005b; Custer et al., 2006, 2004; Kleinman et al.,
2005; Prince et al., 2005a; Tobler et al., 2005).
With appropriate fresh or formalin-fixed tissue
specimens (e.g., brain tissue), WNV infection and can
be unambiguously identified by immunohistochemistry or in situ PCR, and occasionally virus isolation
(Agamanolis et al., 2003; Iwamoto et al., 2003; Shieh
et al., 2000). Unfortunately these specimens are only
available upon autopsy of a fatal WNV infection.

TREATMENT
Current treatment for WNF and encephalitis
is purely supportive, and the degree of treatment
depends on the severity of symptoms. Mild WNV
infections may require only medication for pain and
liquids for rehydration; however, severe WNND may
require ventilator support.

Antivirals
There are no licensed antiviral agents designed for
or proven to be effective against WNV infection. Two

antivirals, ribavirin and interferon, have been used
on a compassionate basis, with very limited success.
Ribavirin can inhibit WNV multiplication in vitro in
human neural cell culture at high doses (Crance et al.,
2003; Day et al., 2005; Jackson, 2004; Jordan et al., 2000;
Leyssen et al., 2005). There have been no controlled
subhuman primate studies to determine the ability of
ribavirin to limit WNV infection.
More is known about the antiviral effects of alphainterferon; however, no controlled experimental studies of the therapeutic value of interferon during WNV
infection of subhuman primates or humans have been
reported (Anderson and Rahal, 2002; Guo et al., 2005;
Hrnicek and Mailliard, 2004; Kalil et al., 2005; Liu et al.,
2005; Morrey et al., 2004; Samuel and Diamond, 2005;
Scholle and Mason, 2005; Wang et al., 2003a). In the
mouse model of infection, WNV resistance has been
linked to the presence or absence of functional 2,5oligoadenylate synthetase and RNase L gene complexes that participate in the interferon response
(Kajaste-Rudnitski et al., 2005; Lucas et al., 2003;
Mashimo et al., 2002; Perelygin et al., 2002; Silvia et al.,
2004; Urosevic, 2003; Yakub et al., 2005). The requirement for interferon in an innate murine response to
WNV infection was confirmed by observing enhanced
virulence of WNV in interferon-deficient mice. While
human trials are underway, to date only anecdotal
observations of the antiviral efficacy of alphainterferon in humans have been reported.

Preexposure Antibody Prophylaxis and
Postexposure Antibody Therapy
Because protection from flaviviral infection can
be mediated by virus-neutralizing antibody, it seems
plausible that preexposure antibody prophylaxis
would be a reasonable approach to disease prevention. Studies in mice using polyclonal and monoclonal
antibodies have shown that virus-neutralizing antibodies can prevent challenge with WN, SLE, JE, TBE,
or MVE viruses (Engle and Diamond, 2003; Gould
et al., 2005; Hsieh et al., 1963; Kreil, 2004; Kreil et al.,
1997, 1998a, 1998b; Kreil and Eibl, 1997; Mathews
and Roehrig, 1984; Roehrig et al., 2001; Roodyn, 1974;
Simkova, 1959). The timing of the antibody application is critical for animal survival. Results from most
previous investigations suggest that once the virus has
entered the brain, any therapeutic effect of antibody
is lost. A recent study with WNV in an inbred mouse
and hamster models demonstrated that murine or
human MAbs or human single-chain variable region
antibody fragments human could cure also WNVinfected animals (Morrey et al., 2006, 2007; Gould
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et al., 2005; Oliphant et al., 2005). Similar data does not
exist for humans.

PATHOGENESIS
After being bitten by a WNV-infected mosquito,
the virus replicates in local cell populations. Splenic
dendritic cells have been implicated as a site of
WNV replication (Kulkarni et al., 1991). Virus then
spreads to the draining lymph nodes and enters the
blood stream. It has been recently hypothesized that
virus entry into the central nervous system (CNS) is
via increased permeability of the blood-brain barrier
(Wang et al., 2004). Previous studies with SLE virus
suggested that this virus enters the CNS directly from
the blood through exposed neurons of olfactory system (Monath et al., 1983). Other mechanisms of viral
entry into the CNS, such as retrograde virus transport via non-olfactory neurons, has not been ruled
out (Hunsperger and Roehrig, 2005). WNV will infect
a variety of neurons in the brain, brainstem, and spinal cord (Agamanolis et al., 2003; Ceccaldi et al., 2004;
Guarner et al., 2004; Hayes et al., 2005; KleinschmidtDeMasters et al., 2004; Shieh et al., 2000). There are
no well-characterized genetic factors associated with
human risk of acquiring WNND; however, deficiencies in the 2, 5-oligoadenylate synthetase pathways
and the subsequent interferon response has been associated with murine susceptibility to WNV (BonnevieNielsen et al., 1995; Kajaste-Rudnitski et al., 2005;
Lucas et al., 2003; Mashimo et al., 2002; Perelygin et al.,
2002; Yakub et al., 2005). A generalized skin rash has
been associated with WNF; however, it is not known
if the virus replicates in the skin.
Preliminary observations in mice and humans indicate that a genetic predisposition to severe WNV disease may be associated with a nonfunctional CCR5
gene product. The significance of these observations
await corroborative studies (Glass et al., 2005, 2006).

VACCINES
No WNV vaccines are approved for human use.
There are, however, four vaccines approved by the
United States Department of Agriculture (USDA) for
use in horses (Ng et al., 2003). The vaccine currently
commercially available is a formalin-inactivated cell
culture-based vaccine requiring two doses and is produced by Fort Dodge Animal Health. The parental
virus for this vaccine is a strain of WNV isolated from
a horse 1999 WNV outbreak in the New York City

area. It is currently administered as a monovalent vaccine; however, there should be no problem with multivalent formulations including other killed equine
encephalitis vaccines. Currently annual booster immunizations are recommended for this vaccine.
The second vaccine, developed in a partnership
between Fort Dodge Animal Health and researchers at
the U.S. Centers for Disease Control and Prevention is
a DNA vaccine that expresses the prM and E-protein
of WNV in the form of a virus-like particle (Davis
et al., 2001). This vaccine has USDA approval and is
currently in production for an eventual commercial
release. It has also been used to protect successfully
the endangered California condor population in the
western United States (G.-J. Chang, personal communication). This is the first DNA vaccine ever approved
for commercial applications, and is also in Phase I
human clinical trials.
The other vaccines are recombinant vaccines. One
vaccine is a canarypox virus-vectored WNV vaccine
(Minke et al., 2004), and the other is a WNV/YF chimeric virus (Arroyo et al., 2004).

VACCINES IN DEVELOPMENT
Rationale of Second/Third/New Generation
Vaccines
Besides inactivated and DNA vaccines, a variety of other WNV are currently in various stages of
development (Table 39.3). Any WNV vaccine will
require appropriate expression of the E and prM
proteins. Three new vaccines: a WNV/YFV chimera
(ChimeriVax, Acambis, Ltd.); a WNV/DEN2V chimera (U.S. CDC); and a poxvirus-vectored vaccine,
express the WNV prM and E-proteins in heterologous viral backgrounds. An additional candidate is
an attenuated WNV vaccine, and as such elicits an
authentic adaptive immune response to all WNV proteins. The benefit of including the NS1 protein as part
of a recombinant vaccine is still an open issue. From
a public health perspective, the additional protection
possibly afforded by anti-NS1 antibody has to be balanced by the inability to differentiate current infections with WNV from individuals vaccinated with
prM/E-based WNV vaccines based on the presence or
absence of anti-NS1 antibody.

Discovery/Basic Science
Flavivirus vaccine development has had a checkered past. The YF vaccine developed in the early
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1900s has been one of the safest and most effective
live-attenuated vaccines ever produced. Since that
time, a variety of approaches have been used for other
medically important flaviviruses such and TBEV and
JEV, with reasonable success. The identification of
approaches to produce vaccines by recombinant DNA
technology has been problematic. There were many
attempts to develop E-protein based vaccines in the
1980s, most of which were not successful. Problems
were associated with our lack of understanding of
the requirements for appropriate expression of the
E-protein. It was determined that many E-protein
epitopes were discontinuous (nonlinear) and, therefore,
conformational in nature. It was also hypothesized
(and later proven) that the E-protein is a class II fusion
protein that undergoes an oligomeric reorganization
resulting in cell-membrane fusion. This oligomeric
reorganization results in loss of important E-protein
epitopes and implies that that vaccine production protocols will require careful control of pH during production runs.
Studies with TBEV and DENV determined that
E-protein synthesis required the presence of prM protein. The prM protein likely functions as a chaperone
protein for the E-protein maintaining its conformation during maturation in low pH exocytic vesicles.
Late in viral maturation the prM protein is cleaved by
cellular serine proteases (e.g., furin) activating the
E-protein fusion potential (Elshuber et al., 2003).
Failure to cleave the prM protein results in altered
expression of E-protein epitopes, an E-protein with
reduced fusion capacity, and virus with lower infectivity. Since the prM cleavage enzymes are celldependent, the virion prM/E composition and virus
infectivity will vary depending on the host cell used
for vaccine production. For other viruses encoding
Class II fusion protein (e.g., alphaviruses) ablation of
the multibasic serine protease cleavage motif in the
analogous chaperone proteins has actually been used
as an attenuating mutation for vaccine development.
The contribution of the nonstructural proteins to
protective humoral and cellular immunity needs further evaluation. For example, even though NS1 has
been shown to be of some value eliciting protective
antibody, a recent study with DENV confirmed that
the E-protein drives the protective antibody response
when analyzed using replicating WNV/DENV chimeric viruses differing E and NS proteins (Calvert
et al., 2006). It is also unclear whether or not chimeric
WNV vaccines that carry heterologous nonstructural
proteins will be less efficient at eliciting long-term
immunity and effective viral clearance mechanisms
when a vaccinee is faced with a wild-type viral
challenge.

Preclinical Development, Including Relevant
Animal Models
Preclinical evaluation of vaccines for encephalitic
flaviviruses has the advantage of the availability of a
number of relevant animal models. Initial animal testing for attenuation, neuroinvasion, and neuroinvasiveness is usually performed in suckling, weanling, or
adult mice. Recently a C57Bl/6J mouse model has been
used for WNV studies (Diamond et al., 2003). The limitation of this mouse strain is the variable infectivity of
WNV. A hamster model has also recently been developed for WNV. Similar to the C57Bl/6J mouse model,
the hamster model shows variable WNV infectivity
(Sbrana et al., 2005; Tesh et al., 2005; Tonry et al., 2005;
Xiao et al., 2001). Persistent WNV infection has been
identified in these hamsters (Tesh et al., 2005; Tonry
et al., 2005). This observation should be valuable in
studying persistent WNV disease. Subhuman primates
and horses serve as large animal models for WNV
vaccine testing, and have been used successfully.

Human Vaccine Trials
There are two vaccines in limited Phase I or Phase II
human clinical trials at this time—the ChimeriVax
WNV (Monath et al., 2006) and the WNV DNA vaccines (Table 39.3). There are no WNV vaccines in
Phase III human clinical trials. Adequate Phase I and
II human clinical trials for WNV vaccines should be
achievable. Due to the inconsistent and unpredictable nature of WNV activity, Phase III human efficacy
studies are likely to be problematic and may require a
large number of study participants. Since the highest
value target for WNV vaccination will be the elderly
due to the increased severity of WNV infection in this
age group, it will be important to include older individuals in all stages of vaccine evaluation.

PROSPECTS FOR THE FUTURE
The likelihood that WNV or related flaviviruses
will be used as a bioterrorism agent is not high.
Flaviviruses in general are not overly stable in the
environment, nor is there good evidence that they are
easily transmitted via aerosol. As was the case with
WNV, the real threat would be establishing a stable
natural mosquito–host transmission cycle. This would
permit natural spread of disease. Once these natural
cycles are established, and depending in the reservoir
host, the outbreak could be contained if the host is relatively immobile (e.g., rodents) or be widespread if the
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TABLE 39.3 WNV vaccines
Target Animal
Vaccine

Status

Humans

Equines

Other animals


References

TME

Preclinical

Inactivated WNV

Approved equine



(Ng et al., 2003; Samina et al., 2005)

WNV/Canarypoxvirus

Approved equine



(Grosenbaugh et al., 2004; Karaca et al., 2005;
Minke et al., 2004; Siger et al., 2004)

WNV DNA

Approved equine
Phase I human trial







(Chang et al., 2001; Davis et al., 2001; Monath,
2001; Turell et al., 2003)

WNV/DEN chimera

Preclinical







(Hanley et al., 2005; Huang et al., 2005)

Recombinant attenuated
WNV

Preclinical



WNV/YF chimera

Approved equine
Phase II human trial



host is very mobile (e.g., birds). Because reverse genetics works well with flaviviruses, genetic modifications
could be made that would result in phenotypic differences that could enhance virus virulence or transmissibility. Whether or not such manipulations would be
worth the effort is beyond the scope of this review.
There are no significant scientific impediments to
the development of a safe and effective WNV vaccine
for humans. The economics of the need for this vaccine will continue to drive its development. If WNV
continues to be a public health problem in the United
States—and there is no reason to believe it would
not—vaccine development will continue to a successful conclusion.

KEY ISSUES
Key issues surrounding WNV that still need to be
addressed:
●
●

●

●

●

Continued development of a WNV vaccine.
Developing more specific serodiagnostics for WNV
and other flaviviruses.
Understanding better the viral virulence and
pathogenesis in the human.
Developing approaches to better predict WNV
activity.
Maintaining vector-borne viral disease expertise
and response infrastructure.
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ABSTRACT
Yellow fever virus (YFV) is a mosquito-borne flavivirus that is the causative agent of yellow fever (YF), which is a
disease that ranges in severity from an influenza-like syndrome to severe liver and renal dysfunction, circulatory
shock, and hemorrhage. The disease causes substantial morbidity and mortality; case fatality rates often exceed
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20% and, despite the availability of a vaccine, it is still a major public health problem for sub-Saharan Africa and
tropical South America, and travelers to endemic areas. The virus is maintained in endemic areas of Africa and
South America by enzootic transmission between mosquitoes and monkeys, and the epidemiology of the disease
reflects the geographical distribution of the mosquito vectors. There are seven genotypes of this virus with five
circulating in different geographic areas of Africa and two in South America. Two live-attenuated YF vaccines
were simultaneously developed: the French neurotropic vaccine (FNV), or Dakar vaccine, and the 17D vaccine. In
the 1980s the manufacture of FNV was completely discontinued because the World Health Organization (WHO)
prohibited vaccination of children under 14 years old due to the high incidence of encephalitis. The development
of the highly effective, live-attenuated 17D vaccine in the late 1930s is one of the milestones in vaccine research.
The vaccine is safe and highly efficacious with one dose of vaccine giving immunity for at least 10 years, and
may be lifelong immunity. Neutralizing antibodies are the correlate of protection. There are three substrains of the
YF 17D vaccine in production today (17D-204, 17DD, and 17D-213). The WHO has standardized the seed lot and
manufacturing processes, and published guidelines for approval of vaccine production and vaccination certificates.
There are a number of contraindications for YF vaccination which include age, thymus disease, pregnancy, breastfeeding, immune suppression, and hypersensitivity to eggs. In recent years, a rare but significant number of severe
adverse events have been reported involving vaccine-associated viscerotropic and neurotropic disease. Current
vaccine development involves utilizing the 17D vaccine virus backbone, via infectious clone technology, to develop
a variety of chimeric virus vaccines, some of which have reached clinical trials for human use.

INTRODUCTION
Yellow fever virus (YFV) is a mosquito-borne flavivirus that is the causative agent of yellow fever (YF),
which is a disease that ranges in severity from an
influenza-like syndrome to severe liver and renal dysfunction, circulatory shock, and hemorrhage. The disease causes substantial morbidity and mortality; case
fatality rates often exceed 20% (Monath, 2004) and,
despite the availability of a vaccine, is still a major
public health problem for sub-Saharan Africa and
tropical South America, and travelers to endemic areas
(WHO, 2003). The virus is maintained in endemic
areas of Africa and South America by enzootic transmission between mosquitoes and monkeys, and it
can be transmitted transovarially from one mosquito
to another (Marchous and Simond, 1905; Beaty et al.,
1980; Monath 2004; Barrett and Monath, 2003b). There
is an urban transmission cycle involving Aedes aegypti
mosquitoes and humans (WHO, 2003; Barrett and
Monath, 2003b). A highly effective, live-attenuated
vaccine (strain 17D) has been available since the late
1930s (Strokes et al., 1928).

originated in Africa and then spread to South America
due to the slave trade and trading routes (Lepiniec
et al., 1994; Mutebi et al., 2001; Bryant et al., 2007).
Subsequently, large epidemics occurred throughout
the 18th and 19th centuries in the Caribbean islands,
the United States, Africa, Europe, West Indies, and
South America (Garrison, 1929; Powell, 1949; Taylor,
1951; Duffy, 1966; Coleman, 1984, 1987; Waddell,
1990–1992; Patterson, 1992). The isolation of wildtype YFV in the late 1920s (Strokes et al., 1928; Mathis
et al., 1928) led directly to the development of highly
effective live-attenuated vaccines in the 1930s. The
vaccines, together with mosquito control measures,
made epidemic control possible and resulted in the
eradication of the virus from Europe and the United
States. Currently, YF is considered to be a reemerging disease in areas of sub-Saharan Africa and tropical South America, where it causes regular epidemics.
Thirty-three countries (15°N to 10°S of the equator),
with a combined population of 508 million, are at risk
in Africa. In the Americas, nine South American countries and several Caribbean islands are at risk, with
Bolivia, Brazil, Colombia, Ecuador, and Peru at the
greatest risk. Unvaccinated ecotourism travelers to
endemic areas are also at risk of contracting YF.

SHORT HISTORY OF THE DISEASE
Although the first mention of YF is in a Mayan
manuscript reporting an epidemic that occurred in
Guadeloupe and the Yucatan in 1648 (Carter, 1931;
Hobson 1963), Griffin Hughes was the first to use the
term “yellow fever” to describe the disease in his book
in 1750 (Garrison, 1929). It is thought that the virus

ETIOLOGIC AGENT(S)
There were many debates regarding the agent that
caused YF and Carlos Findlay was the first to suggest that mosquitoes transmitted the disease (Findlay,
1881; Chastel, 2003). Reed et al. (1901) confirmed that
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mosquitoes (Ae. aegypti) transmitted the agent and
demonstrated that it was a virus because it was capable of passing through bacterial proof filters. Thus,
YFV was the first animal virus shown to be transmitted
by an arthropod host.

Classification
YFV is the prototype member of the genus
Flavivirus, which is named after the Latin word for
yellow, Flavus. The Flavivirus genus is one of three
genera in the Flaviviridae family, the others being
Pestivirus and Hepacivirus. The Flavivirus genus contains three major ecological subdivisions: tick-borne
viruses, mosquito-borne viruses, and viruses with no
known arthropod vector. The tick-borne viruses are
subdivided into mammalian and seabird groups. The
mosquito-borne viruses are subdivided into Aroa,
dengue, Japanese encephalitis, Kokobera, Ntaya,
Spondweni, and YF groups. The viruses with no known
arthropod vector contain the Modoc and Rio Bravo
groups. The YF group contains mosquito-borne Banzi,
Bouboui, Edge Hill, Jugra, Potiskum, Saboya, Sepik,
Uganda S, Wesselsbron, and YF viruses, plus the nonvector-borne Entebbe bat, Sokoluk and Yokose viruses.
YFV has a spherical, enveloped nucleocapsid of 30 nm
diameter and the entire virion measures approximately
50 nm in diameter. The envelope (E) protein is a dimer
that sits parallel to the surface of the virus in association with the membrane (M) protein (Kuhn et al., 2002).

ANTIGENS ENCODED BY AGENT
The genome of YFV is approximately 11,000 nucleotides in length, depending on the strain, with the
17D-204 vaccine virus genome 10,862 nucleotides in
length. The 3411 amino acid polyprotein is flanked
by a 5 noncoding region of 118 nucleotides and a 3
noncoding region of 511 nucleotides (Rice et al., 1985;
Dupuy et al., 1989). The 5 terminus has a type 1 cap
followed by two conserved nucleotides (AG) and the
3 terminus lacks a poly A tract (Rice et al., 1985). The
polyprotein encodes 10 proteins: the structural proteins; capsid (C), membrane (M) and envelope (E)
are encoded by the N-terminal one-third of the polyprotein and the nonstructural proteins; NS1, NS2A,
NS2B, NS3, NS4A, NS4B and NS5 are encoded by the
C-terminal two-thirds of the polyprotein. Five YFV
proteins (E, M, NS1, NS2B, and NS3) have been shown
to be involved in immune responses in the host and
these are illustrated in Fig. 40.1. The major immunogen is the E protein, which encodes epitopes inducing
neutralizing antibodies that are primarily responsible
for the protective immune response. The M protein
has also been shown to contain epitopes inducing neutralizing antibodies but these have weak neutralizing
activity (Schlesinger et al., 1983). NS1 is unusual, as
it is a nonstructural protein that is glycosylated (N130
and N208); it induces antibody-dependent cellular
cytotoxicity and fixes complement. Human cytotoxic
T cell epitopes are found on the E structural protein

Neutralizing antibodies:
anti-E (strong)
anti-M (weak)

Cytotoxic T cells:

virus

anti-E
anti-NS1
anti-NS2B
anti-NS3 (strong)

Complement fixation:
anti-NS1 antibodies

Virus-infected cell
expressing viral proteins

FIGURE 40.1 Yellow fever virus proteins that induce the host immune response (from Monath, 2001). The photomicrograph shows yellow
fever virus particles in endoplasmic reticulum (magnification  280,000). The E glycoprotein, which is inserted in the cell membrane–derived
envelope, contains three conformational epitopes that are responsible for virus neutralization. These neutralizing antibody epitopes on the E
protein are the principal mediators of protection against reinfection. The E protein and the nonstructural proteins (NS1, NS2B, and NS3) have
cytotoxic T cell epitopes which generate cytotoxic T cells that clear virus-infected cells during recovery. Type-specific and cross-reactive complement fixation epitopes are also found on the NS1 protein, which generate production of cytotoxic antibodies that bind complement and
help clear virus during the recovery phase.
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and the NS1, NS2B, and NS3 nonstructural proteins
(Co et al., 2002; Van der Most et al., 2002). Studies
with mosquito-borne West Nile virus (WNV) were the
first to show that the majority of flavivirus E protein
epitopes were conformational (Gollins and Porterfield,
1986). Monoclonal antibodies have identified a number
of overlapping epitopes on the E protein (Cammack
and Gould, 1986; Schlesinger et al., 1984). Physically
these epitopes are either strain-, YF type-, complexspecific or flavivirus genus common, while biologically
some of these epitopes are associated with hemagglutination inhibition (HI), which may or may not be associated with neutralization (Schlesinger et al., 1983, 1984;
Geske et al., 1983; Buckley and Gould, 1985; Cammack
and Gould, 1986; Heinz, 1986; Gould et al., 1985, 1989;
Barrett et al., 1989, 1990a, 1990b; Sil et al., 1992; Ledger
et al., 1992). Overall, few epitopes are involved in neutralization and very few elicit high titer neutralization
(Buckley and Gould, 1985; Cammack and Gould 1986;
Ledger et al., 1992). To date, few epitopes have been
mapped to specific amino acids on the E protein: two
YF type-specific epitopes have been mapped to amino
acids 71/72 and 153/155, a wild-type epitope to amino
acid 173, and a 17D-204 substrain-specific epitope to
amino acids 305 and 325 (Lobigs et al., 1987; Ryman
et al., 1997, 1998). Like the E protein, NS1 has been
shown to have YF type- and complex-specific, and flavivirus genus common epitopes. Some of these NS1
epitopes are involved in complement fixation but none
are involved in neutralization (Putnak and Schlesinger,
1990; Schlesinger et al., 1983, 1986, 1990).

PROTECTIVE IMMUNE RESPONSE
Infection with wild-type YFV results in lifelong
immunity and the YF 17D vaccine is also highly effective; immunity occurs within 10 days in 95% of vaccinees and induces protective immunity against all
known wild-type strains. YFV induces rapid and specific humoral and cell-mediated immune responses,
which will be discussed under the next two subheadings. The humoral response is better characterized
than the cell-mediated response, while the innate
immune response is an active area of research at the
present time.

Antibody Response
IgM antibodies are detected by one week postvaccination, reach a peak by two weeks postvaccination, and
then they decline over several months (Lhuillier et al.,
1986). The neutralizing and HI antibody responses

are rapid and detected by seven days postvaccination
(Porterfield, 1954; Theiler and Casals, 1958). The HI
antibody peaks 1–2 months post-immunization and
then steadily declines, whereas the neutralizing antibody response persists and is the primary mechanism
of protection against reexposure. Complement fixation antibodies are detected by two weeks post-wildtype infection and their levels increase rapidly but
they are not seen postvaccination. These antibodies
bind complement to help clear virus during recovery
from infection and their levels drop by 4–12 months
post-wild-type infection (Putnak and Schlesinger,
1990; Schlesinger et al., 1986, 1990). All studies to date
indicate that neutralizing antibody is the correlate of
protection with over 98% of vaccinees being fully protected for at least 10 years and neutralizing antibodies
persist for at least 45 years (Sawyer, 1931; Bauer and
Hudson, 1930; Groot and Ribeiro 1962; Poland et al.,
1981; Lobigs et al., 1987; Brandriss et al., 1990; Niedrig
et al., 1999; Monath and Heinz, 1996; Monath et al.,
2000).

CMI Response
The17D vaccine strain is a potent inducer of CD4
and CD8 cytotoxic T cell responses against the nonstructural proteins NS1, NS2B, NS3, and the E structural protein (Reinhardt et al., 1998; Co et al., 2002; van
der Most et al., 2002). A study by Santos et al. (2005)
showed increases in CD3, CD4, and CD8 T cells
in vaccinees and re-vaccinees at 30 days postvaccination. Studies involving CD4 knockout mice have
shown that CD4 T cells are central to the immune
response against YFV through antibody and cytokine
production, B cell activation, and posterior plasma cell
differentiation (Liu and Chambers 2001). CD8 T cells
also contribute to the protective immune response by
mediating viral clearance (Doherty, 1996). The CD8
T cell response to YFV reaches its peak 1–2 weeks postvaccination and is detectable up to 19 months, which
is thought to contribute to vaccine efficacy (Reinhardt
et al., 1998; Co et al., 2002). There is also a significant
increase in tumor necrosis factor (TNF) peaking on
days 2 and 7 postvaccination (Hacker et al., 1998),
which interferes with virus replication by activating or
causing the differentiation of T cells and macrophages
(Herbein and O’Brien, 2000). One recent study examining the activation events and modulatory pathways
in T cells after vaccination found that CD4 T cells
were activated early (day 7), CD19 T cells were activated by day 15, and CD8 T cells were activated late
(day 30). This up-regulation of modulatory features on
CD4 and CD8 cells at day 15 caused a lower level
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of CD38 T cells by day 30 postvaccination (Martins
et al., 2007).

Innate Immune Response
Recent studies have shown that the innate immune
system also plays an important role in determining the strength and quality of adaptive immune
responses against viruses such as YF. Toll-like receptors (TLR) are key sensors that recognize double- and
single-stranded RNA (Takeda et al., 2003; Beutler,
2004). The 17D vaccine strain replicates minimally
(perhaps abortively) in dendritic cells without causing
substantial apoptotic cell death (Barba-Spaeth et al.,
2005; Palmer et al., 2007) and stimulates TLR 2, 7, 8,
and 9 (Querec et al., 2006), which results in the production of type I interferon and other inflammatory
cytokines (Wheelock and Sibley, 1965) and dendritic
cell activation and maturation. These activated dendritic cells most likely migrate to regional lymph
nodes and stimulate both cell-mediated and humoral
adaptive immune responses (Iwasaki and Medzhitov,
2004; Barba-Spaeth et al., 2005; Kawai and Akira, 2006;
Palmer et al., 2007; Querec and Pulendran, 2007).
Viral interaction with alternate TLRs modifies the
Th1 and Th2 cytokine balance produced by the activated immune cells, and it is possible that nonviral
vaccine components could also influence this balance
(Querec et al., 2006; Querec and Pulendran, 2007). The
interferon-induced peripheral lymphocyte response
from vaccinees may be mediated in part through
the action of 2-5 oligoadenylate synthetase. Levels
of this enzyme are increased in lymphocytes by day
4 postvaccination and reach a maximum at day 7.
This enzyme catalyzes the production of 2-5 oligoadenylates, which activates latent RNAase, which
degrades viral mRNA and impairs cellular protein
synthesis (Bonnevie-Nielsen et al., 1989, 1995). Natural
killer cells have also been shown to play a role early in
virus infection (Fagraeus et al., 1982).

EPIDEMIOLOGY
YF is endemic and intermittently epidemic in
tropical South America and sub-Saharan Africa, with
an estimated 200,000 cases and 30,000 deaths annually (Figs 40.2A and B; Robertson et al., 1996; Vainio
and Cutts, 1998; Monath, 2001; Vasconcelos 2003;
Vasconcelos et al., 2004; Tomori, 2004; Gubler 2004;
Bryan et al., 2004; WHO, 1998, 2001, 2007a, 2007b,
2007c; WHO/UNICEF, 2005; Roberts, 2007; Barrett
and Higgs, 2007). YFV is thought to have originated
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in Africa and then was subsequently introduced into
South America by slave trade travelers (Bryant et al.,
2007, Bryant et al., 2004). This is supported by the
greater heterogeneity of African YFV genomes compared to those in South America (Lepiniec et al., 1994;
Mutebi et al., 2001; Gould et al., 2001; Barrett and
Monath, 2003b). Further supporting evidence comes
from the phylogenetic studies that show that West
African strains are closer to South American strains
than the central or East African strains (Lepiniec et al.,
1994; Chang et al., 1995; Wang et al., 1996) and there
is more genetic diversity in central and West African
strains (Barrett and Higgs, 2007). Nucleotide sequencing studies have identified seven genotypes, based
on 9% nucleotide variation, using the prM and E
sequences in a neighbor-joining tree, with 5 circulating in different geographic areas of Africa and two
of South America (Lepiniec et al., 1994; Mutebi et al.,
2001; Vasconcelos et al., 2004). In general, YFV strains
have evolved slowly (Deubel et al., 1986; Lepiniec
et al., 1994; Chang et al., 1995). There are two genotypes in West Africa: the West Africa genotype I
(occurs in Eastern Ivory Coast, Burkina Faso, and
Nigeria to Cameroon) and the West Africa genotype II (occurs in Western Ivory Coast and Mali to
Senegal) (Lepiniec et al., 1994; Mutebi et al., 2001). The
three other genotypes were identified in Central and
Eastern Africa: the East and Central African genotype
(occurs in Central African Republic, central Sudan,
Ethiopia, and the Democratic Republic of Congo),
the East African genotype (occurs in Kenya, Southern
Sudan, and Angola), and the Angola genotype (based
on a single isolate from Angola) (Mutebi et al., 2001;
Onyango et al., 2004b). There are two genotypes in
South America: the South American genotype I (occurs
in Brazil, Panama, Columbia, Ecuador, Venezuela, and
Trinidad) and the South American genotype II (occurs
mainly in Peru and Bolivia, with some isolates from
Brazil and Trinidad) (Bryant and Barrett, 2003).
The virus has three transmission cycles: the sylvatic
(or jungle), the intermediate, and the urban cycle.
The transmission cycle involves horizontal and vertical transmission of the virus in the mosquito vectors
(Diallo et al., 2000; Vasconcelos et al., 2001b; Mondet
et al., 2002). The importance of transovarial transmission (Marchous and Simond, 1905; Beaty et al., 1980)
in maintaining the transmission cycle is not known. It
is thought that the infected mosquito eggs allow for
“over wintering” of the virus because they survive
desiccation and hatch the next rainy season (Barrett
and Monath, 2003b). In the jungle cycle, which
occurs in tropical rainforests, the virus is transmitted only between lower primates by canopy-dwelling
wild mosquitoes, usually Haemagogus spp. in South
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FIGURE 40.2 Yellow Fever endemic
zones in Africa (A) and South America (B) as
of 2007 (from CDC Web site http://wwwn.
cdc.gov/travel/yellowBookCh4-YellowFever.
aspx#667). Yellow fever occurs in sub-Saharan
Africa and tropical South America, where it is
endemic and intermittently epidemic. These
endemic areas have evidence of yellow fever
transmission to humans and/or its potential,
because there are competent mosquito vectors and the virus is present in nonhuman
primates.

America (Vasconcelos et al., 2003) and mostly Aedes
africanus in Africa. The virus is enzootic in the rainforests of Africa and South America. The disease in
non-human primates varies with South American
primates often succumbing to the disease, whereas
African primates often show no signs of infection.
Human infections in the jungle cycle are usually
occurring in young men who work in the rainforest
areas (Barrett and Monath, 2003b). The intermediate, or savannah, cycle only occurs in the jungles of
Africa, where there is some human activity on the
moist savannah ground, usually farming. A variety
of Aedes sp. of semidomestic mosquitoes that feed
on nonhuman primates are the vectors in this cycle
(Germain et al., 1980; Mutebi and Barrett, 2002) and
they will often also feed on humans if they come
into the savannah areas. It is this cycle in Africa that

is regarded as the zone of emergence because this is
thought to be where the virus evolved to become an
important human pathogen (Barrett and Higgs, 2007).
In the urban transmission cycle, the virus is transmitted between humans by domestic Ae. aegypti mosquitoes in Africa (Johnson et al., 2002; Barrett and Higgs,
2007). Urban YF has not been seen in South America
since 1928 except for small outbreaks in Brazil in 1928,
Trinidad in 1954, and Bolivia in 1999 (Monath, 1999;
Van der Stuyft et al., 1999; Barrett et al., 2007; WHO,
2006a, 2006b).
Thus, YF epidemiology reflects the geographical
distribution of the mosquito vectors: Haemagogus spp.
in South America and Aedes spp. in Africa (Monath,
2004). The vast majority of cases (80%) are in Africa
due to a combination of more people in Africa and
more effective vaccination programs in South America.
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FIGURE 40.2 (Continued)

The greatest risk of a large epidemic occurs when
infected humans return to urban areas and are fed on
by the domestic vector mosquito Ae. aegypti, which
then transmits the virus to other humans. The world
distribution of Ae. aegypti extends from 40° North
to 40° South latitude (most tropical to subtropical
regions) and this distribution is expected to increase
with global warming (Fig. 40.3, Gubler, 2002; http://
www.searo.who.int/LinkFiles/Dengue_chap-7.pdf).

Significance as Public Health Problem
In the 18th and 19th centuries, YF was a huge public health problem until mosquito control measures
and production of an effective vaccine brought the
epidemics under control in the 20th century. Yet as we

enter the 21st century this virus is once again a significant public health problem (Robertson et al., 1996;
WHO, 1998; Barrett and Higgs, 2007) and is classified
as a reemerging disease.
Urban YF was eliminated from South America in
1928 (see above), whereas sylvatic YF continues to be
transmitted from monkeys to humans via mosquitoes in the rainforest ecosystem. Thus, most South
American cases are in residents and those who work
in forested or transitional areas of Bolivia, Brazil,
Colombia, Ecuador, Venezuela, Guyana, French
Guiana, and Peru (http://wwwn.cdc.gov/travel/
yellowBookCh4-YellowFever.aspx#667). The disease
is only partly controlled due to incomplete vaccination of residents and workers, and provides a potential source of infection to population centers that
have been reinfested with Ae. aegypti. Sylvatic YF is
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FIGURE 40.3 Distribution of Aedes aegypti

(A)

in the Americas (A) and Eastern Hemisphere
(B) (http://www.searo.who.int/LinkFiles/
Dengue_chap-7.pdf). Ae. aegypti is found in
or near human habitations and has two peak
periods of biting activity: several hours in the
morning after daybreak and several hours
before it gets dark. However, this mosquito
may feed at any time during the day, especially indoors, in shady areas, or when it is
overcast.

Areas infested with Aedes aegypti
Areas with Aedes aegypti
and recent dengue epidemic activity

(B)

Areas infested with Aedes aegypti
Areas with Aedes aegypti
and recent dengue epidemic activity

endemic in the north and west of Brazil (Mondet et al.,
1996; Vasconcelos et al., 1997, 2001c; Codeço et al., 2004)
and there is a risk of emergence in the large coastal
population centers, such as Sao Paulo and Rio de
Janeiro (Filippis et al., 2001). In addition, reinfestation
of the country with the Ae. aegypti vector in the 1970s
greatly increased the risk of YF urbanization in Brazil
(Fig. 40.3; Gubler 2002; Lourenco-de-Oliveira et al.,
2004). It is hard to quantitate the risk, but it could be

as high as 29% during epizootic periods (Codeço et al.,
2004; WHO, 2007c). The expanding infestation in
South America by Ae. aegypti has resulted in large epidemics of dengue, another mosquito-borne flavivirus
disease also transmitted by this mosquito, yet there
has not been a corresponding increase in YF disease.
Many authors believe it is only a matter of time before
urban YF returns to South America. Nonetheless, there
continues to be periodic epidemics and epizootics of
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YF activity in the border area of eastern Colombia and
western Venezuela (Rifakis et al., 2006), and the foothills of the eastern Andes mountains.
In Africa, the risk of urban YF epidemics has
increased greatly because of the increased risk of YFV
transmission due to high mosquito vector densities in
areas where there are large nonimmune populations. It
is significant that most YF cases are in infants and children, who have the greatest risk of severe disease with
case fatality rates as high as 20% (Arguin et al., 2007).
The United Nations reported that African urban population growth rates are the most rapid in the world
(United Nations, Population Division, 2001), with the
proportion of urban to rural populations predicted to
reach 63% by the year 2020, including 70 cities that
will have more than a million people by 2015 (United
Nations, World Urbanization Prospects, the 1999
revision; Meeting the Urban Challenge, Population
Reports Series M, number 16 United Nations, World
Urbanization prospects, the 1999 revision). Urban cities
have large numbers of “shantytowns” with inadequate
water supplies and lack of proper public sanitation
services; people store drinking water in containers that
serve as breeding sites for Ae. aegypti. Since 2000, 18
countries in Africa have reported cases of YF (Roberts,
2007). The situation is complicated as high levels of
resources, both from national and international support, are needed to effectively control urban outbreaks,
which deprive these countries of scarce resources to
control other diseases and to improve health services.
Today, the World Health Organization (WHO) estimates that 12 countries (Benin, Nigeria, Burkino Faso,
Ghana, Liberia, Senegal, Cote d’Ivoire, Cameroon,
Gabon, Toga, Guinea, and Sierra Leone) have large
nonimmune populations that are at high risk and 100
million people need immunization now (http://www.
who.int/csr/don/archive/disease/yellow_fever/en/
index.html) and a large catch-up immunization campaign, cosponsored by WHO and Global Alliance for
Vaccines and Immunization, is being planned to fill
the need. A further problem is that traditionally the
countries most severely afflicted by YF have followed
a policy of emergency control vaccination, rather than
the more effective inclusion of the 17D vaccine in their
Expanded Program of Immunization (EPI) (Monath
and Nasidi, 1993).There was an epidemic in Cameroon
in 1990 (Vicens et al., 1993) and outbreaks in Senegal
in 1995 and 1996 (Thonnon et al., 1998), Sudan in 2003
(Onyango et al., 2004a, 2004b), Cote d’Ivoire in 2006
(World Health Organization, 2006b), and Togo in 2007
(World Health Organization, 2007a). For the continent
of Africa to effectively bring YF under control it is estimated that it will require 80% vaccination coverage of
children under age one, who are at most risk (Tomori,

2002) and that YF should be added to the EPI of all
countries where the virus is endemic (Moreau et al.,
1999).
In addition to the public health problems for residents of endemic areas in Africa and South America,
it is a significant hazard to national and international
unvaccinated travelers who visit endemic areas.
During 1970–2002, there were 10 cases reported in
unimmunized travelers from the United States and
Europe with a mortality rate of 89% (Digoutte et al.,
1981; World Health Organization, 1986, 1998, 2000;
Nolla-Salas and Sadalls-Radresa, 1989; Monath and
Cetron, 2002; Barnett, 2007). The number of travelers
from the United States to South America and Africa
has more than doubled since 1988 (International
Trade Administration. U.S. resident travel to Canada,
Mexico and overseas countries historical visitation
outbound 1988–1999. http://www.tinet.ita.doc.gov/
research/reports/basic/national). Currently, 9 million
tourists from North America, Europe, and Asia travel
each year to countries where YF is endemic (WHO,
1996), and potentially increase the risk of introducing YFV into North and Central America, Caribbean,
Middle East, Asia, Australia, and Oceania (Tomori,
2004; Barrett and Higgs, 2007).

POTENTIAL AS BIOTHREAT AGENT
During the 1930s the Japanese experimented with
YFV as a biological weapon in China. After World War
II, during the 1950s, the American military researched
YFV as a biological weapon, including its spread by
aerosol. Most countries classify YFV at biosafety level
three, or equivalent, due to the availability of a vaccine. YFV was originally on the list of CDC select
agents but it has since been removed (http://www.
cdc.gov/od/sap/docs/salist.pdf) due to the availability of an effective and safe vaccine. Thus, this virus
is not considered a biothreat agent, although there is
no effective treatment and probably insufficient
worldwide vaccine production (Pugachev et al., 2005;
Roberts, 2007) if the virus was used as an agent of bioterrorism. Finally, there is no doubt that YFV would
be classified as a biosafety level 4 pathogen if there
was no vaccine available.

CLINICAL DISEASE
There is a wide spectrum of the clinical disease from
nonspecific abortive illness to a rapid and fatal hemorrhagic fever (Kerr, 1951). The incubation period is 3–6
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days and there is an abrupt disease onset with fever,
chills, malaise, lower back pain, myalgia, nausea, and
dizziness. The patient presents with bradycardia relative to their height of fever, an acute febrile illness,
and congestion of face and conjunctivae. On average, the fever lasts 3 days and younger children may
show febrile convulsions. During this time the patient
is viremic, with infectious virus particles 104/ml
of blood or greater. Between two and three days after
disease onset the “period of infection” begins where
the patient shows the first signs of jaundice typical of
YF and their serum transaminase levels begin to rise.
The “period of infection” is normally followed by a
2–24 h “period of remission” where the symptoms
disappear and the virus is cleared from the blood by
the immune response. At this stage the majority of
patients recover without any side effects, although the
“convalescent phase” lasts several weeks and is characterized by fatigue and prolonged weakness with
abnormal liver function tests that can last more than
two months. Approximately 15–25% go on to develop
“the period of intoxication” where they develop a
more severe illness with vomiting, epigastric pain,
renal failure, fever, jaundice, and hemorrhagic diathesis. It is at this stage that the jaundice becomes worse
and the serum transaminase levels rise, reflecting the
severity of the disease (Oudart and Rey, 1970). Patients
exhibit a multifactorial bleeding disorder with hemorrhagic manifestations, such as bleeding from gums
and needle puncture sites, epistaxis, ecchymoses,
petechiae and, in many cases, there is also melena or
metrorrhagia, major bleeding, and coffee grounds
hematemesis. Approximately 20–50% of patients with
this hepatorenal disease die 7–10 days after onset.
These patients become delirious and fall into a stupor
followed by coma and death, with symptoms of hypotension, hypothermia, hyperkalaemia, Cheyne-Stokes
respirations, hypoglycemia, and metabolic acidosis. At
this late disease stage there is also edema and perivascular hemorrhages in the brain (Monath, 2001).

TREATMENT
There is no specific treatment available for patients
suffering from wild-type YF, YF vaccine-associated
viscerotropic (YEL-AVD), and YF vaccine-associated
neurotropic disease (YEL-AND) (CDC, 2008).
Ribavirin postexposure treatment showed some benefit when used to treat the hamster model of viscerotrophic disease (Sbrana et al., 2004). A recent study
confirmed that treatment with IFN alfacon-1 or ribavirin (starting 2 days postinfection) significantly

improved survival of hamsters challenged with YFV.
Pre-virus exposure treatment with IFN alfacon-1 also
improved YF disease in infected hamsters (Julander
et al., 2007b). In another study by the same group, the
T-1106 (substituted pyrazine) compound was used to
significantly improve survival, again in the hamster
model, using two treatment regimes—one starting 4 h
prior to virus inoculation and continuing twice daily
until 7 days post-virus inoculation and the other one
beginning 4 days after virus challenge with twicedaily treatment for 8 days (Julander et al., 2007a).
Another recent study suggested that corticosteroid
therapy could also influence survival of patients suffering from YEL-AVD (Vellozzi et al., 2006), although
this needs further investigation to see if it is of proven
benefit.
Palliative treatment of disease symptoms has
changed little and includes maintenance of patient
nutrition; prevention of hypoglycemia; nasogastric
suction to prevent gastric distension and aspiration;
intravenous cimetidine to prevent gastric bleeding;
treatment of hypotension by fluid replacement and
vasoactive drugs; administration of oxygen; correction of metabolic acidosis; treatment of bleeding with fresh-frozen plasma; and dialysis if needed
due to renal failure (Monath, 1987). Intensive care
may improve the outcome for seriously ill patients,
although this is not available in poorer developing
countries where most cases occur and oral rehydration salts and paracetamol are used to treat the dehydration and fever, and antibiotics are used to treat any
superimposed bacterial infection (WHO, 2001).

PATHOGENESIS
Studies of YFV pathogenesis utilize experimental
infection of nonhuman primates because this is the
only model that shows the viscerotropic disease typical of YF infection in humans and the LD50 can be less
than 1 plaque-forming unit for some strains in experimentally infected monkeys (Theiler, 1951; Tigertt et al.,
1960). European hedgehogs show viscerotropic disease, with lesions very similar to those in nonhuman
primates, and neurotropic disease after experimental
infection (Findlay and Clarke, 1934a, 1934b) and a
hamster model of viscerotropic disease has recently
been developed by serial passage of the virus in hamsters (Tesh et al., 2001; Xiao et al., 2001; McArthur
et al., 2003, 2005; Sbrana et al., 2006). This hamster
model is useful, as it shows many similarities to the
disease seen in humans; however, the model requires
most wild-type strains to be adapted by passage
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in hamsters. Wild-type and vaccine viruses cause
encephalitis only in various rodent models (Monath,
2001). Animals succumb to infection when virus is
inoculated directly into the brain while neurotropic
disease is age-related when virus is administered by
a peripheral route. For example, 17D vaccines are
lethal in mice up to 5 days old, wild-type strains up to
approximately 10–12 days old, and the FNV strain up
to 3 weeks of age (Fitzgeorge and Bradish, 1980). The
intraperitoneal inoculation of 8-day-old mice is often
used to study the mouse neuroinvasive phenotype.

Description of Disease Process
Kupffer cells in the liver become infected on day
1 and the virus spreads to the kidney, bone marrow,
spleen, and lymph nodes (Theiler, 1951; Tigertt et al.,
1960). Fig. 40.4 illustrates the main pathogenic processes of YFV. Spleen germinal centers, tonsils, lymph
nodes, and Peyer’s patches all show necrosis in
both monkeys and human beings, but it is uncertain
whether or not it is a direct virus effect (Monath et al.,
1981). There are two main areas of disease pathology:

renal and hepatic damage. Renal pathology shows
eosinophilic degeneration and fatty change of tubular
epithelium without inflammation. Renal tubular cells
of fatal human cases contain antigen, which suggests
direct viral injury plays an important role, although
this is not observed in experimentally infected monkeys (Monath, 2001; Theiler, 1951; Tigertt et al., 1960).
Histological changes are observed in the basement
membrane and cells lining the Bowman’s capsule.
Antigen is present in glomerulae 2–3 days after infection of monkeys; hence, the marked albuminuria is
thought to be due to alteration of glomerular function
(Monath et al., 1981). Severe hepatic pathology is a
late event characterized by infection and degeneration
of hepatocytes in both monkeys and humans (Theiler,
1951; Tigertt et al., 1960; Monath, 2001). Hepatic injury
shows a mid-zonal distribution, with sparing of cells
around the central vein and portal tracts. Antigen and
virus RNA have been demonstrated in these midzonal
hepatocytes (Monath et al., 1989; Monath, 2001), which
undergo eosinophilic degeneration and have condensed nuclear chromatin that is typical of apoptotic
cell death (Marianneau et al., 1998). Hepatic injury

FIGURE

40.4 Pathogenesis of yellow
fever virus. This is based on studies in experimentally infected monkeys and human case
reports
(bold).
Speculative
mechanisms
(italics) are drawn from in vitro data or reports on
other flavivirus infections. CTL: cytotoxic T lymphocyte; DIC: disseminated intravascular coagulation; IL: interleukin (from Monath, 2001).
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from apoptosis explains the virtual absence of inflammatory cells, preservation of the reticulin framework,
and healing without fibrosis (Monath 2001).
Hypotension and shock, which are thought to be
mediated by cytokine dysregulation, followed by
death, are the last stages of the disease. Kupffer cells
and splenic macrophages that are infected with YFV,
or are activated in response to virus injury, produce
these cytokines, such as TNFα. Cytotoxic T cells could
also be responsible for cell injury, oxygen free radical
formation, endothelial damage and microthrombosis,
disseminated intravascular coagulation, tissue anoxia,
oliguria, and shock. Direct viral injury to the heart
may contribute to shock because myocardial fibers
have been shown to contain viral antigen and undergo
apoptosis (Monath, 2001). Further studies of patients
or experimentally infected monkeys are necessary to
better understand the disease process, especially the
late-stage shock syndrome.

Immune Response to Infection
Infection with YFV results in a rapid and specific
immune response against the virus, which is highly
effective and induces lifelong protective immunity.
The specifics of this response are discussed further in
“Protective Immune Response” above. Previous infection with heterologous flaviviruses is also known to
affect immune responses to YFV, and consequently
disease severity, because prior flavivirus infection can
induce a cross-protective immune response. As early
as the 1930s, infection with dengue virus (DEN) was
thought to partially protect against YF infection and
later experiments demonstrated that this was correct
(Snijders et al., 1934; Sabin, 1952; Frederiksen, 1955;
Ashcroft, 1979; Kurane et al., 1991). To achieve this
cross-protective immune response it was necessary
to actively immunize monkeys with DEN (Snijders
et al., 1934; Theiler and Anderson, 1975). In addition,
another study showed that African flaviviruses gave
similar partial cross-protection against subsequent
challenge with YFV (Henderson et al., 1970), which
suggests that cross-protection between flaviviruses
(termed group B arboviruses when the studies were
undertaken) has an influence on the epidemiology
of YF in Africa. Furthermore, epidemiological studies during a YF epidemic in the Gambia showed that
humans with prior flavivirus immunity had a lower
risk of developing severe YF disease (Monath et al.,
1980) and studies using the hamster model of severe
YF provide supportive evidence that prior exposure
to heterologous flaviviruses reduces subsequent risk
of fatal YFV infection (Xiao et al., 2003).

VACCINES
History
There had always been research on developing a
YF vaccine but for many years it was not known what
caused the disease YF. However, once the virus was
isolated by two groups in 1927–1928 (Asibi and French
Viscerotropic viruses) (Mathis et al., 1928; Strokes
et al., 1928), there were many attempts to develop a
vaccine. Several failed attempts were made to produce
an inactivated single-dose vaccine by groups in France
(Pettit, 1931), Brazil (Aragao, 1929), and the United
Kingdom (Hindle, 1928, 1928–1929). Formaldehyde or
phenol was used to inactivate virus-infected monkey
liver or spleen. Testing of Hindle’s vaccine in monkeys gave nonreproducible results (Hindle, 1928–1929;
Okell, 1930; Davis 1931), a clinical trial in Brazil gave
inconclusive results (Pettit, 1931), and at least one person who received the vaccine became infected with
YFV (Burke and Davis, 1930). Subsequent attempts
were made to improve the inactivated vaccines with
“better” antigens using heat- or ultraviolet light–
inactivated tissue cultures or mouse brain cultures.
These vaccines were tested in monkeys and the fully
inactivated preparations caused no illness, but also
gave no protection, whereas vaccines with residual
live virus caused illness and stimulated protective
immunity (Gordon and Hughes, 1936). The only inactivated vaccine that gave protection against challenge
was tested in mice and rabbits, but no further testing
was undertaken in primates. This vaccine used multiple doses of phenol-inactivated YFV-infected mouse
brain (Sellards and Bennett, 1937).
Once the virus had been isolated, there was research
to develop a live-attenuated vaccine by adaptation
of virus to nonhuman tissue. Two live-attenuated
YF vaccines were simultaneously developed—the
French neurotropic vaccine (FNV), or Dakar vaccine,
in Senegal, which was attenuated by passaging in
mouse brain, and the 17D vaccine, which was attenuated by passaging in mouse tissue and embryonated
chicken eggs (Strokes et al., 1928; Mathis et al., 1928).
In 1927, the wild-type French viscerotropic virus
(FVV), or French virus strain, of YFV was isolated
from Francoise Mayali, who was a patient in Dakar,
Senegal (Mathis et al., 1928). The work was carried at
the Institute Pasteur at Dakar and the virus was attenuated by intracerebral passage in mice. After 128 passages, the FNV was isolated and this virus underwent
a further 109 passages to generate the first vaccine at
passage 237. This virus was tested in monkeys for virulence and although it showed attenuation of visceral
YF when inoculated extraneurally, it also showed
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increased neurotropic virulence for monkeys and
mice (Durieux, 1956a). This led to the first clinical trial
in 1931, where a suspension of FNV and a quantity of
human immune serum were simultaneously injected
into volunteers because the virus was considered too
dangerous to administer alone and the immune serum
was used to limit the spread of the virus. A year later,
FNV was inoculated subcutaneously without the
immune serum. The success of this trial led to a compulsory vaccination by scarification order in 1941 for
the whole military and civilian population of French
West Africa using virus at passage 237–260. A year
later, a program of compulsory immunization was initiated for all of colonial French West and Equatorial
Africa. The success of this compulsory immunization policy was highlighted by deaths during major
YFV epidemics in Nigeria and the Gold Coast, where
immunization was not compulsory. Over the course
of the next 10 years, the FNV strain was widely used
as a vaccine until in 1951–1952, during epidemics in
Central America and Nigeria, cases of postvaccine
encephalitis came to light. The rate in Nigeria was
3–4/1000 vaccinations and most cases were children
(38% case fatality rate). Over 38 million doses of FNV
were administered mainly by scarification, sometimes
alongside the smallpox vaccine, in the Francophone
countries of West Africa from 1939 and 1952 (Durieux,
1956b). A further 10 years passed until in 1961 the
FNV was contraindicated for children under 10 years,
because of this high incidence of encephalitis in children. In 1966, production of the 17D vaccine was initiated in Dakar, Senegal, but it wasn’t until 1980 that the
manufacture of the FNV was completely discontinued
because the WHO prohibited the vaccination of children under 14 years old (Robertson, 1993).
The 17D vaccine was derived from the Asibi strain,
which was isolated from the blood of a patient (Asibi)
in Ghana and passaged in monkeys (Strokes et al.,
1928). Subsequently, Theiler and Smith (1937a) undertook serial intracerebral passages in mice and, like the
French workers, observed that the resulting virus was
attenuated in its ability to cause viscerotropic disease
but showed increased neurovirulence in monkeys
(Sellards, 1931). This Asibi strain of YFV was established in embryonic mouse tissue and passaged 18
times, followed by 58 passages in minced whole chick
embryonic tissue. After these 58 passages, the brain
and spinal cord were removed from the whole chick
embryonic tissue and the virus was passaged a further
100 times and named as 17D at passage 176 (Penna,
1965). Interestingly, Theiler and Smith were working
on a number of variants concurrently (17A, 17B, 17C,
17D, 17E, etc.); 17E was partially attenuated and only
17D was fully attenuated. Furthermore, Theiler was
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unable to repeat the attenuation process to re-derive
17D independently (Theiler and Smith, 1937a). By
1937, the 17D vaccine was being tested in humans,
first in YF immune individuals and then in nonimmune individuals (Theiler and Smith, 1937b) and by
1938 initial immunization against YF had started in
Brazil. Vaccination of 59,000 people indicated that the
vaccine was attenuated in children and women at any
stage of pregnancy. Mild reactions occurred in 10–15%
of vaccinees and more intense reactions occurred in
1–2% of vaccinees at 5–8 days after vaccination, with
95% of them acquiring immunity as measured by specific antibodies (Penna, 1965). Vaccine batches began
to be produced in various laboratories from available subcultures after multiple passaging of the original 17D vaccine. This led to failure of immunization
due to over-attenuation of 17D vaccine batches that
had been passaged 300–350 times from the initial
Asibi virus because they were no longer infectious
for humans (Theiler, 1951). In 1942, there were cases
of hepatitis in England, Brazil, and the United States
due to the practice of adding 10% human serum to
the vaccine, which was contaminated with a hepatitiscausing virus, as this was necessary for stability of the
vaccine virus (Smith, 1951). In Brazil, there were a few
cases of encephalitis in children, depending on which
substrain was utilized to vaccinate them; 0.36% of vaccinees showed CNS involvement and one person died
(Georges et al., 1985). By 1945 the Standing Technical
Committee on Health of the United Nations Relief
and Rehabilitation Administration established manufacturing standards to control vaccine production
(WHO, 1945; United Nations Relief and Rehabilitation
Administration 1946). In addition, the WHO established a seed lot system to resolve these problems and
those of over-attenuation or under-attenuation of 17D
vaccine by passaging in tissue culture (WHO, 1959).
In the early 1950s, 12 million people were successfully
vaccinated with 17D in southern Brazil in response to
outbreaks of YF (de Sousa Manso, 1956). Following
the large epidemic of YF in West Africa in 1965, 1966
saw the decline in use of the FNV and the beginning
of the sole use of 17D-derived vaccines, which are still
in use today.

Current Licensed Vaccines
There are three substrains of the 17D vaccine that
are used in vaccine production today. The 17D-204
vaccine substrain is utilized in all countries, except
Brazil, where the 17DD vaccine substrain is used.
The 17D-204 vaccine was developed from the original
attenuated 17D by continued chick embryo passage
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(without neuronal tissue) from passage 176 to passage 204. Subsequently, the virus was passaged in
embryonated chicken eggs and all currently manufactured vaccines are manufactured at passage levels
between 235 and 240. The 17DD vaccine was derived
by passage in whole chick embryonic tissue with the
neuronal tissue removed from p176-195; however,
subsequent passages were undertaken independently in Brazil such that its development differed from
17D-204. This vaccine was passaged in embryonated
chicken eggs and all currently manufactured vaccines
are at passage levels 286 (Barrett, 1987, 1997). During
the 1970s and 1980s it became apparent that some
vaccines had been prepared in eggs contaminated
with Avian leucosis virus (ALV) and so a number
of manufacturers prepared ALV-free seeds of 17D
virus in order to remove the endogenous retrovirus.
The Robert Koch Institute in Germany, on behalf of
WHO, established a new seed lot of 17D-204, termed
213/77 or 17D-213, which was certified free of ALV
contamination, and is used at passage 239–240 of
17D-204 virus in embryonated chicken eggs (Post
et al., 1992).
Over the years there have been many manufacturers. The 17D-204 substrain has been manufactured
in France, Senegal, United States, the Netherlands,
United Kingdom, Germany, and India, and 17DD
vaccine in Brazil and Colombia. The 17D-213 vaccine has been manufactured in Nigeria and Russia,
plus Berna Biotech in Switzerland (Pfister et al., 2006)
but never marketed by the latter. At the present time
there are only four recognized producers: Sanofi
Pasteur in France and United States, Institut Pasteur,
Dakar, Senegal, and Bio-Manguinhos, FioCruz, Rio
de Janiero, Brazil. All manufacturers are prequalified
by the WHO to provide vaccine for use in developing
countries. The Chinese also produce a 17D vaccine for
internal use, but the substrain is not known.
The genomes of 17DD (Duarte dos Santos et al.,
1995; Galler et al., 1998), 17D-204 (Rice et al., 1985,
Dupuy et al., 1989), and 17D-213 (Duarte dos Santos
et al., 1995; Galler et al., 1998) vaccine viruses and
parent wild-type Asibi virus have been sequenced
(Hahn et al., 1987). Unfortunately, the original 17D
virus is not available. The three substrains differ
slightly in sequence, thus justifying their classification
as substrains (Galler et al., 1998), but they share 20
amino acid substitutions and four nucleotide changes
in the 3 noncoding region. The capsid gene and 5
noncoding region of wild-type Asibi and 17D vaccine
viruses were identical in sequence (Table 40.1; Monath
and Barrett, 2003).
The genomes of FVV and FNV have also been
sequenced and found to differ by 35 amino acids

TABLE 40.1 Comparison of the amino acid sequence of the
Asibi virus with a consensus sequence for the 17D substrains
(17DD; 17D-204; 17D-213) derived from it
Gene
M

AA position
36a

AA change (Asibi–17D)
L–F

E

52
170
173
200
299
305
380
407

NS1

307

I–V

NS2A

61
110
115
126

M–V
T–A
T–A
S–F

NS2B

109

I–L

NS3

485

D–N

NS4A

146

V–A

NS4B
NS5
3’UTR

G–R
A–V
T–I
K–T
M–I
S–F
T–R
A–V

a

95

I–M

836
900

E–K
P–L

–
–
–
–

U–C
U–C
G–A
A–C

Source: Adapted from Monath and Barrett (2003).
These amino acid substitutions are common to all wild-type and
vaccine strains, respectively. Reproduced with permission from
Barrett, A.D. Advances in Virus Research, Vol. 60. Elsevier, 2003.

a

and 4 nucleotide changes in the 3 noncoding region
(Table 40.2; Wang et al., 1995). Again the 5 noncoding regions were identical in sequence. Interestingly,
the two attenuation processes (17D substrains and
FNV) shared two common amino acid substitutions at M-36 (L → F) and NS4B-95 (I → M; Tables
40.1 and 40.2; Monath and Barrett, 2003; Wang et al.,
1995). However, there is no evidence to date that these
encode common attenuating mutations. In addition,
monoclonal antibodies have been generated against
wild-type and vaccine strains. Wild-type (Schlesinger
et al., 1983; Sil et al., 1992; Gould et al.,1985, 1989;
Cammack and Gould, 1986; Barrett et al., 1990a, 1990b;
Sil et al., 1992) and vaccine-specific epitopes (i.e., recognize 17D and FNV viruses only) (Gould et al.,
1985, 1989; Schlesinger et al., 1983, 1984; Barrett et al.,
1990a, 1990b; Sil et al., 1992), and 17D-204- and 17DD
substrain–specific epitopes (Schlesinger et al., 1983;
Geske et al., 1983; Gould et al., 1985; Barrett et al.,
1989) have all been identified on the E protein.
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TABLE 40.2
NT position

Comparison of the nucleotide and amino acid sequences of the French viscerotropic virus (FVV) and the
French neurotropic vaccine (FNV) derived from it
FVV

FNV

Gene
C

AA position
80

AA change (FVV–FNV)

357

U

C

386

A

G

–

90

V–A
S–G

554

G

A

prM

25

V–M

854

C

U

M

35a

L–F

E

1134

C

U

54

A–V

1398

A

G

–

142

Q–R

1432

U

A

–

153

N–K

1653

G

A

–

227

G–E

1718

A

G

–

249

N–D

2193

U

C

–

407

V–A

2344

G

A

–

457

M–I

2478

G

C

NS1

9

3135

C

U

–

228

P–L

3344

A

G

–

298

T–A

3557

A

C

–

369

M–L

3752

A

G

NS2A

25

I–V

3821

A

G

–

48

T–A

4046

C

U

–

123

H–Y

4358

U

G

NS2B

60

S–A

4607

A

G

NS3

13

I–V

G–A

4644

C

A

–

25

S–Y

5145

U

A

–

192

M–K

6332

G

A

–

588

A–T

6527

U

C

NS4A

30

F–L

6843

A

U

2K

9

Y–F

6942

U

C

NS4B

19

L–S

7171

A

G

–

95a

7178

G

A

–

98

V–I

7380

C

U

–

165

A–V

7622

G

A

–

246

E–K

7641

G

C

NS5

2

R–T

8409

U

C

–

258

I–T

8640

G

A

–

335

R–K

9615

A

G

–

660

K–R

10,268

A

G

–

878

I–V

10,357

C

U

3’UTR

–

–

10,358

A

G

–

–

–

10,404

G

A

–

–

–

10,798

A

G

–

–

–

I–M

Note: The FNV strain used here was obtained from the Institut Pasteur, Paris, and the FVV strain from Senegal, 1927 (a human isolate with the
following passage history: monkey p25, smb p1, Vero p1).
Source: Adapted from Wang et al. (1995).
a
These amino acid substitutions are common to all wild-type and vaccine strains, respectively.
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Agent/Strain Used in Vaccine, How Produced,
Number of Doses Administered to
Give Protective Immunity
In 1957, the WHO published “Requirements for YF
Vaccine” which standardized the seed lot and manufacturing processes for the 17D substrain viruses.
Subsequently, in 1959, they published guidelines for
WHO approval of vaccine production and vaccination
certificates, which were updated in 1971, 1976, and
1981 (World Health Organization 1959, 1971, 1976,
1981). Seed viruses are assessed for the potential to
be viscerotropic by measuring liver enzyme levels in
nonhuman primates. All new primary and secondary
seed pools for vaccine production have to be tested for
immunogenicity and neurovirulence in groups of 10 or
more Cynomologus or Rhesus monkeys (Levenbrook
et al., 1987). The criterion is that not more than 10% of
monkeys develop severe clinical signs of encephalitis
and 90% of monkeys must have viremia that should
not exceed 1.65  104 pfu/ml (or mouse LD50/ml) and
must develop neutralizing antibodies (WHO, 1976).
These neutralizing antibodies are measured by either
protection of groups of six or more weanling mice
against intracerebral mice challenge with the FNV
substrain or by plaque reduction assay. In addition,
any inflammatory and histological changes associated with pathogenesis are scored in the brains of the
monkeys. The WHO also sets guidelines for the manufacture of vaccine, and it should be noted that techniques do vary between the manufacturers; hence,
complete standardization is difficult (Barrett, 1987,
1997). The vaccine virus is cultured in embryonated
chicken eggs, with the requirement that all embryos
must be harvested by 12 days postinoculation (World
Heath Organization, 1976), and then the embryoes
are minced, aliquoted, and lyophilized using aseptic
technique. After the suspension is freeze-dried, it is
placed in nitrogen-filled flame-sealed ampoules and
stored at 0–5°C temperature. Some producers include
stabilizers, such as gelatin, peptone, lactose, sorbitol,
histidine, or alanine, with the vaccine to maintain the
viability of the vaccine at high temperatures such as
that found in tropical countries (De Souza Lopes et al.,
1988a; Barmr and Bronnert, 1984; Georges et al., 1985).
Once produced, the WHO has designated control tests
that must be carried out to determine vaccine potency.
This lyophilized vaccine must not lose more than 90%
infectivity after incubation at 37°C for 2 weeks and it
must be tested for any contaminating agents (WHO,
1945). The virus content of the vaccine must be at
least 1000 mouse LD50, or 1000 pfu, and this is quantified by mouse LD50 or a cell culture assay (plaque
reduction or infectious dose50) in porcine or monkey

kidney Vero cells (Barrett, 1987, 1997). Since there can
be variability in the calculation of virus titers by different manufacturers using one of these two methods
(Seagroatt and Magrath, 1983) an international reference standard was established for vaccine potency.
Despite this some more recent studies have shown that
there are inconsistencies between the amount of virus
needed to infect tissue culture cells and to kill a mouse
(De Souza Lopes et al., 1988b; Sood et al., 1995). In
addition, there is variability in infectivity levels. One
study showed that 178 pfu (30 mouse LD50) (Freestone
et al., 1977) immunized 85% of volunteers while
another showed that 200 pfu (600 mouse LD50) (De
Souza Lopes et al., 1988b) immunized all volunteers. In
practice, most vaccines are found to contain between
5000 and 200,000 pfu/dose (De Souza Lopes et al.,
1987). Control tests have to be performed in three different laboratories in the WHO list of approved laboratories. If the batch passes these tests it is approved
by the WHO. The vaccine is reconstituted with 0.5 ml
water and one dose injected subcutaneously. Vaccinees
receive WHO-approved vaccination certificates for
10 years protective immunity (Barrett, 1987, 1997; CDC,
2008) with booster immunizations given as required.

Vaccine Recommendations, Including
Potential to Administer with Other Vaccines
The WHO recommends that this vaccine is not
administered to children less than 6 months of age,
and 9 months in some countries. In the United States,
the CDC recommends that adults and children over
9 months old (Cetron et al., 2002) who are at risk of
contracting YFV infection are vaccinated. Tourists
traveling to Africa and South America plus adults
working there are the main groups receiving vaccination. The recommended interval to the booster
dose is 10 years (http://wwwn.cdc.gov/travel/
yellowBookCh1-GenRecVaccination.aspx). It should be
pointed out that it is likely that a single dose gives at
least 20–30 years immunity, maybe lifelong immunity.
However, data are only available on long-term immunity for a relatively small group of vaccinees such that
a 10-year booster regimen is used to maintain immunity. There are a number of contraindications of vaccination: age, pregnancy, breast-feeding, thymus disease,
immune suppression, and hypersensitivity, and these
are discussed in the section “Contraindications of
Vaccination, Including Special Risk Groups.”
In general, commonly administered vaccines can
safely and effectively be given on the same day without impairing antibody responses or increasing the
rates of adverse reactions. Inactivated vaccines do
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not interfere with the immune response to other inactivated or live-virus vaccines; hence, they may be
administered at the same time, but at separate sites.
The immune response to a live-virus vaccine could
be impaired if administered within 28 days of another
live-virus vaccine. Whenever possible, injected livevirus vaccines should be given at least 28 days apart.
If two injected live-virus vaccines are not administered on the same day but less than 28 days apart,
the second vaccine should be re-administered at
least 4 weeks later (Kroger et al., 2006). Simultaneous
administration of all necessary vaccines is encouraged
for people who are at the recommended age to receive
vaccination and for whom no contraindications exist
( http://wwwn.cdc.gov/travel/yellowBookCh1GenRecVaccination.aspx). Table 40.3 shows vaccines
that have been successfully coadministered with the
17D vaccine. Although chloroquine (antimalarial
prophylaxis) is known to inhibit the replication of YFV
in vitro, it does not seem to adversely affect antibody
responses to the 17D vaccine (Tsai et al., 1986). There
are no data on coadministration with the inactivated
Japanese encephalitis (JE) vaccine, although interference is unlikely because prior infection or immunization with JE does not interfere with YF vaccination
(Wisseman et al., 1962; Sweet et al., 1962).

TABLE 40.3

Agents and vaccines that can be coadministered
with the 17D vaccine

Agent/vaccine

Target

References

YF immune globulin

U.S. adults

Kaplan et al. (1984)

Chloroquine tablets

U.S. adults

Tsai et al. (1986)

Measles vaccine

Brazilian children
Nigerian children

Stefano et al. (1999)
Ruben et al. (1973)

Small pox vaccine

Nigerian children
U.S. adults

Ruben et al. (1973)
Tauraso et al. (1972)

Meningococcal 
typhoid vaccine

U.S. adults

Dukes (1996)

Hepatitis A vaccine

French adults
Spanish adults

Dumas et al. (1997)
Gil et al. (1996)

Hepatitis B vaccine

Senegalese children

Yvonnet et al. (1986)

Typhoid vaccine

French adults

Dumas et al. (1997)

Diptheria-pertussistetanus antigen

Nigerian children

Ruben et al. (1973)

Bivalent cholera and
typhoid vaccine

Adults

Bovier and Noble
(1999)

MMR vaccine

Brazilian children

Collaborative group
for Studies with
Yellow Fever
Vaccine (2007)

769

Countries Where Vaccine Is Licensed,
Including Manufacturers
There are four countries where the vaccine is licensed
for manufacture: Brazil (Bio-Manguinhos, Fio-Cruz,
Oswaldo Cruz Foundation, Rio de Janeiro); United
States (Sanofi Pasteur Inc., Swiftwater, Philadelpia);
France (Sanofi Pasteur, Marcy L’Etoile), and Senegal
[Institut Pasteur, Dakar (an updated situation from the
WHO technical report series no 872, 1988)].
Indications for Vaccination/Target Populations
As early as 1988, the Joint WHO/UNICEF Technical
Group on Immunization in Africa recommended
incorporation of YF vaccine in routine child immunization programs of countries at risk for YF in Africa
and South America. Currently the WHO recommends
that the vaccine be administered in countries at risk for
outbreaks: 31 African countries, 2 countries in WHO
Eastern Mediterranean Region, and 11 South American
countries. The following is a summary of the differing
vaccination policies of at-risk countries. Angola, Benin,
Burkina Faso, Cameroon, Central African Republic,
Chad, Congo, Côte d’Ivoire, Democratic Republic of
Congo, Gabon, Ghana, Gambia, Guinea Bissau, Liberia,
Mali, Niger, Sao Tome & Principe, Senegal, Sierra
Leone, Togo, and Kenya (part of country) immunize infants at 9 months old. Namibia vaccinates
only regions at risk. Nigeria, Bahamas, and Belize
vaccinate infants at 9 months and recommend the
vaccine for travelers to endemic countries. Argentina,
Panama, Paraguay, and Venezuela immunize infants at
1 year old who reside in tropical areas of the country,
at-risk groups, and recommend the vaccine for travelers. Bolivia immunizes all infants at 12–23 months
old. Colombia, Equador (part of country), Guyana,
Peru, and Suriname (part of the country) immunize
infants at 1 year old. Honduras immunizes children at
1 year old and recommends the vaccine for travelers.
Brazil immunizes infants at 9 months old, adults every
10 years, and recommends the vaccine for travelers.
Jamaica immunizes infants at 1 year old, adults every
10 years, and recommends the vaccine for travelers.
Trinidad & Tobago immunize infants at 1 year old and
children at 11 years old. The Maldives immunizes people from 18–45 years old in part of the country. France
immunizes infants at 6 months old and 11 years old
(part of the country) and has mandatory vaccination
for French Guyana. In general, other countries outside
of sub-Saharan Africa and tropical South America recommend vaccination for travelers and others who are
at risk of contracting YF (WHO vaccine-preventable
diseases: monitoring system 2006).
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Since 2000, the Global Alliance for Vaccines and
Immunization (GAVI) has provided support to poorer
countries for improvement of these routine immunization policies, to help provide safe injections, and
increase YF vaccination coverage. The Yellow Fever
Initiative, led by WHO and UNICEF, with the support
of GAVI, was also launched to help increase vaccination coverage and reduce the risk of YF outbreaks in
Africa (WHO, 2007c).
In May 2007, at the World Health Assembly, the
WHO and partners announced the goal is to immunize
more than 48 million people in 12 West African countries
over the next 5 years as a catch-up campaign to reestablish an immune barrier against YF (Roberts, 2007).
Duration of Immunity
Immunization has long been known to induce a
protective antibody response that provides excellent
protection against infection with the virus (Sawyer,
1931; Bauer and Hudson, 1930; Groot and Ribeiro,
1962; Rosenzweig et al., 1963; Monath and Heinz, 1996;
Monath et al., 2000). Ninety percent of vaccine recipients develop neutralizing antibodies within 10 days
after immunization, and 99% within 30 days. Studies
have shown that protective immunity lasts as long
as 35 years (Poland et al., 1981, Niedrig et al., 1999).
Protection may very well be lifelong, as there are no
known cases of YF infection in patients who have been
vaccinated and had an appropriate initial immune
response (Monath et al., 2002a). Although immunity
after a single vaccination may be lifelong, international health regulations recommend revaccination at
10-year intervals. The WHO guidelines say a single
dose of vaccine provides protection for 10 years and
recommend booster vaccinations every 10 years, but
this recommendation is not supported by specific clinical evidence (WHO, 2001). Little is known about the
effect of one or more booster vaccinations on the duration of immunity. A recent study indicated that revaccination produced more pronounced neutralizing
antibody increases (anamnastic response) in people
with low antibody titers after the first dose of vaccine
(Hepburn et al., 2006). Most vaccinees did not maintain a high neutralizing antibody titer for more than
3–5 years. If a persistent high titer is needed for protection, booster vaccinations with a frequency less than
every 10 years would be needed, except in patients
who have a high titer already. However, it is unknown
whether a high titer is necessary for protection. All
available data suggest that the detection of any level
of neutralizing antibodies is sufficient for protective immunity. These findings raise new questions
as to whether 10-year boosting is the best strategy

and demonstrate the need for additional research on
optimal dosing schedules (Hepburn et al., 2006).
Contraindications of Vaccination, Including
Special Risk Groups
There are a number of contraindications for YF
vaccination—the first is age (CDC, 2008). Infants
younger than 6 months should not be vaccinated
because they are more susceptible to YEL-AND (also
known as postvaccinal encephalitis; Cetron et al.,
2002). People older than 60 years have an increased
risk for adverse events following vaccination (Martin
et al., 2001a; Lawrence et al., 2004; Monath et al., 2005;
Massad et al., 2005). There is also growing evidence
to suggest that YEL-AVD and YEL-AND also appear
more frequently in older people (Hayes, 2007; Barwick
et al., 2004). Thus, the risk for death due to natural YF
infection needs to be balanced against the risk of YELAVD and YEL-AND as a result of vaccination in elderly travelers (Khromava et al., 2005).
The second contraindication for YF vaccination is
thymus disease. Individuals who have thymus disease
or have had a thymectomy should not be vaccinated
because this is a risk factor for YEL-AVD (Troillet
and Laurencet, 2001; Barwick-Eidex, 2004; Vellozzi
et al., 2006; Hayes, 2007; CDC, 2008). Four out of the
40 vaccine recipients with YEL-AVD reported worldwide have had thymus disease. One fatal case in the
United States occurred in a 67-year-old woman, who
had a thymectomy (Martin et al., 2001b) and a non
fatal case occurred in a 70-year-old man who had
hyperthyroidism, myasthenia gravis, and had
received a thymectomy (Vellozzi et al., 2006). A third
nonfatal case in Switzerland occurred in a 50-year-old
man (Troillet and Laurencet, 2001) and a fourth fatal
case in Colombia occurred in a 44-year-old man, who
had both had a thymectomy (Hayes, 2007; BarwickEidex, 2004).
The third contraindication for YF vaccination is
pregnancy. Currently there are insufficient data to
determine whether the vaccine is safe to administer
during pregnancy. Therefore, vaccination should only
occur if travel to an area with risk of YF is unavoidable. Since pregnancy may affect immunologic function, serologic testing is necessary, and infants born
to these women should be monitored for evidence of
congenital infection and other possible adverse effects
(CDC, 2008). Nonetheless, limited follow-up studies
of women and newborn children indicate no abnormal effects suggesting that vaccination of pregnant
women may not need to be contraindicated (Nasidi
et al., 1993; Tsai et al., 1993; Robert et al., 1999; Suzano
et al., 2006; Cavalcanti et al., 2007).
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The fourth contraindication for YF vaccination is
breast-feeding; vaccination of nursing mothers should
be avoided, because of the risk of virus transmission
to the baby. It is not known whether YFV is excreted
in breast milk, but there have been no reports of
adverse events or transmission of the virus to the baby.
Nursing mothers should only be vaccinated if travel to
an area with risk of YF is unavoidable (CDC, 2008).
The fifth contraindication for YF vaccination is
immune suppression; any immunosuppressed person
(HIV infection, leukemia, lymphoma, other malignancy,
thymus disease, thymectomy, corticosteroid treatment,
alkylating drug treatment, antimetabolite treatment,
or radiation therapy) who is unable to effectively
resist viral infections should not be vaccinated. Lowdose (prednisone or equivalent 20 mg/day), shortterm (less than 2 weeks) systemic corticosteroid
therapy or intra-articular, bursal, or tendon injections
with corticosteroids; and intranasal corticosteroids are
not thought to constitute an increased hazard (CDC,
1990, 2008). HIV-infected people who have laboratory
verification of T lymphocyte counts and adequate
immune system function (e.g., CD4  200/mm3)
can be vaccinated and monitored if travel to an area
with risk of YF is unavoidable (Tattevin et al., 2004).
Limited data indicate that the seroconversion rate is
reduced; hence, serologic testing is necessary (Cetron
et al., 2002; Sibailly et al., 1997). Family members of an
immunosuppressed person, who themselves have no
contraindications, should be vaccinated. HIV-infected
individuals who have inadequate immune system
function should not be vaccinated because fatal YELAND occurred in a 53-year-old patient with undiagnosed HIV infection who had a low CD4 count (108
cells/mm3) (Kengsakul et al., 2002).
The sixth contraindication for YF vaccination is
hypersensitivity to eggs; the vaccine is contraindicated
because it is produced in chicken embryos. People
who are able to eat eggs or egg products may receive
the vaccine; however, some egg-sensitive persons are
not allergic to cooked eggs. Gelatin, which is used as
a stabilizer in some vaccines, might also cause allergic reactions. If vaccination of a person with gelatin
hypersensitivity or with a questionable history of egg
or chicken hypersensitivity is necessary because travel
to an area with risk of YF is unavoidable, an intradermal test dose of vaccine should be administered
(Aventis Pasteur, 1996; Arguin et al., 2007).
Adverse Events
The 17D vaccine is considered one of the safest
vaccines and normally it is well tolerated with recipients reporting injection site pain, inflammation, mild
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headaches, myalgia, low-grade fevers, backache,
or other minor symptoms that occur 5–11 days after
vaccination. In non-placebo-controlled clinical trials,
where the events reported could be unrelated to vaccination, the incidence of these minor symptoms varies from 4 to 25% and somewhere between 1 and 7%
of vaccinees have to curtail regular activities (Theiler
and Smith, 1937b; Smith et al., 1938; Freestone et al.,
1977; Moss-Blundell et al., 1981; Digoutte et al., 1995;
Lang et al., 1999; Monath et al., 2002a; Dumas et al.,
1997; Kelso et al., 1999). First-time vaccinees have mild
viremia (not exceeding 102 pfu/ml for 1 day between
the third and seventh day after vaccination) which
is associated with elevations of IFN-α, TNF-α which
probably cause the minor symptoms reported by the
vacinees, and markers of T cell activation (Wheelock
and Sibley, 1965; Hacker et al., 1998; Reinhardt
et al., 1998; Monath, 1999; Monath et al., 2002b).
Revaccination after 10 years results in no viremia and
an even lower incidence of adverse reactions because
the 17D virus is neutralized by preformed antibody
(Monath et al., 2002a, 2002b; Reinhardt et al., 1998).
Immediate severe hypersensitivity reactions to vaccination, which are characterized by rash, anaphylaxis, urticaria, or asthma or a combination of these,
are rare with an incidence of 0.8/100,000 vaccinees.
The vaccine is contraindicated for persons with a history of oral intolerance to eggs because it is a chicken
egg extract. There can also be allergic reactions to
other vaccine components in people without egg allergies (Kelso et al., 1999).
Serious adverse reactions to the vaccine are very
unusual and there are two types: (1) vaccine-associated
neurotropic disease (YEL-AND), encephalitis caused by
neuroinvasion of the virus, and (2) vaccine-associated
viscerotrophic disease (YEL-AVD), pansystemic infection with hepatitis, which is very similar to wildtype YF infection. The CDC/FDA Working Group
on YF vaccines provided diagnostic definitions for
YEL-AND and YEL-AVD. To diagnose YEL-AND a
patients must show encephalopathy or inflammation
on EEG, or CSF, testing and imaging or else they must
have clinical disease with symptoms of headache,
fever, and focal or general neurological dysfunction.
These must occur within one month of vaccination
and must be in the absence of other possible etiology.
Supportive evidence comes from YFV histopathology
and isolation of the vaccine virus from the patient’s
blood. To diagnose YEL-AVD a patient must have disease symptoms of nausea, vomiting, malaise, fever,
diarrhea, myalgia, dyspnea, and they must have evidence of YFV-mediated tissue damage (jaundice, liver
dysfunction, renal impairment, tachycardia, rhabdomyolysis, thrombocytopenia, hypotension, myocarditis,
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disseminated intravascular coagulation, and hemorrhage) in the absence of other etiology within 10 days
of vaccination (Cetron et al., 2002).
Yellow Fever Vaccine–Associated Neurotropic
Disease (YEL-AND) YEL-AND (previously named
postvaccine encephalitis) has been divided into three
categories based on recommendations of the Advisory
Committee on Immunization Practices: (1) cases with
neurotropic involvement, (2) cases with an autoimmune involvement of the central nervous system,
and (3) cases with an autoimmune involvement of the
peripheral nervous system. All cases have similar profiles, irrespective of the manufacturing source of the
vaccine, and they occur in first-time vaccinees with an
onset of illness 4–27 days postvaccination and a case
fatality rate 5% (Cetron et al., 2002). Historically,
YEL-AND was seen as encephalitis in infants, the
first cases were in children who received the FNV by
scarification in the 1950s during epidemics in Central
America and Nigeria only, with the highest incidence
in Nigeria (3–4/1000 vaccinations; 38% case fatality
rate) (Durieux, 1956b; Stones and Mac Namara, 1955).
It has also occasionally been seen in young babies
receiving the 17D vaccine (Anonymous, 1966). After
vaccine administration was limited to children 6
months in 1969 there have been few reports of YELAND in the United States (CDC, 1969). Since 1992, six
cases of encephalitis among adult vaccinees have been
reported to the U.S. Vaccine Adverse Event Reporting
System (VAERS) (CDC, 2002; Marfin et al., 2006) and
10 cases of autoimmune neurological disease have
been reported (CDC, 2008). A total of 21 cases worldwide had been reported by June 2001 (Monath, 1999b)
showing an increase in the rate of YEL-AND, but this
could simply be due to the increased surveillance.
It is difficult to estimate an accurate incidence rate
for YEL-AND: the earliest ones varied from 50 to 400
cases per 100,000 infants under 6 months (Monath,
2004). During a 1993 Kenyan vaccination campaign,
active hospital-based surveillance estimated a rate
of 5.8 cases per 100,000 vaccinees (Monath, 2004).
By 2005, the reporting rate was estimated to be 0.4
reported cases per 100,000 doses distributed in the
United States (Marfin et al., 2005; Khromava et al.,
2005) and the rate in the United Kingdom, where
another 17D-204-based vaccine was used, was similar (Kitchener, 2004). The reporting rate was highest among older vaccinees, with 1.4 reported cases
per 100,000 doses in persons 60 years and older
(Khromava et al., 2005). Crude recent estimates of
the reported rate in the United States are lower at
0.3–0.5 cases per 100,000 doses of vaccine distributed,
although the rate is higher for people over 60 years at

1.8 cases per 100,000 doses (CDC, 2008). In the most
recent study, McMahon et al. (2007) give a rate of 0.23
cases per 100,000 distributed vaccine doses in the
United States.
Yellow Fever Vaccine–Associated Viscerotropic
Disease (YEL-AVD) Yellow fever vaccine–associated
viscerotrophic disease (YEL-AVD, previously named
febrile multiple organ system failure or postvaccination multiple organ system failure) has been described
among recipients of vaccines produced by all 17D204 and 17DD manufacturers and, like YEL-AND, all
cases have occurred in first-time vaccinees (Cetron et
al., 2002). The vaccine virus has been cultured from
blood, serum, heart, liver, spleen, skin, brain, spinal
cord, kidney, lungs, and skeletal muscle. Liver biopsy
of a fatal case before death showed minimal periportal inflammation, mild microvesicular fatty change,
and focal degeneration of parenchymal tissue without
hepatocellular necrosis. YF antigen can be detected
in the liver and spleen. Microscopic examination of
liver tissue showed mid-zonal necrosis, steatosis, eosinophilic degeneration of hepatocytes, apoptosis with
Councilman bodies, microvesicular fatty changes,
and minimal inflammation. Myocarditis and tubular
necrosis have also been observed and the neutralizing antibody titers against the virus were higher than
expected in some patients (Vasconcelos et al., 2001a;
Chan et al., 2001; Martin et al., 2001b; Doblas et al.,
2006; Hayes, 2007).
YEL-AVD was first reported in the literature in 2001
(Chan et al., 2001; Martin et al., 2001b; Vasconcelos
et al., 2001a; Adhiyaman et al., 2001; Troillet and
Laurencet, 2001; Werfel and Popp, 2001) and was initially considered to be a recent phenomenon until
Engel et al. (2006) reported that a case had occurred
in a Brazilian vaccine recipient in 1975 (Vasconcelos
et al., 2004). The reports investigated seven cases,
and six of them were fatal following administration
of three different vaccines, giving a case fatality rate
of 85% (Chan et al., 2001; Vasconcelos et al., 2001a;
Martin et al., 2001b). Chan et al. (2001) reported the
death of a 56-year-old man taking aspirin and atorvastatin who was vaccinated against YF and meningococcus. Vasconcelos et al. (2001a) reported the deaths
of a healthy 22-year-old woman and a 5-year-old girl
with a history of prematurity and recurrent bouts of
bronchitis and diarrhea who was vaccinated against
YF, measles, mumps, and rubella. Martin et al. (2001b)
reported the deaths of a 79-year-old woman with a
history of hypothyroidism, polymyalgia rheumatica, and hypertension; a 67-year-old woman, who
had a colectomy, ileostomy, and thymectomy; and a
63-year-old man with history of hypertension who was
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vaccinated against YF, quadrivalent A/C/Y/W-135
meningococcus, oral polio, and hepatitis A. Martin
et al. (2001b) reported the only survivor, a 76-year-old
man with a history of Crohns disease, following YF
and oral typhoid vaccination. Subsequently, further
reports described individuals who survived YEL-AVD,
giving a revised case fatality rate of 60% (Adhiyaman
et al., 2001; Troillet and Laurencet, 2001; Werfel and
Popp, 2001). Adhiyaman et al. (2001) reported a
45-year-old man who was immunized against YF,
poliovirus, hepatitis A, and tetanus; Troillet and
Laurencet (2001) described a 50-year-old man, who
had surgery for thyoma; and Werfel and Popp (2001)
reported a 71-year-old man with a history of sigmoid
diverticulosis and borreliosis who all survived. The
next year, a 25-year-old-man who received YF, influenza, and poliovirus vaccinations and a 70-year-old
man who received YF vaccination were identified as
having survived YEL-AVD (Levy et al., 2002).
Following these initial 12 reports, an additional 28
cases have been identified worldwide and reported to
the CDC as of October 2007, which gives a total of 40
cases thus far (Hayes, 2007). Some of the cases have
been detailed in the literature: Doblas et al. (2006)
reported the death of a 26-year-old woman who was
vaccinated for YF, diphtheria, and tetanus; Zhou et al.
(2005) reported a 60-year-old man who had chemotherapy for rectal cancer and was vaccinated against
YF and meningococcus, and survived; Gerasimon
and Lowry (2005) reported the death of a 22-year-old
woman who was vaccinated against YF and influenza;
and Kitchener (2004) retrospectively found four cases
of YEL-AVD where all of the people had received concurrent tetanus toxoid (either combined or singular
formulation) vaccination. The most recent cases are a
cluster of four fatal cases in Peru from a total of 42,000
given the same lot of vaccine. At the time of writing this chapter, the cause of this cluster is currently
under investigation. Two potential risk factors for
the development of YEL-AVD have been identified:
advanced age (60 years or older) (Khromava et al.,
2005; Lawrence et al., 2004) and a history of thymus
disease with a thymectomy (Barwick-Eidex, 2004).
The incidence of YEL-AVD is estimated by dividing the number of reported cases by the number of YF
vaccine doses distributed. The estimated frequency of
YEL-AVD in the United States is 3–5 cases per 1,000,000
doses distributed, while rates are higher among people
60–69 years old (1.1 cases per 100,000 doses), and
higher again among those who are over 70 years (3.2
per 100,000 doses). The estimated incidence in the
United Kingdom is similar at 0.25 cases per 100,000
doses (Kitchener et al., 2004). An Australian review of
adverse events following YF immunization revealed
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a similar increasing frequency of serious adverse
events with increasing age (Lawrence et al., 2004) and
a Brazilian study revealed a similar estimated risk of
fatal YEL-AVD ranging from 0.004 to 0.21 fatalities per
100,000 doses (Struchiner et al., 2004).

Vaccines in Development
YF vaccine is used principally in tropical climates
and the initial lyophilized vaccines without stabilizers
deteriorated rapidly when exposed to temperatures
above 20°C. So the development of more heat-stable
vaccines became necessary. In 1987, the WHO recommended that each vaccine lot meet the following
stability test: maintenance of potency (1000 mouse
intracerebral LD50/human dose) with mean loss of
titer 10-fold after being held at 37°C for 14 days.
At that time only half of the YF vaccines produced
worldwide met those stability standards. A number
of additives were systematically investigated and
the most successful formulation, used by a number
of manufacturers, employs sugars, amino acids, and
divalent cations [lactose (4%), sorbitol (2%), histidine (0.01 M), alanine (0.01 M), in phosphate buffered
saline with Ca2 and Mg2]. This stabilized vaccine
loses only 0.3–0.5 log10 of infectivity after being held
at 37°C for 14 days and it is stable for two years at
4–22°C. Despite its stability when freeze-dried, the
17D vaccine has very limited stability after reconstitution and must be discarded after an hour, and as
such use of the normal multi-dose vials in tropical climates reduces the vaccine effectiveness. Improvement
in vaccine stability after reconstitution is an area for
future research (Monath, 1996).
The 17D vaccine is highly effective with 95% of
people vaccinated showing immunity after a week
and safe because 500 million doses have been
administered worldwide with very rare serious side
effects. Developments in molecular genetic techniques
have utilized what is termed “reverse genetics” where
the YFV RNA genome can be recovered from the
cDNA infectious clone (Rice et al., 1989). Bray and Lai
(1991) used two serotypes of DEN to create the first
chimeric flavivirus and show that the structural genes
of one serotype could be replaced by that of another.
Chambers et al. (1999) created chimeric 17D/JE
viruses that were attenuated for mice by swapping the
prM and E protein genes from JE virus into the 17D
204 backbone; interestingly swapping the complete
structural genes resulted in nonviable virus. This led
to the ChimeriVax™ platform developed by Acambis
Inc., where the YF 17D-204 vaccine virus backbone is
used to create a new generation of chimeric vaccines,
against DEN, WNV, and JE by swapping of the prM
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and E protein genes of the heterologous flaviviruses
into the 17D infectious clone backbone (Pugachev
et al., 2005). This approach has proved to be very
promising with the ChimeriVax-WN in phase I clinical trials (Arroyo et al., 2004; Monath et al., 2006),
tetravalent ChimeriVax-DEN (Guirakhoo et al., 2002,
2004; Guirkahoo et al., 2001) in phase 2 clinical trials,
and ChimeriVax-JE in phase III clinical trials (Monath
et al., 2002b, 2003). Table 40.4 gives a summary of
the progress of these vaccines in clinical trials. The
sequencing of the 17DD genome (Duarte dos Santos
et al., 1995; Galler et al., 1998) allowed the production of an infectious clone from this substrain and
chimeric flavivirus vaccines were also constructed
by swapping the prM and E protein genes (Bonaldo
et al., 2000). A chimeric 17DD/DEN1 vaccine, using
the VeMir95 Venezuelan isolate, was not avirulent
for mice and was more attenuated for monkeys than
the commercial 17DD vaccine (Mateu et al., 2007).
A chimeric 17DD/DEN2 vaccine, using the 44-2 wildtype Southeast Asian isolate, was similarly attenuated
in monkey tests (Galler et al., 2005). A chimeric 17DD/
Den 2 New Guinea C (NGC) vaccine, with the carboxy
terminus of an E gene from a Brazilian isolate, was

TABLE 40.4 17D vaccine candidates that are under
development for clinical use
Vaccine (strain)

Company

Clinical trial

References

ARILVAX™
(17D)

Acambis

Phase III

Monath et al.
(2002a)
Belmusto-Worn
et al. (2005)

BERNA-YF

Berna
Biotech

Phase III

Pfister et al.
(2005)

Chimeri
Vax-DEN2
(16681)

Acambis

Phase I

Guirakhoo et al.
(2004, 2006)

Tetravalent
Chimeri
Vax-DEN
DEN 1
(PUO359)
DEN 2
(16681)
DEN 3
(PaH881/88)
DEN 4 (1228)

Acambis/
Phase II
Oravax/Aventis
Pasteur

Guirkahoo et al.
(2001)
Guirakhoo et al.
(2002)
Guirakhoo et al.
(2004)

Chimeri
Vax-JE
(SA14-14-2)

Acambis

Phase II

Monath et al.
(2002b, 2003)

Chimeri
Vax-WNV
(NY99)

Acambis

Phase 1

Arroyo et al.
(2004)
Monath et al.
(2006)

attenuated in mice and gave partial protection against
a lethal challenge with DEN2 NGC virus (Caufour
et al., 2001). While these 17DD-based vaccines have
shown promise in monkey trials, none have progressed to human clinical trials.
There has been recent interest in using the 17D
backbone to develop chimeric YF viruses as a diagnostic tool for flaviviruses that need to be handled
at BSL3. For example, Chimerivax-St Louis encephalitis (SLE) virus is being used at BSL2 as a surrogate for SLE virus in neutralization tests (Pugachev
et al., 2004).
The 17D backbone has been used to develop a
recombinant vaccine against Lassa fever virus; where
the 17D 204 infectious clone expressing Lassa fever
virus GP1 and GP2 in frame between the E and NS1
genes protected guinea pigs against fatal Lassa fever
(Bredenbeek et al., 2006). Both the 17D-204 and the
17DD backbones are being used as prototype malaria
vaccines (Tao et al., 2005; Bonaldo et al., 2002, 2005,
2006) and the 17D-204 backbone as a prototype cancer vaccine (McAllister et al., 2000) to express foreign
epitopes, rather than complete antigens. The 17D-204
backbone expressing malaria epitopes at the viral serine protease cleavage site between NS2B and NS3
diminished murine liver parasite burden by 70% and
provided protection for 4–8 weeks. Boosting with
irradiated sporozoites (mimics immune response of
vaccine-primed individuals in endemic areas) after
vaccination conferred sterile immunity to 90% of
mice indicating that vaccination could be sustained
and magnified by the bite of infected mosquitoes (Tao
et al., 2005). A second chimeric 17DD backbone expressing malaria epitopes, this time in the E protein fg loop,
was attenuated for mice and monkey neurovirulence,
and mouse tests showed production of antibodies that
recognized the parasite protein (Bonaldo et al., 2002,
2005, 2006). To facilitate cancer vaccine studies, ovalbumin epitopes have been inserted, as model systems
at different sites in the 17D-204 genome (N terminus of
the polypeptide or between proteins C and prM, NS2A
and NS2B, NS2B and NS3, NS3 and NS4A, or NS4A
and NS4B). Immunization of mice elicited protective
immunity against challenge with lethal doses of malignant melanoma cells expressing ovalbumin, and virus
immunotherapy induced regression of established
solid tumors and pulmonary metastases (McAllister
et al., 2000). HIV vaccines are currently being developed using this same strategy (Van Epps, 2005).
Studies are also underway to develop replication-deficient 17D vaccine vectors (replicons)
expressing foreign antigens in place of the envelope
protein genes, e.g., Hepatitis C virus (Molenkamp et al.,
2003). These so-called replicons undergo one round
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of replication and stimulate strong immune responses
without the risk of complications associated with live
vaccines, especially in immunosuppressed people
(Jones et al., 2005; Mason et al., 2006).
Rationale of Second/Third/New-Generation
Vaccines
A recent study evaluated the incremental health
and programmatic cost impact of using single-dose
lyophilized 17D vaccines as compared to the standard multi-dose vials in Cambodia, Ghana, and
Bangladesh. A cost-effectiveness model found that
single-dose presentations of the thermostable YF vaccine is a potentially cost-effective way of reducing
childhood deaths and disability in low-resource countries in Asia and Africa (Levin et al., 2007).

response, with seroprotection in 100% of the individuals in all vaccine groups was elicited by all three
vaccines and no adverse events were reported. There
were no differences in the immune responses generated between three consecutive production batches of
the BERNA-YF vaccine (Pfister et al., 2005).

POSTEXPOSURE
IMMUNOPROPHYLAXIS
Early studies showed that passive antibody, the
interferon inducer poly(I-poly(C), or interferon treatments are effective only before or within hours of
infection, and as such these can be utilized in postexposure prophylaxis after a known exposure event,
e.g., a laboratory-acquired infection (Monath,1987).

PROSPECTS FOR THE FUTURE

Clinical Trials
There have been three recent phase III clinical trials involving two new YF vaccines that have been
produced by companies who have bought the vaccine production technology rights. The first of these,
the ARILVAX™ vaccine (Acambis, United States), was
compared with a current commercial vaccine, YF-VAX®
(Sanofi Pasteur Inc., USA), in a phase III double blind
clinical trial in U.S. adults. There was 99.3% seroconversion of individuals given YF-VAX and 98.6%
seroconversion of individuals given ARILVAX. Both
vaccines were well tolerated by the recipients and the
mean antibody responses elicited were well above
minimal levels needed for protection. No serious
adverse events were reported, although the YF-VAX
recipients had more pain, edema, and inflammation at
the site of the injection (Monath et al., 2002a; Barrett,
2004). The first randomized, double-blind, phase III
vaccine trial in children (age 9 months–10 years) was
carried out in Peru and compared the efficiency of
this ARILVAX vaccine with the YF-VAX vaccine. Both
vaccines were well tolerated and highly immunogenic, although the seroconversion rates were significantly higher for the ARILVAX vaccine. Any adverse
reactions reported were mild and resolved without
medical intervention (Belmusto-Worn et al., 2005;
Barrett, 2004).
The immunogenicity and safety of another new YF
vaccine, the BERNA-YF vaccine (Flavimun®, Berna
Biotech Ltd., Switzerland), manufactured after the
transfer of the vaccine technology from the Robert
Koch Institute in Germany, was compared with the
original German vaccine and a current, commercial vaccine, Stamaril® (Sanofi Pasteur, France), in a
phase III bridging clinical trial. An effective immune

The new ChimeriVax platform vaccines have
reached phase III clinical trials and are manufactured
in Vero monkey kidney cell culture, which facilitates
rapid vaccine manufacture at short notice to combat
outbreaks of disease. One of the great problems with
YF vaccine is supply and demand. Large numbers of
embryonated chicken eggs are not available at short
notice and it takes considerable labor to manufacture
the vaccine. This opens up the possibility of changing the manufacture of the current 17D vaccine from
embryonated chicken eggs to cell culture (Freire et al.,
2005). This approach has not moved forward very far,
in part due to the need of obtaining extensive safety
and efficacy data on a “new” product compared to the
current egg-based vaccine, which has a well-known
safety and efficacy profile. Nonetheless, if a chimeric
17D-based vaccine is licensed and used it may provide
the impetus to undertake additional research for a 17D
Vero cell–derived vaccine. It has also been proposed
that a reverse genetics Vero cell vaccine would have
the advantage of a vaccine virus of defined sequence
and would eliminate the quasi species found in the
current vaccine. This, of course, assumes that the heterogeneity in the current vaccine does not contribute
to the efficacy of the vaccine.
The reemergence of YFV in North America is a serious threat as evidenced by the West Nile epidemic
brought to New York in 1999 (Lanciotti et al., 1999).
Unvaccinated tourists who visit YFV endemic areas
are at high risk of being infected and air travel would
allow these viremic tourists to travel home quickly
and be the source of an epidemic. Primary care
physicians, in general, are ill prepared to diagnose
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or treat YF cases due to lack of experience and the Ae.
aegypti domestic vector is present in large numbers
in the Southern states. YF is a zoonosis and therefore
vector control is central to the control of the disease.
The development of molecular genetic techniques
allows for the possibility of control using transgenic
mosquitoes, although there are a huge number of
ethical issues about the release of transgenic vectors.
Mosquitoes have already been experimentally engineered with resistance to YFV (Higgs et al., 1998) and
this would allow for competition studies in the field
to see if naturally occurring populations could be
replaced with genetically engineered resistant populations. This research would open up the whole area of
flavivirus control using transgenic resistant mosquito
vectors.

KEY ISSUES
●

●

●

●

●

●

YFV was the first virus demonstrated to be transmitted by mosquitoes.
Development of live-attenuated YF vaccines is one
of the milestones in vaccine research and it is one of
the safest and most efficacious vaccines developed
to date.
YF is a reemerging enzootic disease that is still a
major public health problem despite the availability
of the vaccine.
More research is necessary to better understand the
disease pathology and host immune response.
In recent years, a rare but significant number of
severe adverse events have been reported involving
vaccine-associated viscerotropic disease and vaccineassociated neurotropic disease.
The 17D vaccine virus infectious clone backbone
is being successfully used to develop a variety
of chimeric virus vaccines, some of which have
reached clinical trials for human use.
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ABSTRACT
The causative agent of anthrax is the spore-forming bacterium, Bacillus anthracis, which is considered a major
bioterrorism threat because its spores are very stable, easily disseminated, and infectious by aerosol. The clinical
form of the disease is dependent on the route of exposure and can manifest as cutaneous, gastrointestinal,
or inhalational anthrax. Irrespective of the route acquired, septic anthrax is a devastating infection with high
mortality. The virulence of B. anthracis is dependent on the production of an antiphagocytic capsule and two
bipartite, proteinaceous toxins: lethal toxin and edema toxin. The toxins comprised three proteins, lethal factor
(LF), edema factor (EF), and protective antigen (PA). PA, the binding moiety of each toxin, facilitates toxin entry
into host cells. LF, the enzymatic portion of lethal toxin, is a zinc metalloprotease that cleaves the N-terminal region
of mitogen-activated kinase kinases. This toxin interferes with the function of host immune cells and disrupts the
endothelial barrier. EF, the enzymatic moiety of edema toxin, is a calmodulin-dependent adenylyl cyclase that
converts ATP to cAMP, resulting in immune cell dysfunction and tissue edema. The pathology associated with
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an anthrax infection (i.e., hemorrhage, necrosis, and edema) is the result of the action of the toxins. The current
FDA-licensed anthrax vaccine comprised filter-sterilized culture media, in which an attenuated (capsule-deficient)
strain of B. anthracis has grown, combined with aluminum hydroxide adjuvant. While all secreted or released
bacterial proteins are present in the vaccine formulation, the major immunogen is PA. The levels of antibodies to PA
elicited by the vaccine directly correlate with survival in infected animal models. The need for a chemically defined
vaccine has led to the development of a second-generation vaccine, consisting of recombinant PA and the aluminum
hydroxide adjuvant. This new vaccine has proved efficacious in the nonhuman primate and rabbit models of
inhalation anthrax, and clinical trials are currently evaluating the safety and immunogenicity in human volunteers.
Apart from active immunization, passive transfer of antibodies to PA is efficacious in anthrax animal models.
Compounds that inhibit the action of the toxins are also being investigated. These recent advances have increased
the arsenal of therapeutics that can be used in the future to improve the prognosis of anthrax-infected individuals.

INTRODUCTION
A spore-forming bacterium, Bacillus anthracis, is the
causative agent of anthrax. Outbreaks of this zoonotic
disease date back to antiquity, and today the disease is
endemic among animals worldwide. Herbivores are
particularly susceptible and become infected while grazing by inhaling aerosolized spores or ingesting contaminated plant material. Once inside the animal, the spores
germinate and the proliferating vegetative cells quickly
kill the host. Close to or at the time of death, the animal
hemorrhages and bacteria-laden blood is released into
the environment from the mouth, nose, and rectum.
Environmental parameters signal the bacteria to sporulate, and the spores remain viable long after the animal
has decomposed. The spores can be disseminated by
water, wind, or scavengers carrying away pieces of the
contaminated carcass. The cycle repeats when another
herbivore grazes in the contaminated area. Unlike most
other pathogenic bacteria or viruses, B. anthracis must
kill its host in order to infect another.
Humans can be infected when they come in close
contact with B. anthracis-infected animals or contaminated animal products. We are also at risk of intentional
infection by biowarfare or bioterrorism. Research on B.
anthracis as a possible biological weapon began in the
1940s, and recent events have renewed interest in finding novel vaccines and therapies to combat the agent.
The current anthrax vaccine has been licensed for
human use since 1970. This chapter will focus on recent
advances in the development of the vaccines to prevent
anthrax in humans, as well as the characteristics of B.
anthracis that make the bacterium a bioterrorism threat.

BRIEF HISTORY OF THE DISEASE
Anthrax has been described in antiquity and may
have been responsible for the fifth and sixth plagues
of Egypt described in the Bible. The Roman poet Virgil

described the disease in both domestic and wild animals. In the 18th century, the sheep population of
Europe was decimated by an anthrax outbreak, and the
human form of the disease was termed wool sorters disease because of the rate of infection in individuals working with contaminated animal fibers (Sternbach, 2003).
Robert Koch was the first person to trace the
complete life cycle of the bacterium and found that
B. anthracis formed spores that remain viable even in
adverse environments. Koch also cultured the organism in vitro and inoculated healthy animalsthat ultimately developed systemic infection characteristic of
anthrax. B. anthracis became the prototypical organism
of Koch’s famous postulates for identifying the causative agents of infectious diseases. Louis Pasteur later
created the first live vaccine against anthrax which
comprised B. anthracis attenuated by passage at elevated incubation temperature (Sternbach, 2003).

ETIOLOGICAL AGENT
B. anthracis is a large (1.0 ⫺ 1.2 ⫻ 3 ⫺ 5 μm), Grampositive bacillus capable of forming stable spores in
unfavorable environments such as nutrient depletion
(Fig. 41.1). The bacterium contains a ~5.3 Mb chromosome and two virulence plasmids. The bacterial cells
grow in long chains, and the large colonies have a
ground glass-like appearance when cultured on solid
agar. The organism has a biphasic life cycle; it can exist
as a metabolically inactive endospore or as a rapidly
proliferating vegetative cell. When bacteria are released
from an animal by hemorrhage, environmental parameters such as temperature, pH, O2 availability, sunlight,
nutrient level, and certain cations signal the bacterium to sporulate. The spore comprises several layers
with the internal core housing the genetic material
and enzymes. The core is surrounded by an inner and
outer membrane, which are constructed from the vegetative cell membrane during the sporulation process.
The thick cortex is located between the two membranes
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FIGURE 41.1 (A) Gram stain of Bacillus anthracis showing the bacilli growing in long chains. (B) Electron micrograph (EM) showing vegetative cells (v) and spores (s) at 47,000 ⫻. The bar denotes 0.5 μm. EM courtesy of Vsevolod Popov, Ph.D., Department of Pathology, University
of Texas Medical Branch, Galveston, TX.

and is structurally similar to the bacterial cell wall.
The cortex is heat resistant and is responsible for protecting the spore from dehydration. The outer membrane is encompassed by the thick spore coat, which
is produced by the vegetative cell and is resistant to
lytic enzymes. The outermost layer of the spore is the
loose-fitting exosporium. Unlike other spore integuments, the exosporium is not composed of pre-existing
membranes, but is produced at the time of sporulation.
Further, the exosporium does not contain vegetative cellular antigens, except for PA, which has been reported
on the surface of spores (Cote et al., 2005; GuidiRontani and Mock, 2002). The structure of the spore
makes it resistant to most disinfectants; often 10–50%
bleach, 10% formalin, or formaldehyde gas is used for
decontamination.
The spores are 1–5 μm in diameter making them of
ideal size for inhaling deep into the alveolar spaces.
Once inside the host, B. anthracis has both intracellular and extracellular stages of growth. The spores are
taken up by macrophages into an acidified endosome,
where they germinate and escape the antimicrobial
environment. Compounds such as L-alanine, L-tyrosine, and adenosine, which are abundant in a host,
stimulate the germination process. The bacteria proliferate inside the macrophage eventually lysing the cell
and continue to divide extracellularly.

ANTIGENS ENCODED BY AGENT
The virulence of B. anthracis is dependent on the
genes encoded on two plasmids, pXO1 and pXO2.

The genes for the synthesis of the poly-γ-D-glutamic
acid capsule are located on pXO2. The electronegative
charge of the capsule enables the bacteria to evade
phagocytosis and killing and is required for dissemination to other tissues from the lungs in the mouse
model of inhalation anthrax (Drysdale et al., 2005;
Ezzell and Welkos, 1999).
Although pXO1 has many open-reading frames,
three genes, pag, lef, and cya, encode protective antigen (PA), lethal factor (LF), and edema factor (EF),
respectively (Mikesell et al., 1983). These three proteins comprise the two toxins, lethal toxin (LeTx) and
edema toxin (EdTx) that belong to the family of bacterial binary A–B toxins. The A moieties (LF or EF) act
within the cytosol of the host cell, and the B component (PA) binds the toxin complex to the target cell
and facilitates the entry of the A subunit.
Transcription of toxin and capsular genes is affected
by temperature (37°C) and bicarbonate/CO2, two
signals present in a mammalian host. The atxA gene
located on pXO1 positively regulates transcription of
toxin and capsule genes. Another virulence gene regulator encoded by pXO2, acpA, only induces expression
of genes required for capsule synthesis. In addition, a
chromosomal gene called abrB induces the toxin genes
in a growth-phase-specific manner (Guidi-Rontani
and Mock, 2002). This level of transcriptional control
ensures that the bacterium only produces virulence
factors when appropriate (i.e., when inside a host).
Two PA receptors on mammalian cells have been
identified so far, namely Tumor Endothelial Marker
8 (TEM8) and Capillary Morphogenesis Gene-2
(CMG2), which are expressed by a variety of tissues
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and cells (Bradley et al., 2001; Scobie et al., 2003).
The 83 kDa PA protein binds to the cell surface receptor and is cleaved at the N-terminal region by a host
cell furin protease (Klimpel et al., 1992). The resulting
63 kDa protein (PA63) heptamerizes forming a ring
structure with competitive binding sites for three molecules of LF and/or EF (Milne et al., 1994). Once the
enzymatic moiety binds to the oligomerized PA63, the
complex enters the cell via receptor-mediated endocytosis. The toxins enter an acidic endosomal compartment, and the low pH causes conformational changes
in PA, such that it forms a membrane-spanning channel allowing for the translocation of EF and LF into
the cytosol (Ascenzi et al., 2002; Fig. 41.2).
EF is a calmodulin-dependent adenylyl cyclase that
forms 3⬘,5⬘-adenosine monophosphate (cAMP) from
adenosine triphosphate (ATP) in many different types
of cells (Leppla, 1982). The increase in cellular cAMP
causes the efflux of water and electrolytes from the cell,
resulting in the characteristic interstitial edema associated with B. anthracis infections. The toxin has also

been shown to inhibit LPS-induced TNF-α production
in monocytes and inhibit phagocytosis by neutrophils
(Hoover et al., 1994; O’Brien et al., 1985). The increase
in intracellular cAMP also inhibits the activation of
murine CD4⫹ T cells (Paccani et al., 2005).
LF is a zinc metalloprotease with mitogen-activated
kinase kinases (MAPKKs) 1, 2, 3, 4, 6, and 7 as the only
known substrates (Duesbery et al., 1998; Pellizzari
et al., 1999; Vitale et al., 2000). The toxin can enter and
is proteolytically active in most cells but is specifically cytotoxic for macrophages from certain strains of
inbred mice (Singh et al., 1989), suggesting some other
substrate or function of the toxin (Chaudry et al., 2002).
The susceptibility of murine macrophages is dependent on mutations in a single kinesin-like motor gene
called kif1C (Watters et al., 2001). Laboratory rodents
are killed by injection of purified PA and LF. LeTx
readily kills laboratory mice regardless of macrophage
sensitivity and evidence suggests that death is the
result of TNF-α-independent hypoxia (Moayeri et al.,
2003), although no direct measurements of pO2 have

Hyperendemic/epidemic

Probably free

Endemic

Free

Sporadic

Unknown

FIGURE 41.2 Mechanism of entry and action of anthrax toxins. Protective antigen (PA) binds to one of the two known anthrax toxin receptors, TEM8 or CMG2. PA is then activated by a host furin protease. The resulting 63 kDa PA molecules heptamerize, forming binding sites for
three molecules of lethal factor (LF) or edema factor (EF). The holotoxin is taken into the cell by receptor-mediated endocytosis. Acidication
of the endosome causes a conformational change in PA such that it forms a channel though the membrane, thus releasing LF and EF into
the cytosol. LF is a zinc metalloprotease with mitogen-activated kinase kinases (MAPKKs) as its only know substrates. EF is a calmodulindependent adenylyl cyclase that converts ATP into cAMP (see color plate section).
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confirmed this hypothesis. Infusion of the toxin into
rats causes death by circulatory shock (Cui et al., 2004).
Human macrophages are not readily lysed by
the toxin; however, Popov et al. (2002) showed that
LeTx (1) inhibited the bactericidal activity of human
monocytes, (2) suppressed production of proinflammatory cytokines, and (3) ultimately caused the cells
to undergo apoptosis. The toxin also suppresses antigen presentation by murine dendritic cells, thereby
inhibiting an adaptive immune response (Agrawal
et al., 2003). The toxin further suppresses the adaptive immune response by inhibiting the activation of
human CD4⫹ T cells (Fang et al., 2005) and B cells
in mice (Fang et al., 2006). In addition to impairing immune cells, LeTx induces apoptosis in cultured endothelial cells (Kirby, 2004) and disrupts the
endothelial barrier (Warfel et al., 2005), which may
partly explain the hemorrhage observed in inhalational anthrax patients.

PROTECTIVE IMMUNE RESPONSE
There is little in the literature concerning the protective immune response to an anthrax infection in
humans. Much of the data on protective immunity,
namely, development of antibodies to PA, conferring
protection against anthrax, are derived from studies with vaccines in animal models. In fact, as discussed later, PA is the dominant antigen in the current
licensed anthrax vaccine adsorbed (AVA). Protection
of rabbits vaccinated with recombinant PA (rPA)
against aerosol challenge with virulent B. anthracis spores correlates directly with anti-PA titer (Little
et al., 2004). The role in survival following infection
played by anti-PA antibodies is not fully understood.
Production of neutralizing antibodies, those that
interfere with the anthrax toxin’s ability to enter host
cells, would inhibit the deleterious effects of the toxins. Further, antibodies to PA enhance phagocytosis
of spores and killing of bacteria in vitro (Cote et al.,
2005; Welkos et al., 2001). Although the humoral
immune response is thought to be the defining factor determining immunity to anthrax, a cell-mediated response also develops. Shlyakhov et al. (1997)
showed that healthy individuals vaccinated with
live nonencapsulated spores respond to an anthraxspecific, tuberculin-like skin test. The relative importance of the humoral response and cell-mediated
immunity in anthrax was demonstrated by passive
transfer of serum and lymphocytes from PA-vaccinated
mice to naïve animals. Mice receiving sera containing PA antibodies lived significantly longer than controls after challenge with a capsule-deficient strain of

B. anthracis. In contrast, animals receiving lymphocytes
died at the same rate as controls (Beedham et al., 2001).

EPIDEMIOLOGY
Anthrax is a worldwide disease affecting herbivores on most of the continents (Fig. 41.3). Anthrax is
endemic in parts of South America, Asia, and Africa.
North America, Europe, and Northern Asia have sporadic outbreaks of anthrax in animals and humans.
Most recently, the Associated Press reported outbreaks
of anthrax in cattle herds in North and South Dakota
in 2005. A total of 500 unvaccinated head of cattle succumbed to the disease causing financial losses for the
afflicted ranches.
Western Africa is heavily affected by anthrax, and
an outbreak in Zimbabwe between October 1979 and
March 1980 resulted in over 6000 cases of human
anthrax, which were mostly the cutaneous form of the
disease. Then between August and November 2004, a
massive outbreak devastated the herds of herbivores
in the Malilangwe Wildlife Reserve, Zimbabwe (Clegg
et al., 2007). The slaughter and handling of raw meat
from an infected cow resulted in 25 cases of cutaneous anthrax in Paraguay in 1987 (Cieslak and Eitzen,
1999). Between 1994 and 2004, 25 cases of cutaneous
anthrax were reported in a clinic in the Elazig province of Turkey (Demirdag et al., 2003). Spain reported
the largest number of cases in Europe, with 78–152
cases annually between 1991 and 1995, while neighboring France reported no cases between 1972 and
1994, until a fatal case of African-acquired anthrax was
diagnosed. Then, in 1997 in two separate outbreaks
in France, 95 cows were killed, and there were three
fatal cases of anthrax in a farmer, a veterinarian, and
young boy (Patra et al., 1998). Other cases of anthrax
in Europe were caused by animal products imported
from endemic regions (Schmid and Kaufmann, 2002).
Kazakhstan reported 73 human cases of anthrax
between 1997 and 1998. A retrospective cohort analysis to determine risk factors found that all of these
cases occurred following contact with infected animals, and persons butchering infected animals were
at increased risk. In addition, the study reported that
the risk may have been increased by the presence of
abraded skin on the hands of the infected humans
(Woods et al., 2004).
In recent years, the use of an attenuated veterinary
vaccine in the United States and Europe has limited
the number of anthrax outbreaks in livestock and
thus decreased the incidence of human anthrax. In the
United States, the number of human anthrax cases per
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FIGURE 41.3 Worldwide occurrence of anthrax as of 2003. Map courtesy of Martin E. Hugh-Jones, Ph.D., WHO Collaborating Center
for Remote Sensing and Geographic Information Systems for Public Health, Department of Epidemiology and Community Health, School of
Veterinary Medicine, Louisiana State University, Baton Rouge, LA. (www.vetmed.lsu.edu/whocc/mp_world.htm (see color plate section).

year averaged about 35 in the 1950s and decreased
to less than one per year since 1980. Between 1950
and 1999, 458 cases of human anthrax were reported
nationally with 77% occurring before 1959. Forty-one
field investigations conducted by The Centers for
Disease Control (CDC) determined that the exposure
sites comprised 24 agricultural settings, 11 textile
mills, and 6 others. Of the 27 cases of anthrax in textile
mills, 21 were cutaneous and 6 were inhalational with
contaminated goat hair or sheep wool being the primary vehicles (Bales et al., 2002).
As demonstrated above, most human anthrax cases
occur when individuals come in close contact with
infected animals or animal products; however, some
instances of human anthrax have more sinister causes.
The largest outbreak of inhalation anthrax occurred
in April and May of 1979 in Sverdlovsk in the former
Soviet Union. Originally reported as gastrointestinal
anthrax, further investigation determined that the outbreak was due to inhalation of anthrax spores. Tissue
analysis of 11 victims identified four different strains
of B. anthracis (Jackson et al., 1998). An epidemiological investigation determined that the likely source of
the outbreak was the accidental release of spores from
a military weapons factory, Compound 19, in southern Sverdlovsk. The incident infected 94 people and

caused at least 64 deaths (Meselson et al., 1994). It
was not until 1992 that Russian President Boris Yeltsin
announced that the military installation was responsible for the outbreak.
Before the 2001 terrorist attack, the last reported
case of inhalational anthrax in the United States
occurred in California as a result of exposure to contaminated yarn imported from Pakistan (Suffin et al.,
1978). In 2001, letters contaminated with anthrax
spores, sent through the U.S. Postal Service, resulted
in 22 cases of anthrax. In October 2001, the first case
of bioterrorism-related anthrax occurred in Florida,
and increased surveillance identified a total of 22
cases of anthrax between October 4 and November 20,
2001. Eleven of these cases were the cutaneous form
of infection with the other 11 cases being inhalational
anthrax. Five victims with inhalational anthrax died of
the infection. Twenty of the 22 cases occurred in individuals who were mail handlers or exposed to work
sites where the contaminated letters were processed or
received (Jernigan et al., 2002). This event underscores
the reason that B. anthracis is considered a significant
threat as a biological warfare/bioterrorism agent.
Anthrax has a long history as an agent in the biological warfare arsenal. Germany investigated the
possible use of anthrax against animals and humans
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in World War I and II. During this time, Japan also
experimented with biological weapons including
anthrax and used biological weapons on Chinese civilians. The allies including Great Britain and the United
States also engaged in biological weapons research.
The United States formed the War Research Service
at Fort Detrick, Maryland, to investigate the offensive
use of anthrax. The British tested anthrax bombs on a
remote island northwest of Scotland. They also prepared B. anthracis-laden food pellets to infect German
cattle. Although they actively engaged in research, the
allies did not use bioweapons in military campaigns.
In 1969, President Nixon renounced the use of biological weapons and ordered all offensive stockpiles
destroyed, an action that prompted the International
Biological Weapons Convention, which called for the
complete elimination of all offensive biological weapons worldwide (Mobley, 1995).
The use of biological weapons in conventional
warfare does not appear to be a major threat, but the
possibility of an anthrax attack still exists from either
rogue nations or terrorist groups, and would most
probably target the civilian population. The World
Health Organization estimated that the aerosolization
of 50 kg of dried B. anthracis spores over a city with a
population of 500,000 would incapacitate 125,000 people and kill 95,000. Such an event would overwhelm
medical resources and disrupt the infrastructure of
most cities (World Heath Organization, 1970). As part
of a 1999 initiative from Congress to increase public
health preparedness for response to biological terrorism, the CDC categorized biological agents as A, B, or
C with category A agents having the greatest effect on
public health. B. anthracis is a level A select agent and
is ranked along with Variola major, the causative agent
of smallpox, as the two greatest bioterrorism risks to
public health. While there have been no reports on person-to-person transmission of inhalational anthrax, the
ease of dissemination, infective stability of the spore,
and virulence of the organism make it one of the highest potential biological threats (Rotz et al., 2002).
Although a biological attack of the enormity
described by the WHO has not occurred, civilian
populations have been the targets of anthrax attacks.
In 1993, the Aum Shinrikyo cult released an aerosol
cloud of anthrax spores in Kameido, Japan, but there
were no reports of clinical anthrax. Molecular analysis of spores isolated from the site established that
the released spores were from an attenuated stain of
B. anthracis used to vaccinate animals in Japan (Keim
et al., 2001). In comparison, the letters used to disseminate the spores in the U.S. attack were contaminated
with fully virulent, weaponized B. anthracis Ames
strain spores. This incident proved that terrorists

FIGURE 41.4 Case of cutaneous anthrax with characteristic
eschar. A ranch hand in Edwards County Texas reportedly was
infected after skinning a buffalo. The patient noticed a small pimple on his left arm 5 days after contact with the animal. The lesion
progressed and the man was hospitalized for severe cellulitis, and
treated with penicillin and ciprofloxacin. The lesion evolved into
a single black eschar measuring 3 ⫻ 5 in. The individual was discharged after 9 days in the hospital. Picture courtesy of Army Major
Margaret “Meg” Neidert during residency training at the Texas
Department of State Health Services, Austin, Texas (www.tdh.state.
tx.us./phpep/).

could effectively distribute and disseminate anthrax
spores without sophisticated equipment by exploiting
the society’s infrastructure.

CLINICAL DISEASE
Anthrax occurs in three clinical forms: cutaneous,
gastrointestinal, or inhalational. The type and severity of disease are dependent on the route of exposure.
Ninety percent of all human cases of anthrax are cutaneous. Infection occurs when viable spores come in
contact with abraded skin, and a small papule develops in 2–3 days. Within the next 24 h, a ring of vesicles
forms around the papule, which starts to ulcerate and
then dries resulting in the characteristic black eschar
(Spencer, 2003; Fig. 41.4). The anthrax skin lesion is
painless, which differentiates it from a similar painful lesion formed from the bite of the Loxoceles reclusa
(brown recluse) spider. Even without treatment, the
anthrax eschar usually resolves within 2–6 weeks.
Twenty percent of untreated individuals become septic and die, but antibiotic intervention can reduce the
mortality rate to ⬍1% making this the most benign
form of the disease.
Ingestion of viable spores from contaminated meat
results in gastrointestinal anthrax and, depending
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on the site of inoculation, can take one of two forms,
either oropharyngeal or abdominal with the lesion
forming at the site of entry. Oropharyngeal anthrax
occurs when spores enter the oropharynx, and symptoms include sore throat, dysphagia, fever, cervical
lymphadenopathy, and edema. Infection of the terminal ileum and/or cecum with hemorrhage of the
mesenteric lymph nodes results in abdominal anthrax,
which also presents with nondescript symptoms
including abdominal pain, hematemesis, and bloody
diarrhea. If untreated, the bacteria can disseminate to
the bloodstream, and once septic the patient rapidly
succumbs to the infection. Although rare outside of
Africa and Asia, gastrointestinal anthrax has a high
mortality rate. The ambiguous symptoms characteristic of early infection make diagnosis difficult, and
the delay in administration of appropriate antibiotics
often leads to death (Spencer, 2003).
As discussed earlier in this chapter, inhalational
anthrax was usually associated with occupational exposure to contaminated animal products. Until 2001, the
last case of inhalational anthrax in the United States was
reported in 1978 (Suffin et al., 1978). In this chapter, we
will present clinical symptoms of the first 10 cases of the
2001 U.S. bioterrorism-related inhalational anthrax as
reported by Jernigan et al. (2001). The median incubation time was 4 days from the time of exposure to symptom onset. As in the case of gastrointestinal anthrax the
disease starts with nonspecific symptoms including
fever or chills, sweats, fatigue with malaise, and minimal or nonproductive cough, dyspnea, and nausea. All
patients had abnormal chest X-rays, characteristic of
inhalational anthrax including infiltrates, pleural effusion, and widening of the mediastinum (Fig. 41.5). With
multiple antibiotic treatment and supportive care, the
mortality rate was 45%, substantially lower than the
previously published estimate of 95%.

TREATMENT
Successful treatment of inhalational anthrax
requires early administration of antibiotics. The initial
CDC-recommended treatment for inhalational anthrax
is intravenous infusion of ciprofloxacin (400 mg bid)
or doxycyline (100 mg bid) coupled with other antibiotics. Following this initial treatment, patients are
switched to 500 mg of ciprofloxacin or 100 mg doxycycline orally bid for 60 days. The extended treatment period is required because of asynchronous
germination of anthrax spores in the lungs of exposed
individuals. The CDC also recommends postexposure vaccination, but the FDA has not approved

FIGURE 41.5 Chest radiograph of an inhalational anthrax
patient in 1961. The radiograph was taken 22 h before death and
demonstrates the mediastinal widening characteristic of this form
of the disease. Radiograph was provided by Dr. Philip S. Brachman
and provided by the Centers for Disease Control and Prevention
(www.cdc.gov.).

postexposure use of the vaccine. Supportive care must
also be given to combat the respiratory distress associated with the acute phase of the disease (e.g., draining of the massive pleural effusions).

PATHOGENESIS
Inhalation anthrax occurs when an individual
inhales viable spores. The small size (1–3 μm) of the
spores allows them to travel deep into the alveolar
spaces of the lungs. Once there, they are taken up by
alveolar macrophages and transported to the mediastinal lymph nodes, where the spores are thought to
germinate, eventually lysing the macrophages. The
vegetative cells continue to proliferate and spread
throughout the body via the lymphatics and circulatory system (Spencer, 2003).
The unfortunate outbreak of inhalational anthrax
in Sverdlovsk provided the largest set of clinical
specimens to study the pathology of human anthrax.
Necropsies of victims of the outbreak consistently
showed pathologic characteristics of inhalational
anthrax including necrotic hemorrhage of the thoracic lymph nodes, hemorrhagic mediastinitis, and
pleural effusion. Fifty percent of the cases involved
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hemorrhagic meningitis, and 92% showed signs of
gastrointestinal tract involvement (i.e., submucosal
hemorrhagic lesions) (Abramova et al., 1993).
Quantitative microscopic findings showed that
most of the severe pathologic lesions occurred in the
mediastinum and mediastinal lymph nodes, the sites
of initial replication of the bacterium. The investigators also observed peripheral transudate surrounding fibrin-rich edema, necrosis of veins and arteries,
and apoptotic lymphocytes. The pathology (i.e., cellular death and edema) of the infection is associated
with the two exotoxins produced by the bacterium
(Grinberg et al., 2001). The five fatal cases of bioterrorism-related anthrax in the United States all demonstrated prominent pleural effusions and hemorrhagic
mediastinitis (Guarner et al., 2003).

IMMUNE RESPONSE TO INFECTION
Anthrax survivors have been reported to develop
antibodies to the bacterial capsule, PA, and, to a lesser
extent, LF and EF. Anti-PA titers from the 11 cutaneous cases of the 2001 outbreak were detected as early
as 12 days after symptoms developed. The six survivors of inhalational anthrax had significantly higher
concentrations of anti-PA antibodies than the cutaneous anthrax patients, and concentrations remained
higher more than 1 year after disease onset. Patients
with detectable anti-PA titers 3–14 months after
development of symptoms had detectable toxinneutralizing antibody levels that peaked by 4–8 weeks
after disease onset. Long-term immune memory from
the anthrax patients was assessed by blood samples at
8–14 months after the onset of symptoms. All six inhalational anthrax survivors had PA-specific IgG memory
B cells compared to only two of the seven cutaneous
anthrax patients sampled (Quinn et al., 2004).

HISTORY OF ANTHRAX VACCINES
Louis Pasteur is usually credited with the discovery
of the first anthrax vaccine in 1881; however, a literature review by Peter C.B. Turnbull determined that the
first attenuated anthrax vaccine was developed by W.S.
Greenfield at Brown Animal Sanatory Institution in
London (Turnbull, 1991). The Pasteur vaccine became
widely used in Europe and South America for the
next 50 years. This vaccine consisted of two inoculations given2 weeks apart. The first dose comprised B.
anthracis cells that were grown at 42–43°C for 15–20
days, while the cells for the second dose were grown at
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an elevated temperature for only 10–12 days. The cells
grown for the first inoculation were only virulent in
mice and young guinea pigs, and the second inoculum
was less attenuated, because of the shorter incubation
time at the higher temperature. Later analysis of the
Pasteur strains determined that growth of the bacteria
at 42–43°C cured the plasmid encoding the toxin genes,
pXO1. This strain did not produce PA, an important
antigen needed to induce protective immunity, and the
cultures were probably made up of cured cells along
with fully virulent cells capable of producing the toxin
complexes (Turnbull, 1991).
The next notable advance in anthrax vaccine development occurred in 1937 when Sterne (1937) isolated a pXO1⫹ pXO2⫺ variant of B. anthracis. Sterne
(1939) developed a live spore vaccine using nonencapsulated, toxigenic spores supplemented with 0.5%
saponin in 50% glycine–saline. The original formulation has remained unchanged, except for an increase
in the number of spores. The vaccine is considered
effective and safe for use in livestock and is still
used in many countries today (Turnbull, 1991). The
vaccine strain still maintains some virulence for mice
and guinea pigs (Turnbull, 1991). In fact, this strain is
often used as a challenge strain in mice to test novel
anthrax therapeutics. Also, some domestic animals such
as goats and llamas are more susceptible to the vaccine
strain than are other grazing livestock (Turnbull, 1991).
Shortly after Sterne’s discovery, Russian scientists
also isolated strains of nonencapsulated B. anthracis termed STI-1 and strain no. 3. STI-1 was partially
protective in guinea pigs and rabbits and, to a greater
extent, in sheep. This strain was subsequently used
to vaccinate 38.4 million head of livestock in 1947
in Russia and increased to 100 million in 1960. In
1960, the incidence of anthrax in Russian farm animals was compared to that of 1947, and an almost
10-fold reduction in incidence of anthrax was
observed. These attenuated strains were then used to
prepare an attenuated human anthrax vaccine. The
human vaccine consisted of spores of STI-1 and no.
3 strains administered by scarification with 1.3 ⫻ 108
spores or subcutaneous injection with 5 ⫻ 107 spores.
In 1951–1952, a clinical trial tested the efficacy of the
vaccine. Residents of rural districts in the Moldavian
region were vaccinated against anthrax by either scarification or subcutaneous injection. An unvaccinated
segment of the population served as controls. No significant adverse effects of vaccination were reported
in this study, and follow-up surveillance determined
that vaccination reduced the risk of anthrax infection
by 5.4 fold within the 18-month postvaccination period.
Several subsequent investigations confirmed the efficacy of the attenuated spore vaccine. Also, no adverse
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effects were reported in association with vaccination
(Turnbull, 1991).
The Soviet Ministry of Health endorsed live anthrax
vaccination by scarification in 1953 and by the subcutaneous route in 1959. Military microbiologists also
experimented with a dry spore vaccine that could be
aerosolized and used to safely and effectively vaccinate
large numbers of individuals simultaneously; however,
this route was not used for general vaccination and was
reserved for emergency vaccinations (Turnbull, 1991).
The use of attenuated vaccines in western countries has not been as widely accepted for immunization of humans. Both the United States and the
United Kingdom have licensed cell-free anthrax vaccines, consisting of filter-sterilized culture medium of
an attenuated pXO2⫺ strain of B. anthracis combined
with aluminum hydroxide adjuvant. The U.S. vaccine,
termed AVA, was licensed by the FDA (product license
number 99, Bureau of Laboratories, Lansing, MI) in 1970
and consists of the culture filtrate adsorbed to aluminum
hydroxide, the only vaccine adjuvant approved for use
in humans in the United States. The discovery and formulation of AVA are discussed below (Turnbull, 1991).
Development of the AVA vaccine started in the
1950s when Wright et al. (1954) showed that PA, precipitated from bacterial culture with alum, could
immunize and protect animals against anthrax.
Isolation of a nonencapsulated, nonproteolytic derivative of B. anthracis strain V770 further advanced the
development of an anthrax vaccine. This isolate produced greater PA levels and fewer enzymatic portions
of the toxins, thereby increasing the amount of protective immunogen in the vaccine. In 1962, scientists discovered that growing the bacterium under anaerobic
conditions increased the production of PA (Puziss and
Wright, 1963; Wright et al., 1962). Later research by
Puziss and Wright (1963) determined that PA adsorbed
better to a preformed aluminum hydroxide gel, and
the addition of a 1:40,000 dilution of benzethonium
chloride and 0.009% formalin helped to stabilize the
vaccine. This formulation provided protection from a
virulent strain of B. anthracis in mice, guinea pigs, and
rabbits. The researchers also tested human tolerance to
the vaccine by injecting volunteers with 0.5 ml of the
formulation at 0, 2, and 4 weeks subcutaneously into
the deltoid region of the shoulder (Puziss and Wright,
1963). They reported no systemic reactions and only
mild reactions at the inoculation site. The only scientific study to investigate the efficacy of the acellular
anthrax vaccine was published by Brachman et al.
(1962). The double-blind, controlled clinical trial was
conducted between 1955 and 1959 in four goat hair
mills in northeastern United States. Based on animal
studies, the alum-adsorbed culture filtrate was given

to 379 volunteers as a series of three initial 0.5 ml subcutaneous injections 2 weeks apart followed by three
booster injections at 6-month intervals. The vaccinated
individuals also received yearly boosters. In this study,
414 individuals received a placebo consisting of 0.1%
alum. During the clinical evaluation of the vaccine, 21
cases of cutaneous anthrax and 5 cases of inhalational
anthrax occurred in the control group, while only one
case of cutaneous anthrax was reported in the vaccinated group (Brachman et al., 1962).
Today, AVA is marketed under the name BioThrax™
and is manufactured by the BioPort Corporation,
Lansing, MI. The final vaccine consists of sterile bacterial culture filtrate containing PA, 1.2 mg/ml aluminum (added as aluminum hydroxide in 0.85% sodium
chloride), benzethonium chloride (25 μg/ml), and formaldehyde (100 μg/ml) as preservatives. The vaccine
is given as a 0.5 ml subcutaneous injection, and the
recommended vaccination schedule is at 0, 2, and 4
weeks, with boosters at 6, 12, and 18 months. Yearly
boosters are recommended to maintain immunity
(BioThrax™ package insert).
The duration of immunity in humans is not known,
and there are limited data on the antibody response
to the vaccine. Two weeks after completion of the initial three injections, the vaccinated individuals had
detectible antibody levels to PA; no anti-LF antibodies
were detected (Turnbull et al., 1986). A cohort study of
active duty military personnel receiving 1, 2, or 3 AVA
injections showed that only 30% had detectible levels
of antibodies to PA at 18–24 months after initial vaccination, but after subsequent injections, 99% produced
detectable titers (Pittman et al., 2002a).
Because of the number of replicate injections needed
in the current vaccination regimen, studies were conducted to investigate alternative vaccination strategies. Subjects given two AVA injections 4 weeks apart
had comparable anti-PA antibody levels compared
to individuals who received the standard regimen of
three doses 2 weeks apart, suggesting that protective
antibody titer may be reached with fewer doses of
the vaccine (Pittman et al., 2002b). Additional studies
would be needed to amend the current FDA-approved
immunization schedule, but these studies will likely
be performed on second-generation PA vaccines.
The data on the efficacy of AVA vaccine mostly
are drawn from animal studies and the initial field
trial of its alum-adsorbed precursor. Mice and guinea
pigs cannot be consistently protected with AVA alone
(Turnbull et al., 1986; Welkos and Friedlander, 1988).
On the other hand, studies with rabbits and rhesus
macaques showed 100% protection from aerosol challenge with virulent B. anthracis spores (Ivins et al.,
1998; Pitt et al., 2001).
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Vaccination with BioThrax™ is recommended for
adults, who are likely to come in contact with potentially contaminated animals or animal products, such
as laboratory workers, veterinarians, or others at risk
of occupational exposure (Biothrax™ package insert).
BioThrax™ is contraindicated for use in individuals who have developed an anaphylactic or anaphylactic-like reaction from previous inoculation with
BioThrax™ or the vaccine components. The manufacturer also warns against the vaccination of pregnant
women because of preliminary evidence of increased
incidence of birth defects in children born to vaccinated
women in the U.S. military. Individuals with a history
of Guillain–Barre syndrome should not be vaccinated.
The safety of the vaccine has not been established in
individuals younger than 18 and older than 65.
Adverse effects of anthrax vaccination before licensure were obtained by evaluating 6985 individuals
receiving the vaccine. Severe local reactions (edema
or a reaction site area ⬎ 120 mm) occurred after only
1% of inoculations. Three percent of vaccinated individuals experienced moderate local reactions (edema
and reaction site area of 120–130 mm), while 20%
reported mild reactions (edema, reddening of inoculation site, and reaction area of ⬍30 mm). Four of the
vaccine recipients reported systemic reactions (fever,
chills, body aches, or nausea) after inoculation. These
adverse effects were deemed acceptable for licensure
of the vaccine by the FDA.
Postlicensure data are available from the Vaccine
Adverse Event Reporting System (VAERS). A total of
1,859,000 doses of anthrax vaccine were distributed
in the United States from January 1, 1990 to August
31, 2000. From this, 1544 cases of adverse events were
reported to the VAERS and, of these, 5% were considered serious, resulting in hospitalization, disability, or
death. Most reported adverse events were reactions at
the injection site and some systemic reactions included
headache, joint pain, muscle weakness, and itching.
Two deaths occurred in people receiving the vaccine,
but the inoculations were determined to be unrelated
to the deaths. Less than 10 cases were reported in
which serious adverse events occurred, but again the
events could not be clearly linked to administration of
the vaccine (CDC, 2002).
Additional studies showed that the vaccine was
not associated with serious side effects, and participants did not develop side effects 25 years following
vaccination. Likewise, Persian Gulf syndrome, a malady occurring in veterans of the 1991 Gulf War, could
not be correlated with vaccination against anthrax,
although the issue is still being debated.
In 1998, in an effort to protect military personnel
against biological warfare, the U.S. Department of
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Defense (DoD) initiated the Anthrax Immunization
Program. As a result of a lawsuit against the Pentagon,
charging that the FDA licensure had not met legal
requirements, a federal judge ordered the DoD to halt
compulsory anthrax vaccination (Dyer, 2004). The suspension was lifted after the FDA approved Bioport’s
renovated manufacturing facility, allowing voluntary
immunization.
Although AVA has been established as a safe, effective vaccine, there are still reservations about its side
effects. Also, because the vaccine contains all proteins
secreted or released from the bacteria, a chemically
defined alternative is needed. The numerous doses that
are needed to successfully vaccinate military personnel and at-risk civilians heralds the need for a vaccine
that is stable, highly immunogenic, rapidly prepared,
and cost-effective. The major vaccine component is PA,
and with the advent of molecular biology researchers
are now able to develop newer vaccines containing a
precise amount of purified PA. Still, the need for novel
and effective adjuvants remains.
After the bioterrorist events of 2001, the U.S. government conceived the BioShield program to improve
public defense against biological weapons (Check,
2004). To facilitate the rapid development of new therapeutics, the FDA amended its regulations pertaining
to the requirement for human clinical trials in diseases in which it is not feasible or ethical, such as with
anthrax infections (Food and Drug Administration,
2002). Currently, there are four stipulations that must
be met before a product can be licensed for human
use based upon animal studies (Food and Drug
Administration, 2002):
1. There is a reasonably well-understood
pathophysiological mechanism for the toxicity of
the chemical, biological, radiological, or nuclear
substance and its amelioration or prevention by
the product;
2. The effect is demonstrated in more than one
animal species expected to react with a response
predictive for humans, unless the effect is
demonstrated in a single animal species that
represents a sufficiently well-characterized
animal model (meaning that the model has been
adequately evaluated for its responsiveness) for
predicting the response in humans;
3. The animal study endpoint is clearly related to the
desired benefit in humans, which is generally the
enhancement of survival or prevention of major
morbidity; and
4. The data or information on the pharmacokinetics
and pharmacodynamics of the product or other
relevant data or information in animals and
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humans are sufficiently well understood to allow
selection of an effective dose in humans, and it is
therefore reasonable to expect the effectiveness of
the product in animals to be a reliable indicator of
its effectiveness in humans.

ANIMAL MODELS FOR EVALUATING
VACCINE EFFICACY
Rabbits and nonhuman primates are often considered the best animal models to evaluate potential
anthrax vaccine candidates because the pathophysiological response to disease most closely resembles
human inhalational anthrax (Fritz et al., 1995; Zaucha
et al., 1998). AVA consistently protects rabbits and nonhuman primates, but protection is variable in guinea
pig and mouse models (Ivins et al., 1998; Pitt et al.,
2001; Turnbull et al., 1986; Welkos and Friedlander,
1988). In addition, in the mouse model, anthrax toxins
are not the predominant virulence factor, and the capsule has been shown to play a major role (Welkos et al.,
1993). Hence, the murine model may not be the best
for evaluating antitoxic-type vaccines against anthrax.
Much vaccine research is still being performed with
mice and guinea pigs, because of the lower cost, availability, and ease of housing infected animals. Each vaccine must comply with FDA guidelines and will likely
be tested in rabbits and nonhuman primates.

RECOMBINANT PA VACCINES
The first cloning of PA was reported by Vodkin and
Leppla (1983). rPA has been expressed in B. subtilis,
attenuated strains of B. anthracis, and E. coli (Baillie
et al., 1998; Farchaus et al., 1998; Laird et al., 2004).
A recent report showed that multigram quantities
(2.7 g/L) of highly purified, biologically active PA
could be produced from E. coli expressing the pag gene
(Gwinn et al., 2005).
PA alone does not elicit a strong protective immune
response and must be combined with an appropriate
adjuvant. Aluminum hydroxide (Alhydrogel) is the only
FDA-approved human adjuvant. Several studies have
been conducted to compare AVA to rPA ⫹ Alhydrogel.
Mice vaccinated with rPA did not survive subcutaneous challenge with virulent spores. Likewise, AVA did
not protect the mice after two doses. rPA coupled to aluminum hydroxide provided more protection in guinea
pigs than in mice. At 6 weeks after vaccination, 60%
survived intramuscular challenge with 4300 spores,
and 89% survived challenge after 24 weeks. Protection

dropped to 25% 8 weeks after challenge with 200,000
spores. AVA protected only 50% of the animals from the
increased challenge dose (Ivins et al., 1992).
rPA provided far greater protection in the rabbit model. Rabbits immunized with 100 μg of rPA
combined with Alhydrogel protected 93.3% of the
animals against an aerosol challenge 4 weeks after a
single inoculation. The investigators showed a dosedependent relationship between the amount of rPA
and protection, and established that anti-rPA titers
and toxin-neutralizing titers were reliable predictors
of survival (Little et al., 2004).
rPA also effectively protected rhesus macaques
(Ivins et al., 1998). Animals were immunized once
with 50 μg of rPA or AVA. Twenty percent of macaques
immunized with AVA or PA ⫹ Alhydrogen were bacteremic 1 week after challenge; however, all survived
infection (Ivins et al., 1998). These data demonstrated
that PA coupled with the FDA-approved adjuvant
provides protection equivalent to that of AVA.
rPA ⫹ Alhydrogel-based anthrax vaccines produced
by Vaxgen and Dynport Vaccine Company have been
approved for clinical trials sponsored by the National
Institute of Allergy and Infectious Disease. Dynport’s
rPA anthrax vaccine is currently being evaluated in
a phase 1 trial at the Walter Reed Army Institute of
Research/Henry M. Jackson Foundation Vaccine
Clinical Research Center in Rockville, MD. The rPA
vaccine, produced in E. coli, will be administered by
two intramuscular injections 4 weeks apart. The trial
will compare different doses of rPA with and without
adjuvant (Alhydrogel). Vaxgen has completed a multistate phase 1 clinical trial investigating the safety and
immunogenicity of three doses of rPA ⫹ Alhydrogel
compared to AVA. The company reported their rPA
vaccine elicited immune responses comparable to
those found with AVA, with no significant safety or
reactogenicity issues. Varying doses of Vaxgen’s rPA
vaccine, rPA102, was given to healthy volunteers at
weeks 0, 4, and 8. AVA was given at weeks 0 and 4.
AVA and rPA102 elicited similar neutralizing antibody
titers after two injections. The third rPA102 injection
increased the anti-PA antibody response. Local reactogenicity (pain) was more common among subjects
receiving AVA while systemic reactogenicity (headache)
was higher in rPA102 vaccinees (Gorse et al., 2006).
Vaxgen is currently involved in a phase-2 multicenter
randomized dose-finding trial to access the safety and
immunogenicity of two inoculations with rPA over two
dose ranges and four adjuvant levels. Under a Project
BioShield contract, VaxGen was awarded $879.2 million in November 2004 to produce 75 million doses
of vaccine. The contract was terminated for default in
December 2006 (Russell, 2007).
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encoding the pag gene are also being developed
(Galloway and Baillie, 2004).

ADJUVANTS
As stated earlier, rPA must be administered with an
adjuvant to be protective. rPA combined with microbial products such as monophosphoryl lipid A, trehalose dimycolate, and the delipidated, deproteinized
cell wall of skeleton of Mycobacterium spp. improved
the protection in the mouse model when compared
to AVA or rPA ⫹ Alhydrogel. rPA combined with the
microbial-derived products protected 100% of the
guinea pigs challenged by intramuscular injection
of virulent spores. rPA ⫹ Alhydrogel protection was
increased with multiple inoculations, but did not provide the level of protection afforded by the microbial
adjuvants (Ivins et al., 1992).
A second study investigated the efficacy of several
adjuvants combined with PA in the guinea pig model
after aerosol challenge of B. anthracis spores. Animals
were vaccinated at 0 and 4 weeks, and then challenged at 10 weeks. PA ⫹ monophosphoryl lipid A in
a squalene/lecithin/Tween 20 emulsion protected 50%
of the animals while AVA and PA ⫹ Alhydrogel only
protected 26% and 5%, respectively (Ivins et al., 1995).
The efficacy of rPA combined with different adjuvants was also compared to AVA in rhesus macaques
(Ivins et al., 1998). Animals were immunized once with
50 μg of rPA and either saponin-QS21, Alhydrogel, or
monophosphoryl lipid A (MPL) in squalene/lecithin/
Tween 20 emulsion (STL). Another group was given
one dose of AVA. All groups showed an IgM titer that
peaked 2 weeks after immunization with IgG titers
peaking at 4–5 weeks post inoculation. IgG titers were
highest in the group receiving PA ⫹ Alhydrogel. All
groups manifested antigen-specific lymphocyte proliferation and produced toxin-neutralizing antibodies. All
vaccines conferred 100% protection except PA ⫹ MPL
in STL, which was 90% effective (Ivins et al., 1998).
These data suggested that Alhydrogel was an efficient
adjuvant in the nonhuman primate model of anthrax
and would probably be as effective in humans.
There is evidence that oligodeoxynucleotides containing unmethylated CpG improve the immunogenicity of AVA in multiple animal models (Gu et al.,
2007; Klinman, 2006; Klinman et al., 2006). The effect
of this adjuvant on second-generation rPA vaccines
has yet to be elucidated.
Other laboratories are using animal models to
investigate less invasive routes of immunization such
as transdermal and intranasal routes (Gaur et al., 2002;
Mikszta et al., 2005). The use of transcutaneous immunization with a needle-free patch and virus expression of PA is also being explored (Iacono-Connors
et al., 1991; Kenney et al., 2004). DNA vaccines

CAPSULAR ANTIGEN VACCINES
While vaccines containing rPA will inhibit the
action of the secreted toxins, they do not counteract
the antiphagocytic capsule. The poly-γ-D-glutamic
acid peptides comprising the capsule are poor immunogens and must be coupled to a carrier protein to
evoke an anticapsule humoral response (Schneerson
et al., 2003; Wang et al., 2004). The antibodies produced are oposonigenic and should aid the host in
clearing the infection (Wang et al., 2004). Chabot et al.
(2004) demonstrated that vaccination with capsular
antigen protected mice from a lethal challenge with
an encapsulated, toxin-deficient strain of B. anthracis.
Conjugating the capsule to a carrier protein increased
IgG titers, but abrogated the protection. Further, the
capsule alone evoked a higher IgM titer and increased
opsonic activity. Vaccination with capsular antigen or
PA alone was not protective against a virulent strain
of B. anthracis; however, protection improved when
both antigens were used together (Chabot et al., 2004).
These data suggested that vaccinating against both
PA and capsule might increase the effectiveness of the
anthrax vaccine.

PASSIVE IMMUNIZATION
Although active immunization has been shown to
be an effective way to protect against anthrax, passive immunization with anti-PA antibodies is also
being explored as a new therapeutic or prophylactic
approach. Antibiotics must be administered early in
infection in order to be effective, and there is a “point
of no return” when antibiotic therapy fails to protect the patient, presumably because of the deleterious actions of the toxins (Dixon et al., 1999). Passive
immunization with anti-PA antibodies that neutralize the toxins should protect the individual from
their actions. Studies in guinea pigs determined that
anti-PA serum given 24 h after an intranasal challenge with fully virulent B. anthracis spores protected
90% of the animals (Kobiler et al., 2002). Intravenous
injection of 10 mg of a high-affinity monoclonal antibody to PA 30–45 min before aerosol exposure protected 90% of the challenged rabbits. Protection was
dependent on the time of administration with an 80%
survival rate of the animals administered 24 h after
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challenge. Only 50% treated with the antibody 36 h
post infection survived the study period (Mohamed
et al., 2004). Several groups are studying the protective
effects of passive immunization against anthrax, and
one termed AbThrax produced by Human Genome
Sciences, Inc. has completed phase 1 clinical trials and
moved into phase 2 (Borio and Gronvall, 2005). While
passive immunization against anthrax is promising
as a prophylactic/therapeutic, it is likely that future
recommendations for the individuals at risk of exposure will include active immunization and antibiotic
treatment, as well as human monoclonal antibodies
to PA. In fact, in 2006 a 44-year-old Pennsylvania man
was diagnosed with naturally acquired inhalational
anthrax and treated with antibiotics, supportive care,
and human anthrax immunoglobulin, produced by
Cangene Corp. Once the patient was diagnosed with
anthrax, the CDC recommended the use of the immunoglobulin under the Emergency Investigational Drug
use protocol. The patient survived the infection; however, the role of the immunoglobulin in recovery is
difficult to determine and more studies on the passive
immune therapy during anthrax infections are needed
(Walsh et al., 2007). Along with active and passive
immunity and antibiotics, laboratories are actively
developing compounds that inhibit the action of LeTx
and EdTx and other novel antimicrobial therapeutics.

ALTERNATIVE ANTHRAX THERAPIES
Investigation of antitoxic compounds centers
around inhibiting the enzymatic activities of both
LF and EF. The molecular structures of the PA, LF,
and EF proteins have been derived by X-ray crystallography, allowing for the design of inhibitors that
bind optimally and specifically to the active sites
of these enzymes (Drum et al., 2002; Pannifer et al.,
2001; Petosa et al., 1997). Several compounds that
inhibit the proteolytic activity of LF have been identified (Dell’Aica et al., 2004; Lee et al., 2004; Numa
et al., 2005; Panchal et al., 2004), but only a few have
been tested against anthrax infection in animal models. One hydroxamate compound (LFI), produced by
Merck Research Laboratories, inhibited the activity of
LeTx in vitro and protected mice from challenge with
purified toxin. The compound also doubled the mean
time-to-death of rabbits challenged subcutaneously
with virulent spores. Interestingly, when the hydroxamate compound was coupled with suboptimal doses
of ciprofloxacin, 100% of the animals survived compared with 50% survival of animals receiving antibiotic alone (Shoop et al., 2005). A clinically approved

drug, adefovir dipivoxil, used to treat chronic hepatitis B infections, also blocks the adenylyl cyclase activity of EF (Shen et al., 2004), but its effectiveness as an
anthrax therapy has not been investigated.
Compounds that block entry into the cell are also
being investigated. One target of great interest is
the furin protease that activates PA (Kacprzak et al.,
2004; Peinado et al., 2004). Another approach to disrupt toxin entry is with a dominant-negative mutant
of PA. Singh et al. (2001) replaced the portion of PA
responsible for membrane insertion with a similar
segment of a toxin produced by Clostridium perfringens. The resulting protein was still activated by a host
furin protease, formed oligomers, and bound LF. The
mutant protein failed to translocate LF into the host
cell cytosol. The mutant protein inhibited the action of
wild-type PA and LF in vitro and protected laboratory
rats from intoxication (Singh et al., 2001). Vaccination
of mice with the mutant PA produced higher antibody
titers than wild-type protein, and conjugating it to
poly-γ-D-glutamate produced higher titers to PA and
capsule than wild-type PA combined with poly-γ-Dglutamate. This study suggested that postexposure
use of the dominant-negative PA might improve antiPA titers while simultaneously inhibiting the action of
the anthrax toxins (Aulinger et al., 2005). Finally, the
use of naturally occurring antibacterial agents is being
investigated as possible therapy against anthrax. The
lytic enzyme of the B. anthracis bacteriophage, γ phage,
has been isolated and shown to kill the bacteria.
These novel therapeutics are still in the early stages
of development, but offer new and exciting approaches
to combat anthrax.

KEY ISSUES
●

●

●

Anthrax outbreaks, caused by the spore-forming
bacterium, B. anthracis, date back to antiquity.
The disease occurs in herbivores worldwide, and
humans are at risk of infection when handling
contaminated animal products.
The anthrax can manifest in three forms of the
disease depending on the route of exposure,
including cutaneous, gastrointestinal, and
inhalational anthrax.
The spores are stable and easily disseminated,
which make B. anthracis a major bioterrorism
threat. Letters sent through the U.S. Postal Service
in 2001 resulted in 22 cases of anthrax and 5 deaths.
This incident prompted a renewed interest in B.
anthracis and the development of novel vaccines
and therapeutic agents.
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KEY ISSUES
●

●

●

●

●

●

●

The virulence of B. anthracis is dependent on the
synthesis of the poly-γ-D-glutamic acid capsule,
which enables the bacteria to evade phagocytosis,
and two toxins, lethal toxin and edema toxin.
Both toxins share a binding moiety, called PA,
which facilitates toxin entry into host cells. Lethal
toxin is formed when PA combines with LF, a zinc
metalloprotease that cleaves mitogen-activated
kinase kinases. Edema toxin is formed when EF, a
calmodulin-dependent adenylyl cyclase, binds to PA.
Currently, the only treatment for anthrax is
antibiotics, which must be given early in infection
to be effective.
The FDA-licensed anthrax vaccine, AVA, has been
in use since 1970. AVA comprised filter-sterilized,
attenuated B. anthracis growth medium adsorbed to
aluminum hydroxide.
The major immunogen in AVA is PA, and anti-PA
antibody titers directly correlate with protection
in animal models of anthrax. Antibodies to PA
inhibit the action of the toxins and may help in the
clearance of the infection.
The second-generation anthrax vaccine is based
on rPA. This vaccine provides protection in animal
models comparable to AVA, and is chemically
defined, allowing for the administration of
known doses of PA. The rPA vaccine is currently
undergoing safety and immunogenicity testing in
human trials.
Passive immunization, with antibodies to PA,
is also being investigated as a possible anthrax
therapy.
Vaccines against the B. anthracis capsule and
compounds that inhibit the action of the toxins are
also being investigated.
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ABSTRACT
Prevention of human brucellosis has relied specifically upon reduction of animal disease, which when coupled
with the presence of antibiotic therapy, has been successful in virtually eliminating brucellosis from most
developed nations. Consequently, little attention has been paid to the development of human vaccines that would
offer the potential for direct intervention in the event of deliberate or natural disease. Furthermore, the animal
vaccines employed today are fortuitous isolates attenuated in their ability to cause abortion due to reduced
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replication in reproductive tissues. Attenuation of these mutants does not extend to the reticuloendothelial disease
observed in humans. Lack of genetic definition of these fortuitous isolates also limits their potential use in the
development of improved vaccines, due to incomplete understanding of genetic stability, and warrants caution
when applied to human use. Given the potential threat Brucella spp. pose to public health in both developed and
underdeveloped nations, as well as the risk to front line defenders, development of human vaccine remains a
critical necessity. The intracellular nature of this organism requires the stimulation of a cell-mediated immunity
(Th1) favored by the use of attenuated live vectors capable of stimulating this arm of the immune system. Based on
the success of “live” attenuated vaccine strains against brucellosis and other intracellular pathogens, one approach
to human vaccine design is the identification of mutants of reduced persistence (survival) within macrophages, a
primary target of infection and persistence. Better definition of the role of virulence determinants in survival of
the organism and contribution to disease will help to define improved strains with enhanced safety and efficacy.
Finally, increased knowledge of key immunogens and their role in survival will help to develop potential subunit
vaccines that have provided little protection against infection with fully virulent smooth Brucella spp.

INTRODUCTION
Hippocrates is believed to have provided the first
description of human brucellosis over two millennia
ago (Eyre, 1908). Evidence preserved from the volcanic disruption near the city of Pompeii suggests
that 17% of the human remains at this site had evidence of arthritic condition consistent with brucellosis (Capasso, 2002). Furthermore, the remnants of
carbonized cheeses revealed forms consistent with
both Lactobacillus and Brucella species. Luke, the physician, cites circa A.D. 63 in Acts 28:7–10 of the Bible
that Paul, the apostle, healed the chief official Publius’
father on the Isle of Malta who was suffering with a
long-term fever consistent with the classical clinical manifestation of chronic brucellosis. Reference to
a similar disease continues in works citing the postcrusades history of military and hospitaler orders of
St. John, St. Lazarus, and the temple in Jerusalem.
However, reliable accounts of the disease originate
during the occupation of Malta by British troops circa
1860 (Marston, 1861). Bruce demonstrated that the etiologic agent of Malta Fever was a bacterium and fulfilled Koch’s postulates by reproducing the disease in
monkeys (Bruce, 1887, 1889). Ten years later Zammit
led the group that was surprised to identify goat’s
milk as the source of infection rather than an insect
vector (Vassallo, 1996).
Brucellosis is endemic in Mediterranean countries, and Central and South America, and is manifested as an undulant fever in humans that, if untreated,
can develop into a chronic infection with symptoms
persisting for several months or years (Bruce, 1888;
Young, 1995). When cultured under laboratory conditions Brucella can form infectious aerosols, which have
led to a significant number of laboratory-acquired illnesses (Miller et al., 1987; Fiori et al., 2000). In infected
hosts, bacteria have been found to localize preferentially

to organs that are rich in elements of the reticuloendothelial system (RES), such as liver, spleen, and
lymph nodes.
The aim of research on infectious diseases is their
prevention, and brucellosis is a classic example.
Protection of susceptible hosts by vaccination still
remains one of the best methods to accomplish this
aim and early last century Bang (1906) reported that
infection of cattle with virulent Brucella abortus often
leads to immunity. Dr. Bang recommended that heifers should be vaccinated with a heavy suspension of
cultured B. abortus sometime before first breeding.
The protection afforded by this method of vaccination
was determined by reduction in the rate of abortion
rather than by the rate of protection against infection even though this “vaccination” procedure sometimes resulted in disease rather than prevention, but
because of these problems, efforts were begun to identify strains of reduced virulence that could be used
as live vaccines to provide safe protective immunity
in cattle (Cunningham, 1968). Killed vaccines were
also proposed as an alternative approach to the problems associated with live vaccines. Because killed
B. abortus vaccine preparations were not effective in
protecting cattle (Bang, 1906), several investigators
used various combinations of live field strain isolates,
doses, and inoculation routes. Among the numerous live strains developed and evaluated as vaccines
are B. abortus Strain 19 (Buck, 1930), B. abortus strain
45/20 (McEwen and Roberts, 1936), B. abortus RB51
(Schurig et al., 1991a), mucoid variants of Brucella suis
(Huddleston and Bennett, 1948), Brucella melitensis
strain Rev 1 (Elberg and Faunce, 1957), and Brucella
suis strain 2 (Bosseray and Plommet, 1990) of which
only three, strain 19, RB51, and Rev 1, are currently
used as live vaccines in ruminants but none are safe
or efficacious for humans. Vaccination against most
bacterial diseases, including brucellosis, has considerable room for improvement, since most vaccines have
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been used continuously for decades with little major
improvements and which is the subject of this chapter. To provide ideal protection against brucellosis, the
vaccines should:
1.
2.
3.
4.
5.
6.
7.
8.

prevent clinical disease manifestations,
prevent infection in both sexes at any age,
not produce disease in vaccinates,
provide long-term protection against clinical
disease with a single vaccination,
possess Differentiating Vaccinated from Infected
Animal (DIVA) or person properties,
not be transmitted to other individuals,
be biologically stable, with no revertants under in
vitro and in vivo conditions, and
be readily grown in large-scale fermentation
technology for low cost production.

ETIOLOGIC AGENT
Brucellae are small aerobes nonmotil Gram-negative coccobacilli that are facultative intracellular pathogen (Fig. 42.1). Over the past century, several species
designations have been applied to isolates with apparent preference for different animal hosts. B. melitensis
in sheep and goats, B. abortus in cattle and B. suis in
swine are all associated with human disease (Bang,
1906). The close association of “nomen”-species with
a particular host is thought to indicate specific adaptation or perhaps co-evolution (Chain et al., 2005).
Two naturally occurring rough species B. canis and B.
ovis cause abortion in dogs and epididimytis in rams
(males of the species), respectively, but are rarely associated with human infection (Carmichael and Bruner,

FIGURE 42.1

Transmission electron micrograph of intracellular
Brucella abortus Strain 2308 undergoing massive replication within a
primary cultured bovine macrophage.
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1968; Wallach et al., 2004). B. neotomae was identified
in the desert wood rat (Neotoma lepida) (Stoenner and
Lackman, 1957), and possibly as many as three species are associated with marine mammals including
dolphins, porpoises, and pinnepeds (Groussaud et al.,
2007). Although the latter have not been widely
observed, accidental exposures in humans and experimental exposures in animals have confirmed their
pathogenic behavior (Sohn et al., 2003; McDonald
et al., 2006).

Genus
Brucella spp. fall within the group 2 subdivision of
the α-proteobactereaceae along with the plant pathogens rhizobia and agrobacteria. Features of Brucella
that distinguish it from most genera within the order
rhizobiales are the infection of mammalian cells, a
feature Brucella share only with Bartonella. The second shared feature is a streamlined genome, at least
in relation to the plant pathogens. However, despite
these similarities, major differences exist between
Bartonella, an obligate intracellular pathogen and
Brucella, a facultative intracellular pathogen. First,
the genome of Brucella spp. is 50–100% larger than
Bartonella spp. genomes and has preserved more of
the metabolic functions shared by the plant pathogens. Correspondence between genome size and
host range is also observed when comparing the host
range of B. quintana with B. henselae (Alsmark et al.,
2004). Extended metabolic function is therefore suspected to be responsible for the broad host range of
Brucella, but is also capable of enhancing survival in
the environment.
Differences between host species may necessitate differences in cell surface structures (cell wall)
and optimal growth conditions as well as specialized mechanisms for uptake and intracellular growth
of mammalian pathogens. As a result, the ability to
invade mammalian hosts is a feature that may have
been acquired at least in part by both Bartonella and
Brucella and may be expected to exhibit nucleotide
composition that is distinct from genes conserved
from progenitor organisms. Several candidates exist
to fulfill this role including genes encoding biosynthesis of polysaccharides, secretion systems, adhesions,
and invasions (DelVecchio et al., 2002; Paulsen et al.,
2002; Halling et al., 2005). However, it is possible that
genes involved in uptake or invasion of mammalian
cells were also present in progenitor organisms, and
lost from the plant pathogens. In this case the genes
would not exhibit distinctive nucleotide compositions, and would require more direct approaches for
identification.

IV. BACTERIAL VACCINES

46_P369408_Ch42.indd 809

11/4/2008 10:26:50 AM

810

BRUCELLOSIS

Species
Speculation concerning the origin of Brucella species
has focused on apparent adaptation to specific hosts.
Co-evolution of Brucella species with their preferred
hosts is an alternate possibility that is consistent with
currently observed host preferences. Yet, this simple
interpretation appears to ignore discrepancies in the
overall genetic variation observed between host species
and the limited variation observed between Brucella
spp. Obviously, host and agent do not necessarily
evolve at the same rate, but the overall similarities
observed among host-adapted Brucella species either
argues for restricted genetic flexibility or recent adaptation with only minor changes. Since in most cases
the timing of separation of these different host species
is not known with certainty, it is difficult to draw solid
conclusions concerning the co-evolution of host and
agent. However, the timing of some events is more
widely accepted and may be used as reference points
for the discussion presented. As a start, adaptation
to individual hosts may be assumed to coincide with
the timing of divergence from the main mammalian
branch.
Host species primarily affected by Brucella belong
to the order Artiodactyla in the ungulate family that
exhibited its greatest divergence during the Miocene
epoch. The origin of these lines is complex and still
a matter of contention, but for this discussion the
results of Blair Hedges and Kumar (2003) that takes
into account multiple genes has been employed.
Based on this analysis, the separation of cattle from
sheep and goats occurred approximately 19.6 million
years ago. In contrast, the separation of cattle from
swine occurred 65 million years ago. The separation
of artiodactyls from the carnivores including cats and
dogs occurred 82 million years ago, and pinnepeds
are derived from the carnivore line. Separation of
rodents was not evaluated in this study due to wide
variation in results, however a safe estimate places
their separation at more than 100 million years ago
while lagomorphs divergence is reported at 90 million
years. Cetaceans were not included in the study by
Blair Hedges and Kumar, but comparison of the gene
encoding artiodactyl growth hormone suggests separation approximately 40–50 million years ago (Wallis
et al., 2005). Interestingly, data now suggest a divergence of Brucella spp. affecting dolphin and porpoise
that diverged from each other more than 11 million
years ago.
The timeline described above makes certain simple
predictions with regard to the potential co-evolution
of Brucella organisms and their hosts. The separation
between organisms co-evolving with a given species

may be expected to reflect the distances suggested
by the separation between host species. This may be
an unsupported assumption given the differences in
growth rates and generation times of different host
species, and the assumption that genetic changes take
place in each species at the same rate. Furthermore,
it must be realized that there is yet no real agreement
among scientists concerning the exact times of mammalian divergence. Genetic analysis and the study of
host–pathogen interactions would be required to confirm or refute the following predictions.
The first prediction is that B. abortus and B. melitensis should exhibit fewer differences between each
other than they do with B. suis. Similarly, B. ovis
with specificity for ovines should be more closely
related to B. abortus and B. melitensis than to B. suis. B.
neotomae and B. canis may be expected to be the two
most widely diverged species assuming adaptation
was initiated at the time their hosts diverged from the
artiodactyls, 100 and 82 million years, respectively.
Additionally, the ability of B. melitensis to infect both
bovine and ovine/caprine species may reflect the
recently shared common ancestry of these hosts or a
conservation of function that provides a broader specificity. Broad specificity is a property that is especially
notable in B. suis, which infects a range of species
including lagomorphs and artiodactyls. In contrast,
B. abortus exhibits a much more narrow host range
that may reflect specific adaptation and a concomitant loss of gene function. Finally, based on the earlier
assumptions cetacean isolates should have more in
common with B. suis/B. abortus or B. melitensis, while
the isolates from the pinnepeds should have more in
common with B. canis.
Based on overall sequence analysis of the genomes
of B. melitensis, B. abortus, and B. suis, it is clear that
B. melitensis and B. abortus are more closely related
(Halling et al., 2005). A finding that is consistent with
their hosts diverging a mere 20 million years ago. In
support of this difference 7208 SNP mutations distinguish B. abortus from B. suis and 7844 distinguish
B. melitensis from B. suis, while only 6242 distinguish
B. abortus from B. melitensis (Halling et al., 2005). The
fact that B. abortus shares 6 of 7 B. melitensis specific
ORFs (nonphage related) while also sharing 12 of 14
B. suis-specific ORFs is surprising given that B. abortus
and B. melitensis should have co-evolved for 25 million years after diverging from B. suis. However, it is
possible that a specific loss of B. suis-specific segments
from B. melitensis occurred following the divergence of
sheep/goats and cattle over the last 20 million years.
Such an outcome might be argued to predict broader
host specificity for B. abortus than for B. melitensis,
currently a point that is debatable. Final resolution
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of these issues can only be satisfied by analysis of the
individual genes and their role in the survival of each
species.
Of specific importance for this chapter is whether
vaccination specific to each of these organisms will be
necessary or more broadly based protection is possible. Although their close genetic similarity provides
some promise that genus-wide protection may be
readily obtained, adaptation to specific hosts could
belie this simple assumption. Studies on cross-immunity with live virulent homologous and heterologous
Brucella spp. and attenuated vaccines may also provide evidence to support approaches for developing improved live Brucella vaccines. Washko and
Hutchings (1948) reported that cows fed B. suis failed
to be protected against B. abortus challenge nor did
Strain 19 protect against B. suis challenge in cattle
or swine. B. melitensis rev. I protected cattle against
B. abortus (van Drimmeln and Howell, 1964) with no
evidence of rev. I shedding and goats were protected
against B. melitensis challenge, but B. abortus Strain 19
was much less protective against B. melitensis challenge in goats. These data suggest that homologous
Brucella spp. are usually more protective than heterologous Brucella spp. within a given livestock species, but in some cases heterologous Brucella spp. may
induce protective immunity similar to the homologous Brucella spp. With the exception of swine, the
general hierarchy of immunizing capacity of either
vaccine or field strains of Brucella spp. for cattle,
goats, and sheep is proposed to be B. melitensis ⱖ
B. suis ⬎ B. abortus (Adams, 1990). Yet, in this regard,
vaccination with B. abortus and B. melitensis have been
shown to provide significant cross protection despite
significant differences in clearance (Kahl-McDonagh
et al., 2007).

Antigens Encoded by the Agent
A recent study evaluating protein antigens recognized by the human humoral immune response
included 42 immunogenic spots (Connolly et al.,
2006). Of the 42, 23 were also recognized using bovine
sera from an exposed animal. Although there was no
attempt to distinguish between protected and unprotected or recovering patients, previous identification
using two-dimensional approaches have met with
limited success identifying candidate humoral or
cell-mediated immunogens (Sowa et al., 1991, 1992).
Among the proteins identified were GroEL, GroES,
OMP25, Omp2b porin, OMP31 and the periplasmic
immunogenic proteins. Several cytoplasmic enzymes
(fumarate reductase flavoprotein subunit, F0F1-type

ATP synthase α-subunit) were also identified, as were
the ribosomal proteins (SSU S1P, L9, L13P).
Proteins encoded in the genome of Brucella and recognized as immunogens include subunit and killed
vaccine candidates, which have proven to be effective
in animals against natural rough strains B. ovis and
B. canis (Bowden et al., 2000). However, subunit and
killed vaccine approaches have shown little promise
against “classic” smooth organisms. Despite the use
of adjuvants, conjugation to carriers, immunization
(⫹/⫺cytokines), or alternate routes of inoculation,
attempts to develop subunit vaccines have met with
limited success (Winter and Rowe, 1988; Bachrach
et al., 1994; Golding et al., 1994; Vemulapalli et al.,
1998, 2000a; Bae and Toth, 2000; Baloglu et al., 2000).
The intracellular nature of this organism requires the
stimulation of a cell-mediated immunity (T helper
type 1, Th1) favored by the use of attenuated live vectors capable of stimulating this arm of the immune
system. For this reason, Brucella, like M. bovis BCG,
has been suggested as a vector for the delivery of
immunogens of other intracellular agents (Vemulapalli
et al., 2000b).

IMMUNE RESPONSE
The mouse model has been used to dissect the role
of several components of innate and acquired immunity in control of Brucella infection, and to identify
Brucella genes that contribute to the infection process.
While many genes that are required for infection and
persistence in the RES have been identified using this
model, little is known about the Brucella gene products that participate in traversing mucosal surfaces.
Studies in mice and in macrophage cell lines have
contributed to our current understanding of the host
response to Brucella infection by identifying a few
host gene expression patterns. The cytokines tumor
necrosis factor alpha (TNF-α), interleukin-12 (IL-12),
and interferon-gamma (IFN-γ) were found to be produced by murine cells during infection and to contribute to control of intracellular B. abortus growth (Jiang
and Baldwin, 1993; Zhan et al., 1993b). In addition,
mouse macrophages and BALB/c mice were shown to
produce IL-1, IL-6, and TNF-α, whereas the human
monocyte/macrophage line THP-1 expressed transcripts for IL-1, IL-6, and IL-8, but not TNF-α (Dornand
et al., 2002). A recent study by Splitter and colleagues
used mouse microarrays to study the response of
RAW264.7 macrophages to B. abortus infection (Eskra
et al., 2003). These investigators found that B. abortus
infection induced expression of genes associated with
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inflammation, such as IL-1α, the chemokines MCP-1
and MIP-2, and TNF-α. Genes whose expression
was reduced after infection, included genes related
to apoptosis, vesicular trafficking, and the cell cycle
(Eskra et al., 2003). While the responses of macrophage
cell lines and mice to Brucella infection have been
examined, no studies have focused on the response of
mucosal surfaces to Brucella infection. This response is
likely to be important, given that the natural route of
infection of Brucella occurs through mucosal surfaces.
It is well established that Brucella-specific IgG levels
become elevated during the early stages of infection
in animals and humans, but there is no correlation
between the appearance of these serologic responses
and resolution of the infection. For Brucella, cellular
immunity is understood to be critical for resolution of
primary infection and for establishment of immunity
to reinfection (Yingst and Hoover, 2003).
Considerable amounts of experimental evidence
suggest that opsonization plays an important role
in the early stages of Brucella infections (Gross et al.,
1998; Eze et al., 2000). Although contact of Brucella
with specific immunoglobulin G (IgG) enhances the
brucellacidal activity of cultured macrophages, virulent strains of B. abortus can still resist killing by
phagocytes and eventually demonstrate intracellular
replication (Eze et al., 2000). Previous studies demonstrate that primary murine macrophages have limited
ability to control infection with B. melitensis, even when
activated by IFN-γ in the presence of highly opsonic
concentrations of antibody and complement. The role
of complement has been studied with B. abortus and B.
melitensis strains, and it has been proposed that rough
Brucella are less virulent due to their increased sensitivity to complement-mediated killing (Godfroid et al.,
1998; Ugalde et al., 2000). This idea is supported by
previous reports which demonstrate that disruption
of the wboA gene in B. abortus and B. melitensis (which
results in rough mutants) can bind more complement
than their respective wild-type parental strains 2308
and 16M (Fernandez-Prada et al., 2001).
Neutrophils are probably the first immune cell to
encounter Brucella. Rapid phagocytosis of Brucella
strains by neutrophils occurs only after opsonization
(Young et al., 1985). However, bacterial survival in
neutrophils during early infection has been observed,
suggesting that the transportation of Brucella to lymphoid tissues can be mediated by these cells. Finally,
live virulent Brucella strains, but not cell wall fractions,
inhibit the respiratory burst by neutrophils (Canning
et al., 1985).
NK cells play a key role in host defense. They are
implicated in an early immune response to a variety of
pathogens. However, it has been shown that they do

not control Brucella infection in mice (Fernandes et al.,
1995). On the other hand, it was formally established
that in the acute phase of the illness, the activity of the
NK cells is impaired in humans developing brucellosis
(Salmeron et al., 1992). A more recent study analyzed
the behavior of B. suis in human macrophages infected
in the presence of NK cells. The results suggest that
NK cells are activated by B. suis-infected macrophages
and that they inhibit the intracellular multiplication
of the bacteria by lysing the infected cells, thus suggesting that NK cells could be one actor of the control
of Brucella development in humans but not in mice
(Dornand et al., 2004).
The role of dendritic cells in brucellosis is still uncertain. One report suggests that B. abortus, B. melitensis,
and B. suis are capable of replicating in similar numbers
inside human monocyte derived dendritic cells compared to macrophages. These data suggest that the bacteria may have a marked preference for DCs and that
this property could support Brucella spreading (Billard
et al., 2005).
T cells are the key players against Brucella infections. The major role of T cells in Brucella immunity
can be divided into three principal functions: secretion of IFN-γ for the activation of bactericidal function
in macrophages, cytotoxic T-lymphocyte activity, and
contribution in IgG2a and IgG3 isotype switching (Ko
and Splitter, 2003). It has been clearly demonstrated
that a Th1 response is essential for resolution of the
primary infection caused by Brucella, and the essential
aspect of this response appears to be IFN-γ production (Mielke et al., 1988). The role of IFN-γ in the control of Brucella infections was initially demonstrated
by supplementing BALB/c mice with recombinant
IFN-γ. The treatment resulted in a 10-fold decrease in
the number of bacteria 1 week after infection (Stevens
et al., 1992). In accordance with these observations,
depletion of IFN-γ by the administration of monoclonal antibodies which neutralize IFN-γ, resulted in
the increase in the bacterial burden 1 week postinfection (Zhan and Cheers, 1993; Zhan et al., 1993a).
The importance of IFN-γ in resolution of Brucella
infection was recently supported by studies using
BALB/c and C57BL/6 mice. C57BL/6 mice with gene
deletions or disruptions in the IFN-γ, perforin or beta
(2)-microglobulin genes had a decreased ability to
control intracellular infections with B. abortus strain
2308 during the first week postinfection. However,
only the IFN-γ knockout mice had a sustained inability to control the infection and this resulted in death
of the mice at approximately 6 weeks postinfection (Murphy et al., 2001). In vitro studies have suggested that the mechanism by which IFN-γ enhances
resistance is through activation of macrophages for
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anti-Brucella activity, largely by promoting production
of reactive oxygen intermediates (Jiang et al., 1993).
The hallmarks of human brucellosis are measurable splenomegaly with increased lympho-histiocytic
cells in the spleen, a reduced percentage of splenic
CD4⫹ and CD8⫹ T cells, and increased percentage of
splenic macrophages. Splenocytes in the infected host
express more mRNA for IL-2, IFN-γ, and IL-10, and
less mRNA for IL-4 than uninfected suggesting a Th1
response (Baldwin et al., 1993; Zaitseva et al., 1995;
Liautard et al., 1996). However, increases in IL-10 are
counterproductive and may explain the virulence of
this organism and the failure of some vaccines to stimulate a protective immune response (Svetic et al., 1993;
Hoover et al., 1999).
Reports to date have provided clear evidence that
both humoral (Plommet and Plommet, 1983; Montaraz
and Winter, 1986; Montaraz et al., 1986; Winter et al.,
1989) and cell-mediated immune (CMI) responses
(Pavlov et al., 1982; Montaraz and Winter, 1986;
Plommet and Plommet, 1987; Bosseray and Plommet,
1988; Smith et al., 1990a, 1990b) participate in protection against brucellosis. The intracellular location of
Brucella requires the stimulation of a cell-mediated
immunity (Th1) for clearance favored by the use of
attenuated live vectors potent in the stimulation of
this arm of the immune system. Studies demonstrate
that protective immunity against brucellosis in mice
is due to the combined effects of antibodies and the
CMI responses mediated by the CD4 and CD8 subsets
of T cells (Araya et al., 1989). In comparative analyses
of infections that were performed, the virulent strain
2308 was significantly more refractory to opsonization
by antibodies than the attenuated Strain 19 (Araya
et al., 1989). Splenic infection by both strains caused
acute as well as chronic granulomatous responses,
and a severe depletion of lymphoid tissue that was
most prominent 3 weeks postinfection (Araya et al.,
1989; Enright et al., 1990). Thereafter, a rapid decline
in bacterial numbers was observed in mice infected
with strain 19, along with a decrease in the numbers
of granulomas in the liver and spleen (Enright et al.,
1990). In contrast, infections performed with S2308
did not result in a decrease in bacterial counts, and
granulomas persisted (Enright et al., 1990).

EPIDEMIOLOGY
Human infection results from the consumption of
contaminated animal products or direct exposure to
aborted tissue. As a result, the prevention of human
brucellosis has focused upon the reduction of animal disease, and little attention has been paid to the
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development of human vaccines. In the chronic form
of the disease observed in humans, organisms persist
in macrophage and primarily affect the lymphoreticular system (Jones and Winter, 1992). Humans are normally dead-end hosts, although anecdotal evidence
suggests sexual transmission may be possible (StanticPavlinic et al., 1983). Intracellular persistence within
the host is the basis for human disease and the cause
of reduced efficacy of antibiotic treatment.
Acute brucellosis is only observed in pregnant
ruminants and is characterized by fetal/placental
colonization and abortion, resulting from organism replication to high density within reproductive tissues. Ruminants that have aborted frequently
become chronic shedders of the organism in the milk
due to colonization of the mammary gland, a primary source of transmission. Experimental results
also suggest that approximately 12% of the animals that abort due to Brucella infection may abort a
second and sometimes a third time without detection
of the organism between pregnancies, thus encouraging immediate removal from the herd (ter Huurne
et al., 1993). Over the past century, several species
designations have been applied to isolates originating
from different hosts (Bang, 1906). Three classical species, B. melitensis, B. abortus, and B. suis are associated
with reproductive disease (abortion) in their primary
hosts, sheep/goats, cattle, and pigs, respectively. Each
presents an intact O-antigen (n-formyl perosamine
homopolymer) on their outer surface. Rough derivatives of these organisms arise spontaneously, but are
typically avirulent (Schurig et al., 1991b). However,
two naturally occurring rough species, B. canis causes
abortion in dogs, and B. ovis, unique among Brucella,
causes epididimytis in rams (males of the species).
Serological tests indicate B. canis exposure occurs in
10% of all dogs in the U.S. B. neotomae, another identified species, was isolated only once from the desert
wood rat (N. lepida). Over the last 10 years, there have
been numerous isolations of Brucella organisms from
marine mammals (Ewalt et al., 1994; Garner et al.,
1997; Miller et al., 1998). The atypical phenotype of
these isolates led to their identification as new species.
However, it must be emphasized that the brucellae are
considered to be a monospecific genus (Verger et al.,
1985). Although certain phenotypic properties have
provided a useful system for epidemiological classification of isolates their long-term stability has been
questioned (Moreira-Jacob, 1963; Banai et al., 1990;
Banai et al., 1991).
Of course, the diversity among these organisms
and the close association of “nomen”-species with a
particular host may also suggest host-specific adaptation. Although B. melitensis primarily affects sheep
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and goats, cattle infection in endemic areas has been
observed (Dafni et al., 1990). In many cases, however,
such infections appear to be self-limiting, and are
assumed exceptions rather than the rule. The overall
similarities in the DNAs of this genus suggest that
host-specific adaptations, if they exist, may only be
defined by precise sequence comparison. Curiously,
Bruce suggested that nothing similar to “Malta Fever”
was observed in England (Bruce, 1887). Whether
this was an oversight, the result of the introduction
of pasteurization in 1864, or reflected differences in
human virulence potential of B. abortus (cattle) and
B. melitensis (sheep and goats) as reported for guinea
pigs cannot be determined (Keppie et al., 1963). It is
clear, however, that the organism was endemic in the
United States by 1906 and is presumed to originate
from cattle imported by settlers (Bang, 1906).

Significance as a Public Health Threat
An ancient disease, human brucellosis, may be the
most common worldwide zoonotic bacterial infection (Fig. 42.2) (Young, 1995; Corbel, 1997; Pappas
et al., 2006b), and even after over 100 years of research
remains a serious challenge in the 21st century (Ariza
et al., 2007). B. melitensis continues as a major cause of
human disease worldwide, followed by B. abortus and
B. suis, while rare persistent cases of B. canis human
infection and disease by novel Brucella pathogens of
marine mammals have also emerged. Brucellosis is

re-emerging as a significant cause of travel-related
disease (Memish and Balkhy, 2004).
B. melitensis represents a serious threat to worldwide animal production and public health in the
Middle East, Latin America, and parts of Asia in
which the organism is endemic in sheep- and/or goatherds. Humans are infected through consumption of
contaminated animal products or direct exposure to
aborted tissue, and are normally dead-end hosts.
The main species affecting the U.S. is B. abortus
in wildlife reservoirs, including bison and elk in the
Greater Yellowstone Area (GYA), where it has been
estimated that up to 50% of the 4000 bison in the GYA
and even higher numbers of elk have been exposed or
are infected with B. abortus. Ruminant transmission of
Brucella occurs as a result of abortion of the fetus and/
or shedding in milk. Uncontrolled growth in the reproductive organs of pregnant animals is responsible and
may be related to immune suppression in these tissues
(Weinberg, 1987; Smith, 1994). Persistence within the
host cells (including macrophages) results in repeated
abortions, between periods of apparent latency (Ray
et al., 1988; ter Huurne et al., 1993). Males and non
pregnant females are less susceptible. The best approach
to minimize animal disease is to prevent transmission
via contact with aborted material or consumption of
contaminated milk. Inhibiting replication in reproductive tissues prevents the release of massive numbers
of organisms into the environment. For example, S19
does not replicate in the pregnant uterus due perhaps
in part to erythritol present in elevated amounts in

Annual incidence of brucellosis
per 1,000,000 population
⬎500
50–500 cases
10–50
2–10
⬍2
Possibily endemic, no data
Non-endemic/no data

FIGURE 42.2 Worldwide distribution of human brucellosis. From Pappas et al. (2006b).
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the pregnant uterus, although other defects may exist
(Williams et al., 1962). Although a preferred carbon
source in most Brucella sp., erythritol is toxic to S19
due to a gene deletion causing a toxic buildup of metabolic intermediate within the organism (Sangari et al.,
1998). B. melitensis Rev 1 a streptomycin-independent
organism isolated following back-selection from a
streptomycin-dependent organism is used to protect
against B. melitensis infections worldwide (Elberg and
Faunce, 1957). Both S19 and Rev 1 provide protection
in ruminants despite persistence in a percentage of
vaccinates (Corner and Alton, 1981), but retain significant virulence in humans (Spink and Thompson,
1953; Bardenwerper, 1954; Spink et al., 1962). There
are no reports of virulence in humans for the recently
approved vaccine strain RB51, a rough derivative
used with some success in ruminants (Schurig et al.,
1991b), but with less success in other species (Jimenez
de Bagues et al., 1995; Palmer and Cheville, 1997). The
absence of O-antigen prevents development of crossreacting immune responses that are indistinguishable
from wild-type infection, but also increases the susceptibility of this strain to complement-mediated lysis,
limiting survival and vaccine efficacy.

Potential as Biothreat Agent
Brucella, as Category B pathogens in the United
States, have been the subject of offensive weaponization research in the recent past, because they can be
readily aerosolized resulting in a high rate of morbidity with low mortality causing a prolonged incapacitating clinical disease requiring expensive long-term
treatment (Pappas et al., 2006a). Very importantly, no
human vaccine is currently available against this biothreat agent. If Brucella vaccines are developed and
proven to be safe, and protect against aerosol and oral
challenge in laboratory animals and nonhuman primates, these vaccines would be a deterrent to these
biothreat agents. According to one study, the use of
Brucella as a weapon was calculated to pose a substantial financial risk (less than anthrax or tularemia, but
significant) (Kaufmann et al., 1997). Brucella organisms can be delivered via aerosol to infect humans
(Kaufmann et al., 1980) with an infectious dose of
fewer than 10–100 organisms (1000 cfu infectious dose
assumed in economic impact study). Infection incapacitates human hosts with mostly flu-like symptoms,
but will result in death if left untreated (Young, 1995).
The financial impact study did not attempt to determine the threshold at which financial risk may pose a risk
to national security. Nor did the study outline scenarios
in which the use of one organism might be favored over
the use of others. The study did underscore the need

to invest in research in all understudied organisms
to prevent their use in this manner and suggested
that decreased study of these organisms increase the
potential consequences resulting from their use as
weapons. Bioengineering poses the additional risk of
introducing antibiotic resistance, rendering ineffective
the most successful form of treatment.

CLINICAL DISEASE
Nonspecific, but characteristic symptoms of human
brucellosis include pyrexia, diaphoresis, fatigue, loss
of appetite, and muscle or joint pain. Depression,
cephalalgia, and irritability also frequently occur.
Infection of bones or joints occurs in about one in
three patients, causing localized inflammation and
edema. Some may also have cough, chest pain, and
stomach upset. Although about one in four patients
with brucellosis have respiratory symptoms, thoracic
radiographs usually appear normal (Lubani et al.,
1989; Madkour, 1989). Symptoms have also been
described to recur years after the original infection.
Chronic illness may result in infection of secondary
tissues, including heart and brain, if the disease is left
untreated. Brucellosis is most frequently acquired by
man through contact with infected livestock and consumption of unpasteurized dairy products. Brucellosis
in humans is often difficult to recognize and may
present as an acute fever, or as a chronic or localized
infection that is best diagnosed by culturing the bacterium from blood or other infected tissues. Due to the
slow growth of Brucella, cultures may require several
weeks for positive identification. Infection may also
be diagnosed indirectly via detection of anti-Brucellaspecific antibodies in patients’ blood. Disease may
begin abruptly or gradually from 3 days to several
months after exposure. Less common sites of infection
are the male reproductive system, brain, and heart
valves. Symptoms often last for 3–6 months, but occasionally persist for a year or longer. Patients infected
for a long time frequently experience weight loss,
and many patients temporarily improve, then relapse
(Ariza et al., 1986). Recurrence of human disease may
be related to a latent form of survival demonstrated
to occur at low frequency in at least one study (Ray
et al., 1988; ter Huurne et al., 1993).
While brucellosis, like typhoid fever, is a nonenteric disease in which systemic illness is more common
than localized disease, there have been reports from
human cases of patchy mucosal hyperemia within
the digestive tract, ulcerations of Peyer’s patches,
and acute ileitis (Petrella and Young, 1988; Sohn
et al., 2003; McDonald et al., 2006). Furthermore, an

IV. BACTERIAL VACCINES

46_P369408_Ch42.indd 815

11/4/2008 10:26:54 AM

816

BRUCELLOSIS

association has been reported between ingestion of
Brucella and specific digestive system complaints,
including diarrhea and abdominal pain (Thapar and
Young, 1986). Hence, whether it causes pathology in
a particular case, B. abortus must pass the mucosal
barrier of the gastrointestinal tract to cause systemic
infection and target to the RES. Currently, very little
is known about this process. A study in calves suggested that B. abortus is able to enter the lamina propria by transepithelial migration via lymphoepithelial
cells (analogous to M cells) of the ileal Peyer’s patches
(Ackermann et al., 1988), a portal of entry shared by
other pathogens, such as Salmonella typhimurium and
Mycobacterium avium subsp. paratuberculosis (Santos
et al., 2002). Although reports in the literature continue
to suggest a link between brucellosis and abortion in
women, direct isolation of the organism from human
fetuses is seldom reported (Khan et al., 2001). Changes
in hormone profiles are thought to contribute to these
different outcomes whether through stress or suppressed immune function in the host or changes to the
organism (Bienvenu and Young, 1962; Meyer, 1976;
Ramirez-Romero, 1998).
In its natural bovine host, B. abortus infection is
transmitted via the alimentary tract. B. abortus infection in the gravid cow causes late gestational abortion or perinatal death, and licking of aborted fetuses
and placental tissue, or ingestion of organisms in
the milk by calves result in contact of B. abortus with
the mucosa of the gastrointestinal tract. The disease
caused by this group of organisms may be divided
into two types based on the course of disease and
symptomology. Acute brucellosis observed in ruminants is characterized by fetal/placental colonization
and abortion, resulting from replication to high density within reproductive tissues. Ruminants that have
aborted frequently become chronic shedders of the
organism in the milk due to colonization of the mammary gland. This form of the disease is not observed
in humans. Chronic brucellosis is characterized by
infection of the lymphatics and RES and is observed
in nonpregnant ruminants, mice, and humans.
Differences in the two forms of disease are attributable to the target cells infected. Trophoblasts are preferentially colonized in acute disease while the organism
persists in macrophages during chronic disease (Jones
and Winter, 1992).

TREATMENT
Treatment of human brucellosis remains complex,
requiring protracted administration of more than one
antibiotic which is mostly based on the principles

applied half a century ago with few modifications
being made even today despite the emergence of new
antibiotic classes and different therapeutic approaches
(Ariza et al., 2007). The Ioannina Recommendations
panel suggested that the optimal treatment of uncomplicated brucellosis should be based on a 6-week
regimen of doxycycline combined either with streptomycin for 2–3 weeks, or rifampicin for 6 weeks
(Castillo et al., 1989; Ariza et al., 2007). Ruminants and
mice will usually clear such infection, but humans
require treatment with antibiotics to prevent sequelae
that may include neurological and cardiac involvement (Young, 1995). Two recent studies have shown
that the doxycycline–rifampin regimen is preferred
by both clinicians and patients (Pappas et al., 2006c,
2007), even when they are aware of the relative superiority of the alternative regimen. The fact that doxycycline–rifampin is an all-oral regimen may allow for
better implementation in clinical practice in areas with
less well-developed health infrastructure, because it
eliminates the need for parenteral administration of
streptomycin as part of the doxycycline–streptomycin
regimen. The cure is neither certain nor rapid, since the
intracellular location reduces antibiotic efficacy and
some affected individuals may require re-treatment
if symptoms return.

PATHOGENESIS
Brucella spp. infect hosts principally by penetrating the natural mucosa from which it disseminates
via bacteremia throughout the body particularly the
RES and reproductive systems (Fig. 42.3). An experimental infection found that the oral cavity-pharynx
and the intestine were the two main portals of entry
for oral infection of B. abortus in calves (Carpenter,
1924). Conjunctivae, intranasal mucosa, and vagina
were also permeable to Brucella infection (Plant et al.,
1986; Meador and Deyoe, 1989; Mense et al., 2001).
The evaluation of the invasion process of B. abortus
through calf intestinal Peyer’s patches revealed that
lymphoepithelial, but not enteroabsorptive cells,
engulfed individual brucellae that remain inside vesicles, phagolysosomes, and large vacuoles (Ackermann
et al., 1988). After transepithelial migration, many
brucellae were observed alive inside neutrophils,
mononuclear phagocytes, or free in the interstitium
and lymphatic vessels of lamina propria. The invasion process via conjunctiva was accompanied by a
submucosal inflammatory reaction with the bacterium consistently cultured from the parotid lymph
node 2–4 days postinoculation (Enright, 1990). These
observations suggest that Brucella invade the host by
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Attachment and Entry: Uterine exudates, fetal membranes, and fluids or
semen containing massive numbers of Brucella spp. facilitate primary
invasion of oronasopharynx and alimentary tract, genitalia, conjunctivae, and
abraded or unbroken skin of susceptible hosts, also in utero exposure and
infection of fetus

Cellular Uptake: Intracellular invasion of macrophages, neutrophils,
and/or Langerhan’s and M cells to enter lymphatics draining into regional
lymph nodes

Lymphoreticular Colonization: Intracellular growth in
reticuloendothelial cells with resulting regional lymphadenopathy

Episodic Bacteremia: Migration into blood by infected neutrophils and
macrophages to reach threshold levels for colonization other tissues or
organs to establish a generalized systemic infection

Target Tissue/Organ Colonization: Disseminated tropism for
placental erythrophagocytic trophoblasts, chorionic trophoblasts, mammary
macrophages, fetal lung and abomasum, macrophages of regional lymph
nodes of mammary gland and reproductive tract, joints, and bursae for chronic
intracellular survival and growth

Pathologic Lesion Development: Regional lymphadenitis,
necrotizing fibrinopurulent placentitis, lymphoplasmacytic endometritis,
lymphoplasmacytic mastitis, pyogranulomatous epididymitis, necrotizing
orchitis, seminal vesiculitis, ampullitis, bursitis

Clinical Disease: Abortion, orchitis, epididymitis, mastitis, infertility,
arthritis, fever

Excretion: Uterine exudates, fetal membranes and fluids, milk, semen,
urine

FIGURE 42.3 Composite schema of Brucella attachment, invasion, metastasis, dissemination, systemic disease, clinical disease, and excretion.

transepithelial migration, then escape into the submucosa and disseminate free or inside phagocytic cells to
regional lymph nodes by lymphatic drainage.
In addition to in vivo studies required for full understanding of Brucella pathogenesis, in vitro assays performed on cell lines or primary cultures are informative
for a more complete understanding of the host–agent
relationship. The bacterial adhesion to cell membrane
is an essential first step in the establishment of
infection (Salyers and Whit, 2002). Brucella attach as
a single organism to cultured epithelial cell lines via
receptor molecules containing sialic acid or sulfated
residues, and at 8 h postinfection begin to form
microcolonies which subsequently become larger
with extended time (Castaneda-Roldan et al., 2004).
It has been demonstrated that rough strains are more
adherent and invasive to nonphagocytic cells than

smooth ones (Detilleux et al., 1990), in part because
the O-polysaccharide structure of the Brucella outer
membrane protein obscures nonspecific ligands and
consequently decreases the ability of the bacteria to
bind the cell surface. Within a few minutes after binding nonprofessional phagocytic cells, Brucella are internalized by receptor-mediated phagocytosis (Detilleux
et al., 1990, 1991). Detailed studies have shown that
the Brucella uptake by epitheloid-like cells is not a
passive but an active mechanism, where the bacteria
induces its own internalization by activating small
GTPases of the Rho subfamily (i.e., Rho, Rac, Cdc42)
and modulate rearrangements of the host cell actin
cytoskeleton and microtubules (Guzman-Verri et al.,
2001). However, only a limited number of nonprofessional phagocytic cells in a monolayer are permissive
to invasion (Detilleux et al., 1990; Pizarro-Cerda et al.,
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1998a), suggesting heterogeneous susceptibility and/
or invasiveness among cells and bacteria, respectively.
After in vivo invasion of nonprofessional phagocytic cells, such as trophoblasts, Brucella localize and
replicate within the rough endoplasmic reticulum
without restricting basic cellular functions. However,
after extensive intracellular replication infected cells
develop signs of degeneration and necrosis, leading to
a release of free bacteria into the media and the infection of the other cells proceeds (Anderson et al., 1986).
In vitro studies have found that during the first minutes after invasion, virulent Brucella transiently interact
with an intracellular compartment related to the early
endocytic network that is gradually transformed in a
multimembranous autophagic vacuole. Later, Brucella
are delivered into a rough endoplasmic reticulum–
like compartment in the perinuclear area, where massive intracellular replication occurs (Detilleux et al.,
1990; Pizarro-Cerda et al., 1998a). The benefits for the
pathogen of being associated with the endoplasmic
reticulum of nonprofessional phagocytic host cell, an
event also observed in Toxoplasma gondii (Sinai and
Joiner, 1997; Sinai et al., 1997), have not yet been identified, although the hypothesis of taking advantage of
utilizing metabolites synthesized or translocated to
this compartment is an attractive concept (Gorvel and
Moreno, 2002). The Type IV-Secretion System (T4SS)
encoded by virB operon in virulent Brucella controlling
the intracellular trafficking, bypassing late-endosomal
compartments and avoids its degradation by inhibiting phagosome–lysosome fusion in nonprofessional
phagocytic cells (Pizarro-Cerda et al., 1998b; Comerci
et al., 2001).
Once infected, natural hosts and humans can
remain infected for life. After translocating the epithelium layer, Brucella are endocytosed by local macrophages and transported to the regional lymph nodes.
Failure to destroy the bacteria at this stage results in
dissemination to organs that are rich in elements of
the RES, such as spleen, bone marrow, and lymph
nodes (Enright et al., 1990). The chronic nature of the
disease lies in the ability of virulent Brucellae to survive and replicate inside macrophages (Roop et al.,
2004). On the contrary, as observed in nonprofessional
phagocytic cells, differences in mechanisms of binding
and entering of each individual bacterium into macrophages determines its fate within intracellular compartments and the outcome of the infection (Campbell
et al., 1994; Rittig et al., 2001; Watarai et al., 2002).
Opsonized Brucella bind professional phagocytic cells
through complement and Fc receptors, whereas nonopsonized organisms seem to bind via lectin, fibronectin, and/or other unknown receptors (Campbell et al.,
1994; Rittig et al., 2001). More recently, other papers

have addressed the possibility that lipid rafts could
serve as docking sites for nonopsonized Brucella to
stabilize the bacteria–macrophage interaction previous
to internalization (Naroeni and Porte, 2002; Watarai
et al., 2002).
As soon as the bacteria contact the macrophage
membrane, F-actin and annexin I–associated structures transiently accumulate beneath or around the
pathogen, regardless of whether the bacteria were previously opsonized or not (Kusumawati et al., 2000).
Phagocytosis occurs within a few minutes after contact, when opsonized Brucella, but not nonopsonized,
induce major morphological changes in the macrophages cell membrane consisting on membrane
ruffles that surround and capture the bacteria, in a
zipper-like interaction between receptors and ligands
(Kusumawati et al., 2000; Rittig et al., 2001). The initial formation of two types of Brucella-containing
phagosomes, one tightly fitting, representing the survival-permitting compartment, and other spacious,
representing the killing compartment, was observed
after Brucella engulfment (Arenas et al., 2000; Rittig
et al., 2001). The delayed phagocytosis observed in
wild-type Brucella compared with virB mutant was
interpreted as a necessary time for the fully virulent
pathogen to alter the plasma membrane in order to
create a specialized organelle permissive for survival
and replication (Watarai et al., 2002; Bellaire et al.,
2005). These Brucella-containing phagosomes briefly
interact with early-endosomal compartments, and at
1 h postinfection colocalize with late-endosomal markers in cell lines (Arenas et al., 2000; Bellaire et al., 2005)
but not in primary macrophages (Celli et al., 2003).
Simultaneously, the delivery of protons by the ATPase
proton pump to the phagosome membrane causes
a rapid acidification inside the vacuole, a condition
necessary during the early phase of infection for survival and replication of Brucella in macrophages (Porte
et al., 1999; Arenas et al., 2000; Rittig et al., 2001;
Bellaire et al., 2005). Paradoxically, the number of
Brucella inside macrophages decreases in the first hours
postinfection and only few phagocytosed organisms
are capable of surviving, redirecting their intracellular
trafficking, and replicating inside phagosomes, a process highly dependent on a functional T4SS (Arenas
et al., 2000; Rittig et al., 2001; Celli et al., 2003; Bellaire
et al., 2005; He et al., 2006). This initial killing is
probably due to the capability of macrophages to
generate toxic oxygen-dependent mechanisms during
phagocytosis (Harmon et al., 1989).
After the adaptation phase, Brucella replication is
initiated, however the Brucella-replicative niche in
macrophages is controversial. It has been observed
that Brucella replicates inside compartments with

IV. BACTERIAL VACCINES

46_P369408_Ch42.indd 818

11/4/2008 10:26:55 AM

VACCINES

phagolysosomal characteristics (Arenas et al., 2000),
endoplasmic reticulum-like compartments (Celli et al.,
2003; Bellaire et al., 2005), and nonacidic phagosomes (Bellaire et al., 2005). Among all the differences
reported, replication inside phagolysosome vacuoles
is the most curious, because experimental evidence
seems to support the proposal that Brucella intracellular survival in macrophages results from an inhibition
of Brucella-containing phagosome and lysosome membrane fusion (Porte et al., 1999; Naroeni et al., 2001;
Celli et al., 2003). However, the reported differences in
Brucella intracellular trafficking within macrophages
may in part be due to different cells (primary cultures vs. cell lines, human vs. mouse origin), Brucella
strains, and conditions used (opsonized vs. nonopsonized bacteria).
In addition to macrophages and cells of the RES,
Brucella have a major predilection for the gravid
uterus ultimately causing abortion with huge numbers of organisms being expelled in the fetus and
fetal fluids. In the ruminant placenta, Brucella replicate initially in the phagosomes of erythrophagocytic
trophoblasts of the placentome and later in the rough
endoplasmic reticulum of the periplacentomal chorioallantoic trophoblasts (Anderson et al., 1986). The
subsequent invasion of the fetus and replication in
placental cotyledons leads to extensive placentitis and
abortion. Despite the important role that trophoblasts
play in brucellosis, there is no detailed description of
how Brucella invade and intracellularly traffic.

VACCINES
Prevention of human brucellosis has always relied
upon reduction of animal disease. Consequently, little
attention has been paid to the development of human
vaccines. The animal vaccine strains employed today
are fortuitous isolates attenuated in ability to cause
abortion due to reduced replication in reproductive tissues. The attenuation of these mutants does
not extend to reticuloendothelial disease observed in
mice and in humans. Furthermore, the lack of genetic
definition of fortuitous isolates limits the usefulness
of vaccine strains, preventing complete description
of their stability (Schurig et al., 1991b; Sangari et al.,
1998).
Development of human vaccine strains must rely
on different approaches. The best approach to human
vaccine design has not been experimentally identified, however, reduced persistence (survival) within
macrophages represents a better approach given the
limited success observed using subunit and killed
vaccines (Schurig et al., 2002). To date, functions
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targeted for inactivation are based on observations
with other bacterial pathogens that typically cause
acute infections. The chronic nature of brucellosis in
humans suggests other approaches are warranted.
Animal vaccine strains defective in important “virulence” determinants (O-antigen, SOD, heat shock
proteins) often attenuate the survival of the organism
either too severely or not severely enough (Latimer
et al., 1992; Elzer et al., 1996; Robertson et al., 1996;
Bellaire et al., 1999). This may result from sensitivity to
extracellular killing mechanisms (O-antigen mutants)
or sensitivity to macrophage killing activities prominent in early infection (SOD, stress response proteins).
Better definition of the role of virulence determinants
in brucellosis is required.
The potential reluctance of the general population to use live vaccines is based on safety issues and
such thinking must not be used to deter the development of products based on otherwise sound scientific principles. The use of such vaccines in humans
can be expected under extreme circumstances, such
as protection against biological terrorism or biological warfare. Starting with the work of Louis Pasteur,
live vaccines have offered the best possible solution
for immune protection. Use in humans requires that
safety be determined beyond a shadow of doubt.
This is one of the reasons that we have proposed the
construction of double-knockout mutants. Questions
concerning the safety of such products warrant future
testing in primate models or in scid mice expressing a
reconstituted human immune system.
For this reason, numerous studies have explored
gene functions necessary for persistence within macrophages using random mutagenesis (Allen et al.,
1998; Hong et al., 2000; Lestrate et al., 2000; Ficht,
2002; Lestrate et al., 2003; Delrue et al., 2004; Wu et al.,
2006a). In this approach, genes required for survival
have been classified according to the duration of survival of the resulting mutant. Gene functions required
early in the process reduce survival at both 2 and
8 weeks postinfection; although some may recover
these are excluded from additional analysis (Hong
et al., 2000). Gene functions required for long-term
survival appear normal at 2 weeks, but are greatly
reduced after 8 weeks. Examination of the vaccine
potential of each group of organisms in the mouse
model have revealed a direct correlation between survival and immune protection that will be explored in
later sections of this chapter.
Of the currently available vaccine strains, only
B. abortus S19 and B. melitensis Rev 1 have been tested
in humans (Spink and Thompson, 1953; Spink et al.,
1962). Rev 1 was found to be unsuitable for human
use with 2/3 of the “volunteers” exhibiting symptoms
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of disease and colonization by the organism (Spink
et al., 1962). In contrast, a subculture of S19 referred to
as 19-BA provided results that may be more encouraging. Two volunteers (12%) exhibited symptoms of
disease and the organism was only isolated from one.
Strain 19-BA was originally used to vaccinate at least
three million people in the Soviet Union (Vershilova,
1961), and investigators concluded that there were
more problems due to hypersensitivity than to persistence of the organism. Eight percent complained of
headache and malaise, and 2% showed signs of febrile
illness. As a result of this vaccination program, a 60%
decline (1952–1958) in human brucellosis was reported
during a period when animal brucellosis exhibited no
decline, and the investigators recommended the use of
strain 19-BA in endemic areas. Although efficacious,
vaccines with these side effects cannot be tolerated
given the current knowledge of bacterial pathogenesis and the ability to manipulate microbial genomes.
Reports of adverse reactions in humans also cast
doubt on the recently approved vaccine strain RB51,
a rough derivative used with some success in ruminants (Ashford et al., 2004). The absence of O-antigen
prevents development of cross-reacting immune
responses that are indistinguishable from wild-type
infection, but also increases the susceptibility of this
strain to host killing mechanisms limiting survival
and vaccine efficacy (Jimenez de Bagues et al., 1995;
Palmer and Cheville, 1997).
The pursuit for an ideal vaccine for eradicating
brucellosis has kept scientists busy for nearly a century now, as the criteria for an ideal Brucella vaccine
are very difficult to achieve. Before achieving clinical reality, the hurdles an ideal Brucella vaccine needs
to overcome are to: (a) be harmless to the recipient,
even on accidental inoculation; (b) be able to induce
long-term immunity after one administration; (c)
have minimal influence on diagnostic methods such
as serologic tests; (d) prevent infection in both sexes,
prevent abortion; and (e) be inexpensive, easily
produced, stable, and of consistent quality.
In recent years, a stable rough variant of virulent B.
abortus S2308 designated RB51 (Schurig et al., 1991b)
was developed that has one advantage over other
vaccines in that it does not stimulate the formation
of serum-specific antibodies (Schurig et al., 1991b;
Cheville et al., 1992; Tobias et al., 1992). However, the
level of protection it affords against smooth virulent
strains is lower than that conferred by the current
live attenuated smooth vaccine strains (Roop et al.,
1991; Samartino and Enright, 1992; Tobias et al., 1992),
and inoculation of high doses (1010 organisms)
leads to placental and fetal colonization of pregnant
cattle. Unpublished data also suggests that in several

developing countries where the challenge dose of B.
abortus is very high, RB51 does not protect animals
from brucellosis as effectively as strain 19. Besides
causing abortion in reindeer and elk, it sometimes also
localizes in the uterine trophoblasts of pregnant cows,
and is shed in the milk of infected animals.
The use of available vaccines, Strain 19 and RB51,
has been disappointing in that they are not sufficiently
efficacious in bison, elk, or other species (Cook et al.,
2002; Davis and Elzer, 2002; Elzer et al., 2002; Kreeger
et al., 2002; Elzer et al., 2003; Olsen et al., 2003). Due to
the shear numbers of elk (⬎30,000), it is not feasible
to evaluate a parenteral delivery system in this population in which neither S19 nor RB51 are adequately
efficacious (Cook et al., 2002; Kreeger et al., 2002).

Vaccines in Development
Given the potential threat this organism poses and
the demonstrated potential for immune protection,
the development of human vaccine strains appears
to be a viable approach. However, better definition of
the role of virulence determinants in survival of the
organism and contribution to disease is required. For
this reason, over the past 10 years we have characterized gene functions necessary for persistence within
macrophages using transposon mutagenesis. In this
approach, genes required for survival have been classified according to survival characteristics of deficient
mutants (Hong et al., 2000; Wu et al., 2006b). Mutants
are generally characterized as having early (rapid)
and late (delayed) clearance. Examination of the vaccine potential of these mutants in the mouse model
reveals improved immune protection associated with
prolonged survival (Kahl-McDonagh et al., 2006; KahlMcDonagh and Ficht, 2006). The use of live attenuated
vaccines will require demonstration of safety as well
as efficacy as addressed below.

Prospects for Future Vaccine Candidates
Two factors have been explored as measures of vaccine potential. The first is the safety of the candidate
measured by reduced colonization and the absence of
side effects. However, a direct relationship between survival and immune protection has been demonstrated in
the mouse model (Kahl-McDonagh and Ficht, 2006).
Yet, persistence enhances the possibility that the vaccine will colonize additional tissues. The solution is
to enhance persistence of highly attenuated (safe)
vaccines, and a promising approach has been the use
of microencapsulation (A. Arenas-Gamboa, unpublished) in comparison with the standard B. melitensis
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vaccine strain Rev 1 (Alton and Elberg, 1967; Elberg,
1981). Efficacy trials will evaluate vaccine candidates
that have demonstrated significant immune protection
in the mouse model. The second factor is the ability
of the organism to induce a protective immune
response.
Signature-tagged mutants have been identified
using a survival-based strategy in the mouse model
of infection (Hong et al., 2000; Wu et al., 2006b).
Attenuated survival is subsequently confirmed based
on clearance from the spleens of mice more rapidly
than parental wild-type using either mixed infections
(mutant:wild-type) or individual strains in the mouse
model. Knockout mutants are then constructed to
simplify potential field release with minimal environmental impact. The immune potential of vaccine candidates with different survival characteristics; rapid
(1–2 weeks) versus delayed (⬎6 weeks) is evaluated
in mice protection against colonization and persistence as a measure of efficacy. Mutants providing protection equivalent or superior to currently available
vaccines are then selected for evaluation in the goat
model (Kahl-McDonagh et al., 2006; Kahl-McDonagh
and Ficht, 2006). Using this model, evaluation may
be made between protection against clinical signs,
infection (colonization), and abortion or premature
birth of the kid. Current candidates of interest include
ΔluxR, ΔmucR, and Δasp24 deletion mutants (Table 42.1).
The choice of these mutants is based on preliminary
results in which Δasp24 mutants persisted in the host,
but provided elevated levels of protective immunity
in mice and goats (Kahl-McDonagh et al., 2006; KahlMcDonagh and Ficht, 2006). Examination of immune
correlates in these animals will help to describe
immune protection against brucellosis. ΔluxR mutants
are rapidly cleared from the host, but still provide
significant levels of protection. However, the ΔluxR
mutants have also been shown to provide enhanced
protection when delivered in microencapsulated
form and have the added advantage of not stimulating (or preventing) splenomegaly when delivered in
either format. These features of immune protection
and safety make ΔluxR mutants ideal candidates for
testing in nonhuman primates. Recently, DNA vaccines have been developed that are beginning to demonstrate a level of protection which may prove useful
(Cassataro et al., 2005; Gonzalez-Smith et al., 2006;
Luo et al., 2006).

Formulation and Microencapsulation
Oral or intranasal vaccine is relatively easy to distribute, low cost compared to parenteral immunization,

TABLE 42.1 Candidate vaccine Brucella mutants
Vaccine
candidate
B. melitensis
ΔluxR

Secondary
mutation

Phenotypic
difference

Outcome/status

None

Mutant highly
attenuated;
controls T4SS
expression

IP and oral
vaccination
enhanced by
encapsulation

ΔvirB12

Provides
diagnostic marker

No effect on
virulence;
no change

ΔvirB

No additional
effect on
virulence; primary
and secondary
mutations affect
same virulence
genes

Reversion
to virulence
reduced;
no change

ΔmanBA

Distinct virulence
mechanism;
aggregate defects

Attenuation
enhanced;
reversion
to virulence
reduced

ΔmucR

Distinct virulence
regulon; aggregate
defects

Attenuation
enhanced;
reversion
to virulence
reduced

simplifies multiple dosing, and has the potential for
stimulation of mucosal immunity. Microencapsulation
of Brucella antigens has been used successfully to
provide immune protection in the mouse model of
brucellosis (Murillo et al., 2001, 2002a, 2002b, 2002c).
Microencapsulation provides advantages over delivery of vegetative or lyophilized Brucella vaccines.
The microcapsules protect the vaccine, enhance
the immune response via delivery to preferential
sites, and allow exposure modulation (i.e., controlled release). Capsules of 5 μm diameter, delivered
orally, typically enter Peyer’s patches of the intestines, travel to local lymph nodes and to the spleen.
Capsules of larger diameter typically reside in M cells
of Peyer’s patches and elicit a local immune response.
The technique is also expected to increase the shelf
life of vaccines. Microencapsulation takes advantage
of the properties of early mutants, i.e., rapid clearance with minimal side effects, and is expected to
enhance immunity through sustained release. Doublemutants represent additional potential candidates for
microencapsulation, due to their elevated attenuation there typically is little induction of a protective
immune response. Additional features that may be
explored include pulse-release in response to specific
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environments (low pH, reducing environment, etc.) or
targeting to specific cell types.
A number of processes based on established technologies have recently been adapted for use as encapsulants for living cells to permit transplantation
(Young et al., 2002). Hydrogel formation has been
employed to encapsulate living cells in bioremediation applications (Russell et al., 2003), for live cell
entrapment (Young et al., 2002; Russell et al., 2003),
or for protein drug delivery (Qiu et al., 2003). PEG
gels provide a protective environment for the cell
mechanically blocking attack by cells of the immune
system in cases of transplantation (Young et al., 2002).
The pore size and therefore the release rate from the
capsule will depend on the length of the PEG polymer utilized for the matrix. PEG-based spheres will
be formed from a solution of PEG-diacrylate-575, a
comonomer (allylamine, acrylic acid, or acrylamide)
and living cells (Mellott et al., 2001). Pentaerythritol
triacrylate (PETA) will serve as a cross-linking agent
and 2,2⬘-dimethoxy-2-phenyl-acetophenone (DMPA)
as photo-initiator for production of methyl radicals
for cross-linking. This method has proven to be safe
and efficient for the encapsulation of proteins and
living cells (Mellott et al., 2001). An alternate hydrogel method utilizes thiol-containing PEG-copolymer injected as a liquid containing the payload
(viable cells) and forms a polymer after injection due
to the formation of disulfide cross-links in the reducing tissue environment. This depot slowly releases
(2–4 weeks) the cellular payload as hydrolysis of the
matrix occurs (Qiu et al., 2003).

Rationale for Second and Third New
Generation Vaccines
Adams (1990) reviewed the future development
of live, attenuated vaccines, and proposed that optimal immunity against Brucella spp. will require: (1)
antibodies for immune clearance, and (2) sensitized
T-helper-cells and delayed hypersensitivity T cells of
the macrophage activating type are required for containment, killing, and elimination of Brucella spp., thus
identification of B-cell and T-cell epitopes and/or modified virulence factors for effective delivery to the host
was the next logical step. Furthermore, because the
predominant natural exposure in brucellosis is per os,
oral delivery of the immunogen to the gut-associated
lymphoid tissue (GALT) that stimulates generalized
secretory, humoral, and cellular immune responses
is the optimal route for vaccination (Adams, 1990).
A newer approach consists of identifying diagnostic immunodominant protein antigens and deleting

the corresponding genes in the current live attenuated smooth Brucella strains. Mutants constructed
thus should not induce antibody responses against
these target proteins that will be immunodominant
in infection and therefore good candidates for conventional serological tests. The introduction of stable
and genetic or phenotypic markers used to replace
the genes of interest should allow the newly constructed vaccine strain from being differentiated from
field isolates, the so-called DIVA vaccines. B. abortus
S19 mutants deleted for copper–zinc superoxide dismutase (CuZnSOD) or a 31 kDa protein have been
constructed and have provided protective immunity
against B. abortus in cattle similar to the response
evoked by the parental strain (Cheville et al., 1993).
However, the proteins chosen were not immunodominant in infected cattle and therefore inappropriate as
diagnostic antigens.
The caprine model is proposed to be the next
optimal model to evaluate gene deletion mutants
previously characterized in the mouse model. Strains
selected for high levels of protection induced in mice
will then be evaluated for safety and efficacy in nonpregnant goats. Subsequent experiments should evaluate protective immunity induced against challenge
with virulent organisms. The caprine model offers a
natural ruminant host that is inexpensive, accessible,
and can provide early-stage evaluation of vaccines
with disease symptoms similar to those experienced
in humans. However, the nonhuman primate model is
the optimal model to evaluate protection against clinical signs that occur in human brucellosis as well as
protection against infection. The caprine experiments
provide optimal data to select the most appropriate
vaccine candidate for nonhuman primate studies as
well as reducing the number of nonhuman primates
required for potency testing. Evaluations should
include overall health, body temperature, pulse, respiration, leukocytosis, bacteremia, and colonization of
selected tissues. The best candidates evaluated in both
hosts are then used to provide support under the “two
animal” U.S. Food and Drug Administration rule for
projected Phase I testing.

Nonhuman Primates
Other species were examined for use in this protocol as a substitute for nonhuman primates. The first is
the use of the goat model described above. The symptoms experienced in the goat model are similar to those
observed in humans. A large amount of work performed previously was conducted in mice; however,
these animals do not clinically duplicate brucellosis
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as seen in humans. In order for this project to test the
safety and efficacy of a vaccine for human use, a nonhuman primate model must be used. There are no
suitable nonhuman primate animal models, computer models, nor are there any in vitro tests, which can
replace the rhesus monkey (Macaca mullatta) to evaluate the efficacy of Brucella vaccines. Rhesus monkeys,
rather than cynomolgus monkeys, are preferable based
on earlier studies and the availability of human monoclonal antibodies that cross-react against rhesus monkey proteins. This permits phenotyping immunological
cell populations and measurement of cytokines in the
rhesus monkeys and direct correlation with humans.
These monoclonal antibodies, designed for human use,
have been demonstrated to work in this species.
Early studies demonstrated that rhesus monkeys
could be infected orally using whole agar slants or
milk from infected animals (Huddleson and Hallman,
1929). In a recent report of USAMRIID studies (Mense
et al., 2004), rhesus monkeys were shown to be susceptible to aerosol infection by B. melitensis strain 16M,
and that the cellular and humoral immune responses
correlate with clinical observations. Exposed animals
became bacteremic and febrile following aerosol challenge, and the time from challenge to bacteremia
appeared inversely related to the challenge dose.
Histopathologic abnormalities were directly related
to dose using morphometric techniques. Furthermore,
spleen weights increased with increasing aerosol
exposure dose. This is consistent with human disease
where the lymphoreticular system is also a known
target with Brucella infection (Spink and Thompson,
1953; Spink et al., 1962). Data from USAMRIID studies established that nonhuman primates could also
be infected with virulent B. melitensis strain 16M
by the intragastric route, and this infection may
involve organs other than the digestive tract proper.
Intragastric administration of 1012 CFU of the virulent
16M strain led to profound bacteremia and extensive
tissue infection. It is anticipated that candidate vaccine strains will be initially delivered by intranasal
inoculation and immune responses monitored both
before and after challenge (Chen and Elberg, 1976).
Microencapsulation may be expected to enhance protection via controlled release and boosting of the protective immune response and may permit the use of
reduced vaccine doses.

SUMMARY OF VACCINE
RESEARCH AIMS

deletion of virulence factors and subsequent removal
of antibiotic resistance marker genes. The defined
nature of targeted mutations is expected to simplify interpretation of safety and efficacy compared
with the use of fortuitously derived spontaneously
attenuated organisms. Evaluation in multiple hosts
is expected to provide support for safety and efficacy
in nonhuman primates. The identification of vaccine
candidates should be based on the predictive capabilities of mouse and guinea pig models supported
in another study prior to testing in goats and nonhuman primates to estimate safety and efficacy for
future human testing. Combining multiple genetic
mutations in a single organism is expected to enhance
safety while maintaining a significant level of protection and preventing reversion to virulence. Immune
parameters will be characterized with the intent of
determining the correlation between mutation in specific genes, survival, and immune protection. Finally,
timed release of viable vaccine strains through microencapsulation may enhance vaccine safety and efficacy by combining two features of Brucella vaccines
that are usually incompatible, i.e., extreme attenuation
and persistence within the host.

KEY ISSUES
●

●

●

●

●

●

●

Current genetic tools permit the development of
novel Brucella vaccine candidates derived through

Brucellosis is a serious disease threat to human
and animal populations in underdeveloped
countries.
The progress made in the control of animal
brucellosis over the last 50 years, has prevented
the development of improved strategies to directly
control human disease.
The continued public health threat posed by
brucellosis is a direct result of the cycle of human
poverty that results in self-reliance on small, local
animal herds.
The high infectivity, potential for aerosol delivery,
and lack of human intervention strategies are
characteristics of a biothreat agent.
Development of improved vaccines may be
expected to improve public health and economic
standing of underdeveloped countries.
Development of improved vaccines may be
expected to provide protection for at-risk personnel
in the war against terror.
Development of significant levels of protection has
only been associated with live attenuated vaccines;
characterization of the genes necessary for
intracellular survival will aid in the development
of safe and efficacious vaccine strains.
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Understanding the mechanism(s) of interaction
between host and agent is essential to the
development of improved intervention strategies.
An optimally attenuated Brucella vaccine may be
used as a vector to deliver genes derived from
other pathogens.
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ABSTRACT
Burkholderia mallei and Burkholderia pseudomallei are gram-negative bacteria that cause two distinct diseases,
glanders and melioidosis, respectively. Based on DNA sequence and 16S rRNA sequence comparisons, these
organisms are closely related, and Multi-Locus Sequence Typing (MLST) suggests that B. mallei has evolved
as a clonal derivative of B. pseudomallei. B. mallei is an obligate parasite of equines and was relatively common
throughout the world until the early 20th century and the development of motorized transportation. Human
glanders is usually a consequence of contact with infected animals. Acute glanders is usually fatal without
medical intervention. The chronic form of the disease may present clinically with swollen lymph nodes, ulcerating
nodules, and subcutaneous abscesses. B. pseudomallei is widely distributed throughout tropical countries. Unlike
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B. mallei, the bacterium can survive outside of a mammalian host and be found in soil and water. Melioidosis
affects animals and humans, has a diverse range of symptoms similar to those of glanders, and can be fatal in
the acute septicemic form. In endemic areas, B. pseudomallei infection is a major cause of hospitalization, and
the popularity of worldwide travel has led to increased numbers of cases being reported in non-endemic areas
such as Europe and North America. There has been some effort to develop a vaccine against B. pseudomallei and
B. mallei. The close genetic relatedness of the two species suggests that one vaccine may be effective against both
diseases. The availability of the genome sequence data should help in the search for a new vaccine by facilitating
the identification of potentially protective subunits.

INTRODUCTION
The aim of this chapter is to provide an insight into
the biology of two closely related potential biowarfare/
bioterrorism agents, Burkholderia mallei and Burkholderia
pseudomallei. Recent genome and epidemiological
analyses of these organisms suggest that B. mallei has
diverged from B. pseudomallei. Both organisms cause
diseases that affect humans and animals, cause similar
clinical symptoms, and are inherently very resistant to a
wide range of antibiotics. Despite the similarities, there
are some differences. B. mallei is believed to be unable to survive outside of a mammalian host, whereas
B. pseudomallei can be isolated from the environment
in endemic areas. There are also differences in the
presence of genes associated with virulence, such as type
three secretion systems (TTSS), and a family of proteins
related to hemagglutinins and invasins (Tiyawisutsri
et al., 2007; Rainbow et al., 2002). Our understanding of
the molecular basis of disease caused by both agents is
rapidly developing, and there is an increasing understanding of virulence mechanisms. Genome sequencing
and microarray technology has also identified organismspecific genes potentially involved in pathogenesis. In
this chapter, we will consider both glanders and melioidosis, review the recent advances in our knowledge of
the organisms, and discuss the potential to produce a
vaccine.

HISTORY OF GLANDERS
Glanders is one of the oldest diseases known to mankind and was first described by Aristotle (Wilkinson,
1981). The disease terminology comes from the Greek
word “melis” and its Latin derivative “malleus,” meaning “severe disease.” B. mallei was first isolated by
Loeffler and Schutz in Germany in 1882, closely followed by Bouchard, Charrin, and Capitan in the same
year (Steele, 1979). The organism is a gram-negative
aerobic bacillus and is believed to be an obligate mammalian pathogen with solipeds as the natural reservoirs
of infection (Pitt, 1990; Sanford, 1996).

The lethal nature of glanders renders B. mallei an
ideal biological warfare/bioterrorism agent, and there
are several reports of its use in this way. It is generally
believed that glanders was deliberately spread during
World War I by the Germans to infect a large number
of Russian horses and mules on the Eastern front
(Wheelis, 1998). This had a detrimental effect on the
supply of convoys and troops and artillery movement,
which were dependent on the horses and the mules.
Possibly as a consequence of this dispersal of B. mallei, cases of human glanders in Russia increased after
World War I. During World War II, the Japanese were
believed to have infected horses, civilians, and prisoners of war with glanders at the Pinfang Institute in
China. B. mallei was also studied by the United States
as a biological warfare agent during the 1940s but not
apparently weaponized. The former Soviet Union
reportedly weaponized B. mallei and deployed it in
Afghanistan during the 1980s (Alibek, 1999). Glanders
has mostly been eradicated from the West since aggressive control measures were enforced in the early 20th
century (Steele, 1979; Derbyshire, 2002). However,
cases of glanders still periodically occur in certain parts
of Asia, the Middle East, northern Africa, and various
Mediterranean regions (Benenson, 1995; Kovalev, 1971).

HISTORY OF MELIOIDOSIS
In Rangoon, in 1911, Whitmore and Krishnaswami
recorded several cases of a fatal septicemic disease
in morphine addicts and neglected inhabitants of
the town. After conducting a postmortem on the
first victim, they observed a caseous consolidation
of the lungs with the presence of abscesses in other
organs including spleen, liver, and kidney. They
initially described it as a glanders-like disease but
were unsatisfied that the bacterium they isolated
from the patient was actually glanders as the victim
did not have close contact with horses. Subsequently,
they conducted a series of experiments, including
culturing on peptone agar and potato slopes, and
performed virulence studies in guinea pigs. Although
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the bacterium was similar to the glanders bacillus, there
were several differences. The organism isolated was
motile, did not induce the characteristic Strauss reaction,
and grew rapidly on agar. They concluded that they had
identified a new bacterium that was closely related to B.
mallei (Whitmore and Krishnaswami, 1912; Whitmore,
1913). Several more cases of the disease were described
in Rangoon in the following years, and postmortem
studies conducted on the victims showed the characteristic symptoms described above (Krishnaswami, 1917).
Shortly after this, cases of melioidosis were reported in
Malaya in animals at the Institute for Medical Research
in Kuala Lumpur (Stanton and Fletcher, 1932). The disease was named melioidosis, derived from the Greek
words “melis,” which means distemper of asses,
and “eidos,” which means resemblance (Stanton and
Fletcher, 1921).
B. pseudomallei is regarded as a potential biowarfare/
bioterrorism agent and appears on the category B list
of critical agents published by the U.S. Centers for
Disease Control and Prevention. Cases of melioidosis
were reported during and after World War II and in
soldiers fighting in Vietnam (White, 2003). Melioidosis
cases from the Vietnam war often presented as a
chronic infection, and reactivation of the disease
occurred many years after exposure (Rubin et al.,
1963; Sanford and Moore, 1971). B. pseudomallei is also
a major veterinary pathogen with several outbreaks in
zoos. The most infamous case “Affaire du Jardin des
Plantes” involved an outbreak in large mammals of
the Paris zoological gardens. The infection was disseminated by a panda donated by Mao Ze Dong to
President Pompidou (Dance and White, 1996).
Until recently, there were only a few reports of melioidosis cases in South and East Asia probably because of
insufficient diagnostic facilities. The first reported case
in Thailand was in 1955. Three more cases were reported
by 1966 and, 20 years later, over 800 documented cases
(White, 2003). Melioidosis is now recognized as an
important human infection in Southeast Asia and northern Australia (Currie et al., 2000; Puthucheary et al.,
1992). The number of cases of melioidosis that occurs
globally is thought to be underestimated with many
cases not being diagnosed (White, 2003).
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a capsule-like structure covering the bacteria. This
capsule has been shown to be a major virulence factor
of B. mallei and is thought to protect against harsh environmental factors (Deshazer et al., 2001). The organism
grows aerobically in ordinary media and anaerobically
only in the presence of nitrate. The organism is slow to
grow on glycerol agar, typically requiring 48 h at 37°C.
B. pseudomallei is a gram-negative, motile, nonspore-forming bacillus, 0.4–0.6 μm in width and
2–5 μm in length. The bacteria exhibit a characteristic bipolar staining and are seen singly, in pairs, or
very occasionally in chains (Pitt, 1990). The organism grows aerobically in many simple media and
will grow under strictly anaerobic conditions in a
complex medium containing nitrate. The range of
organic compounds that may be used as sole sources
of carbon and energy is exceptionally wide, making
B. pseudomallei one of the most nutritionally versatile members of the genus Burkholderia. The form and
color of growth on solid media is highly variable, and
colonies can range in structure from extreme rough
to mucoid and in color from cream to bright orange
(Redfearn et al., 1966; Chantratita et al., 2007). Figure
43.1 illustrates the differing colony morphologies on
Ashdown agar. Chantratita et al. (2007) suggest that
a particular colonial type (type II) is adapted to persistence, resulting in a low-virulence state. It has been
shown that virulence is dependent on the presence of
the capsular antigen (Atkins et al., 2002; Reckseidler
et al., 2001). B. pseudomallei has been shown to secrete
an abundant slime layer made up of polysaccharides.
This layer has been termed the “glycocalyx,” and it is
thought that bacterial cells may live and divide within

ETIOLOGICAL AGENTS
B. mallei is a gram-negative, nonmotile, aerobic,
rod-shaped bacterium, 0.3–0.8 μm in width and 2–5 μm
in length (Timoney et al., 1988). The bacteria often stain
irregularly and do not appear to have capsules or form
spores. Electron microscopy of the bacteria has revealed

FIGURE 43.1 B. pseudomallei colonies on Ashdown media,
kindly donated by Narisara Chantratita and Sharon Peacock,
Mahidol University, Thailand.
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it, protected from unfavorable environmental factors
(Kanai and Kondo, 1994).

CLASSIFICATION
B. mallei and B. pseudomallei have previously been
assigned to the genus Bacillus, Acinetobacter, Loefferella,
Actinobacillus, Malleomyces, or Pfeifferella (NCBI
Taxonomy). Most recently, based on their 16S ribosomal nucleic acid sequences, DNA homology, cellular lipid and fatty acid composition, and phenotypic
characteristics, they were known as Pseudomonas mallei
and Pseudomonas pseudomallei (Leelarasamee and
Bovornkitti, 1989). Currently, these species are classified in the genus Burkholderia, which is named after
U.S. microbiologist Walter Burkholder, who first
described Burkholderia cepecia, formerly known as
Pseudomonas cepecia (Yabuuchi et al., 1992).
The genome sequence of B. pseudomallei strain
K96243 reveals that it is one of the largest prokaryotic genomes comprising two chromosomes of 4.07
and 3.17 Mb (Holden et al., 2004). The larger chromosome carries genes associated with housekeeping functions involved in processes such as cell
growth and metabolism, and the smaller chromosome is thought to encode genes required for adaptation and survival in different environments. This
proposal is also supported by the finding that genes
important during the early phase growth of B. pseudomallei in vitro are preferentially located on chromosome 1, whereas genes involved in stationary-phase
growth are biased toward chromosome 2 (Rodrigues
et al., 2006). There is significant intraspecies diversity
that is attributed to either DNA acquisition or loss (Ou
et al., 2005). An unusual feature of the B. pseudomallei
genome is the presence of 16 genomic islands, which
make up 6.1% of the entire genome, and is thought to
be acquired by horizontal gene transfer. These genome
islands are absent in the B. mallei genome, which is
smaller than that of B. pseudomallei, consisting to two
chromosomes of 3.51 and 2.32 Mb (Nierman et al.,
2004). The presence of a number of insertion sequence
elements is thought to have mediated the extensive
deletions and rearrangements of the genome relative
to that of B. pseudomallei (Nierman et al., 2004). The
genome downsizing supports previous Multi-Locus
Sequence Typing (MLST)-derived conclusions that
B. mallei has evolved from B. pseudomallei (Godoy et al.,
2003). Subtractive hybridization between B. mallei and
B. pseudomallei has identified several DNA fragments
specific to the latter, which may provide functional
detection tools (Monastyrskaya et al., 2004).

PROTECTIVE IMMUNE RESPONSE
The immunological basis of resistance against
B. pseudomallei infection is poorly understood.
However, limited studies in healthy humans exposed
to B. pseudomallei in endemic areas or patients with
overt disease indicate activation of both humoral and
cell-mediated arms of the immune system. Individuals
naturally exposed to B. pseudomallei develop antibodies that increase in titer during acute disease.
Indeed, serodiagnostic tests for melioidosis depend
on the development of antibodies to B. pseudomallei
(Ashdown, 1987; Dance, 1991). The levels of IgA, IgM,
and IgG antibodies to B. pseudomallei correlate with
the severity of the disease (Wiersinga et al., 2006).
Charuchaimontri et al. (1999) have reported that high
levels of antibody to lipopolysaccharide II (LPS II)
(now considered to be LPS) in humans suffering from
melioidosis correlate with survival.
Experimental studies in mice also suggest that
antibodies may play important roles in protection
from disease. The immunization of mice with capsular
polysaccharide or LPS can protect mice against challenge with B. pseudomallei (Nelson et al., 2004), suggesting a role for antibodies in protection. Polyclonal
antibodies to LPS can protect diabetic rats against
infection caused by B. pseudomallei (Brett and Woods,
1996), and in a previously reported study, four protective monoclonal antibodies (mabs) were identified
(Jones et al., 2002), which were directed against capsular polysaccharide (antibodies 3VEI5 and 4VA5), LPS
(antibody CC6), or an unidentified protein (antibody
4VH7). These antibodies were able to protect mice
against an i.p. challenge with 104 cfu (approximately
250 LD50 doses) of B. pseudomallei strain NCTC4845
(Jones et al., 2002). Similar protection has been
reported by Bottex et al. (2005) with a mab directed
against the capsular polysaccharide and evaluated in
an outbred strain of mice. Both capsular polysaccharide and LPS have been shown to be key virulence
factors of B. pseudomallei. An antibody against these
polysaccharides is reported to be opsonizing and to
promote killing by polymorphonuclear leukocytes
(PMNs) (Ho et al., 1997). Combinations of protective
mabs provided protection, evidenced as an increased
time to death, against an i.p. challenge with 106 cfu of
B. pseudomallei (Jones et al., 2002).
Patients with severe melioidosis have high levels
of pro-inflammatory cytokines (such as IL-12, IL-18,
TNF, IFNγ, IL-15, and IL-6), immunoregulatory cytokines (such as IL-10), as well as granzymes A and B
[components of natural killer (NK) cell and cytotoxicT cell lytic granules], indicating extensive activation
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of the cellular immune compartment. Reportedly
asymptomatic but seropositive individuals tend to
show stronger cellular adaptive responses compared
to individuals with clinical melioidosis, suggesting a key role for cellular immunity in the control of
infection (Barnes et al., 2004). These observations are
supported by experimental models of melioidosis
in mice that have begun to identify the mechanisms
of immunity (Haque et al., 2006; Holden et al., 2004;
Santanirand et al., 1999). Nevertheless, detailed immunological knowledge of human infection is poor compared to many other infections, and there has been no
previous attempt at a broader analysis of immune
changes during acute infection. CD8⫹ T cells have
been shown in B. pseudomallei infections to be an
important source of early IFNγ via a bystander activation pathway (Lertmemongkolchai et al., 2001).
In the murine model of disease, CD4⫹ T cells, rather
than CD8⫹ T cells, are strongly implicated in the control of infection (Haque et al., 2006). However, there is
apparently no association between HIV infection and
susceptibility to melioidosis, which questions the role
of CD4⫹ T cells in resistance to melioidosis in humans
(Wiersinga et al., 2006).
The immune responses to infection with B. mallei
are even less well understood. In solipeds, it is clear

that antibody responses develop during infection
since serodiagnostic tests are used to monitor possible
cases of disease (Neubauer et al., 2005). In the murine
model of disease, passive administration of monoclonal antibodies against LPS provides protection
against an aerosol challenge with B. mallei, although
sterile immunity was not achieved (Trevino et al.,
2006). However, the ability of B. mallei to replicate
inside host cells suggests that cellular responses might
be evoked and linked to a protective response.

EPIDEMIOLOGY
Although glanders was once widespread throughout the world, it has been successfully eradicated
by test and slaughter programs (van Zijderveld and
Bongers, 2000). Sporadic cases of glanders occur in
parts of Asia, Africa, countries in the former Soviet
Union, Mexico, South America, and the Middle East
(Fig. 43.2) (Arun et al., 1999; Scholz et al., 2006).
Melioidosis, on the other hand, is widespread
(Fig. 43.3), and an excellent review of the epidemiology of the disease has been published (Cheng and
Currie, 2005). Melioidosis in humans is reported

FIGURE 43.2 Worldwide distribution of B. mallei.
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FIGURE 43.3 Worldwide distribution of B. pseudomallei.

mainly in northeastern Thailand, Singapore, and
northern Australia, with sporadic cases occurring in
surrounding areas. Cases reported from other parts
of the world are usually associated with travelers
returning from endemic countries (Dance et al., 1999;
Nieminen and Vaara, 2005). More recently, there has
been an increase in cases reported in South America
probably due to the growing awareness of melioidosis
and improved diagnostic methods (Inglis et al., 2006;
Aardema et al., 2005).

mucous membranes of the nose, trachea, pharynx,
and lungs results in purulent ulceration. The pulmonary form is associated with pneumonia, pulmonary
abscesses, and pleural effusions. Chest X-rays reveal
localized infections in the lobes of the lungs. The septicemic form is fatal, resulting in death within a few
days if untreated. The chronic form, also known as
farcy, is associated with multiple abscess formation in
muscles of the arms and legs, or in the spleen, liver,
and joints. Even with treatment at this stage, there is a
high fatality rate with frequent relapses of infection.

CLINICAL DISEASE
Melioidosis
Glanders
The incubation period of glanders ranges from 10
to 14 days, and there is some evidence that the disease
may remain latent (Fritz et al., 2000). The disease can
manifest itself in four forms dependent on the route
of exposure: local cutaneous, pulmonary, septicemic,
and chronic forms (Waag and Deshazer, 2004). Initial
symptoms include fever, malaise, muscle aches, and
headache. The cutaneous form is a localized infection with pus-forming ulcerations on the skin, which
may spread over the body. Infections associated with

The incubation period of melioidosis is normally
2–3 days, but there are reports of the disease developing up to 60 years after exposure (Arakawa, 1990;
Ngauy et al., 2005). The clinical spectrum of melioidosis
is extremely diverse, consisting of four forms of disease:
acute fulminant septicemia, subacute illness, chronic
infection, and subclinical disease. The disease may be
localized or disseminated, and virtually any organ
may be affected. Depending on whether the disease is
acute or chronic, melioidosis can mimic other bacterial
infections, including typhoid, malaria, tuberculosis,
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and septicemia from other common bacterial organisms
(Ip et al., 1995; Everett and Nelson, 1975).
The importance of early diagnosis and treatment
has been stressed in the management of acute septicemic melioidosis. However, symptoms are so varied
and the demise of the patient so rapid that, unless a
clinician is alert to the possibility of a B. pseudomallei infection, the disease may be wrongly diagnosed
(Arakawa, 1990). The acute septicemic form is usually
associated with an underlying disease or condition
such as diabetes, alcoholism, or immunodeficiency
and, despite current antibiotic regimes, carries a high
mortality rate (50–75%) (Majid, 1990).
Lesions apparent during the progression of melioidosis were shown to contain a large number of infiltrating cells, mainly macrophages, many of which
contained phagocytosed bacilli (Wong et al., 1995).
Most of the bacillary cells were surrounded by an
electron-dense substance and had a clear halo between
the substance and the cell wall (Narita et al., 1982).
Following uptake, ingested B. pseudomallei escape
from the vacuoles, possibly as a result of bacteriummediated vacuolar membrane damage (Harley et al.,
1994).
Each clinical case of melioidosis may represent the
outcome of one of three possible processes: primary
infection, reinfection, or reactivation of latent disease. Primary infection appears almost inevitable in
children in northeast Thailand, where approximately
80% have developed antibodies to B. pseudomallei by
the age of 4 years. Nearly all these infections appear
to be asymptomatic or subclinical. In most cases,
adult melioidosis results from reinfection or reactivation of latent infections (Maharjan et al., 2005;
Suputtamongkol et al., 1994). Serological studies in
Malaysia also found a high incidence of antibodies
to B. pseudomallei, presumably due to mild, unrecognized, or inapparent infections (Strauss et al., 1969).
B. pseudomallei infections are also prevalent in animals,
and cases have been reported in captive dolphins,
sheep, pigs, and goats (Currie et al., 1994; Dance, 1991;
Vedros et al., 1988).

TREATMENT
Early positive laboratory diagnosis and appropriate
chemotherapy are essential for the successful management of glanders and melioidosis. If these prerequisites
are met, then the prognosis of these diseases are good
and fatalities are limited to those patients who present
with overwhelming, fulminating septicemia, which cannot be halted by current medical treatment (Ashdown
et al., 1980). The antibiotic susceptibility profile of
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B. mallei and B. pseudomallei are similar, and both pathogens are susceptible in vitro to ceftazidime, imipenem,
meropenem, and doxycycline (Kenny et al., 1999).
The small number of human cases of glanders means
that there is limited information about antibiotic treatment, although sulfadiazine has been found to be effective in experimental animals and humans (Batmanov,
1993). An accidental exposure of a microbiologist to
B. mallei provided an insight into the treatment and
management of glanders (Srinivasan et al., 2001; Waag
and Deshazer, 2004). The infection was not controlled
by cephalosporin or clarithromycin, and symptoms
returned after completion of the course of antibiotics.
Intravenous tobramycin and doxycycline were more
effective in controlling the infection, but lesions formed
in the liver contained B. mallei. Treatment with imipenem and doxycycline, followed by oral doxycycline
and azithromycin, resulted in resolution of the lesions
in the spleen and the liver of the patient. There was
no reported spread of the disease to whom the patient
came in contact (Waag and Deshazer, 2004).
The conventional treatment regimen for melioidosis infections in Thailand was a combination of chloramphenicol, doxycycline, and cotrimoxazole (Dance
et al., 1989). Fluoroquinolone antibiotics were found
to be inappropriate for the treatment of melioidosis
(Winton et al., 1988). Trials carried out in the 1980s
recommended ceftazidime as the antibiotic of choice
to replace the use of high doses of chloramphenicol, doxycycline, trimethoprim–sulfamethoxazole,
and sometimes kanamycin (Chau et al., 1986).
Ceftazidime, widely used as a single drug treatment
against Pseudomonas aeruginosa septicemia, is safe, well
tolerated, and highly active against B. pseudomallei
in vitro, and its use in the treatment of melioidosis has halved the mortality of severe cases (White
et al., 1989). The case fatality rate is still high (⬇40%),
with an increasing number of reports of resistance
to currently used drug treatments (Dance et al.,
1991; Godfrey et al., 1991). The treatment of choice
is high-dose intravenous ceftazidime, meropenem,
or imipenem/cilastatin administered for 10–14 days
(or longer as clinically indicated), followed by oral
trimethoprim–sulfamethoxazole–doxycyline for 12–20
weeks (Wuthiekanun and Peacock, 2006). Treatment
of melioidosis patients who presented with septic
shock in Australia with meropenem and granulocyte colony-stimulating factor (G-CSF) resulted in a
large reduction in mortality from 95% to 10% (Cheng
et al., 2004). However, this may be associated with
improved intensive-care management during the
study period. To address this issue, a randomized,
placebo-controlled trial of G-CSF treatment has been
conducted in Thailand (Peacock, 2006).
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PATHOGENESIS
The pathogenic mechanisms of B. mallei and
B. pseudomallei remain unclear, reflecting the various
clinical presentations of both diseases. Current knowledge suggests that a complex interaction of a number
of factors influence the course and nature of diseases.
These factors include the size of the infectious dose,
the route of infection, host factors, and bacterial virulence determinants. Although some virulence determinants in both B. pseudomallei and B. mallei have been
identified, they are poorly characterized.
B. pseudomallei is reported to produce several toxic
factors. Culture filtrates were found to contain both toxic
and proteolytic activity and a heat-stable molecule with
classical endotoxin activity (Colling et al., 1958; Heckly
and Nigg, 1958). Further characterization showed the
presence of a heat-labile exotoxin that is thought to suppress cellular immune functions (Heckly, 1964; Yahya,
1995). The production of hemolysin appears to be
linked to population density. Well-isolated colonies of
B. pseudomallei appear completely nonhemolytic; however, smaller colonies in a crowded environment are
hemolytic (Ashdown, 1990; Liu, 1957).
Other putative extracellular virulence determinants include a 36-kDa protease (Sexton et al., 1994).
Metalloproteases have been identified in many bacterial species and often play roles in the pathogenesis of
disease (Kooi and Sokol, 1996). Cell-associated virulence determinants include pili and the extracellular polysaccharide (Brett et al., 1994). The flagella of
B. pseudomallei have been suggested to play roles in
virulence. However, nonmotile mutants are reported
to be fully virulent in the diabetic rat model of disease but attenuated by the intranasal BALB/c mouse
model and in the nematode model of infection (EssexLopresti et al., 2005; Deshazer et al., 1997). Therefore,
the role of flagella in disease in humans is not clear.
TTSS play an important role in intracellular invasion and survival of gram-negative facultative intracellular pathogens. A type III secretion apparatus has
been identified in B. pseudomallei, which shows strong
homology to the Salmonella enterica pathogenicity
island 1 (SPI-1) (Rainbow et al., 2002; Stevens et al.,
2002). It has been demonstrated that mutations in
B. pseudomallei genes involved in TTSS3 affect host cell
invasion, resulting in bacteria being confined to endocytic vesicles (Stevens et al., 2002, 2003). Interestingly,
strains of B. pseudomallei with mutations in TTSS3
demonstrated varying degrees of attenuation in animal models of infections (Stevens et al., 2004). TTSS
are also thought to be important in facilitating cellto-cell spread of B. mallei (Ribot and Ulrich, 2006).

More recently, in B. mallei, a type VI secretion system
has been identified and shown to be important for
virulence in the hamster model of glanders infection
(Schell et al., 2007). Furthermore, a protein secreted
by the type VI secretion system showing homology to
the hemolysin-coregulated protein (Hcp) family was
recognized by glanders antisera, indicating that this
protein is expressed in vivo (Schell et al., 2007).
Other key virulence determinants of both B. mallei
and B. pseudomallei are surface polysaccharides, two
of which have been well characterized. Capsular
polysaccharide and LPS are also known as type I O-PS
and type II O-PS, respectively (Deshazer et al., 1998;
Reckseidler et al., 2001; Perry et al., 1995). The capsular
polysaccharide is an unbranched homopolymer of -3)2-O-acetyl-6-deoxy-β-d-manno-heptopyranose-(1-. The
loss of capsule expression results in marked attenuation of B. pseudomallei and B. mallei (Atkins et al., 2002;
Deshazer et al., 2001; Reckseidler et al., 2001). The significance of this polysaccharide in virulence is also
reflected by the absence of the encoding gene cluster in
Burkholderia thailandensis, a nonpathogenic bacterium
that is closely related to B. pseudomallei (Ong et al., 2004;
Kespichayawattana et al., 2004; Brett et al., 1998; Yu
et al., 2006). The function of the capsular polysaccharide
is not fully understood, but it may provide resistance to
phagocytosis by reducing levels of complement C3 deposition (Reckseidler-Zenteno et al., 2005).
LPS consists of an unbranched heteropolymer
with repeating d-glucose and l-talose units, with
the structure -3)-β-d-glucopyranose-(-3)-6-deoxy-αl-talopyranose-(1-. Approximately one-third of the
l-talose residues bear 2-O-methyl and 4-O-acetyl substituents, and the remainders have 2-O-acetyl modifications (Knirel et al., 1992; Perry et al., 1995). The
B. pseudomallei O-antigen appears to have properties
typical of other bacterial O-antigens, for example, by
providing resistance to serum killing (Deshazer et al.,
1998). However, the LPS also appears to be less toxic
and pyrogenic, compared to other enterobacterial LPS
and is less active in stimulating murine macrophages,
although it is more mitogenic (Matsuura et al., 1996).
Antigenic studies suggest that the LPS is present in the
avirulent B. thailandensis strain as well as B. pseudomallei and B. mallei, questioning the contribution of the
LPS to infection (Anuntagool et al., 1998). However,
previous studies have shown that LPS mutants of
B. pseudomallei are markedly attenuated in animal
models of disease (Deshazer et al., 1998).
Immunological studies with mabs demonstrate
the expression of an exopolysaccharide by strains
of B. pseudomallei and B. mallei. There was no crossreactivity of the mab with other species of Burkholderia
or Pseudomonas (Steinmetz et al., 1995). Two
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simultaneous, independent studies elucidated the
structure of this polysaccharide to consist of a linear
tetrasaccharide repeating unit comprising of three
galactose residues, one bearing a 2-linked O-acetyl
group, and a 3-deoxy-d-manno-2-octulosonic acid
(KDO) residue (Masoud et al., 1997; Nimtz et al.,
1997). The encoding gene cluster for the exopolysaccharide is yet to be determined. However, in addition
to the gene clusters encoding capsular polysaccharide
and LPS, two other gene clusters have been reported
(Holden et al., 2004). The functions of these clusters
are unknown, but mice challenged with B. pseudomallei strains with mutations in each of these clusters
showed a delayed time to death, compared to wildtype strains (Sarkar-Tyson et al., 2007), suggesting that
they play roles in virulence.

PROSPECTS FOR A VACCINE
There is no experimental or licensed vaccine against
glanders or melioidosis, and the development of effective vaccines or alternative therapies is an essential
requirement. Infection with both pathogens clearly
involves the interaction of a number of virulence factors and is dependent on the host’s susceptibility to
infection. Because of the genetic and biochemical
similarities between B. pseudomallei and B. mallei and
the similar mechanisms of virulence, it is conceivable that one vaccine would provide protection against
both glanders and melioidosis. Previous studies have
shown that antibodies to the flagella, LPS, and capsular
polysaccharides are protective against B. pseudomallei
and B. mallei (Brett and Woods, 1996; Brett et al., 1994;
Charuchaimontri et al., 1999; Ho et al., 1997; Jones et al.,
2002; Nelson et al., 2004; Trevino et al., 2006). The possibility of an O-polysaccharide-antigen-flagellin protein
conjugate was investigated and shown to elicit high titers of IgG, which was capable of protecting diabetic rats
from B. pseudomallei challenge (Brett and Woods, 1996).
However, this vaccine may not be effective against
B. mallei, which does not express flagella. It has been
reported that an acellular vaccine has been used successfully in captive marine mammals to protect against
B. pseudomallei infection. The vaccine contains protein
and polysaccharide (1:3) and induces high levels of specific antibodies to B. pseudomallei (Vedros et al., 1988).
The use of this vaccine has significantly reduced mortality in marine mammals. Alternative vaccine strategies,
such as DNA vaccine strategies, have been investigated using the flagellin-encoding gene of B. pseudomallei, fliC, and immunization resulted in both a humoral
and cellular immune response (Chen et al., 2006b).

839

Subsequent challenge with wild-type B. pseudomallei
resulted in reduced bacteremia in the liver and spleens
of vaccinated animals (Chen et al., 2006b). Introduction
of CpG oligodeoxynucleotide to the DNA plasmid/
fliC construct further improved the levels of resistance
to B. pseudomallei infection, possibly by biasing a
Th-1-type immune response (Chen et al., 2006a).
There have been attempts to identify potential protective
subunits, including immunoscreening of a lambda Zap
II-expressed genomic library of B. pseudomallei genes
and a proteomic-based method to specifically select for
immunogenic, surface-located antigens (Harding et al.,
2007; Jitsurong et al., 2003). Several immunogenic proteins have been identified and are currently being investigated for their protective efficacy against melioidosis
and glanders (Harding et al., 2007).
Inactivated whole-cell vaccines also show potential as the basis for vaccines. Mice immunized with
heat-inactivated B. pseudomallei were protected after
lethal challenge (Razak et al., 1986). In our laboratory, we have shown that mice immunized with heatinactivated B. pseudomallei are protected, compared to
unvaccinated mice against a subsequent i.n. challenge
with either B. pseudomallei or B. mallei (Sarkar-Tyson,
unpublished data). These results indicate that a vaccine might be devised that protects against both diseases. The use of immunostimulatory CpG 1826 in
conjunction with dendritic cells, pulsed with heatkilled B. pseudomallei, proved to be effective in providing protection against virulent wild-type strains in the
BALB/c animal model of infection (Elvin et al., 2006).
These studies demonstrate that inactivated strains
may be effective as vaccines against melioidosis and
glanders and merit further investigation.
Avirulent strains and auxotrophs of B. pseudomallei
and B. mallei have been used to vaccinate animals
prior to respiratory challenge with mixed results
(Dannenberg and Scott, 1958; Levine and Maurer,
1958; Ulrich et al., 2005; Atkins et al., 2002). B. pseudomallei mutants with auxotrophies for purines,
branched-chain amino acids, or aromatic amino acids
have been shown to be attenuated and protective in
murine models of disease. For example, immunization with a branched-chain amino acid auxotroph
provided protection against at least 100 MLD doses
of wild-type B. pseudomallei (Atkins et al., 2002). The
abilities of these B. pseudomallei auxotrophs to induce
protection against inhalation disease are not known. A
B. mallei mutant with auxotrophy for branched-chain
amino acids has also been constructed and tested as a
vaccine (Ulrich et al., 2005). Aerogenic immunization
with this mutant provided limited protection against
a subsequent inhalation challenge with B. mallei
(Ulrich et al., 2005). While live-attenuated strains of
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B. pseudomallei and B. mallei show potential as vaccines,
there are some significant concerns associated with
their use. In the study reported by Ulrich et al. (2005),
immunity was not sterile, and although “protected”
animals did not develop acute diseases, abscesses
were apparent in spleens and livers of immunized
mice. Even if sterile immunity could be induced, it
is not clear whether attenuated mutants would be
licensable as vaccines because of the possibility of
long-term persistence of the vaccine.

KEY ISSUES
●

●

●

B. mallei and B. pseudomallei elicit humoral and
cell-mediated immune responses to infection.
Further research into these responses should
provide essential information for vaccine
development.
Vaccination against disease caused by B. mallei or B.
pseudomallei is possible. Both inactivated whole-cell
and live-attenuated vaccines are effective, although
it may be difficult to license live-attenuated
vaccines.
Subunit vaccines based on polysaccharides
or proteins alone may not provide sufficient
protection against melioidosis or glanders, and
multicomponent or polysaccharide–protein
conjugates may elicit more effective responses.

References
Aardema, H., Luijnenburg, E.M., Salm, E.F., Bijlmer, H.A., Visser, C.E.
and Van’t Wout, J.W. Changing epidemiology of melioidosis?
A case of acute pulmonary melioidosis with fatal outcome
imported from Brazil. Epidemiol. Infect. 2005; 133:871–875.
Alibek, K. Biohazard. Random House, New York, NY, 1999.
Anuntagool, N., Intachota, P., Wuthiekanun, V., White, N. and
Sirisinha, S. Lipopolysaccharide from nonvirulent Ara⫹
Burkholderia pseudomallei isolates is immunologically indistinguishable from lipopolysaccharide from virulent Ara⫺ clinical
isolates. Clin. Diagn. Lab. Immunol. 1998; 5:225–229.
Arakawa, M. Infection with Pseudomonas pseudomallei. Rinsho Byori
1990; 11:1226–1231.
Arun, S., Neubauer, H., Gurel, A., Ayyildiz, G., Kuscu, B., Yesildere, T.,
Meyer, H. and Hermanns, W. Equine glanders in Turkey. Vet.
Rec. 1999:255–258.
Ashdown, L.K.J. Production of hemolysin and other extracellular
enzymes by clinical isolates of Pseudomonas pseudomallei. J. Clin.
Microbiol. 1990; 28:2331–2334.
Ashdown, L., Duffy, V. and Douglas, R.A. Melioidosis. Med. J. Aust.
1980; 1:314–316.
Ashdown, L.R. Indirect hemagglutination test for melioidosis. Med.
J. Aust. 1987; 147:364–365.
Atkins, T.P., Prior, R.G., Mack, K. et al. Characterisation of an acapsular mutant of Burkholderia pseudomallei identified by signature
tagged mutagenesis. J. Med. Microbiol. 2002; 51:539–547.

Barnes, J.L., Warner, J., Melrose, W., Durrheim, D., Speare, R.,
Reeder, J.C. and Ketheesan, N. Adaptive immunity in melioidosis: a possible role for T cells in determining outcome of infection
with Burkholderia pseudomallei. Clin. Immunol. 2004; 113:22–28.
Batmanov, V.P. Treatment of experimental glanders with combinations of sulfazine or sulfamonomethoxine with trimethoprim.
Antibiot. Khimioter. 1993; 38:18–22.
Bottex, C., Gauthier, Y.P., Hagen, R.M., Finke, E.J., Splettstosser, W.D.,
Thibault, F.M., Neubauer, H. and Vidal, D.R. Attempted
passive prophylaxis with a monoclonal anti-Burkholderia pseudomallei exopolysaccharide antibody in a murine model of melioidosis. Immunopharmacol. Immunotoxicol. 2005; 27:565–583.
Benenson, A.S. Control of communicable diseases manual, 6th edn,
Washington, DC: American Public Health Association, 1995;
38:335–338.
Brett, P., Deshazer, D. and Woods, D. Burkholderia thailandensis sp.
nov., a Burkholderia pseudomallei-like species. Int. J. Syst. Bacteriol.
1998; 48:317–320.
Brett, P. and Woods, D. Structural and immunological characterization of Burkholderia pseudomallei O-polysaccharide-flagellin protein conjugates. Infect. Immun. 1996; 64:2824–2828.
Brett, P.J., Mah, D.C. and Woods, D.E. Isolation and characterization
of Pseudomonas pseudomallei flagellin proteins. Infect. Immun.
1994; 62:1914–1919.
Chantratita, N., Wuthiekanun, V., Boonbumrung, K. et al. Biological
relevance of colony morphology and phenotypic switching by
Burkholderia pseudomallei. J. Bacteriol. 2007; 189:807–817.
Charuchaimontri, C., Suputtamongkol, Y., Nilakul, C., Chaowagul, W.,
Chetchotisakd, P., Lertpatanasuwan, N., Intaranongpai, S.,
Brett, P. and Woods, D. Antilipopolysaccharide II: an antibody
protective against fatal melioidosis. Clin. Infect. Dis. 1999;
29:813–818.
Chau, P.Y., Ng, W.S., Leung, Y.K. and Lolekha, S. In vitro susceptibility of strains of Pseudomonas pseudomallei isolated in Thailand
and Hong Kong to some newer beta-lactam antibiotics and quinolone derivatives. J. Infect. Dis. 1986; 153:167–170.
Chen, Y.S., Hsiao, Y.S., Lin, H.H., Liu, Y. and Chen, Y.L. CpGmodified plasmid DNA encoding flagellin improves immunogenicity and provides protection against Burkholderia pseudomallei
infection in BALB/c mice. Infect. Immun. 2006a; 74:1699–1705.
Chen, Y.S., Hsiao, Y.S., Lin, H.H., Yen, C.M., Chen, S.C. and Chen, Y.L.
Immunogenicity and anti-Burkholderia pseudomallei activity in
Balb/c mice immunized with plasmid DNA encoding flagellin.
Vaccine 2006b; 24:750–758.
Cheng, A.C. and Currie, B.J. Melioidosis: epidemiology, pathophysiology, and management. Clin. Microbiol. Rev. 2005; 18:383–416.
Cheng, A.C., Stephens, D.P., Anstey, N.M. and Currie, B.J. Adjunctive
granulocyte colony-stimulating factor for treatment of septic shock
due to melioidosis. Clin. Infect. Dis. 2004; 38:32–37.
Colling, M., Nigg, C. and Heckly, R. Toxins of Pseudomonas pseudomallei. I. Production in vitro. J. Bacteriol. 1958; 76:422–426.
Currie, B., Smith Vaughan, H., Golledge, C., Buller, N., Sriprakash, K.S.
and Kemp, D.J. Pseudomonas pseudomallei isolates collected over
25 years from a non-tropical endemic focus show clonality on the
basis of ribotyping. Epidemiol. Infect. 1994; 113:307–312.
Currie, B.J., Fisher, D.A. and Howard, D.M. Endemic melioidosis
in tropical northern Australia: a 10-year prospective study and
review of the literature. Clin. Infect. Dis. 2000; 31:981–986.
Dance, D.A.B. Melioidosis: the tip of the iceberg? Clin. Microbiol.
Rev. 1991; 4:52–60.
Dance, D.A.B., Smith, M.D., Aucken, H.M. and Pitt, T.L. Imported
melioidosis in England and Wales. Lancet 1999; 353:208.
Dance, D.A.B. and White, N.J. Melioidosis. In: The Wellcome Trust
Illustrated History of Tropical Diseases (F.E.G. Cox, Ed.), pp. 72–
81. London: The Wellcome Trust, 1996.

IV. BACTERIAL VACCINES

47_P369408_Ch43.indd 840

11/5/2008 4:23:41 PM

KEY ISSUES

Dance, D.A.B., Wuthiekanun, V., Chaowagul, W., Suputtamongkol, Y.
and White, N.J. Development of resistance to ceftazidime
and co-amoxiclav in Pseudomonas pseudomallei. J. Antimicrob.
Chemother. 1991; 28:321–324.
Dance, D.A.B., Wuthiekanun, V., Chaowagul, W. and White, N.J.
Interactions in vitro between agents used to treat melioidosis.
J. Antimicrob. Chemother. 1989; 24:311–316.
Dannenberg, A.M. and Scott, E.M. Melioidosis: pathogenesis and
immunity in mice and hamsters. II. Studies with avirulent strains
of Malleomyces pseudomallei. Am. J. Pathol. 1958; 34:1099–1121.
Derbyshire, J.P. The eradication of glanders in Canada. Can. Vet. J.
2002; 43:722–726.
Deshazer, D., Brett, P., Carlyon, R. and Woods, D. Mutagenesis of
Burkholderia pseudomallei with Tn5-OT182: isolation of motility
mutants and molecular characterization of the flagellin structural gene. J. Bacteriol. 1997; 179:2116–2125.
Deshazer, D., Brett, P. and Woods, D. The type II O-antigenic
polysaccharide moiety of Burkholderia pseudomallei lipopolysaccharide is required for serum resistance and virulence. Mol.
Microbiol. 1998; 30:1081–1100.
Deshazer, D., Wagg, D., Fritz, D. and Woods, D. Identification of a
Burkholderia mallei polysaccharide gene cluster by subtractive
hybridisation and demonstration that the encoded capsule is an
essential virulence determinant. Microb. Pathog. 2001; 30:253–269.
Elvin, S.J., Healey, G.D., Westwood, A., Knight, S.C., Eyles, J.E. and
Williamson, E.D. Protection against heterologous Burkholderia
pseudomallei strains by dendritic cell immunization. Infect.
Immun. 2006; 74:1706–1711.
Essex-Lopresti, A.E., Boddey, J.A., Thomas, R. et al. A type IV pilin,
PilA, contributes to adherence of Burkholderia pseudomallei and
virulence in vivo. Infect. Immun. 2005; 73:1260–1264.
Everett, E. and Nelson, R. Pulmonary melioidosis. Am. Rev. Respir.
Dis. 1975; 112:331–341.
Fritz, D.L., Vogel, P., Brown, D.R., Deshazer, D. and
Waag, D.M. Mouse Model of sublethal and lethal intraperitoneal
glanders (Burkholderia mallei). Vet. Pathol. 2000; 37:626–636.
Godfrey, A.J., Wong, S., Dance, D.A.B., Chaowagul, W. and
Bryan, L.E. Pseudomonas pseudomallei resistance to beta-lactam
antibiotics due to alterations in the chromosomally encoded betalactamase. Antimicrob. Agents Chemother. 1991; 35:1635–1640.
Godoy, D., Randle, G., Simpson, A.J., Aanensen, D.M., Pitt, T.L.,
Kinoshita, R. and Spratt, B.G. Multilocus sequence typing and
evolutionary relationships among the causative agents of melioidosis and glanders, Burkholderia pseudomallei and Burkholderia
mallei. J. Clin. Microbiol. 2003; 41:2068–2079.
Haque, A., Easton, A., Smith, D., O’Garra, A., Van Rooijen, N.,
Lertmemongkolchai, G., Titball, R.W. and Bancroft, G.J. Role of T
cells in innate and adaptive immunity against murine Burkholderia
pseudomallei infection. J. Infect. Dis. 2006; 193:370–379.
Harding, S.V., Sarkar-Tyson, M., Smither, S.J., Atkins, T.P.,
Oyston, P.C.F., Brown, K.A., Liu, Y.C., Wait, R. and Titball, R.W.
The identification of surface proteins of Burkholderia pseudomallei.
Vaccine 2007; 25:2664–2672.
Harley, V.S., Dance, D.A., Tovey, G. and Drasar, B.S. Interaction of
Pseudomonas pseudomallei with macrophages. Biochem. Soc.
Trans. 1994; 22:88S.
Heckly, R. Differentiation of exotoxin and other biologically active
substances in Pseudomonas pseudomallei filtrates. J. Bacteriol.
1964; 88:1730–1736.
Heckly, R. and Nigg, C. Toxins of Pseudomonas pseudomallei.
J. Bacteriol. 1958; 76:427–436.
Ho, M., Schollaardt, T., Smith, M., Perry, M., Brett, P., Chaowagul, W.
and Bryan, L. Specificity and functional activity of antiBurkholderia pseudomallei polysaccharide antibodies. Infect.
Immun. 1997; 65:3648–3653.

841

Holden, M.T.G., Titball, R.W., Peacock, S.J. et al. Genomic plasticity
of the causative agent of melioidosis, Burkholderia pseudomallei.
Proc. Natl. Acad. Sci. U.S.A. 2004; 101:14240–14245.
Inglis, T.J.J., Rolim, D.B. and Sousa, A.D. Melioidosis in the
Americas. Am. J. Trop. Med. Hyg. 2006; 75:947–954.
Ip, M., Osterberg, L.G., Chau, P.Y. and Raffin, T.A. Pulmonary
melioidosis. Chest 1995; 108:1420–1424.
Jitsurong, S., Chirathaworn, C., Brown, N.F., Beacham, I.R.
and Tumwasorn, S. Searching for virulence Burkholderia pseudomallei genes by immunoscreening the lambda Zap II expressed
genomic library. Southeast Asian J. Trop. Med. Public Health 2003;
34:810–821.
Jones, S.M., Ellis, J.F., Russell, P., Griffin, K.F. and Oyston, P.C.F.
Passive protection against Burkholderia pseudomallei infection in
mice by monoclonal antibodies against capsular polysaccharide, lipopolysaccharide or proteins. J. Med. Microbiol. 2002;
51:1055–1062.
Kanai, K. and Kondo, E. Recent advances in biomedical sciences of
Burkholderia pseudomallei (basonym: Pseudomonas pseudomallei).
Jpn. J. Med. Sci. Biol. 1994; 47:1–45.
Kenny, D.J., Russell, P., Rogers, D., Eley, S.M. and Titball, R.W. In
vitro susceptibility of Burkholderia mallei in comparison to
those of other pathogenic Burkholderia spp. Antimicrob. Agents
Chemother. 1999; 43:2773–2775.
Kespichayawattana, W., Intachote, P., Utaisincharoen, P. and
Sirisinha, S. Virulent Burkholderia pseudomallei is more efficient
than avirulent Burkholderia thailandensis in invasion of and
adherence to cultured human epithelial cells. Microbial. Pathog.
2004; 36:287–292.
Knirel, Y., Paramonov, N.A., Shashkov, A.S., Kochetkov, N.K.,
Yassin, R.M., Farber, S.M. and Efremenko, V.I. Structure of the
polysaccharide chains of Pseudomonas pseudomallei lipopolysaccharides. Carbohydr. Res. 1992; 233:185–193.
Kooi, C. and Sokol, P.A. Differentiation of thermolysins and serralysins by monoclonal antibodies. J. Med. Microbiol. 1971;
48:63–70.
Kovalev, G.K. Glanders. 2h. Mikrobiol. Epidemiol. Immunobiol.
1971; 48:63–70.
Krishnaswami, C.S. Morphia injectors’ septicaemia. Ind. Med. Gaz.
1917; 52:296–299.
Leelarasamee, A. and Bovornkitti, S. Melioidosis: a review and
update. Rev. Infect. Dis. 1989; 11:413–425.
Lertmemongkolchai, G., Cai, G.F., Hunter, C.A. and Bancroft, G.J.
Bystander activation of CD8(⫹) T cells contributes to the rapid
production of IFN-gamma in response to bacterial pathogens.
J. Immunol. 2001; 166:1097–1105.
Levine, H. and Maurer, R. Immunization with an induced avirulent
auxotrophic mutant of Pseudomonas pseudomallei. J. Immunol.
1958; 81:433–438.
Liu, P. Survey of hemolysin production among species of pseudomonads. J. Bacteriol. 1957; 74:718–727.
Maharjan, B., Chantratita, N., Vesaratchavest, M., Cheng, A.,
Wuthiekanun, V., Chierakul, W., Chaowagul, W., Day, N.P.J.
and Peacock, S.J. Recurrent melioidosis in patients in northeast
Thailand is frequently due to reinfection rather than relapse.
J. Clin. Microbiol. 2005; 43:6032–6034.
Majid, A.A. Successful surgical management of a case of
pulmonary and pericardial melioidosis. Aust. N.Z. J. Surg. 1990;
60:139–141.
Masoud, H., Ho, M., Schollaardt, T. and Perry, M. Characterization
of the capsular polysaccharide of Burkholderia (Pseudomonas)
pseudomallei 304b. J. Bacteriol. 1997; 179:5663–5669.
Matsuura, M., Kawahara, K., Ezaki, T. and Nakano, M. Biological
activities of lipopolysaccharide of Burkholderia (Pseudomonas)
pseudomallei. FEMS Microbiol. Lett. 1996; 137:79–83.

IV. BACTERIAL VACCINES

47_P369408_Ch43.indd 841

11/5/2008 4:23:41 PM

842

BURKHOLDERIA MALLEI AND BURKHOLDERIA PSEUDOMALLEI

Monastyrskaya, G., Fushan, A., Abaev, I., Filyukova, O., Kostina, M.,
Pecherskih, E. and Sverdlov, E. Genome-wide comparison
reveals great inter- and intraspecies variability in B. pseudomallei
and B. mallei pathogens. Res. Microbiol. 2004; 155:781–793.
Narita, M., Loganathan, P., Hussein, A., Jamaluddin, A. and
Joseph, P. Pathological changes in goats experimentally inoculated with Pseudomonas pseudomallei. Natl. Inst. Anim. Health Q.
(Tokyo) 1982; 22:170–179.
Nelson, M., Prior, J.L., Lever, M.S., Jones, H.E., Atkins, T.P. and
Titball, R.W. Evaluation of lipopolysaccharide and capsular
polysaccharide as subunit vaccines against experimental melioidosis. J. Med. Microbiol. 2004; 53:1177–1182.
Neubauer, H., Sprague, D., Zachariah, R., Tomaso, H., Al Dahouk, S.,
Wernery, R., Wernery, U. and Scholz, H.C. Serodiagnosis of
Burkholderia mallei infections in horses: state-of-the-art and
perspectives. J. Vet. Med. B Infect. Dis. Vet. Public Health 2005;
52(5):201–205.
Ngauy, V., Lemeshev, Y., Sadkowski, L. and Crawford, G. Cutaneous
melioidosis in a man who was taken as a prisoner of war by
the Japanese during World War II. J. Clin. Microbiol. 2005;
43:970–972.
Nieminen, T. and Vaara, M. Burkholderia pseudomallei infections
in Finnish tourists injured by the December 2004 tsunami in
Thailand. Euro Surveill. 2005; 10.
Nierman, W.C., Deshazer, D., Kim, H.S. et al. Structural flexibility
in the Burkholderia mallei genome. Proc. Natl. Acad. Sci. U.S.A.
2004; 101:14246–14251.
Nimtz, M., Wray, V., Domke, T., Brenneke, B., Haussler, S. and
Steinmezt, I. Structure of an acidic exopolysaccharide of
Burkholderia pseudomallei. Eur. J. Biochem. 1997; 250:608–616.
Ong, C., Ooi, C.H., Wang, D.L., Chong, H.L., Ng, K.C., Rodrigues, F.,
Lee, M.A. and Tan, P. Patterns of large-scale genomic variation
in virulent and avirulent Burkholderia species. Genome Res. 2004;
14:2295–2307.
Ou, K.L., Ong, C., Koh, S.Y. et al. Integrative genomic, transcriptional, and proteomic diversity in natural isolates of the
human pathogen Burkholderia pseudomallei. J. Bacteriol. 2005;
187:4276–4285.
Peacock, S.J. Melioidosis. Curr. Opin. Infect. Dis. 2006; 19:421–428.
Perry, M.B., MacLean, L.L., Schollaardt, T., Bryan, L.E. and Ho, M.
Structural characterisation of the lipopolysaccharide O antigens
of Burkholderia pseudomallei. Infect. Immun. 1995; 63:3348–3352.
Pitt, T. Pseudomonas mallei and P. pseudomallei. In: Topley & Wilson’s
Principles of Bacteriology, Virology and Immunity (M.T. Parker
and L.H. Collier, Eds.), 8th ed., pp. 265–268. BC Decker Inc.,
Philadelphia, Pl. 1990.
Puthucheary, S., Parasakthi, N. and Lee, M.K. Septicaemic melioidosis: a review of 50 cases from Malaysia. Trans. R. Soc. Trop. Med.
Hyg. 1992; 86:683–685.
Rainbow, L., Hart, C.A. and Winstanley, G. Distribution of type III
secretion gene clusters in Burkholderia pseudomallei, B. thailandensis and B. mallei. J. Med. Microbiol. 2002; 51:374–384.
Razak, C.E., Ismail, G., Embi, N. and Omar, O. Protection
studies using whole cells and partially purified toxic material
(PPTM) of Pseudomonas pseudomallei. Malays. Appl. Biol. 1986;
15:105–111.
Reckseidler, S., Deshazer, D., Sokol, P. and Woods, D. Detection
of bacterial virulence genes by subtractive hybridisation:
identification of capsular polysaccharide of Burkholderia pseudomallei as a major virulence determinant. Infect. Immun. 2001;
69:34–44.
Reckseidler-Zenteno, S.L., DeVinney, R. and Woods, D.E. The capsular polysaccharide of Burkholderia pseudomallei contributes to
survival in serum by reducing complement factor C3b deposition. Infect. Immun. 2005; 73:1106–1115.

Redfearn, M., Palleroni, N. and Stanier, R. A comparative study of
Pseudomonas pseudomallei and Bacillus mallei. J. Gen. Microbiol.
1966; 43:293–313.
Ribot, W.J. and Ulrich, R.L. The animal pathogen-like type III secretion
system is required for the intracellular survival of Burkholderia mallei
within J774.2 macrophages. Infect. Immun. 2006; 74:4349–4353.
Rodrigues, F., Sarkar-Tyson, M., Harding, S.V. et al. Global map
of growth-regulated gene expression in Burkholderia pseudomallei, the causative agent of melioidosis. J. Bacteriol. 2006;
188:8178–8188.
Rubin, H.L., Alexander, A.D. and Yager, R.H. Melioidosis—a
military medical problem? Mil. Med. 1963; 128:538–542.
Sanford, J.P. Pseudomonas species (including melioidosis and glanders). In: Infectious Diseases and Their Etiologic Agents. (G.L.
Mandell, J.A. Bennett, R. Dolin, Eds.), 4th ed., New York, NY:
Churchill Livingstone 1995; pp. 2003–2009.
Sanford, J.P. and Moore, W.L. Recrudescent melioidosis: a Southeast
Asian legacy? Am. Rev. Respir. Dis. 1971; 104:452–453.
Santanirand, P., Harley, V., Dance, D., Drasar, B. and Bancroft, G.
Obligatory role of gamma interferon for host survival in a
murine model of infection with Burkholderia pseudomallei. Infect.
Immun. 1999; 69:3593–3600.
Sarkar-Tyson, M., Thwaite, J.E., Harding, S.V., Smither, S.J.,
Oytson, P.C.F., Atkins, T.P. and Titball, R.W. Polysaccharides
and virulence of Burkholderia pseudomallei. J. Med. Microbiol.
2007; 56(pt 8): 1005–1010.
Schell, M.A., Ulrich, R.L., Ribot, W.J., Brueggemann, E.E.,
Hines, H.B., Chen, D., Lipscomb, L., Kim, H.S., Mrázek, J.,
Nierman, W.C. and Deshazer, D. Type VI secretion is a major
virulence determinant in Burkholderia mallei. Mol. Microbiol.
2007; 64:1466–1485.
Scholz, H.C., Joseph, M., Tomaso, H. et al. Detection of the reemerging agent Burkholderia mallei in a recent outbreak of glanders
in the United Arab Emirates by a newly developed fliP-based
polymerase chain reaction assay. Diagn. Microbiol. Infect. Dis.
2006; 54:241–247.
Sexton, M.M., Jones, A.L., Chaowagul, W. and Woods, D.E.
Purification and characterization of a protease from Pseudomonas
pseudomallei. Can. J. Microbiol. 1994; 40:903–910.
Srinivasan, A., Kraus, C.N., Deshazer, D., Becker, P.M., Dick, J.D.,
Spacek, L., Bartlett, J.G., Byrne, W.R. and Thomas, D.L. Glanders
in a military research microbiologist. N. Engl. J. Med. 2001;
345:256–258.
Stanton, A.T. and Fletcher, W. Melioidosis, a new disease of the tropics.
Trans. Fourth Congr. Far East Assoc. Trop. Med. 1921; 2:196–198.
Stanton, A.T. and Fletcher, W. Melioidosis: Studies from the Institute
of Medical Research, Federated Malay States. London: John
Bale & Sons and Danielson, 1932.
Steele, J.H. Glanders. In: CRC Handbook Series in Zoonoses
(J.H. Steele, Ed.), pp. 339–362. Boca Raton, FL: CRC Press, 1979.
Steinmetz, I., Rohde, M. and Brenneke, B. Purification and characterization of an exopolysaccharide of Burkholderia (Pseudomonas)
pseudomallei. Infect. Immun. 1995; 63:3959–3965.
Stevens, M., Wood, M.W., Taylor, L.A., Monaghan, P., Hawes, P.,
Jones, P.W., Wallis, T.S. and Galyov, E.E. An Inv/Mxi-Spa-like
type III protein secretion system in Burkholderia pseudomallei modulates intracellular behaviour of the pathogen. Mol.
Microbiol. 2002; 46:649–659.
Stevens, M.P., Friebel, A., Taylor, L.A., Wood, M.W., Brown, P.J.,
Hardt, W.D. and Galyov, E.E. A Burkholderia pseudomallei type III
secreted protein, BopE, facilitates bacterial invasion of epithelial
cells and exhibits guanine nucleotide exchange factor activity.
J. Bacteriol. 2003; 185:4992–4996.
Stevens, M.P., Haque, A., Atkins, T. et al. Attenuated virulence and
protective efficacy of a Burkholderia pseudomallei bsa type III

IV. BACTERIAL VACCINES

47_P369408_Ch43.indd 842

11/5/2008 4:23:42 PM

KEY ISSUES

secretion mutant in murine models of melioidosis. Microbiology
2004; 150:2669–2676.
Strauss, J.M., Alexander, A.D., Rapmund, G. and Dorsey, A.E. Melioidosis
in Malaysia. III. Antibodies to Pseudomonas pseudomallei in the human
population. Am. J. Trop. Med. Hyg. 1969; 18:703–707.
Suputtamongkol, Y., Hall, A.J., Dance, D.A., Chaowagul, W.,
Rajchanuwong, A., Smith, M.D. and White, N.J. The epidemiology of melioidosis in Ubon Ratchatani, northeast Thailand. Int.
J. Epidemiol. 1994; 23:1082–1090.
Timoney, J.F., Gillespie, J.H., Scott, F.W. and Barough, J.E.
Pseudomonas mallei. In: Hagan and Bruner’s Microbiology and
Infectious Diseases of Domestic Animals: with Reference to
Etiology, Epizootiology, Pathogenesis, Immunity, Diagnosis,
and Antimicrobial Susceptibility, pp. 40–44. Ithaca, New York:
Cornell University Press, 1988.
Tiyawisutsri, R., Holden, M.T.G., Tumapa, S., Rengpipat, S.,
Clarke, S.R., Foster, S.J., Nierman, W.C., Day, N.P.J. and Peacock,
S.J. Burkholderia Hep_Hap autotransporter (BuHA) proteins elicit
a strong antibody response during experimental glanders but
not human melioidosis. BMC Microbiol. 2007; 7:19.
Trevino, S.R., Permenter, A.R., England, M.J., Parthasarathy, N.,
Gibbs, P.H., Waag, D.M. and Chanh, T.C. Monoclonal antibodies
passively protect BALB/c mice against Burkholderia mallei aerosol challenge. Infect. Immun. 2006; 74:1958–1961.
Ulrich, R.L., Amemiya, K., Waag, D.M., Roy, C.J. and Deshazer, D.
Aerogenic vaccination with a Burkholderia mallei auxotroph protects against aerosol-initiated glanders in mice. Vaccine 2005;
23:1986–1992.
van Zijderveld, F.G. and Bongers, J. Glanders. In: Manual of
Standards for Diagnostic Tests and Vaccines, pp. 576–581. Paris:
Office International des Epizooties, 2000.
Vedros, N., Chow, D. and Liong, E. Experimental vaccine against
Pseudomonas pseudomallei infections in captive cetaceans. Dis.
Aquat. Org. 1988; 5:157–161.
Waag, D. and Deshazer, D. Glanders: new insights into an old disease. In: Biological Weapons Defense: Infectious Diseases and
Counterbioterrorism (L.E. Linder, F.J. Lebeda and G. Korch,
Eds.), pp. 209–237. Totowa, NJ: Humana Press Inc., 2004.

843

Wheelis, M. First shots fired in biological warfare. Nature 1998;
395:213.
White, N.J. Melioidosis. Lancet 2003; 361:1715–1722.
White, N.J., Chaowagul, W., Wuthiekanun, V., Dance, D.A.B.,
Wattanagoon, Y. and Pitakwatchara, N. Halving of mortality of
severe melioidosis by ceftazidime. Lancet 1989; 2:697–701.
Whitmore, A. An account of a glanders-like disease occurring in
Rangoon. J. Hyg. (Lond.) 1913; 13:1–34.
Whitmore, A. and Krishnaswami, C.S. An account of the discovery
of a hitherto undescribed infective disease occurring among the
population of Rangoon. Ind. Med. Gaz. 1912; 47:262–267.
Wiersinga, W.J., van der Poll, T., White, N.J., Day, N.P. and
Peacock, S.J. Melioidosis: insights into the pathogenicity of
Burkholderia pseudomallei. Nat. Rev. Microbiol. 2006; 4:272–282.
Wilkinson, L. Glanders: medicine and veterinary medicine in
common pursuit of a contagious disease. Med. Hist. 1981;
25:363–384.
Winton, M.D., Everett, E.D. and Dolan, S.A. Activities of 5 new
fluoroquinolones against Pseudomonas pseudomallei. Antimicrob.
Agents Chemother. 1988; 32:928–929.
Wong, K., Puthucheary, S. and Vadivelu, J. The histopathology of
human melioidosis. Histopathology 1995; 26:51–55.
Wuthiekanun, V. and Peacock, S.J. Management of melioidosis.
Expert Rev. Anti Infect. Ther. 2006; 4:445–455.
Yabuuchi, E., Kosako, Y., Oyaizu, H., Yano, I., Hotta, H., Hashimoto, Y.,
Ezaki, T. and Arakawa, M. Proposal of Burkholderia gen. nov.
and transfer of seven species of the genus Pseudomonas homology group II to the new genus, with the type species Burkholderia
cepacia (Palleroni and Holmes 1981) comb. nov. Microbiol.
Immunol. 1992; 36:1251–1275.
Yahya, D.L.S. Suppression of delayed type hypersensitivity in mice by
Burkholderia pseudomallei. Malays. Appl. Biol. 1995; 24:105–107.
Yu, Y.T., Kim, H.S., Chua, H.H. et al. Genomic patterns of pathogen
evolution revealed by comparison of Burkholderia pseudomallei,
the causative agent of melioidosis, to avirulent Burkholderia thailandensis. BMC Microbiol. 2006; 6:46.

IV. BACTERIAL VACCINES

47_P369408_Ch43.indd 843

11/5/2008 4:23:42 PM

C H A P T E R

44
Chlamydia
Roger G. Rank
Department of Microbiology and Immunology, University of Arkansas for Medical
Sciences and Arkansas Children’s Hospital Research Institute,
Little Rock, AR, USA

O U T L I N E
Introduction

Treatment
Genital disease
Trachoma

Short History of the Diseases
Etiologic Agent(s)
Classification
Antigens encoded by agent

Pathogenesis
Vaccines
History
Current licensed vaccines

Protective Immune Response
Genital disease
Trachoma

Vaccines in Development
Discovery/basic science
Clinical trials

Epidemiology
Genital disease
Trachoma

Prospects for the Future

Clinical Disease
Genital disease
Trachoma

Key Issues

ABSTRACT
Chlamydiae are responsible for a variety of infections in humans including genital infections in men and women,
ocular infections in the form of inclusion conjunctivitis and trachoma, community-acquired pneumonia, and atypical
pneumonia. Chlamydial genital infections have a worldwide distribution and are the major bacterial cause of sexually
transmitted disease that may ascend the genital tract causing salpingitis with potential sequelae of involuntary
infertility and ectopic pregnancy in women. Trachoma is the most common cause of preventable blindness in the
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world but is concentrated in underdeveloped countries. Both genital and ocular diseases are primarily caused by
the acute inflammatory response elicited by the infection of the host cell and the T cell response to the organism.
However, infections resolve through both antibody- and Th1-mediated mechanisms. Currently, there are no vaccines
for either disease in humans although intensive efforts to develop a trachoma vaccine including human trials occurred
in the 1960s. While the whole organism vaccines employed were successful in developing some immunity over the
short term, no long-term protection could be produced and trials were halted because of some evidence of a higher
conversion rate in individuals given the vaccine in contrast to control subjects. The trials also made clear that immunity
was serovar specific. No clinical trials have since been performed. Since the cessation of those trials, there has been little
effort on a vaccine for trachoma, and the emphasis has shifted to a vaccine against genital infections. Current vaccine
efforts are concentrating on specific bacterial proteins rather than whole organisms because of the cross-reactivity
between human and chlamydial hsp60. The major outer membrane protein of chlamydiae that is surface-exposed
and highly immunogenic can elicit a protective response and has been the subject of much work related to vaccine. It
has the disadvantage in that it is serovar specific and the protective epitopes are conformational, making production
of a recombinant molecule problematic. Other molecules with genus specificity such as the chlamydial protease-like
activity factor and polymorphic membrane protein D have been described but not as thoroughly explored as potential
vaccine candidates. It is important that the vaccine does not exacerbate pathologic response or increase the incidence of
clinical disease. A vaccine must be able to elicit long-term immunity, something which did not occur with the original
trachoma trials and which does not occur with natural infection. A strategy of preventing ascending infection may in
part facilitate longer term protection. Because there are multiple serovars that cause both genital and ocular infections,
it is critical that a vaccine contain either multiple serovars and/or genus-specific antigens. Persistence of chlamydial
infection, although still undefined and uncharacterized in humans and animals, is a major concern. A vaccine must be
evaluated to determine whether it can prevent persistence or whether the organism is still present but prevented from
causing disease. Before a vaccine can go to clinical trials, appropriate surrogates for infertility and ectopic pregnancy
must be determined and evaluated in animal models.

INTRODUCTION
Chlamydiae are highly adapted, primarily mucosal
pathogens, infecting virtually all mucosal sites,
depending on the species of Chlamydia and the species of the host. Chlamydial diseases have had and
continue to have a profound impact on the health
of individuals throughout the world. Chlamydia trachomatis is not only the leading cause of preventable blindness in the world through the production
of scarring disease in the conjunctiva, but also the
most common bacterial cause of sexually transmitted infections in the world, often leading to tubal
obstruction and involuntary infertility in women.
Moreover, Chlamydia pneumoniae infects 20–50% of
the population in the United States producing community-acquired pneumonia and has been associated
with potential exacerbation of coronary artery disease. Finally, Chlamydia psittaci, an avian chlamydia,
can be zoonotic for humans, eliciting a respiratory
infection with a high rate of mortality in untreated
individuals. The latter, because of its high virulence
and respiratory route of transmission, has been considered a possible bioterrorism agent. Thus, there are
four different diseases caused by chlamydiae which
either affect a significant number of people or have
the potential, as in the case of C. psittaci, to affect a
large number if employed as a bioterrorism agent.

For the purposes of this chapter, however, we will
emphasize the pursuit of a vaccine(s) for genital tract
infections and trachoma, because the widespread nature
of these diseases and the vast impact they have on the
human population worldwide make the development
of a vaccine the most effective means of preventing the
diseases and contributing significantly to the health of a
large portion of the world’s population. Because respiratory infections caused by C. pneumoniae are generally
not severe and the effects of intervention on the development of coronary artery disease not clear (Grayston et al.,
2005), there has been less enthusiasm for the pursuit of a
vaccine against C. pneumoniae in recent years. Similarly,
natural infections in humans caused by C. psittaci are
uncommon and the employment of this agent in bioterrorism is less likely compared to other agents; hence,
there is little interest in developing a human vaccine
against C. psittaci. Nevertheless, since chlamydiae
are remarkably similar, especially with regard to protective antigens, it is quite feasible that a vaccine developed for either genital tract infection or trachoma could
employ comparable antigens and be utilized to prevent
C. pneumoniae and C. psittaci infections as well.

SHORT HISTORY OF THE DISEASES
Trachoma is an ancient disease and one of the first
diseases recognized as a distinct clinical entity with
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the first references to treatment for it in China in the 27th
century BC. The exudative aspects of the disease and
treatment with copper salts were described in the Ebers
Papyrus around 1500 BC in Egypt (Thygeson, 1962). It
was widespread in ancient Greece and Rome, and several historical figures, including Paul of Tarsus, Cicero,
Horace, and Pliny the Younger, were thought to have
had trachoma. The term “trachoma” was first coined
by a Sicilian physician, Pedanius Dioscorides, in 60 AD,
and the four stages of the disease were later described
by Galen. The disease was spread from the Middle East
to Europe by the knights of the Crusades and later in the
late 18th century by Napoleon’s troops as a result of his
campaign in Egypt.
The inclusion bodies associated with the organism were first described in 1907 by Halberstaedter and
von Prowazek (1907) when they observed them in eye
scrapings from experimental trachoma in nonhuman
primates and then later in scrapings from humans. They
named the organism “chlamydozoa” or “mantle bodies” because of their mantle-like structure on Giemsa
stain. The similarity between the organism from trachoma and the etiologic agents of psittacosis and lymphogranuloma venereum was eventually recognized
and Bedson (1953) accepted the agents of trachoma and
inclusion conjunctivitis into the psittacosis-LGV group.
In contrast to trachoma, the history of genital infections caused by chlamydiae is more recent. It was
observed at the end of the 19th century that conjunctivitis could be found in neonates who were not infected
with gonorrhea (Kroner, 1884). Halberstaedter and von
Prowazek (1909) found inclusions in infants with inclusion conjunctivitis and, later, Heymann (1910) observed
inclusions in cervical smears and the urethra of parents
of a child with inclusion conjunctivitis. The first actual
recovery and isolation of chlamydiae from the cervix
was demonstrated by Jones et al. (1959) in 1959. Shortly
thereafter, organisms were isolated from the male urethra (Jones, 1964). While isolation of chlamydiae from
the lower genital tract from males and females became
quite common, it was not until 1977, that Mardh et al.
(1977) documented the association of C. trachomatis with
salpingitis and were able to isolate organisms from the
fallopian tubes. With those findings and the wide distribution of chlamydial genital infections, the significance
and necessity for a vaccine became apparent.

ETIOLOGIC AGENT(S)
Classification
Chlamydiae are obligate intracellular bacteria that
are unique for their biphasic developmental cycle,
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the elementary body or the non-replicating infectious
phase, and the reticulate body or the noninfectious
replicating stage. While generally host species specific,
chlamydiae can be found in nature infecting a wide
range of mammals, including humans, mice, guinea
pigs, sheep, cattle, cats, hamsters, swine, and koala
bears, and birds including budgerigar, parakeets, parrots, cockatiel, pigeons, doves, and turkeys (Tanner
et al., 1999).
Taxonomically, chlamydiae have their own
order, Chlamydiales, which includes the family,
Chlamydiaeceae (Moulder et al., 1984). Over the last
several years, there has been dispute as to whether
there are one or two genera; however, it has now been
agreed upon by the research community, that there is
a single genus, Chlamydia, with species related to the
host species (Bavoil and Wyrick, 2006). Therefore,
C. trachomatis is the primary human pathogen, which
is the cause of trachoma and genital tract disease.
C. pneumoniae is also a primary human pathogen and
C. psittaci can be zoonotic for humans. The primary
animal models for chlamydial infections include the
mouse and guinea pig with their natural parasites,
Chlamydia muridarum and Chlamydia caviae, respectively. C. trachomatis is subdivided into 18 serovars
based on serovar-specific antigens in the major outer
membrane protein (MOMP) (Wang and Grayston,
1971b). Serovars A, B, Ba, and C are primarily associated with trachoma while serovars D, Da, E, F, G, H, I,
Ia, J, and K are associated with oculo-genital disease.
Finally, L1, L2, L2a, and L3 are the causative agents of
lymphogranuloma venereum.
Morphologically, the elementary body is approximately 0.3 μm in diameter and somewhat spherical
in shape while the reticulate body is larger at 1 μm in
diameter. A unique morphologic component of the
elementary body is the presence of hexagonally
arrayed projections on the surface which are now
hypothesized to be the type III secretion apparatus
originally described by Hsia and Bavoil (Hsia et al.,
1997). Neither stage of the organism stains well with
the gram stain, but they can be identified in their
classic inclusion by aniline-based stains such as the
Giemsa stain.
Chlamydiae have a small genome with only about
1 ⫻ 106 base pairs. One of the major stumbling blocks
to chlamydial research, however, has been the total
lack of the ability to manipulate the genome so that
genes can be deleted or inserted, an important prerequisite to establish the function or role of many of
the genes and open reading frames. Also, chlamydiae appear to lack de novo or salvage pathways for
nucleotide biosynthesis and are, thus, forced into a
life style of intracellular parasitism.
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Antigens Encoded by Agent
Structurally, chlamydiae resemble gram-negative
bacteria in that they have a trilaminar outer membrane. The main structural component of the outer
membrane is the MOMP, a 38–42 kD protein with
multiple cysteine residues providing disulfide crosslinking which gives the structural integrity to the
outer membrane (Caldwell et al., 1981). In addition to
being the major outer membrane structural protein,
it also has porin activity and has been implicated in
the attachment of chlamydiae to the host cell (Bavoil
et al., 1984). MOMP is composed of essentially four
loops, each having surface-exposed portions. There
is greater amino acid diversity in the surface-exposed
or variable domains, probably accounting for the antigenic variation among the C. trachomatis serovars.
There are also genus- and species-specific epitopes
associated with MOMP (Stephens et al., 1988). MOMP
is an immunodominant, highly immunogenic protein
in all chlamydial strains except for C. pneumoniae and,
as such, has been identified as a major target antigen
for the protective immune response. Other structural
components of the outer membrane include a 60 kD
cysteine-rich molecule, OmcB or Omp2, and a lipopolysaccharide (LPS) moiety. The LPS has mild endotoxic activity and resembles the “deep rough” (Re)
mutant LPS of enteric bacteria (Nurminen et al., 1984).
Another set of proteins, the polymorphic outer membrane proteins (PMPs) are associated with the outer
membrane but appear to be variable in their surface
exposure and immunogenicity.

PROTECTIVE IMMUNE RESPONSE
Genital Disease
It is clear that there is a substantial immune
response to infection and that protective immunity to
reinfection does indeed develop in humans following a chlamydial genital infection (Alani et al., 1977;
Schachter et al., 1983; Jones and Batteiger, 1986), but
that immunity is neither complete nor long-lasting, at
least initially. Katz et al. (1987) observed that contacts
of isolation-positive individuals were likely to be negative for chlamydiae if they had had a prior chlamydial infection less than 6 months previously, but if
their prior chlamydial infection was greater than 6
months before, they were more likely to be positive.
There is some evidence that solid immunity to reinfection can develop as older individuals appear more
resistant to infection than adolescents, even when controlled for a number of exposures (Arno et al., 1994).

The primary animal models for chlamydial genital
infection, including the nonhuman primate, mouse,
and guinea pig all support the above observations.
When animals are challenged shortly after resolution of
a primary infection, immunity is complete. However,
if challenged at later times, reinfection occurs, albeit
at lower levels and of shorter duration (Rank et al.,
1988; Ramsey et al., 1989; Wolner-Hanssen et al., 1991).
Generally, the shorter interval of time between challenge infections corresponds to a high degree of immunity with respect to length and peak level of infection.
That reinfection can occur following a natural infection
is of concern because it suggests that it may be difficult
for a vaccine to elicit a sterile immunity.
Antibody
While there is a very strong antibody response both
locally in the genital tract and systemically in humans
and animal models, the protective role of antibody
remains somewhat controversial. Brunham et al.
(1983) observed in patients that the number of chlamydiae isolated from a cervical swab was inversely proportional to the level of IgA in cervical secretions.
They also reported that women who developed
postabortal salpingitis had significantly lower serum
antibody titers than women who did not develop
the disease (Brunham et al., 1987). Using guinea
pigs infected intravaginally with C. caviae, Rank
et al. (1979) reported that animals deficient in antibody
were unable to resolve the infection. Similarly, animals deficient in antibody but cured of the infection
with tetracycline were susceptible to challenge infection (Rank and Barron, 1983b). Thus, in the guinea pig
model, antibody was essential for both resolution of
a primary infection and resistance to reinfection. Of
interest was their observation that passive administration of serum antibody from immune animals to naïve
animals was able to reduce the level of infection, suggesting that serum IgG has transudated into the genital tract and was able to provide a level of protection
(Rank and Batteiger, 1989). It should be noted that IgG
is the dominant antibody in the female genital tract
(Masson et al., 1969). Based on in vitro experiments, it
is likely that the antibody inhibits chlamydial infection
by neutralization (Caldwell and Perry, 1982), i.e., the
prevention of the attachment of elementary bodies
to the cell and/or the opsonization with subsequent
phagocytosis of the organism (Wyrick et al., 1978).
In contrast to the guinea pig, antibody does not
appear to be required for resolution of infection in
the mouse model of genital tract infection. When
B cell deficient mice are infected with C. muridarum,
the course of the infection is the same as in control,
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immunologically intact mice (Ramsey et al., 1988; Su
et al., 1997). Recently, however, Morrison has shown
some evidence that antibody may be involved to
some extent in resistance to infection in the mouse,
although the mechanism is not yet clear (Morrison and
Morrison, 2005b).
Therefore, while one cannot state specifically
that antibody is absolutely required for immunity to
chlamydial genital infection in the human, the development of a strong antibody response in the genital
tract should be the goal of a vaccine. Complete prevention of infection could only be accomplished by
the presence of neutralizing or opsonizing antibodies
in genital secretions.
Cell-Mediated Immunity
While the case for antibody remains to be confirmed, it is apparent that cell-mediated immunity
(CMI) is an essential factor in the host protective
response. Chlamydial genital infections in both guinea
pigs and mice deficient in T cells fail to resolve (Rank
and Barron, 1983a; Rank et al., 1985). When the relative contribution of both CD4 and CD8 was determined in mice, it was found that protection was
dependent on the CD4 subpopulation. If CD4 cells
were deficient, the mice failed to resolve their infections, while mice deficient in CD8 cells resolved their
infections analogous to immunologically normal controls (Morrison et al., 1995). Moreover, the adoptive
transfer of either CD4 cells or T cell lines enriched
for CD4 cells into recipient mice were more efficient
at resolving chlamydial genital infections in contrast
to the adoptive transfer of CD8 cells or CD8-enriched
T cell lines which had no effect on the course of the
infection (Su and Caldwell, 1995; Ramsey and Rank,
1990; Morrison et al., 2000). Similarly, the adoptive
transfer of a CD4 clone into nude mice resolved the
infections in 80% of the mice (Igietseme et al., 1993).
Of two CD8 clones tested, only one was able to
resolve infections in nude mice and then in less than
half of the recipients (Igietseme et al., 1994). A role for
CD4 cells has also been implicated in humans. Kimani
et al. (1996) reported that sex workers who were HIV
positive had a higher incidence of chlamydial genital
infections than did individuals who were HIV negative, suggesting that CD4 cells had a protective role.
It was further determined that Th1 cells were
responsible for the protective response. When T
cells from either the genital tract or draining lymph
nodes of infected mice were assessed for IFN-γ or
IL-4 by ELISPOT, the dominant cytokine was IFN-γ
(Cain and Rank, 1995). Moreover, the adoptive transfer of a Th1 clone was able to resolve genital infections
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in nude mice while a Th2 clone was totally ineffective (Igietseme et al., 1993; Hawkins et al., 2002). The
data would also suggest that the primary effector
mechanism is an IFN-γ-mediated killing of intracellular chlamydiae (Cotter et al., 1997; Perry et al., 1997),
although a recent study by Nelson et al. (2005) implicates a mechanism employing GTPases. Thus, not surprisingly, with respect to other bacterial infections, it
is apparent that a Th1 CD4 T cell response is essential
for the resolution of chlamydial genital infection and
resistance to reinfection.

Trachoma
Just as with chlamydial genital infections, immunity
to conjunctival infection also develops. With repeated
infections, it becomes increasingly more difficult to
isolate the organism. Ultimately, in the majority of the
subjects, the infection resolves and the individual is
resistant to reinfection (Taylor, 1985). Using a nonhuman primate model of trachoma, Taylor et al. (1981,
1982) demonstrated that ocular challenge of previously infected animals resulted in much abbreviated
infections which were also substantially lower in the
number of organisms isolated. With repeated infections,
it became more difficult to isolate the organism, just as
in human disease. Using the C. caviae guinea pig model
of conjunctival infection, Monnickendam found similar
results. Repeated infections demonstrated a marked
degree of immunity with regard to the ability to isolate chlamydiae from the conjunctiva (Monnickendam
et al., 1980a, 1980b). However, just as in genital infections, both nonhuman primates and guinea pigs could
be reinfected and the ability to reinfect was related to
the time interval between the prior and current challenge. For example, when guinea pigs were inoculated
35 days after a primary infection, there were few organisms isolated in contrast to a challenge 60 days after
the primary infection when there were significantly
more organisms detected for a longer period of time
(Monnickendam et al., 1980a). It should be noted that,
in general, specific immune mechanisms in trachoma
are less well known than genital infections because of
the lack of a mouse model in which one has a multitude of reagents and transgenic mice. Also, the major
research emphasis with respect to chlamydial infections
in the last 20 years has been on genital infections.
Antibody
In humans and animal models of trachoma, there
is a strong local antibody response with the production of IgA and IgG as well as a strong systemic
response. However, while there are ample studies to
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demonstrate that incubation of antibody with chlamydiae can prevent or diminish infection both in vivo
and in vitro (Nichols et al., 1973; Barenfanger and
MacDonald, 1974), there is little evidence in vivo
that antibody is essential for the resolution of ocular
infection or resistance to reinfection. The only study
that suggests a role for antibody in resolution of the
infection was performed by Modabber et al. (1976)
in which they depressed the B cell response by treatment with cyclophosphamide and observed that the
ocular infection with C. caviae was prolonged. There
are several studies that show a correlation with the
presence of both IgG and particularly sIgA antibodies
and resistance to reinfection, but none are definitive in
demonstrating a protective role for antibody (Pearce
et al., 1981; Malaty et al., 1981).

Cell-Mediated Immunity
The lack of a mouse model and a significant
amount of basic immunologic research done in animal models of trachoma has resulted in only minimal
information on the role of CMI in protective immunity
in the conjunctiva. Just as with the antibody response,
there is a strong local and systemic CMI response
to chlamydial conjunctival infection, and there are
numerous studies indicating a prime role for CMI in
the pathologic response (see below). Both CD4 and
CD8 T cells have been found in conjunctival tissue
in the monkey model (Whittum-Hudson et al., 1986)
as well as Th1 cytokine expression (Holland et al.,
1996); however, neither depletion nor adoptive transfer studies have been performed to confirm a protective role for CMI. Nevertheless, because Th1 T cells
are required for immunity in genital tract infections,
it would be highly surprising if a similar response
were not required for the resolution of ocular infection
as well.

EPIDEMIOLOGY
Genital Disease
Chlamydia genital infection in the United States
is clearly of epidemic proportion, and is the most
commonly reported disease in the country. The
CDC estimates that 2.8 million people are infected
each year in the United States alone, and from 1986
through 2005, the rates of reported infection have
risen from 35.2 to 332.6 cases per 100,000 population.
This increase may be the result in part of increased
screening and more sensitive diagnostic techniques. It

is virtually impossible to know the total infection rate
worldwide but it clearly is distributed throughout
the world and probably at similar rates in the United
States.
The rates of chlamydial infection are highest in adolescents and particularly in adolescent women. In one
prospective study of a cohort of individuals between
the ages of 18 and 26 years in the United States, 4.2%
of the individuals were infected with C. trachomatis
(Miller et al., 2004). In addition to the infection being
most frequent in adolescents and young adults, other
risk factors for acquisition of chlamydial disease
include the following: (1) multiple sex partners or a
partner with other partners during the last 3 months
or a recent new sex partner; (2) inconsistent use of barrier contraceptives; (3) unmarried status; (4) history of
prior sexually transmitted disease; and (5) lower socioeconomic class or education not beyond high school.
From a public health perspective, there is a tremendous cost to the health care system in the treatment of
chlamydial genital infections. Of even greater significance is the incalculable psychological cost to couples
who are unable to have children as a result of tubal
obstruction in women as well as the financial costs of in
vitro fertilization for those couples.

Trachoma
Trachoma is caused by specific serovars of
C. trachomatis and is the leading cause of preventable blindness in the world with roughly 10% of the
world’s population infected. The disease is concentrated in tropical to subtropical areas of the world in
underdeveloped countries (Figure 44.1). The disease
is associated with poor public health conditions where
the organism can be easily spread by mechanical
means via flies and personal contact. In some areas,
over 90% of children are infected. Women are three
times more likely to be infected because of their close
contact with children.
Unfortunately, trachoma is a disease of underdeveloped countries that have no economic means to deal
with the disease. Moreover, because blindness strikes
adults in their prime working years, it can remove them
from the workforce and hinder their ability to care for
themselves and their families. When blindness strikes
women, they can no longer perform their duties as caretakers of the home and often an older daughter must
leave school and take over her mother’s role, taking her
away from a formal education. Thus, the disease can
prevent families and societies from rising above poverty.
It is estimated that the disease results in $2.9 billion of
lost productivity each year for the affected countries.
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FIGURE 44.1

Potential as Biothreat Agent
C. psittaci was originally included on the United
States Select Agent list but is no longer on the list.
While the organism can be transmitted by the respiratory route and has a high mortality rate in untreated
individuals, it is a relatively labile organism and would
not lend itself readily to use in biological warfare.

CLINICAL DISEASE
Genital Disease
C. trachomatis targets the endocervix in women,
producing a range of symptomatology, from a mild to
severe cervicitis, although about 70% of the infections
in women are asymptomatic. Symptoms, if present,
are generally nonspecific, but may include purulent or
mucopurulent discharge from the endocervix, intermenstrual or postcoital bleeding, dysuria, urinary
frequency, dyspareunia, and vulvovaginal irritation.
Upon physical examination, again, a range of findings
are observed, with purulent or mucopurulent discharge on the surface and/or exuding from the canal
being a key finding. Cervical friability and cervical
edema may also be present.
About 20–40% of women positive for chlamydiae in the lower genital tract will develop pelvic

inflammatory disease (PID) that can lead to fibrosis and tubal obstruction of the fallopian tube and
potentially involuntary infertility. Ectopic pregnancy
has also been associated with PID caused by C. trachomatis. The primary indicator of PID is an onset of
lower abdominal pain with diffuse tenderness in the
lower quadrants which may be unilateral or bilateral.
Rebound tenderness and decreased bowel sounds are
common. About 50% of the patients may have fever.
Pelvic exam may reveal purulent endocervical discharge and cervical motion tenderness or uterine/
adnexal tenderness. It is also possible that PID may be
subclinical. Among women who are confirmed with
PID, there is a 20% chance that scarring and infertility will develop. Because of the high incidence of
subclinical disease, women do not seek medical care,
thereby increasing the risk of infertility and ectopic
pregnancy.
In males, presentation is typically in the form of
urethritis with a mucoid or watery discharge along
with dysuria. However, about 40–50% of individuals
may have asymptomatic infections. The incubation
period is variable but is typically 5–10 days after exposure. Epididymitis may develop but is uncommon. It
should be noted that it is not uncommon in men or
women to have infections with more than one sexually transmitted agent. Moreover, it is possible for both
men and women to develop inclusion conjunctivitis
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as a result of contaminating organisms from the genital tract.
Newborns may also acquire the infection at birth
by passage through the birth canal. The most common clinical manifestation in the newborn is inclusion
conjunctivitis within 5–14 days of delivery (Weinstock
et al., 1994). Clinical findings range from mild swelling with a watery eye discharge, which becomes
mucopurulent, to marked swelling of the eyelids with
red and thickened conjunctivae. A pseudomembrane
from adherence of the exudate to the conjunctiva
may be present. The infection is easily treated with
no residual sequeleae. In 5–30% of the infants born to
infected mothers, a pneumonia will develop, but not
until 4–12 weeks after birth. Cough and nasal congestion without significant discharge are common, and
the infant is usually afebrile or has only a slight fever.
Rales are often present on auscultation of the lungs.

Trachoma
Trachoma is a chronic disease process which can
extend over many years and even decades and is the
result of continual exposure to the infectious agent.
The initial infection results in an inclusion conjunctivitis, involving both the bulbar and palpebral conjunctiva and consisting of congestion and edema.
This gives way to the development of organized
lymphoid follicles. Corneal involvement also occurs
with the production of punctuate erosions of the epithelium and cellular infiltrates of the central corneal
epithelium. The characteristic sign of trachoma is a
neovascularization (pannus) of the superior limbus.
Ultimately, the most significant damage occurs when
the follicles of the palpebral conjunctiva scar and produce distortion of the eyelids so that the eyelashes
continually scrape the cornea (trichiasis), causing further damage and scarring that results in blindness.

base (500 mg PO QID), erythromycin ethylsuccinate
(800 mg PO), ofloxacin (300 mg PO BID), or levofloxacin (500 mg PO QD). In addition to antimicrobial treatment, it is important that partners be treated
as well and that the patient and partner be evaluated
for other sexually transmitted infections and safer-sex
counseling be provided along with provision of condoms and contraception.
In the case of PID, either of the following parenteral
regimens has been recommended: (1) Cefoxitin (2 g
intravenously every 6 h) plus doxycycline (100 mg
intravenously or orally every 12 h); (2) Clindamycin
(900 mg intravenously every 8 h) plus gentamicin
loading dose (2 mg/kg of body weight) followed by a
maintenance dose (1.5 mg/kg) every 8 h (Workowski
and Berman, 2006).
Conjunctivitis and pneumonia in the newborn
caused by chlamydiae are treated with oral erythromycin (50 mg/kg/day PO in four divided doses) for
14 days for either chlamydial conjunctivitis or pneumonia (Workowski and Berman, 2006).

Trachoma
Trachoma can be readily treated with antibiotics
but people are continually exposed to the infection;
therefore, treatment becomes problematic, particularly in the parts of the world where trachoma occurs.
Trichiasis can also be surgically treated, but, again,
the logistics and lack of resources make this difficult.
Currently, the International Trachoma Initiative has
employed the SAFE strategy to eliminate trachoma.
In this strategy, efforts are being made to correct
advanced stages of trachoma with surgery while entire
villages are being treated with antibiotics (Zithromax
donated by Pfizer). People are being educated to do
face-washing to reduce the chance for acquisition of
trachoma. Finally, work is being done to change the
environment by improving access to water and improving public hygiene.

TREATMENT
PATHOGENESIS

Genital Disease
Fortunately, C. trachomatis is sensitive to several
antibiotics and no resistance to any of the antibiotics
has been confirmed. For treatment of urethritis, cervicitis, and conjunctivitis, azithromycin (1 g PO as a single
dose) and doxycycline (100 mg PO BID for 7 days)
are the two recommended regimens with both being
equally efficacious (97% versus 98% cure rates) (Lau
and Qureshi, 2002; Workowski and Berman, 2006).
Alternative regimens include 7 days of erythromycin

The pathogenesis of chlamydial disease is directly
associated with both the innate and adaptive host
response to infection and is likely similar regardless of
the site of infection. Since most chlamydiae enter the
body via a mucosal tissue, the first target cell is an epithelial cell. In the process of infecting the cell, chlamydiae come into contact with toll-like receptors (TLR)
and perhaps other yet-undefined receptors which initiate a signal transduction pathway resulting in the
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production of proinflammatory chemokines and
cytokines, particularly IL-8, IL-1β, and TNF-α.
Rasmussen et al. (1997) reported that infection of cervical and colonic epithelial cells with either C. trachomatis or C. psittaci up-regulated mRNA expression
and secretion of the proinflammatory cytokines, IL-8,
GROα, GM-CSF, and IL-6. IL-8 expression was seen as
early as 2 h after infection and NFκB translocation was
detected as early as 30 min after infection (Rasmussen
et al., 1998). That these responses only occurred after
infection with viable organisms and not by incubation of cells with inactivated organisms indicated that
the process was initiated by a specific host/organism
interaction.
In vivo in the mouse genital track model, TNF-α
production can be observed as early as 6 h after infection,
suggesting the bacterial components or early steps in the
cell infection process already elicit the response (Tseng
and Rank, 1998). As a result the production of proinflammatory chemokines and cytokines, an acute inflammatory response is initiated. There may be other bacterial
products that participate in the induction of the inflammatory response, such as via the type III secretion system
but these are yet to be determined. Darville et al. (2003)
reported that the toll pathway, especially via stimulation of TLR 2, was important in the pathologic response.
They observed that TLR 2 knockout mice did not have
upper tract pathology following genital infection with
C. muridarum even though the infection course was
not changed. Interestingly, mice lacking TLR 4 developed typical upper tract pathology. This is of particular interest since LPS and hsp60 activate TLR 4 and had
been thought to be involved in eliciting the pathologic
response.
We have noted that neutrophils can be observed
entering the conjunctival epithelium 6 h after C. caviae
infection of the guinea pig conjunctiva with heavy
inflammation by 24 h, before a single developmental
cycle has been completed (Rank, R.G., unpublished
data). In all animal models, in the initial days of the
infection, the histopathologic response is characterized by the acute inflammatory response, and it is
generally accepted that the products of the neutrophil
response cause tissue damage. In fact, Ramsey et al.
(2005) have demonstrated a key role for matrix metalloprotease 9 in the induction of fibrosis in the mouse
oviduct.
As the infection progresses, the adaptive immune
response becomes activated and one finds an influx
of mononuclear cells, particularly T cells, B cells, and
macrophages, to the local site. In the MoPn infection of
the mouse, this is mainly CD4 cells but in the guinea
pig and subhuman primate, there are equal numbers of CD4 and CD8 cells (Van Voorhis et al., 1996;

Whittum-Hudson et al., 1986; Kelly et al., 1996; Rank
et al., 2003). However, the T cell response is clearly
a Th1 response. These cells and the cytokines they
secrete are critical for the resolution of infection, but
it cannot be ruled out that they also contribute to the
induction of pathology. It is apparent that upon reinfection, the mononuclear response is more intense,
producing disease of increased severity (WolnerHanssen et al., 1986; Tuffrey et al., 1990; Rank et al.,
1995).
It is likely that the severity of the pathologic outcome is dependent on two major factors: the infection
dose and the number of infection episodes. Because
the organism itself is responsible for eliciting proinflammatory cytokines from the host cells, it stands to
reason that the more organisms that are introduced,
the greater is the level of resultant chemokines and
cytokines and, consequently, inflammatory infiltrate.
The incubation period and level of peak infection are
clearly associated with the number of chlamydiae
inoculated (Rank et al., 2003), and the severity of disease is related to the number of organisms as well
(Rank et al., 1979).
Upon repeated infections, the organisms will
once again induce an inflammatory response, but in
this case, there will be an anamnestic cell-mediated
immune response, and it is quite likely that the mediators produced by CD4 and CD8 cells may also elicit
tissue damage. Trachoma is clearly associated with
the specific host adaptive response as it is difficult to
isolate chlamydiae from individuals with chronic trachoma. Thus, the pathologic response is most likely a
summation of the effects of both the innate inflammatory response and the T cell response.

VACCINES
History
When it became clear that the causative agent of
trachoma was a bacterium and that it could be easily
propagated in embryonated eggs (T’ang et al., 1957),
a major effort was made in the 1960s and 1970s to
develop a vaccine. During this time, four groups were
working simultaneously in four separate areas of the
world to evaluate their own versions of a trachoma
vaccine. The investigative teams were optimistic about
chances for success because many infected individuals
did eventually resolve their infections and developed
immunity to reinfection. As with most vaccines in this
time period, either live or formalin-inactivated purified
elementary bodies were used in all of the trials, with
or without adjuvants, using a variety of regimens.
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However, despite a massive effort by the four different groups, no universally effective vaccine was
forthcoming. Nevertheless, a tremendous amount of
information about the disease and immune mechanisms was accrued that can be used today in vaccine research. The work of these teams evaluating
potential vaccines in actual human trials as well as in
nonhuman primates is reviewed in great detail in
two books (Bietti and Werner, 1967; Schachter and
Dawson, 1978) but will be revisited in this chapter to
give the reader a sense of the information gained from
these trials. It should be noted that all of these trials
were designed to develop a vaccine for trachoma.
There have been no human trials of a vaccine for
chlamydial genital infections.
By far the most extensive and detailed studies in
both nonhuman primates and in clinical field trials were performed by the University of Washington
group led by Thomas Grayston in collaboration with
the United States Naval Medical Research Unit No.
2 (NAMRU-2) in Taiwan. In the first field trial of a
potential vaccine from 1959 to 1960, they immunized
uninfected younger siblings of first-grade children
with active disease with two different formalized vaccines suspended in aluminum hydroxide (Grayston
et al., 1963). One vaccine consisted of a locally
(Taiwan) isolated serovar C and the second was a
mixture of serovars B and C. Over a period of 2½
years, 405 children where included in the study and
given 4 doses of the vaccine. Overall, 18% of the placebo group converted to active trachoma while only
8% of the vaccine group converted, demonstrating
that the vaccine was effective. In 1965, a long-term
follow-up was performed on these initial subjects
(Woolridge et al., 1967b). It was observed that 1 year
after the administration of the full immunization regimen, which was 2 ½ years after the initial injection, the
protective effect began to break down, and by 6 years,
there was no difference between the immunized and
placebo groups. Thus, it was apparent that the immunity was limited in the length of its effectiveness.
Extensive studies were also performed in nonhuman primates to refine the immunization regimen and
evaluate adjuvants (Wang et al., 1967). In these studies,
they utilized yolk sac–grown organisms either in
crude suspensions or purified by different methods.
Serovars B and C were tested as well as the aggressive
Bour strain (serovar E) alone or mixed with Freund’s
complete or incomplete adjuvant. Several observations
were derived from these experiments. Protection was
clearly related to the number of chlamydial particles
included in the vaccine, and both Freund’s complete
and incomplete adjuvants appear to have comparable results. Of importance was the observation that

immunity was serovar specific. Challenge of immunized monkeys with heterologous serovars did not
result in a protective response.
Based on the results employing mineral oil (incomplete Freund’s adjuvant) in monkeys, field trials were
initiated in Taiwan in which either monovalent or bivalent vaccines of trachoma strains isolated from Taiwan
(serovars B and C) were produced from yolk sac–grown
material, formalin-inactivated and emulsified with mineral oil (Woolridge et al., 1967a). Second- and third-grade
children were inoculated intramuscularly followed,
6 months later, by a booster inoculation. The bivalent vaccine demonstrated a protective response with
only 5.1% of the children converting to trachoma over
a period of 3 years versus 8.8% for the placebo group.
Interestingly, the opposite response was seen in children
immunized with the monovalent vaccine, 8% converting
to trachoma in the vaccinated group in comparison to
3.3% with the placebo. The conversion rate in the placebo
group was unusually low; hence, this may have affected
the overall results. There was concern expressed that the
majority of the conversions to positivity occurred prior
to the booster immunization, similar to what was seen in
monkeys challenged with a strain of chlamydiae heterologous to the vaccine type, possibly suggesting a hypersensitivity response (Wang et al., 1967).
Not only because trachoma rates were relatively low
in Taiwan as a result of the improving public health
conditions but also because of the encouraging results,
the Seattle group initiated field trials with collaborators
in India in an area where the trachoma incidence was
85% (Dhir et al., 1967). In these trials, two vaccines were
prepared by either gradient purification or ether extraction from elementary bodies grown in yolk sacs and
were then formalin-inactivated. Each vaccine contained
serovars B and C at concentrations of particles 109/ml
as it was previously found that a successful vaccine
was dependent on having large numbers of elementary bodies. Four hundred fifty-one children with no
evidence of trachoma between 3 months and 5 years of
age were vaccinated and given a follow-up booster 3
months later. When examined 1 year after immunization, 36.8% of the placebo-inoculated subjects had converted to trachoma while only 10 and 18.5% of the two
vaccine groups converted, suggesting a definite protective effect. The strongest protective effect was in the
first 3 months following immunization and gradually
declined thereafter, supporting previous observations
that immunity induced by the vaccine was short lived.
It is important to note that in this study, no difference
in severity of disease was noted between immunized
and control groups.
Follow-up studies with these vaccines were performed in monkeys (Grayston et al., 1971). Similar
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results were seen in that immunity did develop when
high doses of organisms were contained in the vaccine;
but, as in the human trials, immunity was short lived
and serovar specific. They also noted that immunization
with lower doses of organisms in the oil-based vaccinecontaining serovars A, B, and C resulted in more severe
disease upon challenge with each of the serovars.
Early human trials of a chlamydial vaccine were
performed in Ethiopia by a group from Italy. For
these trials, a formalized vaccine prepared from yolk
sac–grown elementary bodies of a C. trachomatis isolate from Ethiopia was used. The vaccine was administered intramuscularly with either an aluminum
hydroxide or water-in-oil adjuvant followed with an
aqueous booster at 40 days and sometimes another
aqueous booster at 6 months. The vaccines were
standardized by the counting of chlamydial particles,
the determination of DNA and nitrogen content, and
the antigenic concentration of the batch with a standard rabbit antibody by the complement fixation assay.
As in the majority of vaccine trials in this period, success was judged by the absence or lessening of clinical
disease and sometimes in the reduction in the number
of organisms detected on Giemsa-stained conjunctival
smears. Initial trials in nonhuman primates and then
in human volunteers demonstrated a high degree of
protection against conjunctivitis upon challenge with
lower doses of organisms although the intensity of
the disease in volunteers becoming infected was not
diminished. Nevertheless, these results suggested that
a protective response could be elicited.
This group conducted field trials in Ethiopia from
1960 through 1962, immunizing children from 2 to 4
years of age who were either free of trachoma or had
evidence of disease (Bietti and Werner, 1967). Thus, they
were able to evaluate both the therapeutic and prophylactic effects of the vaccine. A summary of the trials over
this period showed that 40% of the healthy patients
developed disease versus 72% of healthy patients
receiving no vaccine. Similarly, of those patients with
severe follicular trachoma, vaccination reduced the
level of disease in 63% of the cases versus only 23%
of controls. If two booster doses were given, 83% of
the immunized subjects had a positive outcome. If the
disease was more advanced, disease reduction was
79% in vaccinated individuals versus 59% for controls.
Therefore, it appeared that immunization was able to
both prevent disease and to reduce disease in those
already confirmed with trachoma.
Based on the success of these field trials, more
expansive trials were conducted in the 1964–1965 with
10,000 subjects included. In two separate trials, 2500
subjects were given the vaccine and 2500 a placebo.
In the trial for which data were published (Bietti and
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Werner, 1967), 17% of vaccinated individuals without previous disease developed clinical trachoma in
contrast to 33% of subjects given placebo. For those
with existing trachoma, 59% of the vaccinated people
improved as compared to only 43% of the placeboinoculated people. The data in this larger trial suggested that the vaccine still had positive prophylactic
and therapeutic effects, although they were not as
strong as in the initial field trials. This may have been
the result of the trial being conducted in different
region which had a higher standard of living.
The group from the Medical Research Council in
London, headed by Collier and Blyth (1966a) initiated
trials first in baboons. For immunogens, they used
several different isolates, two of which were clearly
genital isolates. The primary strain they used was the
so-called “fast” strain which was later found to be
LGV (L2) (Wang and Grayston, 1971a); therefore, for
many of the studies, they were not using a typical trachoma strain, but live, potentially invasive LGV. The
vaccines were grown predominantly in yolk sacs and
were administered parenterally as live vaccines. The
“fast” strain was also grown in HeLa cells because it
was easy to grow in cell culture and was also administered as a live vaccine. In the course of their studies,
they observed that they had good protection against
challenge with the homologous strain but less effective protection using challenge with a heterologous
strain. They also experimented with different methods of inactivation, including inactivation by heat,
formalin, or exposure to UV light and reported that all
reduced the immunogenicity of the vaccine (Collier
and Blyth, 1967). Overall, their studies in baboons
showed that the lack of cross-reactivity among strains
was a problem, the immunity to reinfection was relatively short lived, and live vaccines were more effective. Moreover, the use of adjuvants may have led to
increased disease via a hypersensitivity mechanism
(Collier and Blyth, 1966b), but again, it should be
noted that they were using a live strain of an aggressive chlamydiae, not at all typical of the human trachoma strains.
Based on their results in the baboon trials, the
group moved on to field trials in The Gambia using
live vaccines administered either subcutaneously
or intramuscularly (Sowa et al., 1969). Results were
mixed, with an initial trial producing short-term
improvement in clinical disease; however, subsequent
trials were inconsequential with either no evidence
of protection or, in the case of the third trial in which
the LGV-like “fast” strain was used, a possibility of
exacerbated disease, although this may have been an
artifact of the clinical scoring system used. The trials
were halted when they subsequently found that the
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chlamydial strain they were using in the vaccine could
become systemic in baboons (Collier and Smith, 1967;
Collier and Mogg, 1969). This strain was later found
to be an LGV contaminant, hence its “fast” or aggressive growth and systemic distribution in baboons.
Concomitant with the ongoing trials by the above
groups, the group led by Nichols et al. (1966, 1969)
from the Harvard School of Public Health was conducting field trials in Saudi Arabia followed later by
experiments in New World monkeys. In these trials, children 3 years of age or younger, were grouped
according to whether they had active trachoma, nontrachomatous conjunctivitis, or no disease, so that
they could determine the effectiveness of the vaccine
in both prophylactic and therapeutic modalities. They
were immunized with vaccines containing equal portions of serovars B and C derived from yolk sacs and
inactivated with formalin. Two preparations were in
aqueous form at two different concentrations while the
remaining vaccine was administered along with
thimersol as adjuvant. A booster dose was administered in all three groups 6 months after the primary
immunization.
In contrast to other groups, in addition to the clinical evaluation of the subjects, they also quantified the
number of chlamydiae on conjunctival swabs. Both
aqueous vaccines delayed the conversion of subjects
to active trachoma while there was no such effect with
the adjuvant vaccine; however, the overall microbiological conversion rate was not significantly affected
by any of the vaccine regimens. Nevertheless, there
was a reduction in numbers of inclusions detected in
immunized subjects converting from negative to positive within 6 months after the primary immunization
with either the low dose aqueous or adjuvant vaccines.
In children who were positive at the outset, there was
only evidence of reduction in inclusion number in
those receiving the higher vaccine dose. Of interest
was the observation that of the children who were clinically normal at the beginning of the study, those that
received the higher dose aqueous vaccine developed
disease three times more readily than control subjects,
although their clinical disease was no worse than
controls and there may have been a reduction in the
number of organisms. Just as in other field trials, the
effectiveness, even if marginal, was only apparent for
a short period of time following immunization.
After approximately a decade of human vaccine
testing, all studies were halted and to the current day,
there have been no further trials in humans with potential vaccines against either trachoma or genital tract
infections. So after all of these trials, what have we
learned and what is the significance with regard to the
current pursuit of a vaccine? In many of the studies,

there was clear evidence for immunity. Generally,
immunity was associated with the administration of
high doses of formalin-treated organisms and was preventive if administered to previously uninfected individuals. The vaccine was also able to either prevent
infection or reduce the infection so that if acquired,
it was likely subclinical or otherwise undetectable.
In support of this, the Harvard group was able to
demonstrate a reduction in the number of organisms
(Nichols et al., 1969). Evidence for a therapeutic effect
in individuals who were already infected was also
observed. Nevertheless, the consistent finding in all
of the studies was that the immunity induced by the
vaccine was very short lived, even with booster inoculations and natural exposure to the organism. That
immunity lasted on the average only less than 1 year
is clearly problematic when considering immunization of large populations, particularly in underdeveloped countries.
Another key observation that was supported by
studies in animal models and in vitro was that the
protective effect when seen was serovar specific.
Especially in non human primate experiments, it was
observed that immunization with one serovar did not
protect against other serovars. In the case of trachoma
or genital tract infections, this certainly indicates that
a vaccine will have to be composed of either a single
genus- or species-specific epitope or multiple serovarspecific epitopes.
Perhaps the most significant consequence of the
human trials and from concurrent studies in monkeys which continues to impact on the development
of a vaccine today was derived from the observations that in certain situations, there actually seemed
to be either exacerbated disease or an increased rate
of conversion to active trachoma in subjects receiving the vaccine (Grayston and Wang, 1975). In one of
the early volunteer experiments, medical students in
Taiwan were immunized with trachoma strains and
then challenged in the eye (Grayston et al., 1961).
Interestingly, the immunized students had an earlier
onset of disease, and there was a correlation between
the complement fixation antibody titer and the severity of the disease, suggesting some form of a hypersensitivity response. There is still much debate about
how significant and representative the findings suggesting a hypersensitivity response were and whether
the potential for a hypersensitivity response is a realistic concern.
In general, it appeared that the adverse responses
were observed in situations where there was an inadequate amount of antigen in the vaccine or where
there was a single serovar. Woolridge et al. (1967a)
saw a slightly increased incidence of conversion in
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individuals vaccinated with a monovalent vaccine
while Nichols et al. (1966) reported increased incidence of conversion to active trachoma in subjects
administered a vaccine with a lower number of organisms. While the authors cautiously suggested that
these results may have been associated with sensitization by the vaccine followed by a “hypersensitivity” response, the data are not all clear that there was
a true hypersensitivity response. Exacerbated disease
was not observed even in those vaccinated subjects
who converted to active disease, although one can
argue that sensitization by a vaccine would create a
more rapid follicular response upon contact with the
infectious agent in contrast to naïve individuals.
While the human trials only showed marginal data
with regard to a hypersensitivity response, immunization of monkeys produced more definitive results. In
early monkey experiments, Wang and Grayston (1967)
observed that pannus occurred more frequently in
vaccinated monkeys than in control monkeys and that
pannus was also more frequent in monkeys immunized with the Bour strain. The Bour strain was actually a serovar E organism, albeit it was isolated from
a trachoma case in the San Francisco area, and was
considered to be an aggressive strain. This strain
was originally used in the monkey model because
it was able to produce a more characteristic disease
than the serovar B and C strains. These data were simislar to those published by Collier and Blyth (1966b) in
which they reported more severe disease in challenge of
animals immunized with the ‘fast’ (likely LGV) strain
and challenged with a non-trachoma isolate. Since
these studies were done with exceptionally aggressive strains and in some cases, had heterologous
challenges, one must question whether they are truly
predictive for human vaccination. However, additional studies in monkeys using the same trivalent
vaccine (serovars A, B, and C) as used in human trials
did indeed show enhanced disease in monkeys
immunized with a low-dose vaccine when challenged
with a homologous strain of each serovar (Grayston
et al., 1971).
Because the pathogenesis of trachoma is clearly
associated with the cell-mediated immune response,
the adverse reactions observed in humans and monkeys in these studies have raised major concerns
among pharmaceutical companies that a vaccine, particularly a whole organism vaccine, might have potential deleterious effects. This concern was heightened
several years ago in studies that suggested that hsp60
was an antigen which was responsible for eliciting the
pathologic cell-mediated response (Morrison, 1991).
Further studies showed that although hsp60 was
highly immunogenic and an antibody response to it
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correlated with severe disease, it was not responsible
for the hypersensitivity response (Rank and Sanders,
1992; Rank et al., 1995; Stephens, 2003). However, during the study of this antigen, it was noted that there
was significant sequence homology between chlamydial and human hsp60 (Morrison et al., 1989). While
there has been absolutely no evidence for an autoimmune response resulting from chlamydial infection,
there is still major concern in the development of
a vaccine that no component with cross-reaction to
human antigens should be incorporated into a vaccine.
Thus, it is highly unlikely that any future vaccine trials will utilize whole organisms, even if attenuated or
killed, as was done in the original trachoma trials. The
risk of litigation for vaccine companies is just too great.

Current Licensed Vaccines
There are currently no licensed vaccines for use
in humans for either chlamydial genital infections or
trachoma. Nevertheless, it should be mentioned that
there are currently two licensed vaccines used in veterinary practice. Fevaxyn Pentofel™ from Fort Dodge,
a division of Wyeth, is an inactivated veterinary vaccine for several diseases in cats, including chlamydial
conjunctivitis caused by Chlamydophila felis. However,
its protective value against conjunctivitis appears limited, reducing the length of clinical disease by only a
few days. Moreover, it is not able to prevent the establishment of chronic infection, characteristic of the
feline disease. Live vaccines have been used that also
provide marginal protection but may result in actual
conjunctival infection if they get inadvertently in contact with the eye.
A vaccine is also commercially available in Europe
for the prevention of abortion in sheep caused by
Chlamydophila abortis. Enzovax is a freeze-dried vaccine containing 105.0–106.9 IFU of live, attenuated strain
of Chlamydophila abortus per dose and is produced by
Intervet in the United Kingdom. The attenuated strain
is a temperature-sensitive mutant originally derived
by Rodolakis which is infectious for sheep but produces a mild infection (Rodolakis and Souriau, 1983;
Rodolakis and Bernard, 1984). As in the vaccine for
C. felis, it is difficult to measure the outcome, but the
vaccine itself does not exacerbate the disease and may
have some mild protective effects. Not surprisingly,
frequent boosters are required.
These vaccines are mentioned here because it is interesting that both of the vaccines are whole organism vaccines with the ovine vaccine being live attenuated; but
they do not appear to elicit any untoward effects analogous to what was seen in the monkey experiments
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with C. trachomatis. Of course, clinical trials in the veterinary world are not as rigorously controlled and
monitored as in human studies. Also, as has been seen
over and over again in human and monkey trials, as
well as in other animal models, immunity is not longlasting and booster inoculations are essential.

VACCINES IN DEVELOPMENT
Despite the limited success and lengthy interval
since the trachoma clinical trials 40 years ago, there
has been a continued emphasis on research directed to
the development of a vaccine. However, the target of
vaccine efforts has changed from trachoma to genital
tract infections caused by chlamydiae, with specific
emphasis on the prevention of upper genital tract disease and involuntary infertility in women. Trachoma
is no less important, but genital tract infections are
epidemic in the developed countries, and there is a
distinct economic advantage for vaccine companies
to pursue a vaccine for chlamydial genital infections.
The vast majority of research in the intervening years
since the trachoma trials has addressed the immune
mechanisms operative in natural immunity to chlamydial genital infection and the mechanisms of pathogenesis. Moreover, since the use of a whole organism
is not feasible, there has also been continued interest
in determining the potential protective antigens that
could be incorporated into a vaccine. At this point,
virtually all of the vaccine development is still in the
discovery and preclinical development stages.

Discovery/Basic Science
The basic science work has centered on several
important questions such as the following: (1) what
arm(s) of the immune response is/are critical for protection; (2) can a long-lasting protective response be
produced; (3) should a strategy of preventing infection or preventing disease be adopted; (4) what is/
are the protective antigen(s); (5) will the candidate
vaccine prime the individual for, actually elicit, or
exacerbate a pathologic response? Each one of these
questions is critical in the ultimate development of an
effective vaccine.
It is evident from the review of the adaptive immune response that both antibody and cell-mediated
immune responses are elicited during a natural infection. There is virtually universal agreement among
researchers that a cell-mediated response is essential for a protective response, especially in a natural
infection. Studies in mouse and guinea pig models of

genital infection have definitely demonstrated that a
CD4 Th1 cell-mediated immune response is essential
for a protective immune response (Rank and Barron,
1983a; Rank et al., 1989; Morrison et al., 2000). Studies
in humans have also supported the protective role of
the CD4 cell (Kimani et al., 1996).
While it is the consensus that any vaccine will need
to induce CD4 Th1 response, there are caveats associated with this response. Firstly, it is highly unlikely
that a Th1 response will be able to prevent infection,
especially over the long term. Since there is minimal
resident lymphoid tissue in the genital tract, T cells
must be recruited to the local site upon infection. The
production of the appropriate chemokines will only
be initiated upon infection and will occur only during the first developmental cycle through the stimulation of toll receptors and perhaps other yet-undefined
mechanisms. Thus, it is unlikely that T cells will gain
access to the site prior to the end of the first developmental cycle of the organism. During that time, the
acute inflammatory response will already be under
way. In the guinea pig conjunctival model, we have
observed PMNs in the local tissue as early as 6 h after
infection (Rank, R.G. and Wyrick, P.M., unpublished
data). Even in an anamnestic response, it is unlikely
that T cells will enter the site within the first 24–48 h
of infection. Kelly and Rank (1997) observed a large
influx of CD4 cells by 7 days after a challenge infection in the mouse, and although they did not look
earlier, the high number suggested that the CD4 cells
were present before 7 days.
The lack of resident lymphoid tissue in the genital
tract may also explain why immunity to reinfection
is short lived as seen in humans and all of the animal
models. One can hypothesize that T cells are recruited
to the local site and then bring about resolution of
infection; however, when the organisms have been
eliminated, there is no longer any stimulus to recruit
and retain cells at the site. Upon a challenge infection, the cells must once again be recruited to the local
site, a process which can take some time. Evidence for
this mechanism was reported by Igietseme and Rank
(1991) who observed that resolution of genital infection
in the guinea pig was concomitant with an increase in
the number of chlamydia-specific T cells in the genital tract. The animals were immune to reinfection as
long as the T cells were still present, but they became
susceptible to reinfection when T cells were absent.
This is a difficult phenomenon to overcome with a
vaccine, since it would obviously neither be practical
nor desirable to maintain a constant T cell response
in the genital tract. This may not be as critical an
issue in the eye which has resident lymphoid tissue
and after infection, follicles, which contain both B cells
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and T cells (Whittum-Hudson et al., 1986) and might
explain in part why in trachoma, one has difficulty
isolating organisms in the latter stages of the disease.
A vaccine must also be able to elicit a T cell
response which can home to the genital tract. Because
the genital tract is a mucosal site, T cells induced by
a systemic inoculation may not necessarily have the
appropriate homing receptors to allow them to readily
move to the local genital tissue. The homing receptor
α4β7 has been found to be an important receptor for
the homing of T cell clones to the genital tract in mice
(Kelly and Rank, 1997).
While the role for CMI is clear, there has been substantial debate about the requirement for an antibody
response. The data in the guinea pig model strongly
indicate a role for antibody in resolution of a primary
infection and resistance to reinfection (Rank et al., 1979;
Rank and Barron, 1983b), but the role in the mouse
model is not as clear; although recently Morrison
and Morrison (2005a) have presented evidence for
a role of antibody in resistance to reinfection in the
mouse. There have been many reports in vivo and
in vitro demonstrating that antibody can neutralize
chlamydial infection (Rank, 1999), but it has been
difficult to prove a correlation between the neutralizing antibody titer and a protective response (Jones
and Van der Pol, 1994). Antibody would be the most
obvious effector arm to either prevent infection or
limit the course of infection in a time-sensitive manner. Moreover, especially with respect to infection in
the female genital tract, IgG can be transudated into
the genital tract from serum and is actually the dominant antibody in the female genital tract (Masson et
al., 1969; Rank and Batteiger, 1989). Immunization by
intramuscular or subcutaneous routes can induce a
strong systemic antibody response that has the potential to be long-lasting. The continual presence of IgG
in the genital tract of female guinea pigs was observed
up to 825 days after a primary infection, long after
IgA levels in secretions had diminished about day
50 (Rank et al., 1988). Thus, an ideal vaccine would
elicit both an antibody- and cell-mediated immune
response with the former neutralizing and decreasing
the number of organisms while the latter would be
necessary to clear the infection.
Since it will be very difficult to develop a vaccine that universally prevents infection, a vaccine for
chlamydial genital infection could be considered to be
successful if it is able to prevent ascending infection
in women, so that salpingitis with its sequelae do not
occur. It would be hoped that the antibody response
could reduce the number of organisms present and
delay or block the organisms from moving up the
genital tract until antigen-specific T cells are recruited
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to the site to eliminate the infection. It has been demonstrated in the guinea pig that the incubation period,
i.e., the time until organisms can be isolated from the
lower genital tract following inoculation, increases as
fewer organisms are used in the inoculum (Rank et al.,
2003). Thus, the more effective the antibody response
in the lower genital tract, the more likely is the possibility that the number of organisms will be diminished
and ascending infection prevented. In addition, while
adolescent females will be the target population for a
vaccine, it would also be practical to immunize males.
Ideally, this would not only diminish disease in
males, but if there were a low level of infection and/or
abbreviated infection in males, the inoculating dose for
females would be lower and perhaps more readily controlled by the host response in an immunized female.
Vaccine Candidates
As one might expect, there has been a great deal
of effort made in defining the protective antigens,
and therefore, potential vaccine candidates. As
described above, whole organism vaccines have been
evaluated in trachoma clinical trials and two whole
organism vaccines are in use in veterinary practice.
However, even though all antigens are present, protection against challenge was variable and clearly short
lived. Moreover, because of hypersensitivity and crossreactive antigen issues, the use of whole organisms,
even if attenuated, is not practical or safe for human
use. Thus, researchers have been targeting individual
proteins as candidates. To be a successful vaccine candidate, the protein should ideally have epitopes that
bridge several serovars of C. trachomatis, have a structure such that one can construct a recombinant protein
analogous to the native protein, and not elicit an exacerbated response upon subsequent challenge.
The vast majority of the research investigating
potential vaccine candidates has centered on the
MOMP, also referred to as the outer membrane protein A (ompA) (Table 44.1). The literature on MOMP
and immunization studies with MOMP have been
reviewed in detail previously (Rank, 1999). Caldwell
first reported that antibodies to MOMP could neutralize infectivity of elementary bodies in cell culture
(Caldwell and Perry, 1982), and Williams et al. (1984)
later observed that incubation of C. muridarum elementary bodies with antibody to MOMP could neutralize infectivity in vivo in the mouse lung model. In
studies on human sera as well as in infection studies
in animals, MOMP was found to be highly immunogenic, appearing as a major band in immunoblot
analyses, and correlations were observed with the
resolution of infection. However, initial immunization
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TABLE 44.1

Current vaccine candidates

Vaccine candidate

Location/function

In vivo protection

MOMP (ompA)

Outer membrane;
porin

Yes

CPAF

Cytosol; protease

Yes

PmpD

Outer membrane

Not tested

PorB

Outer membrane;
porin

Not tested

studies with MOMP or epitopes of MOMP were not
highly successful even though antibodies generated to
the protein and/or epitopes could neutralize infection
in vivo. Subsequently, Zhang et al. (1989) observed
that only those monoclonal antibodies which were
able to recognize surface determinants were successful in neutralizing infectivity. It became apparent that
conformational epitopes on MOMP were critical for
the induction of protective immunity when C. caviae
genital infection in guinea pigs could be significantly
reduced in intensity by immunization with MOMP
purified from whole elementary bodies with nonreducing methods but not by MOMP purified with
sodium dodecyl sulfate which breaks disulfide bonds
(Batteiger et al., 1993).
There is no doubt that MOMP is immunogenic and
in immunization protocols with adjuvants approved
for human use can markedly reduce the level of subsequent challenge infection and even prevent the
development of infertility in mice (Pal et al., 2005);
however, the major problem that needs to be surmounted is that a recombinant protein with the intact
conformational epitopes must be produced. Without
a recombinant protein, it will be logistically and economically not feasible to derive sufficient MOMP
from chlamydiae for vaccine production. Moreover,
MOMP clearly is serovar-specific although a vaccine
could conceivably contain multiple MOMP molecules
representing the dominant genital or ocular serovars.
That a recombinant MOMP can be produced with the
ability to elicit a protective response was reported by
Eko et al. (2004). They transformed Vibrio cholerae 01
strain H1 with recombinant MOMP and omp2 from
serovar D and then produced outer membrane ghosts
which they used for immunization of mice. The multivalent vaccine elicited a strong Th1 response as
well as IgG2a and IgA antibody responses in genital
secretions. That the antibodies were detected against
whole elementary bodies in an ELISA assay suggested
that they were recognizing surface determinants.
When T cells from mice immunized with the multivalent vaccine were adoptively transferred into naïve

mice and those mice challenged, a protective response
was seen. Whether the recombinant MOMP and
recombinant omp2 alone were able to induce a similar
response was not assessed.
Another outer membrane protein of interest is
PorB, an outer membrane protein with porin function which is conserved across C. trachomatis serovars
(Kawa and Stephens, 2002). While natural infection
in humans and intraperitoneal infection of mice with
C. trachomatis results in minimal antibody responses
to this protein, immunization of mice with PorB produces a substantial serum antibody response (Kawa
et al., 2004). Moreover, antibodies to PorB neutralize in vitro, making it a possible vaccine candidate,
although animal protection studies have not yet been
performed.
Recently, Caldwell et al. (1975) have described and
characterized the polymorphic membrane protein D
(pmpD) (Crane et al., 2006). This is a high molecular
weight molecule (⬃155 kD) which is recognized by
convalescent sera from individuals with cervicitis,
urethritis, LGV, and trachoma. The exciting aspect
of this antigen is that it is a surface-exposed epitope
that is conserved among C. trachomatis serotypes and
that antibodies to pmpD can neutralize infectivity in
cell culture. Thus, in addition to MOMP, it is the only
other molecule that has been found to elicit neutralizing antibodies. A potential problem is that antibodies
to both MOMP and LPS are able to block the neutralizing effect of the anti-pmpD antibodies, which could
be a problem for individuals who have already been
exposed to C. trachomatis prior to receiving a vaccine.
Furthermore, if the protection generated by a pmpD
vaccine was not sufficient to prevent infection, antibodies generated to MOMP and LPS in a low-level
infection may abrogate the effects of the vaccine.
Nevertheless, these findings are exciting, and pmpD
holds promise as a possible vaccine candidate.
Recently, data have been published by Zhong
et al. (2001) that an intracellular molecule secreted into
the cytosol, chlamydial protease-like activity factor
(CPAF) is highly immunogenic in humans. At least in
vitro, CPAF degrades major histocompatibility complex transcription factors RFX-5 and USF-1 as well as
keratin-8; however, its exact role in chlamydial infection of the host cell is not clear. Of interest is the observation that it is functionally conserved among several
chlamydial species (Dong et al., 2005). Intranasal
immunization of mice with recombinant CPAF,
derived from the sequence of serovar L2, plus IL-12,
was able to reduce the length of genital infection as
well as significantly reduce the pathologic response in
the oviduct (Murthy et al., 2007). These data suggest
that this may be a viable vaccine candidate, especially
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if there is the potential for cross-serovar protection,
although this needs to be evaluated further.
While the above molecules have been described in
the literature as possible vaccine candidates, they are
by no means the only candidates. With the small size
of the chlamydial genome, it has not been difficult
for those companies interested in vaccines to express
virtually every open reading frame as either a protein
or DNA vaccine and screen each for a possible protective role in relevant animal models. Most likely,
some promising candidates are under evaluation
behind closed doors and none have yet come to clinical trials.
Vaccine Candidates and Pathologic Response
Because of the experiences in the trachoma vaccine
trials and subsequent studies on hsp60, there is obviously a great deal of concern that a vaccine may prime
the host response so that upon infection, the individual may have more severe disease. It is important to
point out that the trachoma vaccines for the most part
were able to elicit a protective response, albeit short
lived. Even in monkeys, there was a high degree of
success in inducing a protective immune response.
The reasons that some individuals had a higher rate
of conversion to disease are not clear but could reasonably be associated with prior sensitization by the
vaccine, since the pathologic response in chlamydial
infections is indeed host mediated. Nevertheless, it is
also important to note that in trachoma, the organism
is inoculated in nature directly into the target tissue
site that is also a site with resident lymphoid tissue.
Any host cellular response will have the potential to
have immediate pathologic consequences.
In contrast, the site of infection in the genital tract
that results in morbidity is the upper genital tract of
women. Based on animal model studies, it appears that
the organism requires several days to reach the upper
genital tract (Rank and Sanders, 1992). Therefore, it is
quite conceivable that even if there is a substantial host
response to the organism, analogous to the trachoma
studies, the pathology may be restricted to the lower
genital tract which is capable of repair and where
any residual fibrosis would be of less long-term
consequence. The infection could easily be resolved
prior to the organism reaching the fallopian tubes. In
fact, none of the immunization studies in animal models of genital tract infection have reported any evidence for enhanced upper tract disease upon challenge
(Pal et al., 1997; Su et al., 1998; O’Connell et al., 2007;
Murthy et al., 2007). Thus, a vaccine designed to protect
against genital infection has an anatomical advantage on
its side.
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Clinical Trials
At the time of this writing, no vaccine candidates
have advanced to clinical trials. Even if a vaccine candidate were ready today for testing, there are several important issues which must be determined for
the proper evaluation of a vaccine in clinical trials.
The most important issue is what population will be
immunized. The obvious population to be immunized
is the adolescent female population since the infection
is epidemic in this population and the prevention of
infertility in women is the major reason for producing
a vaccine. Ideally, one should immunize adolescent
females prior to the onset of sexual activity. Currently,
with the HPV, meninogococcal and acellular pertussis vaccines being used in the adolescent population,
there is clear precedent for an adolescent panel that
has not been present before. Whether a vaccine will
be effective if the subject has already had a chlamydial infection is also an important question. If the vaccine is successful in adolescent females, should the
population be expanded to include adolescent males?
Obviously, chlamydial infections are also epidemic in
males but infertility in males following chlamydial
infection is a rare event; so is it justifiable to immunize
males in order to decrease the incidence of infection in
females?
When the HPV vaccine was tested, investigators
could not wait the length of time necessary to determine whether the vaccine would prevent cancer, so
a surrogate endpoint was adopted. There is a similar
issue in immunizing against chlamydial genital infections. It is quite apparent that it will not be practical
to follow women to determine if infertility develops
because of the long time interval that may occur
before the onset or clinical detection; so an alternative endpoint must be determined. For the reasons
given in earlier sections, it may be difficult to actually prevent infection with a vaccine, and given the
already high incidence of subclinical infections, it may
be problematic to determine whether the vaccine is
reducing the infection to a subclinical state or whether
the vaccine has had no effect, and the infection is
naturally subclinical. Thus, clinical outcome in the
short term may not be practical. One can potentially
make use of the observation that the titer of antibody to hsp60 has been correlated with the presence
of upper tract disease (Brunham et al., 1985; Wagar
et al., 1990). While it does not appear that hsp60 itself
is involved in inducing the pathologic response, it
may well be a marker of either intensity and/or frequency of infection. In support of this, when antibody
titers to hsp60 were measured in guinea pigs following one or more intravaginal infections with C. caviae,
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a strong correlation was observed between the titer
and the number of times the animals were infected
(Rank and Sanders, 1992). It was also found that upper
genital tract pathology was more likely to develop
with repeated infections, just as seen in humans (Rank
et al., 1995). Thus, if immunized individuals have
either a lower incidence of hsp60 antibody conversion
or lower titers than unimmunized individuals, this
may be considered predictive for the prevention of
upper tract disease.
The longevity of a protective effect will also be an
important factor to evaluate, since all of the human
trials and animal studies showed that solid immunity
is short lived. In the trachoma trials, protective immunity began to break down with 1–2 years of immunization; this may be a reasonable time over which to
monitor the subjects in a clinical trial.
There is also the issue of persistence. While a great
deal of effort has been expended on understanding
persistence mechanisms in vitro, the in vitro models
of persistence have no proven parallel in humans and
are likely not predictive at all of the persistence in the
human host. While there is no question that chlamydiae
can persist in animals, no one has yet detected or demonstrated a uniquely “persistent” form in any animal
model of chlamydial infection. It is more likely, based
on precedents with other organisms such as in carrier states of various bacteria and long-term low-level
infections of organisms such as Plasmodia, that persistent infection is simply a low-level chronic infection,
in which the organism undergoes normal replication
but is maintained at a low level by the host response.
Nevertheless, clinical trials will have to address the
potential for such an infection, even in the presence of
a protective host response generated by the vaccine.

PROSPECTS FOR THE FUTURE
The prospects for a vaccine against chlamydial genital infection at this time are still somewhat daunting.
There are several chlamydial antigens that have been
identified as potential vaccine candidates—the most
well-described is the MOMP that is surface exposed
and highly immunogenic. However, it is clear that
conformational epitopes are the key protective targets,
and it has been difficult to produce recombinants
that maintain the native conformation. Moreover,
the protective epitopes of MOMP are serovar specific, although a vaccine could combine MOMPs from
several of the most prevalent serotypes. There are
other immunogens that have genus-specific epitopes,
but these are still in the early stages of experimental

evaluation in animal models. It is quite likely that a
vaccine will need to contain multiple antigens to be
most effective and to be effective against multiple
serovars. A successful vaccine against a local genital
tract infection, especially with the goal of eliciting an
effective Th1 response may require specific adjuvants
to produce that response locally.
Importantly, the trachoma vaccine trials revealed
that a vaccine can indeed provide a certain level of
protection, but there are clearly important issues that
must be resolved. Among these, there must be certainty that a vaccine will not elicit more pathology or
increase the risk of disease as seen in some of the trachoma vaccine trials. This issue alone and the observation that chlamydial hsp60 cross-reacts with human
hsp60 have driven the vaccine research toward using
a protein or subunit vaccine rather than the whole
organism vaccines used in the original clinical trials.
In addition, the trials told us that it is extremely difficult to elicit a protective response which is effective for
more than 1–2 years, even with a whole organism or
live vaccine. However, those studies were addressing
immunity to trachoma, in which the organism is being
directly deposited to the target tissue. With respect to
a genital tract vaccine in women, the site of pathology
is the upper tract, so there is a window of time before
the organisms ascend the genital tract for existing
effectors such as antibody to neutralize organisms and
for an anamnestic T cell response to be generated. This
anatomical difference in target tissues may facilitate a
longer period of protection against upper genital tract
disease. Studies in guinea pigs have shown that IgG
which is derived from the serum can be detected in
the genital tract for well over 2 years and that an exuberant anamnestic response occurs within a few days
of challenge (Rank et al., 1988).
There are still some practical issues which must be
solved before a vaccine can go to clinical trials. The
primary issue is what surrogates for infertility and
ectopic pregnancy can be used to determine vaccine
effectiveness. The association of antibody to hsp60
and upper tract disease may be one parameter that
can be monitored to determine vaccine effectiveness
as well as simply the reduction in chlamydial infection and clinical disease in a prospective group.
Social issues regarding a vaccine against a sexually
transmitted infection have always been of concern;
however, the climate is now ripe for a vaccine since
the HPV vaccine has been successfully marketed, and
there is now an adolescent vaccine panel, including vaccines against the meningitis and pertussis, something
which was not present only a few years ago. Thus, it is
entirely conceivable that a vaccine against chlamydial
infection could be easily attached to that panel.
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The development of a vaccine against trachoma is
a more difficult task because one must consider that
the vaccine will have to be both prophylactic and
therapeutic. It is reasonable to assume that the same
vaccine candidates being investigated for genital
tract vaccines could be potentially used, taking into
consideration the different serovars associated with
trachoma. However, a key factor in the success of a
vaccine is that there is no time interval between the
exposure to the organism and the arrival of the organism at the target site, so that the pathologic process,
even in a reinfection situation, can begin immediately before an anamnestic response can be initiated.
Moreover, because of practical economic reasons,
the geographic distribution of trachoma, and the relative success of the SAFE program, there is less incentive for companies to invest a great deal of resources
in a vaccine for trachoma. With these issues in mind,
the prospects for a trachoma vaccine in the near future
are somewhat bleak.

KEY ISSUES
●

●

●

●

●

●

It is important that a vaccine does not exacerbate
pathologic response or increase the incidence
of clinical disease. There is precedent for this
occurring in the trachoma trials, and the pathology
produced by chlamydial infection is host mediated.
A vaccine must be able to elicit long-term
immunity, something which did not occur with the
original trachoma trials and which does not occur
with natural infection. A strategy of preventing
ascending infection may in part facilitate long-term
protection.
Because there are multiple serovars that cause both
genital and ocular infections, it is critical that a
vaccine contain either multiple serovars or genusspecific antigens. It is likely that a vaccine will have
multiple antigens.
Persistence of chlamydial infection, although still
undefined and uncharacterized in humans and
animals, is still a major concern. A vaccine must
be evaluated to determine whether it can prevent
persistence or whether the organism is still present
but prevented from causing disease.
Before a vaccine can go to clinical trials,
appropriate surrogates for infertility and ectopic
pregnancy must be determined and evaluated in
animal models.
The success of the HPV vaccine and other vaccines
administered to adolescents provides a golden
opportunity for the addition of other vaccines

●

●

against sexually transmitted infections to the
adolescent panel.
A vaccine for genital infections should target
adolescent females before the beginning of sexual
activity. Considering the lack of significant
sequelae, it needs to be determined whether males
should be targeted as well, although it would be
reasonable so that infection is either prevented
or reduced. This would also reduce the risk for
women.
Developing a vaccine against trachoma while
feasible based on early clinical trials, may not have
economic incentives for industry. Because of the
emphasis on genital infections in recent years,
there needs to be renewed efforts to understand the
ocular immune response to chlamydial infections
in animal models.
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CHOLERA

ABSTRACT
Cholera is a life-threatening diarrheal disease with epidemic potential caused by the Gram negative bacterium
Vibrio cholerae, serogroups O1 and O139. Since most cases of cholera are either not detected or not reported, the
global burden of cholera is not known with certainty; however, cholera causes significant morbidity and mortality
worldwide, with an estimated 5–7 million cases occurring each year, resulting in greater than 100,000 deaths
per year. At present, the world is experiencing its seventh recorded pandemic, and cholera is endemic in many
countries in Asia, Africa, and Latin America. Large outbreaks, especially among impoverished or displaced persons,
occur on a regular basis, and cholera may spread through travel or migration of infected individuals, including
even short-term travelers or visitors. Natural infection with V. cholerae O1 or O139 induces long-lasting protective
immunity against subsequent disease. Protection against cholera correlates best with the vibriocidal antibodies
thought to be largely directed against V. cholerae lipopolysaccharide (LPS), although anti-LPS serum IgG levels have
not been shown to correlate with protection against cholera. It is hypothesized that the vibriocidal response may
be a surrogate marker for as yet poorly understood mucosal immune responses, since it is unclear why a serum
complement-binding-based assay would predict protection against a noninvasive intestinal pathogen such as V.
cholerae. In an effort to ameliorate the morbidity and mortality associated with cholera, several parenteral and oral
cholera vaccines have been developed since the 1880s. Commercial production of the killed parenteral vaccine most
widely available in the 20th century was recently discontinued. Currently, an oral killed cholera vaccine (rBS-WC)
is the only international commercially available cholera vaccine, and is only available in some countries. No cholera
vaccine is currently commercially available in the United States. Following repetitive administration in large field
trials, rBS-WC induces approximately 85% protective immunity for at least 6 months, although protection wans
over the subsequent 2–3 years following vaccination. An oral killed whole vaccine that targets both V. cholerae O1
and O139 is also available and used programmatically in Vietnam. A number of live attenuated cholera vaccines
have also been developed, including classical O1 derivative CVD 103-HgR, and El Tor O1 derivative Peru-15. These
live attenuated vaccines have been shown to be safe and immunogenic in volunteers, although their protective
efficacy has not yet been demonstrated in large randomized field trials. Subunit vaccines and additional anti-O139
cholera vaccines are presently in earlier stages of development. To better understand immunity protective against
cholera, high throughput genomic, proteomic, and immunomic technologies are being applied to V. cholerae.

INTRODUCTION
Vibrio cholerae serogroups O1 and O139 are the
causative agents of cholera, a severe, dehydrating
diarrheal illness of humans with epidemic potential,
and V. cholerae is a category B agent. At present, the
world is experiencing its seventh recorded cholera
pandemic, and cholera is endemic in many countries
in Asia, Africa, and Latin America. Cholera remains
a disease of poverty, social disruption, and poor sanitation, and large and explosive outbreaks occur on a
regular basis.

HISTORY OF DISEASE
Although scattered written historic reports of epidemics of severe watery diarrhea exist in Sanskrit,
Chinese, and Arabic, perhaps one of the first written reports that may with some degree of certainty
be ascribed to a cholera outbreak was written by the
Portuguese explorer Gaspar Correira in 1543 in his
work “Lendas da India,” in which he described an
outbreak of diarrhea among military troops in Calicut
and Goa that left thousands dead. Correira wrote of

a “Disease… (with) vomiting, with drought of water
accompanying it, as if the stomach were parched
up, and cramps that fixed the sinews of the joints….
Disease sudden-like, which struck with pain in the
belly, so that a man did not last out eight hours of
time.” Although other large outbreaks were reported
in the 1600s and 1700s in Asia, the global spread of
cholera mirrored the growth of the global economy. By
convention, since 1817, there have been seven global
cholera pandemics, all of which have begun in Asia.
The world is currently experiencing its seventh pandemic, which began in modern day Indonesia in 1961,
spread to Africa and Europe in the 1970s, and then to
the New World in the 1990s. The first six pandemics
are historically ascribed to V. cholerae O1 classical biotype. The current pandemic is caused by V. cholerae O1
El Tor biotype (named for the El Tor medical field station in the Sinai Peninsula where this biotype was first
isolated among religious pilgrims in the early 1900s).
V. cholerae O139 first appeared in 1992 in South Asia,
and since then has accounted for a minority of disease
in 11 Asian countries.
It is hard to overstate the role that cholera has had
on human societal, scientific, and biomedical development. Along with plague and smallpox, cholera was
one of the pathogens of the highest historical global
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import. In large measure, attempts to control cholera
drove the sanitary revolution of the 1800s, including
the establishment of governmental and international
boards of health, laws pertaining to hygiene, water
treatment, and international travel, and construction of large public works including municipal sewer
and water systems. Cholera was the first human illness ascribed to transmission by water, as suggested
by John Snow in “On the Mode and Transmission of
Cholera,” and it was John Snow’s epidemiological
analysis of the London cholera outbreak surrounding
the Broad Street pump of 1854 that is credited with
initiating the field of evidence-based epidemiological
intervention.
V. cholerae was also the first human pathogen identified microscopically when Filippo Pacini observed
a curved bacillus in the stool of cholera victims in
Florence during an 1854 outbreak. Pacini named the
organism Vibrio cholerae since it appeared to vibrate
under the microscope. Robert Koch then “rediscovered”
the organism in the 1880s, and unaware of Pacini’s
work, referred to the organism as Komma bacillus
(since it was comma shaped). Importantly, Koch was
able not only to view the organism under the microscope, but also to develop the techniques required to
grow the organism in pure culture in the laboratory.
This permitted characterizing the cholera bacillus (and
typhoid bacillus) by reactivity with specific antisera,
leading to the agglutination assay still used to serogroup bacteria today. Koch also postulated production
of a toxin by the cholera organism. Attempts to isolate
this toxin led Pfeiffer to the identification of heat stable
lipopolysaccharide (LPS) (i.e., “endotoxin”). Pfeiffer
further observed that V. cholerae injected into the peritoneum of immunized guinea pigs became immobilized and lyzed, an observation which then led to the
discovery of the complement system, which itself led to
the development of the first specific laboratory-based
serological assay for a human pathogen, the serum
vibriocidal assay. In 1959, cholera toxin (CT) was also
the first enterotoxin specifically identified.
CT causes a severe secretory diarrhea and cholera
played a central role in advancing the understanding
of fluid and salt physiology in the human body, was
the indication for the first therapeutic use of intravenous fluid replacement therapy in humans (when
Jaehnichen injected water into a cholera patient in
1830, and Latta injected water and salt into cholera
patients in 1832), and played the central role in the
development of oral replacement therapy (ORS), a
simple and inexpensive intervention that has saved
millions of lives from all causes of diarrhea in the last
40 years. Cholera has also played a central role in the
history of vaccinology (see below).

ETIOLOGIC AGENT
Classification
V. cholerae is a Gram negative curved bacillus. The
organism is flagellated and motile with a characteristic “shooting star” appearance in the watery diarrheal
stools of cholera patients. V. cholerae are differentiated by the LPS component of the organism’s outer
membrane, and V. cholerae is currently classified into
approximately 200 serogroups. V. cholerae strains
belonging to serogroups O1 and O139 are capable of
causing epidemic cholera. Non-O1, non-O139 V. cholerae
strains have been associated with isolated cases or
small outbreaks of gastroenteritis, cellulitis, or bacteremia, the latter two manifestations usually reported
in individuals with chronic hepatic dysfunction.
V. cholerae O1 strains can also be divided into two biotypes, classical and El Tor, based on phenotypic differences in hemolytic assays, phage characteristics,
hemaglutination, and polymyxin B sensitivity. Based
on O antigen differences, each O1 biotype can be further subdivided into three serotypes: Ogawa, Inaba,
and Hikojima. During outbreaks or sustained transmission, V. cholerae O1 may switch between Ogawa
and Inaba serotypes. The Hikojima serotype is rare
and thought to be unstable. V. cholerae O1 EL Tor type
strain N16961 is currently annotated to contain 3885
open reading frames on two circular chromosomes: a
large chromosome containing approximately 2.96 mbp
and a smaller chromosome containing approximately
1.07 mbp (Heidelberg et al., 2000). Although V. cholerae
may contain plasmids that alter susceptibility to antimicrobial agents, full virulence of V. cholerae does not
require virulence plasmids.

Antigens
Perhaps the two best studied V. cholerae antigens
are LPS and CT. LPS is comprised of a lipid A domain
associated with the V. cholerae outer membrane, a
core antigen, and repetitive specific polysaccharides.
Ogawa and Inaba specific polysaccharides differ by the
replacement of a hydroxyl group with a methyl group
on the terminal sugar (Villeneuve et al., 2000). The LPS
of V. cholerae O1 and O139 are distinct and non cross
protective, and V. cholerae O139 is surrounded by a
polysaccharide capsule (Comstock et al., 1995).
CT is a heterodimeric exotoxin that contains an
enzymatically active A subunit attached to a pentamer
of nonenzymatically active B subunits. The B subunit
pentamer mediates binding of CT to monosialoganglioside GM1 on brush border intestinal epithelial cells.
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The A subunit is an ADP-ribosylating enzyme that
elevates intracellular cAMP, eventually resulting in a
secretory diarrhea in infected humans. CtxA and CtxB
are expressed as an operon, and are encoded on a filamentous phage CTXϕ (Waldor and Mekalanos, 1996).
CT of V. cholerae O1 El Tor and O139 are identical.
A number of other important antigens have also
been identified in V. cholerae. Toxin coregulated pilus
(TCP) is a type IV pilus colonization factor essential
for colonization and virulence (Taylor et al., 1987;
Herrington et al., 1988). The major structural unit
of TCP is TcpA, and TcpA from El Tor and classical
strains are approximately 80% homologous (Sun et al.,
1990; Iredell and Manning 1994). TcpA from El Tor and
O139 strains are identical. In addition to playing a role
in intestinal colonization by V. cholerae, TCP functions
as the V. cholerae receptor for the filamentous phage
CTXϕ (Waldor and Mekalanos, 1996). The V. cholerae
genome encodes 11 other type IV pili, many of which
have either not been studied in detail or have not been
shown to be essential to intestinal colonization, and
other less-well defined antigens possibly associated
with virulence (Hang et al., 2003).

PROTECTIVE IMMUNE RESPONSE
Previous infection with V. cholerae induces longlasting protective immunity (Cash et al., 1974a, 1974b;
Levine et al., 1979). For at least 3 years after infection of
North American volunteers, infection with V. cholerae
O1 classical strain organisms provides 100% protection against rechallenge with a homologous strain,
and El Tor infection provides 90% protection (Levine
et al., 1981). Previous infection with either O1 biotype
provides slightly less protection against challenge
with the heterologous strain O1 biotype organism, and
immunity is serogroup-specific (previous infection
with V. cholerae O1 does not provide protection against
O139 disease). Mirroring volunteer studies, infection
with V. cholerae O1 El Tor in Bangladesh, an area of the
world endemic for cholera, decreases the likelihood
of symptomatic cholera over the next several years by
approximately 90% (Glass et al., 1985). Unfortunately,
the nature of immune responses protective against
cholera are not currently well understood.

Antibody-Mediated Immune Responses

predictor of protection against cholera. In Bangladesh,
vibriocidal antibodies are detectable in 40–80% of individuals by adolescence, and in one study, every twofold rise in vibriocidal titer was associated with an
approximately 40% decrease in the risk of developing
symptomatic cholera (Glass et al., 1985; Mosley et al.,
1968a, 1968b). Despite this, symptomatic cholera has
been reported in individuals with high baseline vibriocidal titers on exposure (greater than or equal 320), and
no vibriocidal titer has been identified above which
V. cholerae O1 infection is completely prevented (Saha
et al., 2004). Adsorbing sera with V. cholerae LPS
removes a majority of vibriocidal antibodies (Holmgren
and Svennerholm, 1977), although serum IgG anti-LPS
antibody levels do not correlate with protection from
cholera. Interestingly, recent data suggest that serum
IgA anti-LPS responses do correlate with protection
against cholera (Harris et al., 2007). These and other
data suggest that the serum vibriocidal response may
be a surrogate marker of mucosal immune responses
that are themselves truly protective against cholera.
Although serum IgG antibody levels to CT increase
after cholera, serum anti-CT IgG responses have not
been shown to correlate with protection against cholera
(Glass et al., 1985). Serum IgA anti-CT responses have,
however, recently been found to correlate with protection against V. cholerae infection, perhaps further supporting the importance of mucosal immune responses
in mediating protection (Harris et al., 2007); however,
previous infection with El Tor V. cholerae O1 does
not confer protection from infection with V. cholerae
O139, despite the fact that V. cholerae O1 El Tor and
O139 express essentially identical CTs (Albert et al.,
1993; Ramamurthy et al., 1993).
Anti-TcpA responses are also common following
cholera in an endemic setting, occurring in serum,
stool, or circulating mucosal lymphocytes of over 90%
of Bangladeshis recovering from cholera caused by
V. cholerae O1 El Tor (Asaduzzaman et al., 2004), and
serum IgA anti-TcpA antibody levels have recently
been shown to correlate with protection against
cholera in Bangladesh (Harris et al., 2007). Immunization of mice with El Tor TcpA also reduces mortality
following V. cholerae challenge by 50% (Rollenhagen
et al., 2006); however, in humans, infection with El
Tor V. cholerae O1 has not been associated with protection from infection with V. cholerae O139, even though
both serogroups of organisms produce identical TcpA
molecules.

Serum Responses
The serum vibriocidal antibody response, measured in an assay that detects complement-mediated
bactericidal activity, is currently the best identified

Mucosal Immunity
Acquired protection against noninvasive mucosal
pathogens is in large part mediated by secretory IgA
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(sIgA) produced locally at mucosal surfaces. Directly
and reliably measuring local production of antiV. cholerae sIgA at the intestinal surface can be problematic. As such, immune responses that are surrogate
markers of intestinal immunity are often measured.
In the case of V. cholerae infection, the serum vibriocidal and serum IgA antibody responses may be such
markers. Following intestinal presentation of antigen,
mucosal lymphocytes transiently migrate in the systemic circulation before re-homing to the intestinal
mucosa. This transient migration peaks 7 days following intestinal exposure, and is measurable in an
ELISPOT-format in an antibody-secreting cell (ASC)
assay (Czerkinsky et al., 1988; Qadri et al., 1997).
Following infection of North American volunteers with
V. cholerae, anti-CT and anti-LPS IgA ASC responses
were detectable in 50 and 83% of recipients, respectively (Losonsky et al., 1996), although protection from
disease was 100% if rechallenge was done within 6
months of primary infection, suggesting that although
anti-LPS and anti-CT IgA ASC responses correlate
with protection from cholera, that protection against
disease could occur even in the absence of detectable
ASC responses to CT and LPS. Among Bangladeshi
adults recovering from cholera, ASC responses against
TcpA were also detectable in the majority, although no
longitudinal study has been performed to see if such
immunity correlates with protection from subsequent
disease (Asaduzzaman et al., 2004).

Cell-Mediated Immune Responses
V. cholerae is a noninvasive mucosal pathogen,
and although not investigated in detail, there are no
current data to suggest that cell-mediated immune
responses correlate with protection against cholera.
Despite this, immune responses to CT, which is a
potent immunoadjuvant in addition to being a potent
enterotoxin, have been shown to be T cell dependent
and MHC class II restricted (Cong et al., 1996).

EPIDEMIOLOGY
Significance as a Public Health Problem
V. cholerae is a human pathogen. There is no
zoonotic infection of importance. V. cholerae exist in
the environment in brackish water, especially favoring the mixed salinity of estuarine waters. V. cholerae
has been shown to bind to chitin of crustacea, and
outbreaks of V. cholerae are associated with zooplanktonic blooms (Schwartz et al., 2006; Huq et al., 2005)
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V. cholerae multiplication is inhibited by bacterial lysis
mediated by strain-specific phages (Jensen et al., 2006).
Reflecting these modifiers, V. cholerae outbreaks are
often seasonal, and inversely correlated with the presence of environmental phages specific to V. cholerae
(Jensen et al., 2006).
Humans usually acquire cholera through the ingestion of contaminated water or food. Infection usually
involves the ingestion of a large inoculum of organisms (often 108–1011 organisms in individuals with
normal gastric acidity), although lower inocula may
be infectious in hypochlorhydric individuals. Infected
humans excrete up to 108 organisms per milliliter of
stool, and may expell 10–20 L of stool a day. Recent
data suggest that passage of V. cholerae through an
infected host may induce a “hyperinfectious” phenotype that may contribute to ongoing epidemic potential (Hartley et al., 2006; Alam et al., 2005; Merrell et al.,
2002). Rapid spread of cholera is facilitated by lack of
access to clean water and optimal sanitation.
Cholera is a reportable disease that causes significant morbidity and mortality worldwide, but the true
global burden of cholera is not known since a specific diagnosis is often not made in areas of the world
where cholera imposes its largest burden, and since
many countries with cases do not report cholera to
the World Health Organization (out of a fear of travel
or trade-restrictions). Despite this, in 2005, 52 countries reported 131,943 cholera cases and 2272 cholerarelated deaths to the WHO (Fig. 45.1) (WHO, 2006),
although cholera may affect 5–7 million individuals
each year, resulting in greater than 100,000 deaths per
year. At present, the world is experiencing its seventh
recorded pandemic, and cholera is endemic in many
countries in Asia, Africa, and Latin America. Although
the historic home of cholera is Asia, the majority of
cholera cases currently reported to the WHO are
occurring in Africa (WHO, 2006). Large outbreaks,
especially among impoverished or displaced persons,
occur on a regular basis, and cholera may spread
through travel or migration of infected individuals,
including even short-term travelers or visitors (Goma
Epidemiology Group, 1995). Once introduced into an
area, V. cholerae may become endemic, and the organism may persist in the local water supply and contribute to yearly outbreaks, especially following floods
(Schwartz et al., 2006). Although previously unexposed individuals of all ages are affected during new
outbreaks, cholera is often a disease of children and
previously unexposed adults in endemic areas. Since
its explosive appearance in 1992, cholera caused by
V. cholerae O139 has been reported in 11 Asian countries, where it currently accounts for a minority of
disease (Albert et al., 1993; Ramamurthy et al., 1993).
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FIGURE 45.1 Countries reporting cholera cases to World Health Organization in 2005. Shaded countries reported locally acquired cases.
Triangles represent countries reporting imported cases. Note that many countries in Asia, Africa, and Latin America do not report cholera to
the WHO. Adapted from Map 1, p301, WHO (2006).

Use as Biothreat

CLINICAL DISEASE

V. cholerae is not transmitted by the respiratory
route, usually requires the ingestion of a fairly large
inoculum, does not exist in a spore form, is readily
killed in appropriately treated water supplies, and is
unlikely to result in secondary spread in areas of the
world with adequate hygienic facilities. In addition,
previously unexposed individuals with cholera are
often symptomatic, can be readily identified by standard laboratory assays, and can be readily treated with
fluid therapy. Despite this, V. cholerae does have potential as a biothreat agent. Introduction of V. cholerae
in areas of the world with poor infrastructure can
cause chaos, mass migration, and collapse of health
and societal infrastructures, and can lead to social,
political, and economic instability with global ramifications. Also, due to its historical connotations, even a
small-scale intentional introduction of cholera among
a resource-rich population would lead to public fear,
bioterror, and the diverting of critical resources and
personnel.

Depending on inoculum size, gastric pH, and
absence of preexisting immunity, the incubation period
for symptomatic cholera is usually 1–3 days (Cash et al.,
1974a). Although asymptomatic intestinal colonization
or mild-to-moderate diarrhea may occur in individuals
with preexisting immunity, the hallmark clinical presentation of a nonimmune individual with cholera is
explosive onset of a profuse watery diarrhea. Affected
individuals may lose 10–20 L/day, and may progress to
unconsciousness and shock within a few hours of initial
onset of diarrhea (cholera gravis) (Fig. 45.2). As intestinal contents are flushed out, diarrheal stools become
increasingly watery with flecks of white mucus (“rice
water stool”) (Fig. 45.3). Vomiting is common. Since
V. cholerae is a noninvasive organism, intestinal contents
do not characteristically contain blood or fecal leukocytes. Despite this classic presentation, the severity of
cholera actually reflects not only inoculum size and preexisting immunity, but also the identity of the infecting
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TREATMENT

FIGURE 45.3 “Rice water” cholera stool. Following evacuaFIGURE 45.2 Adult with severe dehydration from cholera in
Bangladesh. Patient is unresponsive and hypotensive. Note sunken
eyes and tenting of skin on abdomen.

biotype (classical biotype organisms cause more severe
disease than El Tor organisms), and the blood type of
the infected human (individuals with blood group O
are less likely to become infected with V. cholerae following exposure, but are more likely to develop severe
disease once infected) (Harris et al., 2005).
Individuals with cholera should be classified by
level of dehydration as having mild, moderate, or
severe disease. Individuals with mild dehydration
may report thirst, but will have no or mild signs of
dehydration, and will have lost ⱕ5% of their total
body weight from diarrhea, with a fluid deficit
of less than 50 ml/kg. Individuals with moderate
dehydration will report thirst, may be restless, irritable,
tachypneic and tachycardic, but will have preserved
blood pressure and mentation. Mucus membranes
will be dry, skin may retract slowly when pulled, eyes
may be partially sunken, and urine output may be
decreased. Individuals with moderate dehydration
will have a fluid deficit of 60–100 ml/kg, representing
7–12% of total body water, and 6–10% of total body
weight. Individuals with severe dehydration will have
a nonpalpable or weak pulse, sunken eyes and dry
mucus membranes, their skin will slowly retract when
pulled, and they will produce no or minimal urine.
Affected individuals will be tachypneic, often with
labored breathing, and may be lethargic or comatose.
Individuals with severe dehydration will have a fluid
deficit of ⬎100 ml/kg, representing ⬎15% of their total
body water, and ⬎10% of their total body weight.
Symptomatic cholera is usually most severe within
the first 2 days of onset, and usually lasts for 2–6 days.
Hypoglycemia (especially in children) is common,
as is acidosis (contributed to in part by the loss of

tion of bowel contents, the diarrhea of cholera patients may become
progressively more watery, containing flecks of mucus.

bicarbonate in stool). Electrolyte abnormalities are
common, and may contribute to persistent ileus.
Rapid infusion of bicarbonate-containing intravenous
fluid may lead to calcium shifts and tetany, which,
with electrolyte abnormalities, most commonly manifest as muscle spasms. Pre-renal azotemia and acute
tubular necrosis are common, although usually reversible upon rehydration. Among elderly individuals,
the hypotension associated with severe dehydration
may precipitate strokes and other ischemic events.
Although enterotoxigenic E. coli (ETEC) and rotavirus may cause similar diarrheal illnesses that can be
quite severe in individual patients or among cohorts of
young children, ETEC (see Chapter 51 ) and rotavirus
(see Chapter 35) are unlikely to cause explosive epidemics that affect individuals of all ages, as does cholera.
Definitive diagnosis of cholera rests on detection of V.
cholerae O1 or O139 in the stool or vomit of a symptomatic human. Stool may be cultured on selective
media to facilitate recovery of V. cholerae, and organisms may then be serogrouped and serotyped using
slide agglutination assays. A rapid and preliminary
diagnosis may also be made using darkfield microscopy to detect “shooting star” organisms in the stool
of potentially infected individuals, or by using antigen
detection strip assays. Retrospectively, a diagnosis of
cholera can be confirmed serologically by detecting a
fourfold change in the serum vibriocidal assay (when
comparing convalescent to acute stage samples).

TREATMENT
Death from untreated cholera usually results from
dehydration. Adequate, appropriate, and rapid fluid
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replacement is the cornerstone of effective treatment.
Although fluid may be administered orally or intravenously, every effort should be made to replace fluid
orally. Intravenous replacement should be reserved
for initial treatment of individuals with severe dehydration or shock, or individuals progressing to those
states despite initiation of oral rehydration therapy.
Frequent reassessment of fluid status and diarrheal
output is mandatory. Fluid replacement should
involve solutions containing sodium, potassium,
chloride, bicarbonate (or citrate), and sugar. Oral
rehydration therapy rests upon the fact that despite
CT’s action causing the movement of chloride (and
therefore sodium and water) out of affected intestinal epithelial cells (resulting in secretory diarrhea),
that another transport system exists permitting simultaneous uptake of sodium (and therefore chloride
and water) with glucose in intestinal epithelial cells,
irrespective of the action of CT. The fundamental
approach to effective treatment of individuals with
cholera is, therefore, to first replace any fluid and
electrolyte deficits, and then to match all ongoing
losses.
Antibiotics play a secondary role in the treatment
of individuals with cholera. The secretory diarrhea of
cholera is due to the cellular action of CT on intestinal
epithelial cells. Although antibiotics do not reverse the
effects of CT once a cell is affected, administration of
antibiotics decreases the intestinal burden of V. cholerae,
and can thus decrease additional production of CT.
Administration of antibiotics thus can decrease the
duration and total volume of diarrhea, allowing critical
resources to be used for more individuals in resourcepoor areas of the world. Administration of antibiotics also decreases the likelihood of secondary spread
and ongoing transmission of cholera. Unfortunately,
V. cholerae are increasingly resistant to many antimicrobial agents (Saha et al., 2006; Guerrant, 2006).
Without treatment, the death rate from cholera during outbreaks may exceed 10–20%, with death rates
of 70–100% of individuals with cholera gravis (Goma
Epidemiology Group, 1995). Although death may
occur in hours, it usually occurs 1–3 days after onset
of diarrhea. With appropriate fluid replacement therapy, the death rate from even severe cholera should be
lessened to ⬍1% (Ryan et al., 2000).

PATHOGENESIS
Disease Process
Following ingestion of V. cholerae, the majority of
organisms are killed by gastric acidity. Organisms

that survive may multiply in the lumen of the small
intestine. V. cholerae are flagellated and motile, and
organisms that penetrate the intestinal layer of mucin
may then colonize the intestinal epithelial surface. A
recently proposed model suggests that TcpF and TcpA
(members of the toxin coregulated pilus operon) and
other factors are involved in this colonization process
(Kirn and Taylor, 2005). Following colonization of the
intestinal surface of the small bowel, additional environmental signals may be recognized, leading to the
additional induction of the primary virulence factor of
V. cholerae, CT. As mentioned above, CT is a secreted
protein exotoxin that consists of a single, enzymatically
active A subunit noncovalently associated with five B
subunits. The pentamer of B subunits binds CT to ganglioside on the small bowel intestinal epithelial cell,
and the A subunit is nicked, reduced, and translocated
intracellularly, where it elevates cAMP, affecting the
cystic fibrosis transmembrane conductance regulator
(CFTR) chloride channel, leading to secretory diarrhea
(Mekalanos et al., 1979; Cassel and Pfeuffer, 1978; Gill
and King, 1975; Gill and Meren, 1978). Expression of
the genes in the TCP operon, as well as expression of
CT, are coordinately regulated by two pairs of membrane-localized transcription factors, ToxR/ToxS and
TcpP/TcpH (Miller and Mekalanos, 1984; Miller et al.,
1987, 1989; DiRita and Mekalanos, 1991; Carroll et al.,
1997; Hase and Mekalanos, 1998). These pairs of transcription factors act via ToxT to activate transcription
of both ctxAB and tcpA (DiRita et al., 1991).

VACCINES
History of Cholera Vaccine Development
Within 1 year of Koch’s development of the techniques required to culture V. cholerae in the laboratory,
a broth-cultured “attenuated” strain was incorporated
into a parenteral vaccine by Ferran and administered
to over 30,000 individuals during a cholera outbreak
in Spain in 1884. Despite uncertain efficacy of this
vaccine, this was the first large-scale roll out of a laboratory-derived vaccine strain of the modern microbiological era. By 1891, Haffkine and researchers at
the Pasteur Institute developed a two-stage parenteral
vaccine comprised of injection of an attenuated
V. cholerae strain followed 6 days later with injection of
a “hypervirulent” strain (serially passaged in guinea
pigs). This vaccine was administered to over 40,000
individuals in India in 1893–1894. During this vaccine campaign, researchers administered the vaccine
to subgroups on tea plantations and prisons, and analyzed results by vaccine status, representing the first
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attempt at determining vaccine efficacy in a large controlled field trial. Although the vaccine was thought
to provide some efficacy, its production was hard to
standardize, leading to the development of a killed
parenteral vaccine by Kolle in 1896. This vaccine was
used extensively in the early 1900s in Japan.
Cholera was also the target of the first oral vaccine
when in 1893 Sawtschenko and colleagues ingested
killed whole V. cholerae organisms in an attempt to
induce immunity. By the 1920s, Bezredka and colleagues had developed an oral killed cholera vaccine
mixed with bile, setting the stage for one of the first
large comparative vaccine trials which occurred in the
1920s in India. In this trial, killed parenteral cholera
vaccine was compared to the killed oral cholera vaccine (both vaccines were found to be approximately
80% effective at preventing cholera in the short-term).
Since the bile salts caused diarrhea in some individuals, and since vaccine production was hard to standardize, the oral route was then abandoned for more
than 50 years. By the 1960s, the parenteral whole cell
vaccine was being mass-produced, and the World
Health Assembly made cholera vaccination (as well as
smallpox and yellow fever vaccination) required for
certain international travel.

Current Licensed Vaccines
At present, there are a number of cholera vaccines
licensed in various countries, as well as a number of
candidate vaccines in various stages of development,
evaluation, or licensure (Tables 45.1 and 45.2). At
present, no cholera vaccine is commercially available
and licensed in the United States.

Killed Parenteral Vaccine
A number of parenteral cholera vaccines have
been developed, including a purified LPS vaccine
(Oseasohn et al., 1965), a polysaccharide–CT conjugate
vaccine (Gupta et al., 1998), killed whole cell vaccine
with various adjuvants (Pal et al., 1980; Saroso et al.,
1978), and killed whole cell vaccine (Mosley et al.,
1972, 1973; Azurin et al., 1967; Ryan and Calderwood,
2000, 2001). Use of these vaccines has been associated with induction of relatively short-term immunity. Until approximately 1999/2000, the only
FDA-approved cholera vaccine available in the United
States was the whole cell killed vaccine, and was
comprised of 4 ⫻ 109/ml of phenol-killed V. cholerae
O1 Ogawa and 4 ⫻ 109/ml phenol-killed V. cholerae
O1 Inaba organisms (usually classical strains NIH 41
and NIH 35A3). The organisms were grown on agar,
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suspended in sodium chloride, and killed with 0.5%
phenol.
The vaccine was usually administered as a primary
series of two injections separated by 7–28 days, and
could be administered intramuscularly, subcutaneously, or intradermally (the latter route was approved
for use in individuals 5 years of age or older). For children 6 months–4 years of age, the dose was 0.2 ml per
inoculation. For children 5–10 years of age, the dose
was 0.3 ml per inoculation. For individuals older than
10 years, the dose was 0.5 ml per inoculation. The vaccine was not administered to children younger than
6 months of age or pregnant women. The parenteral
phenol-killed vaccine was associated with a high rate
of moderate-to-severe local reactions (50%) including
local induration, erythema, and pain, as well as a high
rate (10–30%) of headache, malaise, and fever in vaccine recipients, especially following intramuscular or
subcutaneous inoculation (Kaper et al., 1995; Tacket
et al., 1992a). Intradermal inoculation was often better tolerated; however, there were minimal data on
vaccine efficacy in immunologically naive individuals following intradermal administration (Ryan and
Calderwood, 2001). Simultaneous administration of
the killed parenteral cholera vaccine with yellow fever
vaccine was associated with induction of decreased
antibody levels to both vaccines, although there was
no clinical evidence to suggest that protection against
either disease was significantly altered. Although the
vaccines were often administered simultaneously, if
possible, an interval of 3 weeks between immunization against yellow fever and cholera was suggested.
Approximately 90% of individuals immunized with
the killed parenteral whole cell vaccine developed a
vibriocidal response following vaccination, with the
highest response rates being observed in older children and adults in cholera-endemic areas (Mosley
et al., 1969). Vibriocidal titers would, unfortunately,
fall significantly by 6 months following vaccination.
For approximately 6 months following vaccination,
the vaccine provided approximately 50% protection
against cholera caused by V. cholerae (Mosley et al.,
1972, 1973; Azurin et al., 1967; Kaper et al., 1995;
Levine and Pierce, 1992). Protection was thought to
be present 6 days following the second injection. The
vaccine was most thoroughly evaluated for efficacy
in areas of the world endemic for cholera, confounding the ability to predict protective efficacy among
immunologically naive populations. The vaccine was
not very effective during cholera outbreaks, required
more than one immunization, did not interrupt
transmission of V. cholerae, and could divert critical
resources during a cholera outbreak (Bart et al., 1970;
Clemens et al., 1994a; Sommer and Mosley, 1973).
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TABLE 45.1

Currently licensed, commercially-available, or programmatically used cholera vaccines
Route

Schedule

Protective
efficacy

Age

Time to
protection

Vaccine

Composition

Oral killed whole
cell-recombinant
B subunit
vaccine (rBSWC) (Dukoral,
SBL Vaccin AB,
Stockholm,
Sweden/
Crucell Holland
BV, Leiden,
Netherlands))

Heat and
formalin
killed Vibrio
cholerae O1,
classical and
El Tor strains,
Inaba and
Ogawa, with
recombinant
CtxB

Oral

⬎6 years
of age:
two doses
separated
by 7–42
days;
2–6 years of
age: three
doses,
each
separated
by 7–42
days

ⱖ2
years

Approximately
80% for 6
months, 50%
at 3 years

Seven
days
after final
dose

⬎6 years of
age: 2 years;
2–6 years
of age: 6
months

Well studied and
well tolerated;
licensed and
commercially
available in
Europe; held
effect increase
population –
Level protection

Oral live
attenuated
V. cholerae strain
CVD 103-HgR
(Orochol, Orochol
E, Mutacol;
Berna Swiss
Serum Vaccine
Institute, Bern,
Switzerland/
Crucell Holland
BV, Leiden,
Netherlands)

Live
attenuated
V. cholerae
O1 classical
strain 569B
derivative

Oral

Single
dose

⭓2
years

62–100% in
volunteer
studies for
3 months;
14–80% in field
studies

Within 8
days of
dose

Six months

Well tolerated;
licensed in
Canada, Latin
America, Europe,
Asia; not currently
manufactured/
available

Parenteral
phenolinactivated
vaccine (Cholera
vaccine,
USP; Wyeth
Laboratories, Inc.,
Marietta, PA)

Phenol-killed
V. cholerae O1,
Ogawa and
Inaba

Intramuscular,
subcutaneous,
or intradermal
(intradermal
only approved
for ⬎5 years
of age)

2 doses:
⬎1–4
weeks
apart

⭓6
months

Up to 50% for
3–6 months

Six days
after
second
dose

Six months

High adverse
event profile; only
cholera vaccine
licensed in United
States; no longer
commercially
manufactured/
available

Bivalent oral
killed whole cell
vaccine (biv-WC)
(Company
for Vaccine
and Biological
Production No. 1
(VABIOTECH),
Hanoi, Vietnam)

Heat and
formalin
killed
V. cholerae O1
and O139

Oral

Two doses:
14 days
apart

⭓2
years

50% against
V. cholerae O1
3–5 years after
vaccination

Probably
within
7–14 days
after
second
dose

Unknown

Only available
in Vietnam
where it is used
programmatically;
recently
reformulated

If ongoing protection was indicated, booster immunizations were also required every 6 months. For
these and other reasons, the World Health Assembly
removed cholera vaccination from the list of required
vaccines for certain international travel in 1973 (WHO,
1974). Although this vaccine is the only cholera vaccine licensed in the United States, the previous manufacturer of this vaccine (Wyeth Laboratories, Inc.)
stopped commercial production of the vaccine in
1999/2000.

Booster

Comments

Oral Cholera Vaccines
Due to the poor immunogenicity, requirement for
frequent booster vaccinations, and high adverse event
profile of parenteral cholera vaccines, and due to the
desire to induce immunity directly at the mucosal
surface where V. cholerae pathogenic events unfold,
researchers in the 1980s turned back to the development and evaluation of oral cholera vaccines (Ryan
et al., 2006). At present, a number of oral cholera
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TABLE 45.2
Vaccine

Candidate oral cholera vaccines thus far
evaluated in humansa
Composition

Status

Vaccines targeting V. cholerae O1
Peru-15

Live attenuated
V. cholerae O1 El
Tor Inaba C6709
derivative

Evaluated in
volunteer studies in
North America and
Bangladesh, and
Phase 1, 2 field studies
in adults and children
in Bangladesh

V. cholerae vaccine
638

Live attenuated
V. cholerae O1 El
Tor Ogawa C7258
derivative

Evaluated in
volunteer studies in
Cuba

Vaccines targeting V. cholerae O139
B-O1/O139 WC

Killed V. cholerae
O1 and O139
strains with CtxB

Evaluated in
volunteer studies
in Europe and
Bangladesh

Biv-WCb

Killed V. cholerae
O1 and O139
strains

Evaluated in
volunteer studies in
Vietnam

Bengal-15

Live attenuated
V. cholerae O139
MO10 derivative

Evaluated in
volunteer studies in
the United States

CVD 112

Live attenuated
V. cholerae O139
AI1837 derivative

Evaluated in
volunteer studies in
the United States

a

A number of parenteral killed and subunit vaccines have been
evaluated in small human volunteer studies since the 1980s.
b
Biv-WC was recently reformulated and evaluated in a volunteer
study.

vaccines are licensed in some countries (none in the
United States).

Oral Whole Cell-B Subunit Vaccine
(BS-WC and rBS-WC)
The oral whole cell killed vaccine contains 1011
killed V. cholerae O1 organisms (including classical and
El Tor, Inaba, and Ogawa organisms of three strains,
either formalin killed [to preserve protein antigens] or
heat killed [to display LPS]), and 1 mg of nontoxic CT B
subunit. Initial versions of the vaccine used nonrecombinant B subunit (BS); current formulations use recombinant B subunit (rBS). rBS-WC is manufactured by
SBL Vaccin AB, Stockholm, Sweden/Crucell Holland
BV, Leiden, Netherlands, and this vaccine is marketed in Europe as Dukoral/oral cholera vaccine, and
is available in a number of countries (but not in the
United States). To protect against cholera, the manufacturer has recommended the vaccine be administered in
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two doses (in individuals over 6 years of age) or three
doses (in children 2–6 years of age), with each dose
separated by 7–42 days (Wiedermann and Jong, 1997;
Quiding et al., 1991; Svennerholm et al., 1984; Black et
al., 1987). If more than 6 weeks separate the two doses,
it has been recommended to restart the series. The vaccine comes in a 3 ml suspension in a glass vial, and is
taken reconstituted in a glass of water with an alkaline buffer on an empty stomach (total volume 75 ml
for children 2–6 years of age; 150 ml for individuals
older than 6 years of age). The buffer is supplied in a
sachet, and contains sodium carbonate, sodium citrate,
sodium hydrogen carbonate, citric acid, saccharin, and
flavoring. The manufacturer recommends avoiding
food and drink 2 h prior and 1 h after ingestion of vaccine. If risk of cholera is ongoing, booster immunizations are recommended after 2 years for adults, and
possibly as early as after 6 months for children 2–6
years of age. The vaccine should be stored at 2–8°C.
Side effects are rare, with the most common being mild
gastrointestinal upset, which occurs at a frequency
similar to that among individuals receiving buffer
alone. Although the vaccine has not been specifically
studied during pregnancy, the manufacturer states that
the vaccine may be administered during pregnancy
and lactation. At present, there are no known vaccine
interactions associated with rBS-WC.
The BS-WC and rBS-WC vaccines have been evaluated in a number of large and well-designed field studies. In Bangladesh, a study involving almost 90,000
individuals who took all of three scheduled vaccine
doses showed that individuals receiving three doses of
BS-WC at 6-week intervals developed excellent vibriocidal responses, and that immunization had 85% protective efficacy against cholera for 6 months, and 62%
protective efficacy over 3 years of follow-up (Clemens
et al., 1986). The vaccine protected equally well against
severe and mild cholera. At 12 months, the protective
efficacy of the vaccine was 62%. At 36 months, the vaccine was 50% protective. Within 6 months of immunization, the vaccine was equally protective among
children, adolescents, and adults. However, protective
efficacy was most short-lived among young children,
falling to 26% at 36 months among children 2–5 years
of age, compared with 63% among individuals older
than 5 years of age (Clemens et al., 1990). The vaccine trial was carried out when both classical and El
Tor V. cholerae O1 were circulating in Bangladesh (and
before emergence of V. cholerae O139). Within 6 months
of immunization, the vaccine protected equally well
against cholera caused by either O1 biotype; however, by 36 months, protective efficacy was higher
against classical biotype cholera (58%) than El Tor biotype cholera (39%) (Clemens et al., 1990). Individuals
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with blood group O were less protected than individuals with other blood groups. V. cholerae and
ETEC express related toxins (CT and LT, respectively),
which induce cross reactive antibodies, and individuals vaccinated with BS-WC were also protected in the
short-term against ETEC (67% at 3 months, 21% at 12
months) (Clemens et al., 1988a). Initial analysis of the
3-year study of BS-WC disclosed that vaccination with
BS-WC led to a 25% reduction in admission for allcause diarrhea, a 50% reduction in hospital admission for life-threatening diarrhea, and a 45% reduction
in mortality in women during a cholera epidemic
(Holmgren et al., 1994; Clemens et al., 1988b).
Following replacement of the B subunit in BS-WC
with recombinant B subunit, equivalency studies
showed that two doses of rBS-WC conferred similar
protective efficacy (86%) as did three doses of BS-WC
in individuals greater than 5 years of age (Levine and
Svennerholm, 1997). Evaluation of rBS-WC in Peru
(soon after re-introduction of cholera to the New World
in the early 1990s after a 100 year absence, meaning
that cholera had not yet become endemic, and previous exposure to V. cholerae among vaccine recipients
was unlikely) showed that the vaccine was perhaps
less immunogenic and protective than in Bangladesh.
In Peru, two doses of rBS-WC induced a twofold vibriocidal increase in 50% of individuals, and vibriocidal
levels decreased to baseline within 1 year, leading to
the recommendation that administration of yearly
booster immunizations be considered for previously
immunological naive individuals with ongoing risk
of cholera (Begue et al., 1995a, 1995b). In a volunteer
study in Peru, three doses of rBS-WC over 10 months
produced a protective efficacy of 61% over a 2-year follow-up period, and during a mean follow-up period of
18 weeks, the vaccine provided 86% protection against
V. cholerae O1 El Tor cholera (Sanchez et al., 1994).
In a recent field trial in Beira, Mozambique, a location with annual cholera outbreaks, receipt of one
or more doses of rBS-WC was 78% protective against
cholera within 6 months of vaccination, and importantly,
the vaccine was equally effective in children younger
than 5 years of age and in older individuals (Lucas
et al., 2005). Of note, although not specifically assessed,
this evaluation occurred in a location with a high prevalence of infection (20–30%) with human immunodeficiency virus, suggesting that rBS-WC could be effective
even among populations with a high burden of immunocompromised individuals. In a small study that
specifically measured virological parameters, administration of rBS-WC was associated with transient
increases in HIV viral load, although the significance of
this finding is currently uncertain (Ortigao-de-Sampaio
et al., 1998; Lewis et al., 1994; Eriksson et al., 1993).

Overall, therefore, one to three doses of the killed
oral whole cell cholera vaccine provides over 80%
protective efficacy for at least 6 months against
cholera caused by V. cholerae O1 (in young children as
well as adults), and approximately 50–60% protective
efficacy over 2–3 years, with the duration of immunity best correlating with increasing age. Protection is
present within 7 days of the second immunization in
previously nonimmune individuals. Recent reanalysis of the 1980s vaccine study in Bangladesh also suggests that BS-WC conferred herd immunity protection
against cholera to neighboring nonvaccinated individuals, extending the efficacy of the vaccine from 62%
to over 90% at the population level (Ali et al., 2005),
and further strengthening the potential public health
utility of the oral whole cell killed vaccine (Glass and
Steele, 2005). For these and other reasons, the World
Health Organization now suggests that vaccination
with rBS-WC (along with other health interventions,
including supplying potable water and sanitary facilities) be considered for populations at risk for cholera,
including refugees (Lucas et al., 2005; Legros et al.,
1999; Dorlencourt et al., 1999; Ivanoff, 2001).

WC and biv-WC Killed Oral Cholera Vaccine
Two killed oral whole cell cholera vaccines have
also been developed and licensed for use in Vietnam: a
killed oral whole cell vaccine (WC) targeting V. cholerae
O1, and a bivalent killed oral cholera vaccine (biv-WC)
targeting V. cholerae O1 and V. cholerae O139. The bivalent vaccine replaced the monovalent after introduction of V. cholerae O139 to Vietnam in the 1990s. Neither
of these vaccines include exogenously added CtxB
(as does rBS-WC), and as such, these vaccines are
thought to be more acid resistant and do not require
administration with buffer (Naficy et al., 2001). In an
open, controlled field trial, a two dose regimen of the
monovalent vaccine was found to induce a protective
efficacy of 66% during a V. cholerae O1 El Tor Ogawa
outbreak 8–10 months after immunization, and protection was similar among adults and children (Trach
et al., 1997). Following programmatic use of the bivalent
vaccine in Vietnam, a case-control evaluation showed
an overall vaccine effectiveness of 50% (9–63%) against
V. cholerae O1, 3–5 years after vaccination (Thiem et al.,
2006). For programmatic use, 1.5 ml of a vaccine preparation containing a mixture of 2.5 ⫻ 1010 heat and formalin-killed V. cholerae O1 and O139 organisms are
squirted into the mouth of vaccine recipients, who then
drink water. A second dose is administered 2 weeks
later. The vaccine is administered to nonpregnant individuals at least 2 years of age (Thiem et al., 2006).
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Although promising for possible production and
use in cholera-endemic areas outside of Vietnam, the
biv-WC and WC vaccines are not currently recommended by the WHO for use outside of Vietnam. In
order to decrease residual CT in the vaccine, the bivalent vaccine was recently reformulated, and in its
current new preparation contains formalin-killed V.
cholerae O1 Inaba El Tor strain Phil 6973, O1 Ogawa
classical strain Cairo 50, and O139 strain 4260b, as
well as heat-killed O1 Ogawa classical strain Cairo 50
and O1 Inaba classical strain Cairo 48; and dosage is
based on ELISA units of LPS of each component strain
(Anh et al., 2007). In a recent randomized placebocontrolled, safety and immunogenicity study among
143 Vietnamese adults, the reformulated vaccine was
safe, well tolerated, and immunogenic (as judged by
induction of anti-V. cholerae O1 vibriocidal responses)
following two oral vaccinations separated by 2 weeks.
Further evaluation of the vaccine is ongoing. The vaccine is produced by the Company for Vaccine and
Biological Production No. 1 (VABIOTECH), Hanoi,
Vietnam.
Since killed oral cholera vaccines often require
repetitive administration, and since protection against
cholera following vaccination with killed whole cell
vaccines is often less prominent and of shorter duration than that following wild-type disease, investigators have also developed live, oral, attenuated
V. cholerae vaccines.

CVD 103-HgR
Live oral cholera vaccines have the theoretical
advantage that intestinal colonization and immune
stimulation that mimic those that occur following
infection with wild-type V. cholerae could follow a single oral administration. Over the last few decades, a
number of live oral attenuated cholera vaccines have
been developed (Ryan and Calderwood, 2000, 2001;
Ryan et al., 2006). Although many of these vaccine
strains have been immunogenic, many have been too
reactogenic, resulting in abdominal cramps, diarrhea,
fever, nausea, or anorexia in many recipients (Levine
et al., 1988a). Eventually, a derivative of V. cholerae O1
classical strain 569B was developed, which was immunogenic without being too reactogenic. This vaccine
strain is deficient in CtxA (and as such does not produce cholera holotoxin), and has a mercury resistance
gene (HgR) inserted into the hlyA hemolysin gene (to
permit recovery and identification of the vaccine strain
without introducing antibiotic resistance) (Levine
et al., 1988b). The vaccine was developed at the
Center for Vaccine Development (CVD), University of
Maryland, and is referred to as CVD 103-HgR.
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CVD 103-HgR is approved for use in a number of
countries, including countries in Asia, Latin America,
Europe, and in Canada (and has been licensed under
various names, including Orochol, Orochol-E, and
Mutachol), although the vaccine is not licensed in
the United States. In 2004, the manufacturer of CVD
103-HgR, Berna, Swiss Serum Vaccine Institute, Bern,
Switzerland/Crucell Holland BV, Leiden, Netherlands,
suspended production of CVD 103-HgR, and the vaccine is not currently commercially available anywhere
in the world. The vaccine requires cold storage and
administration with buffer. When produced, the vaccine was supplied in a sachet separately containing 2 g
of lyophilized bacteria (approximately 2–10 ⫻ 108 cfu),
sucrose, lactose, ascorbic acid, aspartame, and casein
hydrolysate in one chamber, and buffer salts sodium
bicarbonate and ascorbic acid in the other chamber.
Vaccinees would mix the contents of the two chambers in 100 ml of clean cool or lukewarm water. The
vaccine would be ingested 1 h before a meal. The need
for booster immunization had not been established
in detail; however, the manufacturer recommended
that if the risk for cholera were ongoing, that boosters
could be administered every 6 months. It was recommended not to administer the vaccine concurrently
with antibiotics since it was a live bacterial vaccine.
Limited data suggested that concomitant administration of chloroquine (but not mefloquine) decreased
immunogenicity of the vaccine. The manufacturer
recommended that administration of live oral cholera
vaccine and live oral typhoid vaccine be separated
by at least 8 h, due to effects of ingestion of the two
buffers.
The most common side effects reported following
ingestion of CVD 103-HgR were gastrointestinal, with
1–10% of recipients reporting diarrhea, abdominal
cramps, or loss of appetite. The safety of the vaccine
during pregnancy had not been specifically studied.
The vaccine was approved for use in individuals 2
years of age and older.
CVD 103-HgR was both safe and immunogenic
in North American volunteers (Levine et al., 1988b),
and had not been recovered from the environment in
field studies following oral administration. The vaccine strain was grown in fermenters in CF medium,
and recovered bacteria were lyophilized, milled, and
stored frozen. In North American volunteers, a single
dose of 5 ⫻ 108 cfu resulted in a significant increase
in vibriocidal antibodies in over 90% of recipients
(Levine et al., 1988b). In volunteers, the vaccine also
provided 94–100% protection against severe and
moderate diarrhea caused by wild-type V. cholerae
O1 (Levine et al., 1988b; Levine and Kaper, 1993;
Tacket et al., 1999). Protection was 82–100% against
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challenge with classical biotype organisms (irrespective of serotype), and 62–80% protective against
El Tor challenge (irrespective of serotype) (Kaper
et al., 1995; Levine and Kaper, 1993; Tacket et al.,
1999; Levine and Tacket, 1994). Protection was
present within 8 days of vaccination, and lasted for
at least 6 months in volunteers (Losonsky et al., 1996;
Levine and Kaper, 1993; Tacket et al., 1999, 1992b;
Losonsky et al., 1993).
Initial field evaluation of CVD 103-HgR showed
that 5 ⫻ 109 cfu were required to induce vibriocidal
seroconversion rates of 75–85% in resource-poor
areas of the world (Su-Arehawaratana et al., 1992;
Suharyono et al., 1992; Simanjuntak et al., 1993). In
a large randomized field trial involving over 50,000
individuals in Indonesia, CVD 103-HgR was well tolerated, safe, and immunogenic, resulting in vibriocidal responses in 64–70% of vaccinees (Richie et al.,
2000); however, the incidence of cholera was lower
than expected during the study period, especially
in the 6 months following vaccination, and only 93
evaluable cholera cases caused by V. cholerae O1 were
detected in total (50 in placebo recipients, 43 in vaccine recipients, and only 7 within 6 months of vaccination), impeding the ability to judge the short-term
protective efficacy of the vaccine. In this study, CVD
103-HgR had a protective efficacy of 14% (Richie
et al., 2000). More recently, CVD 103-HgR was administered as part as a response plan to interrupt a cholera
outbreak in Micronesia, and contributed to approximately 80% protection against cholera in this focused
outbreak (Calain et al., 2004).
CVD 103-HgR has also been evaluated in a limited number of immunocompromised individuals.
In a randomized, crossover, double-blind, placebocontrolled trial involving 38 individuals infected with
human immunodeficiency virus but without clinical
AIDS and 387 HIV-seronegative individuals in Mali,
CVD 103-HgR was not recoverable from the stool of
any of the vaccine recipients, and adverse events were
comparable in the HIV seropositive and seronegative
cohorts (Perry et al., 1998). Although CVD 103-HgR
was immunogenic, the frequency and magnitude of
the immune responses among individuals seropositive for HIV were less than those among individuals
seronegative for HIV. The effects of vaccination with
CVD 103-HgR on HIV viral load and CD4 cell counts
were not measured in this study.

Vaccines in Development
A number of additional cholera vaccines are in various stages of development (Table 45.2).

Candidate Oral Live Attenuated Cholera
Vaccines
Peru-15
Peru-15 is a live attenuated nonmotile derivative of
V. cholerae O1 El Tor C6709 in which the entire CT
genetic element and attRS1 sites (used by CTXϕ to insert
into the V. cholerae chromosome) have been deleted, and
the gene encoding CtxB has been inserted under the
control of the htpG heat shock promoter into recA (lessening the likelihood of unwanted recombination events)
(Kenner et al., 1995). The vaccine is produced by Avant
Immunotherapeutics, Inc., Needham, MA.
In volunteer studies, Peru-15 was safe and immunogenic, with 90–100% vibriocidal seroconversion
following single oral vaccination of freshly harvested
2 ⫻ 108 cfu (Kenner et al., 1995; Sack et al., 1997). In a
pilot study, four of five controls, and two of five vaccinees developed diarrhea when challenged with wildtype V. cholerae 1 month following vaccination (Kenner
et al., 1995). In a second small study, 12 volunteers
received 107 or 108 cfu of freshly harvested Peru-15, and
50 individuals received either placebo or freeze-dried
vaccine (108 or 109 cfu), in a double-masked three celled
study (Sack et al., 1997). The vaccine was well tolerated and immunogenic, with the majority of individuals receiving Peru-15 developing vibriocidal responses.
The vaccine strain was recoverable in the feces of
approximately 60% of recipients (Sack et al., 1997).
Peru-15 was then evaluated in a placebo-controlled,
randomized, double-blind challenge study in which 59
individuals received either buffer alone or 2 ⫻ 108 cfu
of lyophilized Peru-15 reconstituted in buffer. The vaccine was safe, well tolerated, immunogenic (98% of
recipients developed vibiocidal responses), and protective (93% protective efficacy against diarrhea following
challenge with wild-type V. cholerae O1 El Tor 3 months
after vaccination) (Cohen et al., 2002).
Peru-15 was recently studied in staged Phase 1 and 2,
randomized, double-blind, placebo-controlled studies in Bangladesh. In these studies, Peru-15 was first
evaluated in individuals 18–45 years of age, then in
children 2–5 years of age, then in infants 9–23 months
of age (Qadri et al., 2005a, 2007). Adults received either
2 ⫻ 108 cfu of reconstituted lyophilized Peru-15 in
buffer, or buffer alone. Peru-15 was safe and immunogenic. Vibriocidal responses were seen in 30 of 40 (75%)
vaccine recipients, and 3 of 30 (10%) placebo recipients (Qadri et al., 2005a). Anti-LPS IgA responses were
detected in the serum of 88% of vaccine recipients, and
anti-LPS IgA and IgM ASC responses were detected
in the blood of 78–88% of adult recipients. The vaccine strain was recovered from the stool of one adult
recipient, and was identical to the inoculating strain.
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Peru-15 was also safe and immunogenic in the
studies involving 240 children. Two hundred and forty
children 6 months–5 years of age were randomized to
receive either buffer alone or 2 ⫻ 107 or 2 ⫻ 108 cfu of
Peru-15 reconstituted in buffer. Among children, the
vaccine was safe and immunogenic, with vibriocidal
seroconversion rates of 84% (42/50) in children 2–5
years of age, and 70% (35/50) in children 9–23 months
of age (Qadri et al., 2007). Overall, among children 5
years of age or younger receiving 2 ⫻ 108 cfu, Peru-15
induced vibriocidal seroconversion rates of 77%. AntiLPS IgA antibody responses occurred in 60% of children 2–5 years of age, and 34% of children 6 months–2
years of age receiving 2 ⫻ 108 cfu. Approximately 40%
of children developed serum anti-CT IgA responses
(Qadri et al., 2007).

Other Live Oral Cholera Vaccines
A number of other live oral cholera vaccines are
in earlier stages of development and evaluation. V.
cholerae vaccine 638 is a live oral attenuated V. cholerae
O1 Ogawa C7258 derivative from which the entire
CTX genetic element has been deleted, and into which
the Clostridium thermocellum endonuclease A gene
has been inserted into the V. cholerae hemagglutinin/
protease hapA gene (permitting identification of the
vaccine strain on indicator media) (Ryan et al., 2006;
Benitez et al., 1999). Among healthy Cuban adult volunteers, 4 of 42 vaccine recipients and 1 of 14 controls
developed diarrhea or loose stools following ingestion
of vaccine or placebo, respectively, and the vaccine
strain was recoverable from the stool of 37 of 42 recipients. Volunteers received a range of doses (4 ⫻ 107–
2 ⫻ 109 cfu). Serum vibriocidal responses occurred
in 71–82%, and anti-Ogawa LPS IgA ASC responses
occurred in 85–100% of vaccine recipients (Benitez
et al., 1999). In a separate study involving 24 vaccinees,
96% developed vibriocidal responses, and 50% developed serum anti-LPS IgA responses in serum (Garcia
et al., 2005). When challenged with 7 ⫻ 105 cfu of wildtype V. cholerae 3008 one month following vaccination,
none of 12 vaccinees, and 7 of 9 placebo recipients
developed diarrhea (Garcia et al., 2005).
Other live oral cholera vaccines include candidate vaccines VA1.3 in India, and IEM108 in China
(Thungapathra et al., 1999; Liang et al., 2003). Although
these strains have been immunogenic in animals, they
have not yet been evaluated in humans.

V. cholerae O139
After its explosive emergence in 1992, V. cholerae
O139 has been reported in 11 Asian countries, although
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V. cholerae O139 now accounts for the minority
of disease even in affected areas. The reasons for the
appearance, waning, but persistence of V. cholerae
O139 are not well understood; however, V. cholerae
O139 can cause explosive epidemics of cholera, even
among individuals previously immune to V. cholerae
O1, and as such, V. cholerae O139 has the potential to
be a significant pathogen of global importance and
a potential pandemic strain. V. cholerae O139 is surrounded by a capsule (V. cholerae O1 is not), and the
presence of capsule complicates the ability to perform
and standardize vibriocidal assays (important when
judging immune responses following wild-type disease or vaccination) (Qadri et al., 2005b).
The only currently licensed vaccine that targets
V. cholerae O139 is the biv-WC vaccine which is produced and used programmatically in Vietnam. Since
the 1990s, millions of doses of biv-WC have been used
in Vietnam, which remains the only cholera-endemic
country with programmatic use of a cholera vaccine.
As described above, biv-WC was recently reformulated and evaluated in a safety and immunogenicity
volunteer study involving adults in Vietnam (Anh
et al., 2007). Further evaluation is ongoing.
A bivalent oral whole cell cholera vaccine containing formalin-killed V. cholerae O139 and V. cholerae O1
organisms (B-O1/O139 WC) and CtxB has also been
found to be both safe and immunogenic among
Swedish volunteers (Jertborn et al., 1996). Following
vaccination with B-O1/O139 WC, 10 of 12 vaccine recipients (83%) developed anti-O1 vibriocidal responses,
and 8 (67%) developed anti-O139 vibriocidal responses.
The magnitude and frequency of anti-CtxB and anti-O1
LPS responses were similar to those induced following
vaccination with monovalent rBS-WC vaccine. Bivalent
B-O1/O139 WC was also safe and immunogenic
among 30 Bangladeshi volunteers, inducing vibriocidal
responses in 50% (Qadri et al., 2005b).
A number of live oral attenuated anti-O139 vaccines have also been developed, including CVD 112,
a derivative of V. cholerae O139 strain AI1837 made
deficient in components of the CT genetic element
(Waldor and Mekalanos, 1996; Tacket et al., 1998).
Twelve volunteers have received either 106 or 108 cfu
of CVD 112, with three of six receiving the higher dose
developing mild diarrhea (Tacket et al., 1995, 1998).
One of 8 vaccinees (13%) and 12 of 15 controls (80%)
developed diarrhea when challenged with 106 cfu
of wild-type V. cholerae O139 AI1837 five weeks after
vaccination (protective efficacy, 84%) (Tacket et al.,
1995, 1998). In other evaluations, 83–92% of 24 vaccine
recipients developed anti-O139 vibriocidal responses,
depending on which O139 strain was used in the
vibriocidal assay (Losonsky et al., 1997).
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Another live attenuated anti-O139 cholera vaccine candidate is Bengal-15, a nonmotile derivative
of V. cholerae O139 MO10 from which the CT genetic
element has been deleted and a copy of ctxB inserted
into recA (Waldor and Mekalanos, 1994). In a small
study involving four vaccine recipients, Bengal15 produced fewer symptoms and was almost as
immunogenic as MO10 (Coster et al., 1995). Among
10 vaccinees receiving 108 cfu of Bengal-15, no recipient developed diarrhea; 1 of 7 vaccine recipients
and 5 of 6 controls developed diarrhea when challenged with 5 ⫻ 106 cfu of V. cholerae O139 one month
following vaccination (protective efficacy, 83%)
(Coster et al., 1995).

POSTEXPOSURE
IMMUNOPROPHYLAXIS
V. cholerae is a noninvasive intestinal luminal pathogen. No effective postexposure immunoprophylaxis
has been developed.

PROSPECTS FOR THE FUTURE
There are a number of potential uses for cholera
vaccines. A prime indication for cholera vaccination
would be to assist in preventing or controlling cholera
outbreaks and epidemics. The WHO currently recommends that cholera vaccination (especially preemptively administered), along with efforts to supply
safe water, improve sanitation, and identify and appropriately manage cases, be considered in emergency
situations to control outbreaks among populations at
high risk for cholera (Legros et al., 1999; Dorlencourt
et al., 1999; Ivanoff, 2001; WHO, 1999, 2004). The effectiveness of killed oral whole cell vaccine is best substantiated in this regard (Lucas et al., 2005; Legros et
al., 1999; Dorlencourt et al., 1999; Ivanoff, 2001; WHO,
2001, 2004), although live attenuated cholera vaccines
could also assist in preventing or limiting outbreaks,
and have the theoretical advantage of requiring a single immunization, and perhaps inducing more prominent early immune responses in immunologically
naive individuals (WHO, 2001, 2004). As such, live oral
cholera vaccines may be most beneficial if an outbreak
has already started (WHO, 2001, 2004).
Although international travelers and workers can
and do develop cholera (Taylor et al., 1996; Wittlinger
et al., 1995; Sanchez and Taylor, 1997; Centers for
Disease Control and Prevention, 1993), the risk is

low (0.01–0.001% per month of stay in a developing
country) (Ryan and Calderwood, 2001; Sanchez and
Taylor, 1997; Steffen et al., 1987). There are fewer than
20–30 reported infections with V. cholerae each year in
the United States, and the majority of these cases are
often locally acquired in states bordering the Gulf of
Mexico where V. cholerae is endemic. International
travelers and workers who would be at highest risk
for cholera are those who would be unable to secure
safe water, especially individuals visiting or working
within resource-poor areas during cholera outbreaks.
Individuals who are hypochlorhydric may become
infected following ingestion of even relatively small
inocula. Although rBS-WC has been noted to provide
protective immunity against ETEC, a very common
cause of travelers’ diarrhea, the relatively low protective immunity afforded by rBS-WC against “all causes
of travelers’ diarrhea” has limited use of this vaccine
for this indication.
At present, the largest burden of cholera occurs
in countries where V. cholerae is endemic. In these
locations, cholera often exacts a large toll on children, much of the population may be undernourished or deficient in critical micronutrients, may be
coinfected with other pathogens that may modify or
misdirect immune responses, or be frankly immunocompromised. The majority of cases of cholera currently reported to the WHO are being reported from
African countries where infection with human immunodeficiency virus is prevalent. A cholera vaccine with
the greatest global benefit would, therefore, be safe
and effective in children and immunocompromised
individuals, inexpensive, and logistically simple to
administer. Although a number of effective cholera
vaccines are currently available in at least some countries, at present we do not fundamentally understand
what mediates protective immunity against cholera, and why vaccines that appear promising in volunteer studies are less promising when evaluated in
resource-poor areas. We also do not know why vaccine efficacy is often relatively short-lived, nor do we
currently know how to improve the duration of vaccine efficacy. Although cholera can be prevented if safe
water and proper sanitation are available, in reality,
with 40% of the world’s 6 billion human inhabitants
currently subsisting on less than $2 a day, the growth
of major mega-cities without proper infrastructure in
many developing countries, and the potential impact
of global warming on water supplies and flooding,
it would perhaps be most prudent to assume that
cholera will continue to be a plague of humans for the
foreseeable future, and that the need for safe, inexpensive, and effective cholera vaccines may only continue
to grow.
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Cholera continues to be a pathogen of global
importance, with the world currently experiencing
its seventh pandemic, and an estimated 5–7 million
cases per year, resulting in approximately 100,000
deaths.
Cholera remains a disease of poverty, social
disruption, and poor sanitation, and large and
explosive outbreaks occur on a regular basis.
Parenteral whole cell cholera vaccines require
repetitive dosing and boosting, are associated
with frequent adverse events, and are no longer
commercially available.
Oral cholera vaccines have been developed that are
safe and protectively immunogenic.
Only one oral cholera vaccine is currently
commercially available and licensed in more than
one country: the oral whole cell killed vaccine
(rBS-WC, Dukoral, SBL Vaccine AB, Stockholm,
Sweden/Crucell Holland BV, Leiden, Netherlands);
this vaccine is not licensed or commercially
available in the United States.
Although rBS-WC is well studied, well tolerated,
safe, and effective, vaccination with rBS-WC may
require more than one immunization among
immunologically naive populations, induces
protective immunity of relatively short duration
compared to that which occurs following wildtype disease, and is not protective against cholera
caused by V. cholerae O139.
V. cholerae O139, a cause of cholera that emerged
in the 1990s, continues to be a cause of cholera in
Asia, may have pandemic potential, and is not
protected against by any presently internationally
licensed, commercially available cholera vaccine.
A killed oral cholera vaccine that targets both
V. cholerae O1 and O139 is currently being locally
produced and programmatically used in Vietnam.
Efforts are underway to meet international standards
and to evaluate effectiveness of this product.
Oral live cholera vaccines, as well as other oral
killed and parenteral subunit vaccines are also in
various stages of development and evaluation.
The role of cholera vaccines to control outbreaks
needs to be more fully addressed.
Public health strategies to optimally use cholera
vaccines among populations in resource-poor
areas need to be developed, evaluated, and
implemented.
The need of cholera vaccination among children
in the developing world needs to be more fully
addressed.

●

The duration of protective immunity following
vaccination against cholera needs to be lengthened.
The safety and efficacy of cholera vaccination
among immunocompromised individuals, including
individuals infected with human immunodeficiency
virus, needs to be more fully addressed.
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ABSTRACT
Botulinum toxin is a remarkably potent substance that acts preferentially on cholinergic nerve endings to block
transmitter release. Botulism, which is the disease caused by the toxin, can occur in several variations, but it most
commonly presents as a form of food poisoning. Patients ingest food that is contaminated with the toxin, or they
ingest organisms that can manufacture the toxin in the gut. Absorption occurs when the toxin binds to epithelial
cells, then undergoes receptor-mediated endocytosis, transcytosis, and eventual release into the general circulation.
Absorbed toxin is distributed throughout the periphery, but mainly to the cholinergic nerve endings. The toxin acts
intracellularly to cleave polypeptides that are essential for transmitter release. Blockade of exocytosis produces
muscle weakness and autonomic dysfunction. In extreme cases, patients suffer complete paralysis, including
paralysis of the muscles of respiration.
In addition to being the etiologic agent in naturally occurring disease, botulinum toxin figures prominently in
two other clinical settings. The toxin is recognized as a potential agent of bioterrorism and biological warfare, but
it is also a valuable medicinal agent for the treatment of dystonia and related disorders. The fact that the toxin is
a potential bioweapon has prompted intense efforts to develop a vaccine that can protect vulnerable populations.
However, there is a keen awareness that administration of a vaccine would be detrimental to patients who
receive the toxin as a medicinal agent. The existence of a vaccine that can be both indicated and contraindicated,
depending on patient populations, is highly unusual in the practice of medicine. This unusual state of affairs
means that rational development of a vaccine must address two broad areas of concern: conventional issues, such
as choosing antigen, adjuvant, and route of administration; and unconventional issues, such as potential adverse
consequences of vaccine administration.
There are no licensed, polyvalent vaccines against botulism. There are toxoids available under Investigational
New Drug status, but these are likely to be replaced by recombinant or synthetic vaccines. The three major
candidates for vaccines are: (1) holotoxin that has been rendered inactive by site-directed mutations, (2) nontoxic
polypeptide fragments that represent functional domains of the holotoxin (i.e., tissue binding domain), and
(3) short peptides that represent epitopes.
Preclinical studies indicate that recombinant vaccines can be highly effective against challenge doses of toxin.
Unfortunately, this means that they would also be highly effective in negating therapeutic actions of the toxin. To
date, no federal agency has advocated universal administration of a vaccine. However, the counterposing roles of
any vaccine in protecting against botulism while simultaneously abolishing therapeutic benefits of the toxin raises
questions about the ideal duration of vaccine action. This is a daunting question that requires serious attention.

INTRODUCTION
Botulinum toxin is one of the more extraordinary
molecules encountered in medicine and science. There
are many factors that contribute to this special status,
but several are particularly well known. To begin with,
botulinum toxin is generally considered the most potent
of all biological toxins (Gill, 1982; Lamanna, 1959). In
addition, this remarkably potent molecule must go
through an unusually long and complex sequence of
events to reach and poison its target organ, which is
the peripheral cholinergic nerve ending (Simpson,
2004). However, the characteristic of the toxin that is
most troubling in the context of vaccine development
is the number and variety of clinical settings in which
it is encountered. On the one hand, botulinum toxin is
the etiologic agent that causes the disease botulism
(Hatheway, 1995; Horowitz, 2005; Sobel, 2005). This
disease can be naturally occurring, but it can also be
the product of malice (i.e., bioterrorism or biological
warfare). On the other hand, botulinum toxin is an
approved medication for the treatment of a variety of
disorders, such as dystonia (Comella et al., 2005). In the

absence of botulinum toxin, patients would not have
access to equally efficacious alternatives.
These contrasting clinical settings have fundamentally
different relationships to the field of vaccine development. For patients who require active immunization,
resistance would be the desired outcome; but for patients
who receive toxin for its clinical benefit, resistance would
be a therapeutic obstacle. The existence of a vaccine that
can be either an enormous benefit or a serious detriment,
depending on patient population, is rarely encountered
in the practice of medicine.
This unusual conflict between benefit and risk
would not be an issue if the real or potential incidence
of botulism were limited to the naturally occurring
disease. The number of outbreaks, and the number
of cases per outbreak, is far too low to justify either
vaccine development for, or vaccine administration
to, the general public. Instead, the conflict between
benefit and risk arises from the fact that botulinum
toxin can be used as a weapon in acts of bioterrorism
or biological warfare. The perceived threat posed by
the toxin has greatly intensified the effort to find a
vaccine.
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For those investigators who are seeking to develop
a vaccine, there is one observation upon which everyone can agree. There already exist techniques that can
be used to evoke resistance to botulinum toxin. In fact,
there are several and somewhat varied techniques that
could be employed to evoke immunity. This means
that not only is there urgency to finding a vaccine, but
there is also urgency to identifying the strategy that
will yield the best-possible product.
One of the factors that will facilitate the search for an
ideal vaccine candidate is the substantial body of information that exists on the botulinum toxin molecule
and on the epidemiology and clinical presentation
of the disease botulism. For example, a great deal is
known about the cellular, subcellular, and even molecular aspects of the many steps in the long progression
of events that leads to poisoning. This means that it
should be possible to engage in rational vaccine design
that is tailored to the mechanism of toxin action (Levine
and Sztein, 2004). Similarly, there is much known about
the populations that are most at risk of contracting
botulism, and about the signs and symptoms and the
clinical course of the disease in patients who succumb
to poisoning. This too is a fertile area that can provide
clues on rational vaccine design.

BOTULINUM TOXIN
Structure of the Toxin
Botulinum toxin is produced by the organisms
Clostridium botulinum, Clostridium beratii, and

Clostridium butyricum (Smith and Sugiyama, 1988).
The toxin is manufactured in seven different serotypes designated A, B, C, D, E, F, and G (Sakaguchi,
1983; Simpson, 1989). Each of these serotypes has been
shown to occur, or is presumed to occur, in multiple
subtypes (Arndt et al., 2006; Smith et al., 2005).
The complete primary structure for at least one
representative of each serotype has been determined
(Minton, 1995; Popoff and Marvaud, 1999). Sequence
identity across all serotypes occurs only with low frequency, which in part explains why the different proteins
are serologically distinct. Much less is known about the
tertiary structures of the various serotypes. To date,
complete three-dimensional structure data are available for serotypes A and B (Lacy and Stevens, 1999;
Swaminathan and Eswaramoorthy, 2000), and partial
structural data are available for serotypes D, E, F, and G
(Agarwal et al., 2004, 2005; Arndt et al., 2005, 2006).
Early work on the protein structure of botulinum
toxin indicated that it is composed of a light chain (LC)
(N-terminus of the molecule; ca. 50 kDa) and a heavy
chain (C-terminus of the molecule; ca. 100 kDa) linked
by a single disulfide bond (DasGupta, 1989). The heavy
chain in turn is composed of two domains of about
50 kDa each. The structural arrangement of the molecule, which suggests three somewhat independent
lobes, is illustrated in Fig. 46.1. The three lobes in the
tertiary structure represent the LC, the amino-terminal
half of the heavy chain, and the carboxy-terminal half
of the heavy chain. This structural organization of the
molecule is key to understanding both mechanism of
action and immune response (see below).

Botulinum vaccines

Native
holotoxin

Chemical
toxoid

Recombinant
toxoid

Functional
domains

Linear
epitopes

FIGURE 46.1 Botulinum vaccines.
Botulinum toxin is a 150 kDa protein that
is composed of three distinct domains
(lobes). These represent the 50 kDa light
chain (LC) (black tone), the 50 kDa aminoterminal half of the heavy chain (grey
tone), and the 50 kDa carboxy-terminal
half of the heavy chain (intermediate
tone). Initial attempts to develop a vaccine relied upon chemical inactivation of
impure preparations of the holotoxin (e.g.,
formalin treatment). More recent attempts
have focused largely on homogeneous
preparations of recombinant polypeptides. This approach has led to evaluation of three types of preparations: (a) a
holotoxin that has been rendered nontoxic by point mutations in the histidine
motif of the LC (white dots), (b) isolated
functional domains, such as the carboxyterminal half of the heavy chain (e.g.,
binding domain), and (c) relatively short
linear epitopes. Each of these three can be
administered either as a polypeptide vaccine or as a nucleic acid vaccine.
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Botulinum toxin does not typically occur in bacterial cultures as an isolated neurotoxin. Instead, it is
ordinarily part of a noncovalent complex that includes
hemagglutinins of various sizes and a single nontoxin,
nonhemagglutinin (Sakaguchi, 1983). These auxiliary
proteins are not known to play any role in the signs
and symptoms that are characteristic of the disease
botulism.
As a matter of historical observation, one must note
that initial efforts to develop a vaccine against botulinum toxin predated almost all work to define the structures of, and the interrelations among, the neurotoxin
and the other molecules in the noncovalent complex
(Byrne and Smith, 2000; Siegel, 1988). Hence, it is not
surprising that early vaccine candidates are not considered equivalent to those currently under investigation. This is a matter of some importance because the
only vaccine candidates that are presently available for
patient administration are those that use the technologies that predate knowledge of toxin structure.

little need for auxiliary proteins to protect the toxin.
Nevertheless, the toxin does need to escape the
airway to reach the general circulation, and it achieves
this by active penetration of epithelial barriers. Similar
to the gut, there is exploitative binding, endocytosis,
transcytosis, and release (Park and Simpson, 2003).
There has been a limited amount of work to
identify the epithelial cell population that transports
the toxin, as well as to visualize the pathway used by
the toxin as it crosses individual cells in this population (Ahsan et al., 2005). Interestingly, absorptive
enterocytes are the key transport cells involved in poisoning. The M cell–Peyer’s Patch complex is capable of
transporting toxin, but it is not essential. Thus, knockout mice that do not develop M cell–Peyer’s Patch

Absorption of botulinum toxin

Mechanism of Action
Stated simply, botulinum toxin acts at vulnerable
nerve endings in the periphery to block transmitter
release. However, the sequence of events that culminates in blockade of exocytosis is rather complex.
Fortunately, tremendous progress has been made in
elucidating these events (Schiavo et al., 2000; Simpson,
2000, 2004; Simpson et al., 2001).
Most cases of botulism are oral in nature, although
the disease can also be caused by inhalation exposure
(Holzer, 1962). This means that the toxin must have
an efficient mechanism to escape the lumen of the
gut or the airway. In the case of the gut, absorption
of botulinum toxin involves two distinct phenomena
(Maksymowych and Simpson, 1998). Firstly, the toxin
escapes metabolic degradation in the stomach by virtue of being intertwined with auxiliary proteins. This
noncovalent complex is remarkably resistant to acid
conditions and endoprotease exposure (Chen et al.,
1998). When the toxin is stripped of auxiliary proteins,
it is much less potent as an oral poison (Maksymowych
et al., 1999). Secondly, the toxin traverses epithelial barriers in the small intestine to reach the general circulation (Fig. 46.2). It does this by binding exploitatively to
receptors on the apical surface of epithelial cells. This
is followed by receptor-mediated endocytosis, transcytosis, and eventual release of unmodified toxin on
the basolateral surface of cells (Maksymowych and
Simpson, 1998; Maksymowych and Simpson, 2004).
The airway does not contain the same harsh
metabolic conditions as the gut, and thus there is

Transport cell
Foodborne botulism
(primary intoxication or
primary infection)

Inhalation botulism
(primary intoxication)

FIGURE 46.2 Absorption of botulinum toxin. The primary
motive for vaccine development is to protect vulnerable populations against potential incidents of bioterrorism and biological warfare. Such incidents would likely be due to exposure by the oral
route (which is also the route for most cases of naturally occurring
botulism) or by the inhalation route. Oral poisoning leads to two
variants of food-borne botulism: primary intoxication, or primary
infection with secondary intoxication (see Box 46.1 for descriptions
of clinical etiology). Inhalation poisoning leads to only one variant
of the disease: primary intoxication. Regardless of route of exposure, the toxin escapes the gut or airway by interacting with epithelial cells that transport the toxin into the general circulation. The
transport process involves binding to receptors on the apical surface
of cells, followed by receptor-mediated endocytosis, transcytosis,
and eventual release of the toxin on the basolateral surface of cells.
Toxin that enters the general circulation is distributed to peripheral
cholinergic nerve endings, where it acts to block transmitter release.
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complexes have the same oral and inhalation sensitivity to the toxin as the wild-type strain.
Botulinum toxin that is delivered to the general
circulation is distributed throughout the periphery.
The toxin has little ability to penetrate the blood–
brain barrier, and therefore the central nervous system is largely spared from its effects. Although the
toxin is potentially available to all tissues and organs
in the periphery, the molecule demonstrates highaffinity binding only at presynaptic nerve terminals of
cholinergic fibers. The most exquisitely sensitive site
is the cholinergic neuromuscular junction (Simpson,
1986, 2000). By virtue of acting on cholinergic nerve
endings that govern motor activity, the toxin can produce flaccid paralysis. By acting on cholinergic fibers
that innervate intercostal muscles and the diaphragm,
the toxin can paralyze respiration.
The sequence of events that underlies poisoning
at all cholinergic nerve endings is the same (Humeau
et al., 2000; Schiavo et al., 2000; Simpson, 2004).
The carboxy-terminal portion of the heavy chain binds
to receptors on the surface, and this in turn leads to
receptor-mediated endocytosis. There is evidence that
binding actually involves two sites: a low-affinity receptor that brings the toxin into the plane of the membrane,
and a high-affinity receptor that is presumably linked
to endocytosis (Montecucco, 1986). For two of the toxin
serotypes the dual receptor may have been identified
[serotype A: polysialoganglioside and synaptic vesicle
protein 2C (Dong et al., 2006; Mahrhold et al., 2006);
serotype B: polysialoganglioside and synaptotagmin
(Bullens et al., 2002; Dong et al., 2003; Kozaki et al., 1998;
Nishiki et al., 1994, 1996; Yowler et al., 2002)]. In the case
of serotype B, investigators have recently reported the
three-dimensional structure of the toxin in association
with its receptors (Chai et al., 2006; Jin et al., 2006).
The toxin that enters the cell by endocytosis is
briefly trapped. However, as the proton pump in the
membrane acidifies the lumen of the endosome, the
toxin molecule undergoes a dramatic change in conformation. The amino-terminal half of the heavy chain
exposes a previously occult hydrophobic domain, and
this interacts with the membrane and with the LC to
facilitate translocation of the latter (Hoch et al., 1985;
Koriazova and Montal, 2003). At some point in this
process, the interchain disulfide bond is reduced and
the free LC reaches the cytosol (Simpson et al., 2004).
The LCs of all serotypes of botulinum neurotoxin
are zinc-dependent endoproteases that are remarkably
specific with respect to substrates and scissile bonds
(see Table 46.1). The substrates for the toxins are three
polypeptides that act cooperatively in the process
of transmitter release (Humeau et al., 2000; Schiavo
et al., 2000; Simpson, 2004). When these polypeptides

TABLE 46.1 Botulinum toxin and its substrates
Toxin

Histidine motif

Substrate

Serotype A

H·E·L·I·H

SNAP-25

Serotype B

H·E·L·I·H

VAMP

Serotype C

H·E·L·N·H

Syntaxin and SNAP-25

Serotype D

H·E·L·T·H

VAMP

Serotype E

H·E·L·I·H

SNAP-25

Serotype F

H·E·L·I·H

VAMP

Serotype G

H·E·L·I·H

VAMP

Note: Botulinum toxin exists in seven serotypes (A–G), each of
which can occur in multiple subtypes. The mechanism of action
of the various serotypes was deduced from primary sequence
analysis. The light chain of each serotype has a “histidine motif”
(H·E·X·X·H), which is a signature sequence for metalloendoprotease
activity. The substrates for the various serotypes are SNAP-25
(synaptosomal protein of 25 kDa), VAMP (vesicle-associated
membrane protein, also known as synaptobrevin), and syntaxin.

are cleaved, exocytosis is blocked. It is this blockade
of exocytosis that accounts for toxin-induced paralysis
of movement and paralysis of respiration.

Implications for Vaccine Development
When one examines the information on structure
and function of the toxin molecule, there are several
points that emerge that bear on efforts to develop a
vaccine. The most important of these are:
(1) Botulinum toxin can enter the body by absorption
across the gut and airway epithelium. This
suggests that it would be desirable to create
a vaccine that can evoke a local IgA response.
A mucosal immune response could serve as a
barrier to block toxin absorption.
(2) Regardless of route of toxin absorption, the
general circulation serves as a conduit to transport
toxin to sensitive nerve endings. This suggests
that a circulating IgG response could contribute
to neutralization of toxin. The underlying
mechanism for IgG-mediated neutralization
could be enhanced clearance from the circulation
secondary to enhanced accumulation in nontarget
tissues (e.g., liver and spleen).
(3) The fact that the toxin progresses through
multiple steps to produce neuromuscular
blockade suggests that antibodies could act at
one or more of these steps to diminish toxicity.
Most obviously, an immune response could evoke
antibodies that block toxin binding to, or entry
into, cholinergic nerve endings.
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It is worth noting that these several approaches
to vaccine development are not mutually exclusive.
Indeed, there are rational ways to design vaccine
candidates that could evoke protection at all three levels.

HISTORY OF THE DISEASE
Evolutionary Timescale
The nucleotide sequences of the seven botulinum serotypes, as well those of numerous subtypes,
are known (Minton, 1995; Popoff and Marvaud,
1999; Smith et al., 2005). Work has also been done to
sequence the messages that encode some of the auxiliary proteins found in the botulinum toxin complex (East et al., 1996; Ohyama et al., 1995). These
sequences have been used to construct genealogical trees that establish: (a) relatedness between and
among the serotypes, and (b) likely points when precursors divided to give rise to descendants. These
analyses provide insight into the evolution of botulinum toxin.
There are two other kinds of analyses that would
also be helpful, and work in these areas is currently
underway, but no results have actually been published. Several groups have sought to determine
whether there is structural relatedness between botulinum toxin and any other proteins, with a particular
emphasis on identifying the parent molecule from
which the toxin might have evolved. To date, no precursor has been found. Another line of investigation
would be to utilize a molecular clock, in combination
with genealogical trees, to determine how ancient any
supposed precursor might be. Nothing has emerged
in this realm either.
In the absence of a molecular approach to describing and quantifying evolution, one can tentatively
turn to a “victim clock.” The target organ for botulinum toxin action is the cholinergic nerve ending. If
there were no cholinergic nerves, there would be no
obvious survival value that could select for emergence
and persistence of the toxin. Interestingly, botulinum
toxin is not a disease that is confined to mammals, nor
even to vertebrates. There are cholinergic nerve endings in invertebrates, and some of these are susceptible to botulinum toxin action. This could mean that
the toxin has an origin that reaches far back in time.

Ancient Origins and Innate Resistance
For any biological toxin that has a long evolutionary
history, there is the possibility that organisms have

emerged that are resistant. The study of innate resistance can help to clarify the mechanism of pathogen
action, and it can also be helpful in analyzing phenomena such as host–pathogen interactions. Perhaps most
importantly, the study of innate resistance can provide
clues on ways to evoke resistance.
The identification of organisms that are resistant
to botulinum toxin, and the use of these organisms to
explore the nature of innate resistance, is a nascent field
of research. Nevertheless, there are several observations
that should be mentioned. The best-known example
of resistance to botulinum toxin was reported in the
middle of the last century. Burgen et al. (1949) found
that rats were unusually resistant to serotype B, and this
characteristic was not shared by mice. The underlying
basis for this observation remained unknown for decades, until the subcellular actions of botulinum toxin
were described. Serotype B acts in the cytosol to cleave
a substrate (e.g., VAMP; Table 46.1) that is needed for
exocytosis (Schiavo et al., 2000). Montecucco and his
colleagues (Patarnello et al., 1993) found that VAMP
in the peripheral nervous system of rats has a single
modification (Gln → Val) at the cleavage site for
serotype B. This same modification was found in
chickens, which are also resistant to serotype B.
There are other examples of organisms that are
resistant to botulinum toxin, but certainly the most
provocative example pertains to human beings.
Naturally occurring type C and type D botulism are
so rare in the human population as to raise questions
about resistance. This observation is all the more dramatic because of the widespread and devastating
impact these serotypes have on other animals, such as
birds. It can be stated with certainty that the human
neuromuscular junction is not resistant to poisoning
(Coffield et al., 1997). When studied on excised and
viable human preparations, serotype C is as active
as any other serotype in blocking transmission. In
addition, the human substrate for serotype C (e.g.,
syntaxin) does not have any mutations at the scissile
bond (Zhang et al., 1995). This means that any real
or apparent resistance must relate to: (a) the relative
absence in the human diet of foods contaminated
with C. botulinum types C and D, or (b) the failure of
these serotypes to be absorbed and distributed to the
neuromuscular junction.
There is another and quite different area of investigation in which the question of human resistance has
been raised. As discussed more fully below, botulinum
toxin is an approved medication for the treatment of a
variety of disorders in which efferent activity in cholinergic nerves must be managed. In the course of using
the toxin as a medicinal agent, clinicians have encountered two types of resistance: (a) there are reportedly
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a small number of patients who do not respond when
botulinum toxin therapy is initiated, and (b) there are
patients who respond initially but who become refractory over time.
The underlying basis for the first phenomenon has
not been explained, though most investigators agree
that it is not an antibody-based mechanism (viz., prior
unknown exposure to toxin or to a structurally similar antigen). If it should eventually prove true that
some in the human population are inherently resistant to one or more serotypes, the underlying bases
may be similar to those shown for other animals (e.g.,
alterations in receptors or substrates). The story that
has emerged for patients who lose responsiveness
over time is quite different. The underlying basis for
most if not all cases of lost responsiveness is evoked
immunity. When botulinum toxin is administered in
sufficient amounts and frequencies, the therapeutic
goal may be modulation of efferent cholinergic activity, but the occasional and unintended outcome is
vaccination. It is appropriate to note here—and the
matter will be explored more fully in a later section—
that vaccination against botulinum toxin in certain
patients should be described as an adverse event.
The conclusions that can be drawn from this narrow
field of investigation are limited, although there is one
notable point that does emerge. For most proteins that
enter the body by the oral route, a powerful form of
innate resistance is the combination of proteolysis and
epithelial barriers. It is fascinating that botulinum toxin
has evolved mechanisms to evade both. As explained
earlier, the toxin is not ordinarily found as an isolated
neurotoxin in bacterial culture. It is more customary
to find the toxin as part of a noncovalent complex
with auxiliary proteins, and the intertwining of these
proteins confers substantial resistance to gut proteolysis (Chen et al., 1998). In addition, the toxin molecule possesses structural determinants that allow it to
bind exploitatively to receptors on epithelial cells that
mediate endocytosis and transcytosis. Thus, part of
the extraordinary potency of the toxin molecule can be
attributed to its ability to evade obstacles that for other
pathogens would be the essence of innate resistance.
There is the possibility that not all serotypes have
efficiently overcome the obstacles. For example, the low
incidence of type C botulism in human beings could in
part be due to the relative inability of this particular
toxin to breach epithelial barriers (Maksymowych and
Simpson, 1998). For those serotypes that do penetrate
epithelial membranes, there are ways to recreate
barriers and thus confer resistance. The most obvious of these is to induce an adaptive mucosal immune
response that leads to clinically significant titers of
luminal IgA that will block toxin absorption.
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Etiologic Factors
Almost all cases of human botulism are due to serotypes A, B, and E (Lindstrom and Korkeala, 2006). The
signs and symptoms of types A, B, and E botulism can
be attributed to the inherent pharmacologic properties
of the toxins, as described above, and to the adverse
effects of microbial products other than the toxins. It is
intuitively clear that the former will always be present.
The likelihood of the latter depends upon the circumstances of the exposure as well as the route of exposure.
Botulism can occur either as a primary intoxication
or as a primary infection with secondary intoxication
(Box 46.1). Primary intoxication occurs when clostridial
organisms produce botulinum toxin outside the body,
and this toxin subsequently enters the body to produce
blockade of cholinergic transmission. Primary infection
occurs when organisms enter the body and produce the
toxin in situ. As before, the toxin will ultimately produce blockade of cholinergic transmission.
Primary intoxication and primary infection with
secondary intoxication can occur in several reasonably well-defined variations (Box 46.1). As suggested
above, all of these variations are associated with
peripheral cholinergic blockade. Those variations that
involve oral exposure may also present with a variety
of gastrointestinal problems, including nausea, vomiting, and diarrhea. Some of these problems may be
caused by botulinum toxin, but others are likely due
to microbial products that are consumed as part of the
disease process.

Signs and Symptoms
Botulinum toxin acts preferentially on peripheral
cholinergic nerve endings to inhibit acetylcholine
release. The two principal populations of vulnerable
neurons are those at the neuromuscular junction and
those at various autonomic sites.
Depending on severity, neuromuscular blockade can
vary from slight weakness to frank paralysis (Hatheway,
1995; Horowitz, 2005; Sobel, 2005). Generally speaking,
blockade tends to be both descending and bilateral. A
classic patient might present with bilateral weakness of
head and facial musculature, followed by weakness in
the upper limbs, trunk, and lower limbs. The fact that
weakness or paralysis is bilateral is understandable. The
toxin is fully capable of poisoning transmission on both
sides of the body. The fact that neuromuscular involvement is descending has not been so easy to explain.
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BOX 46.1

C L I N I C A L P R E S E N TAT I O N O F B O T U L I S M
There are two broad categories of botulism: (1) primary
intoxication, and (2) primary infection with secondary
intoxication. Each of these broad categories can be further
subdivided, as follows:
1. Primary intoxication
a. Foodborne botulism, which is caused by consumption
of foods that are contaminated with preformed
botulinum toxin. This form of the disease occurs
when food that harbors Clostridia is prepared and/or
stored in a way that allows bacterial growth. Toxin
is released during microbial lysis, and thus it is
available to cause disease when ingested.
b. Inhalation botulism, which is due to inhalation of
airborne particles or droplets contaminated with
toxin. There is only one documented outbreak of
human inhalation poisoning, which occurred in a
laboratory that was handling the toxin.
c. Iatrogenic botulism, which can be due to administration
of the toxin for therapeutic or aesthetic purposes. If
the administered dose is inappropriately high, or if a
patient is unusually sensitive, disease can occur.

The need for medical intervention is greatest
when there is involvement of the muscles of respiration
(diaphragm; intercostal muscles). It is likely that
throughout most of human history severe poisoning
resulted in death due to respiratory failure. The
introduction of sophisticated intensive care practices
and facilities, combined with heightened awareness
and early diagnosis of the disease, has dramatically
reduced morbidity and mortality in modern times.
Botulinum toxin can also produce a constellation
of adverse autonomic effects. Among the more welldocumented of these are fixed and unresponsive
pupils; decreased salivation, with dryness of the mouth
and throat and difficulty swallowing; orthostatic
hypotension; paralytic ileus; and bladder and urinary
dysfunction. Autonomic problems would not typically
be a cause of death.
In contrast to peripheral cholinergic systems, other
parts of the nervous system are generally preserved
in terms of function. Sensory responses are normally
intact, and there is little evidence to support any direct
action of the toxin on the central nervous system.
The toxin is a large protein and would not be

2. Primary infection with secondary intoxication
a. Foodborne botulism, which is due to consumption of
food that is contaminated with clostridial spores.
These organisms colonize the gut and produce the
toxin in situ. This form of the disease can present in
two variants. Infant botulism, which is more prevalent,
occurs in infants who have not yet acquired a
normal gut flora. The relative absence of competing
organisms allows Clostridia to establish a niche. Adult
botulism occurs in people who have endogenous or
exogenous factors that diminish or eliminate natural
gut flora (e.g., antimicrobial agents). This creates a
situation that is conducive to subsequent colonization
by Clostridia.
b. Wound botulism, which is due to introduction of
clostridial spores, with subsequent colonization and
production of toxin in situ. This form of the disease
is usually secondary to puncture wounds associated
with injection of illicit drugs (e.g., heroin). However,
it can also be secondary to surgery.

expected to penetrate the blood–brain barrier. It has
often been noted that the absence of overt effects of
the toxin on the brain means that patients, including
those who are fully paralyzed, are aware of their
difficult circumstances.

Duration of Action
Botulinum toxin is generally viewed as the most
potent biological substance known. However, this is
only one of its remarkable features. Yet another is its
ability to exert an unusually sustained effect.
In most respects the signs and symptoms associated
with the various serotypes of botulism are similar. One
striking exception is duration of illness. It appears that
the signs and symptoms associated with serotype A
poisoning are the longest, with a potential duration of
months. However, the incidence of naturally occurring
botulism is very low, and therefore efforts to quantify
accurately the true duration of action are problematic.
Ironically, most of the definitive work on duration of
effect arises not from the study of botulinum toxin as a
disease, but rather from work related to use of the toxin
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as a medicinal agent. Botulinum toxin is administered
to patients by local injection to reduce the adverse and
sometimes debilitating effects of uncontrolled efferent
traffic in cholinergic fibers. The major drawback to this
form of intervention is that the therapeutic benefits of
the toxin wane with time, thus requiring readministration of toxin. The length of the intervals between
administrations is an indicator of the duration of toxin
action. Both clinical observation and research related to
clinical use have verified that serotype A has the longest duration of action (Adler et al., 2001; Eleopra et al.,
1998; Foran et al., 2003; Keller, 2006). This work has
also shown that there is great variability in duration
of effect, with recovery at certain sites occurring in 2–3
months, but recovery at other sites perhaps requiring
more than 1 year. This is a stunning duration of effect
for an exogenous protein.

Therapeutic Intervention
Treatment of patients can be somewhat arbitrarily divided into three categories: methods to reverse
poisoning; methods to halt the progression of poisoning; and methods to provide supportive care while
patients recover from poisoning. Sadly, there is nothing to report that falls into the first—and conceptually
the most desirable—category. No clinically acceptable agent or procedure has been identified that can
reverse the enzymatic actions of the toxin that account
for blockade of exocytosis. When a toxin substrate has
been cleaved, the only known intervention is to wait
until the poisoned nerve synthesizes new substrate
and reconstitutes the exocytotic process.
There are two possible ways to halt the progression
of disease, which are passive immunization and pharmacologic antagonists (Arnon et al., 2001). There is an
equine antitoxin, and administration of the material
can lead to neutralization of circulating toxin. There
is also a human immune globulin preparation that is
intended for infants who ingest clostridial spores that
manufacture toxin in situ (Arnon et al., 2006; Arnon,
2007). In either case, treating physicians must face this
sobering reality: if signs and symptoms have begun
to emerge, the therapeutic value of immune serum
or neutralizing antibodies is much diminished. This
loss of antibody effect is related to the ability of the
toxin to enter nerve endings and block transmitter
release. Neutralizing antibodies cannot chase the toxin
because they have no mechanism for productive internalization by cells.
Many investigators have tried to identify drugs
that can halt the progression of the disease. For
example, there are several research groups trying to
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develop drugs that can block the enzymatic actions
of the LC. There are reports of success in laboratory
test systems, but there is nothing that is on the verge
of clinical testing. One challenge to clinical progress is
drug delivery. Toxin antagonists tend to be polar, and
as such they may not be good candidates for mucosal
delivery. Having to administer an antagonist by injection could be a difficult proposition when dealing
with a toxin whose duration of action could be many
weeks to months. A second challenge relates to membrane barriers. To antagonize botulinum toxin, a drug
should be found that can cross neuronal membranes
to reach toxin but not cross other membranes to enter
non-neuronal cells. There are as yet no clear strategies
for achieving selective membrane penetration, with
one potential exception. There is the possibility that
nontoxic variants of the toxin could be used as carriers to transport antagonists or even antibodies into
cholinergic cells.
The third category of intervention is supportive
care, and this is the one area in which there has been
authentic success. The early literature on botulism indicated that fatal outcomes often reached 50% or more.
With the advent of modern intensive care procedures,
this fatality rate has fallen dramatically. This means
that even those patients who become fully paralyzed,
and who may need respiratory support for extended
periods of time, have a good prospect of recovery.

Implications for Vaccine Development
There is an emerging body of information on the history of the disease botulism, as well as on the clinical
presentation and treatment of the disease. This body
of information supports several conclusions regarding
vaccine development, as follows:
(1) Unless and until experimental or licensed
therapeutic antibodies and/or drug antagonists
become available for human administration, there
will be a disproportionate reliance on current
experimental vaccines. This reliance is heightened
by the facts that: (a) the equine antitoxin that is
currently available is not desirable for widespread
use, either preincident or postincident; and
(b) postincident use of antibody preparations,
whether equine or human, has limited value in
patients who have begun to manifest signs and
symptoms. There is the additional limitation
that therapeutic antibodies and pharmacologic
antagonists may have durations of action that are
much shorter than that of the toxin. This could,
for example, create the necessity to administer
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a pharmacologic antagonist repeatedly over an
extended period of time.
Botulinum toxin exists in seven serotypes, but
only three of these are typically associated with
human illness (A, B, and E). This suggests that
the most immediate need for a product would be
a polyvalent vaccine that evokes simultaneous
resistance to serotypes A, B, and E.
Botulinum toxin is released from bacteria as part
of a noncovalent complex that includes auxiliary
proteins. However, it has not been established
when this complex dissociates to release free
toxin, and this uncertainty applies both to primary
intoxication and to primary infection with
secondary intoxication. If it were to be found that
toxin in the gut is always associated with auxiliary
protein, this would raise the interesting possibility
that a local IgA response against an auxiliary
protein could block absorption and diminish
toxicity (Kobayashi et al., 2005; Mahmut et al.,
2002).
In a similar vein, the botulinum toxin complex
is able to defeat two of the most prominent
mechanisms that contribute to innate immunity
against toxic proteins. Firstly, the heteromolecular
complex can withstand the conditions that
ordinarily lead to gastric metabolism. Secondly,
the toxin can bind exploitatively to receptors
on epithelial cells, leading to absorption of the
molecule rather than elimination. This serves
to re-affirm the premise presented above (#3).
Whether directed against the neurotoxin,
the auxiliary proteins, or both, a secretory
IgA response would create a barrier to toxin
absorption that could substitute for circumvented
mechanisms of innate resistance.
For patients who are at risk of primary infection,
there is the theoretical possibility that an
attenuated vaccine could combat colonization
by clostridial spores in the gut. However, there
are powerful factors that weigh against this as
a realistic option. The number of patients who
develop primary infection as a natural disease is
too low to warrant development of an attenuated
vaccine. In addition, primary infection would
be relatively difficult to implement as an act of
bioterrorism, and it has essentially no relevance as
an act of biological warfare.
Botulinum toxin is not known to exert direct
effects on the central nervous system. This
means that an immune response must attack and
neutralize serotypes A, B, and E before they enter
peripheral nerve endings, but not central nerve
endings.

EPIDEMIOLOGY
Naturally Occurring Disease
Reports have appeared at irregular intervals
describing the incidence of botulism in the US (e.g.,
Sobel et al., 2004; Gupta et al., 2005). Over an extended
period of time, both the number of outbreaks per year
and the number of cases per outbreak has been low.
An exact insight into the frequency of the disease can
be gained from the epidemiologic report by Shapiro
et al. (1998). Reviewing the data that were available
for approximately a quarter of a century (1973–1996),
these authors found that the median number of cases
reported annually to the Centers for Disease Control
and Prevention was ca. 100.
Few equivalent reports exist that quantify the
worldwide incidence of botulism over time (but
see Todd, 1997). However, given the way in which
the disease presents when it is naturally occurring
(Table 46.1), and given that the disease is not transmitted from patient to patient, one can deduce that
the worldwide incidence is likely to be relatively low.

Bioterrorism and Biological Warfare
Botulinum toxin is considered a prime candidate as a potential bioweapon (Arnon et al., 2001).
Indeed, there is strong evidence that the toxin, or
cultures containing the toxin, have been isolated
for the purpose of intentionally poisoning civilian (viz., bioterrorism) and military (viz., biological
warfare) populations (Caya et al., 2004; Christopher
et al., 1997; Klietmann and Ruoff, 2001; Zilinskas,
1997). For example, during the first half of the
20th century, cultures of C. botulinum were fed to
Manchurian victims by their Japanese occupiers.
Shortly thereafter, during World War II, a number
of Western nations began accumulating clostridial
cultures and semipurified toxin. This was often
described as being for defensive purposes (i.e., toxoid production), but it is likely that offensive purposes were part of the primary motive. During the
second half of the 20th century, certain nations that
had signed the international convention banning
offensive use of biological toxins accumulated frightening amounts of botulinum toxin (e.g., Iraq, the
former Soviet Union), and there is no doubt that this
was intended for use as a weapon. In addition, the
Japanese cult Aum Shinriko not only accumulated the
toxin, but also used it in aerosol attacks against civilian and military targets. Thankfully, these attempts at
intentional poisoning have largely failed.
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This unsettling history has caused botulinum toxin
to become one of the agents that is on Select List A
(NIAID, 2002). Each of the agents on this list possesses
properties that contribute to a high level of risk. For
botulinum toxin, the principal characteristics are:
●
●

●

The extreme potency of the toxin.
The relative ease with which the toxin can be
isolated and then used with malice.
The severity of the disease caused by the toxin,
coupled with the prolonged and intensive medical
care needed to treat serious poisoning.

Concerns about the potential use of the toxin as a
bioweapon are heightened by the absence of adequate
and targeted medical countermeasures. The three
most obvious forms of intervention would be vaccination, therapeutic antibodies, and pharmacologic
antagonists. At present there is no licensed polyvalent vaccine against botulinum toxin. Until the
relatively recent past the only therapeutic antibody
available was equine in origin. However, a significant
advance occurred with the introduction of a licensed
botulism immune globulin (BIG) (Arnon et al., 2006).
This product is intended for use in infants with foodborne botulism (primary infection; see Table 46.1)
due to serotypes A and B. In addition, substantial
progress has been made in preclinical studies aimed
at generating a new class of therapeutic antibodies
(Nowakowski et al., 2002). It is likely that these antibodies will soon enter clinical trials.
Concerns about the potential use of botulinum
toxin against civilian or military populations have
dramatically intensified efforts to identify pharmacologic antagonists. Most investigators have focused
on agents that either block toxin binding to neuronal membranes or that block intracellular expression of toxin catalytic activity (Dickerson and Janda,
2006). Unfortunately, none of these agents has entered
clinical trials.

THE SEARCH FOR VACCINES
It would be gratifying to report that the field of
vaccine development has been governed by the various principles that apply to rational design, but this
would not be entirely true. Perhaps a truer assessment
would be that the field has been governed by widely
separated episodes of urgency, and two of these episodes have figured prominently in product development. The first began early in the last century,
was intensified in the wake of World War II, and
culminated in a chemical (formalin-inactivated) toxoid
(Anderson and Lewis, 1981; Smith, 1977). The second
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began slightly before the turn of the present century,
was intensified in the wake of the terrorist attacks on
the World Trade Center and the bioterrorist attacks
with anthrax, and culminated in a recombinant toxoid (Byrne and Smith, 2000; Smith, 1998). Both efforts
should be viewed as milestones, and both resulted in
Investigational New Drug status. However, neither
toxoid has been licensed.
It is commendable that progress has been made
toward developing a vaccine against botulinum toxin,
but at the same time one must note that there are
obvious and important ways to improve on the existing technology. Therefore, the sections that follow will
survey the current field of vaccine development. The
goal is to lay a framework for gauging the distance
between current technologies and an “ideal” technology based on rational design.

Chemical Toxoids
Efforts to develop a vaccine against botulinum
toxin predated knowledge about structure and
structure–activity relationships of the molecule. For
that matter, vaccine research began before the techniques for isolation and purification of toxin were
fully developed. This meant that investigators who
pioneered vaccine research were effectively limited to
only one strategy: chemical inactivation of a bacterial
culture fraction that was enriched in toxin (Fig. 46.1).
The initial work to develop a vaccine began almost
60 years ago, in response to concerns that the toxin
would be used in biological warfare. The effort to generate a pentavalent product (A–E) required an extended
period of time (Byrne and Smith, 2000). The process
involved growing individual cultures that were acidprecipitated, processed to remove unwanted bacterial
debris, and then precipitated again. The final product,
which was still highly impure, was treated with formalin to denature, cross-link, and inactivate the toxin
that was present. The individual formalin preparations
were then combined to create a pentavalent toxoid.
In subsequent work, a monovalent toxoid was generated against serotype F (Hatheway, 1995; Montgomery
et al., 2000). In this case, a greater effort was made to
fractionate material, and thus there was greater enrichment of toxin in the mixture treated with formalin. Both
the pentavalent and the monovalent preparations were
adsorbed to aluminum hydroxide, and both formulations were designed for parenteral administration.
Neither the pentavalent nor the monovalent toxoid has progressed through the entire regulatory
process needed to secure United States Food and
Drug Administration approval. However, both have
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received Investigational New Drug status, and limited
quantities of the pentavalent toxoid are distributed by
the Centers for Disease Control to persons for whom
immunity is appropriate (i.e., laboratory workers who
handle toxin).
Relatively little work is now being done on traditional toxoid preparations (for example, Montgomery
et al., 2000; Mahmut et al., 2002; Torii et al., 2002;
Kobayashi et al., 2005). This diminished interest
in chemical toxoids can be attributed entirely to
advances in alternative technologies. Recombinant
techniques can now be used to express a holotoxin
that is devoid of the ability to poison cholinergic transmission (e.g., point mutations that abolish LC catalytic
activity; Kiyatkin et al., 1997). In addition, polypeptide
domains within the toxin have been identified that are
capable of evoking a robust immune response (Byrne
et al., 1998). This means that a vaccine can be prepared
without ever having had active toxin as a precursor or
as an ingredient.

holotoxin as a parenteral and nonparenteral vaccine.
Kiyatkin et al. (1997) expressed a full-length serotype
C holotoxin that had three amino acid mutations
(H229 → G; E230 → T; H233 → N) The isolated and
mutated LC was also expressed. When tested in vivo
(mouse toxicity assay) and in vitro (murine phrenic
nerve-hemidiaphragm bioassay), the mutated holotoxin was devoid of neuromuscular blocking activity.
When tested in a broken cell assay (isolated and ruptured synaptosomes) neither the mutated holotoxin nor
the mutated LC possessed catalytic activity.
When mice were immunized with the two recombinant
polypeptides, the results were largely in keeping with
expectations (Fig. 46.3). Intramuscular administration of
Potential recombinant vaccines
1. N

C N
S

2. N

C

S
C

Recombinant Toxoids
C

There are three lines of investigation that have been
pursued in an attempt to identify a recombinant vaccine that will evoke a neutralizing antibody response:
(1) expression of holotoxin in an inactive form,
(2) expression of large polypeptides that represent
functional domains within the toxin, and (3) synthesis
of small polypeptides that could represent linear
epitopes. In all cases, the principal goal has been
to elicit a high circulating titer of neutralizing IgG
antibody.

3.

6. N

C N

C

Inactive Holotoxin

7. N

C N

C

There is an obvious advantage of using the entire
toxin molecule as an antigen: every epitope in the
native toxin will be present. Furthermore, when compared to a formalin-inactivated toxoid, a recombinant
holotoxin can be generated that has little or no change
in structure. Yet another advantage is that the holotoxin, unlike specific functional domains (e.g., LC)
or small polypeptides, retains the ability to bind and
penetrate epithelial barriers. Therefore, the modified
holotoxin could be evaluated as an oral or inhalation
vaccine.
There are several possible ways in which a holotoxin
can be expressed as an inactive variant. The most
well-documented of these is to perform site-directed
mutagenesis to alter the histidine motif in the LC that
is essential for catalytic activity. This was the technique
that was used to generate and test the first recombinant
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FIGURE 46.3 Potential recombinant vaccines. There are several
different recombinant functional domains that are candidates as
vaccines against botulinum toxin. These candidates represent the
LC (black tone; 50,000 Da), the amino-terminal half of the heavy
chain (HCN; grey tone; 50,000 Da), and the carboxy-terminal half
of the heavy chain (HCC; intermediate tone; 50,000 Da), either individually or in combination, as follows: (1) holotoxin with point
mutations to render it nontoxic, (2) the isolated LC, (3) the isolated
HCN, (4) the isolated HCC, (5) a dipeptide containing LC linked to
HCN, with a disulfide bridge that mimics that in the holotoxin (1),
(6) a single-chain molecule in which LC and HCN are linked by an
amide bond, (7) a single-chain molecule in which LC and HCC are
linked by an amide bond, and (8) HC. The strategies of testing inactive holotoxin, individual functional domains, and combinations of
functional domains have all been tested in laboratory animal experiments. To date, the only candidate that has reached human clinical
trials is HCC (4).
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either the holotoxin or the LC evoked a circulating titer
of neutralizing IgG antibody and resistance to native
toxin. Oral administration of the holotoxin similarly
evoked an immune response, but oral administration of
the LC did not evoke protection. The latter result could
be attributed to the inability of the LC to bind and penetrate epithelial barriers.
Results such as these are promising, but there are
issues that must be addressed, particularly regarding
route of vaccine administration. If the goal is simply to
create an injectable vaccine, a nontoxic holotoxin would
be acceptable. If the goal is to create an oral vaccine—
which is clearly preferable—there is a hurdle that must
be overcome. When botulinum toxin is synthesized
and released from clostridia, it is part of a noncovalent
complex that contains other proteins, including hemagglutinins and a so-called nontoxin, nonhemagglutinin. These proteins intertwine in a way that produces
remarkable resistance to the harsh conditions of low
pH and proteolytic enzymes in the gut. When the toxin
is stripped of this protective complex, it is less potent
as an oral poison. It is, nonetheless, active by the oral
route, and it is even more active when injected directly
into the upper small intestine to bypass gastric metabolism (Maksymowych et al., 1999).
The concept of artificially wrapping a recombinant
holotoxin with recombinant proteins may sound
reasonable, but in practical terms it is not feasible.
Fortunately, there is a relatively simple and straightforward alternative. The science of drug delivery
has identified several techniques for protecting oral
medications from metabolic degradation in the gut.
Perhaps the best-known strategy involves encapsulation combined with enteric coating. This would appear
to be an ideal approach for a botulinum vaccine.
An appropriately designed delivery system could
protect the molecule during its transit through the
stomach, and the molecule itself could then bind and
penetrate epithelial barriers in the intestine to reach
the general circulation. This is an entirely feasible
strategy that deserves serious consideration.
Functional Domains
The tactic of using recombinant functional domains
as vaccines shows great promise, and it appears to
be one that is en route to winning clinical approval.
This approach could involve any one of six potential
candidates: the isolated LC, the amino-terminal half
of the heavy chain (HCN), the carboxy-terminal half
of the heavy chain (HCC), a dimer of LC and HCN, a
dimer of LC and HCC, or a dimer of HCN and HCC
(i.e., intact heavy chain). Several of these candidates
are being explored (Byrne et al., 1998, 2000; Byrne and
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Smith, 2000; Jensen et al., 2003; Kiyatkin et al., 1997;
Park and Simpson, 2003; Yang et al., 2004), but greatest
progress has been achieved with HCC (Baldwin
et al., 2005; Byrne et al., 1998, 2000; Byrne and Smith,
2000; Clayton et al., 1995; LaPenotiere et al., 1995).
Vaccination of animals with this domain of serotypes
A, B, C, D, E, and F has been shown to evoke protective
antibody formation (circulating IgG) and resistance
to the respective parent toxins.
The concept of using HCC as a vaccine against botulinum toxin can be traced to earlier work on tetanus
toxin. Botulinum toxin and tetanus toxin are both
clostridial in origin; they have similar macrostructures
(viz., functional domains); and they both act on nerve
terminals to block transmitter release. Early work on
the protein structure of tetanus toxin revealed that this
molecule could be cleaved by trypsin to yield two
main fragments: the LC still associated with the aminoterminal half of the heavy chain, and the remaining
carboxy-terminal half of the heavy chain. The latter,
which was called “fragment C”, was shown to be an
excellent immunogen (Fairweather et al., 1987;
Helting, 1984; Makoff et al., 1989). These observations on cleavage products of tetanus toxin were the
forerunners in efforts to use HCC as a vaccine against
botulinum toxin.
Work to demonstrate that the HCC domain can
be used as an injectable vaccine has been pioneered
by investigators at the U.S. Army Medical Research
Institute for Infectious Diseases (Byrne and Smith,
2000). In its initial iteration, this work focused on
expression of the serotype A polypeptide in a traditional system (e.g., Escherichia coli). This approach
worked, but it had notable limitations. Codon usage
in clostridia is different from that in E. coli, and therefore expression efficiency of the HCC polypeptide was
only modest. Also, E. coli is generally not an adequate
expression system for generation of the amounts of
protein needed for eventual clinical testing and use.
The first problem was addressed by creating a synthetic gene that was designed for optimization of HCC
expression in E. coli (Clayton et al., 1995). The second
problem was solved by moving to an alternate and
large-scale expression system (Pichia pastoris), while
retaining the concept of using a synthetic gene that
optimizes expression (Bouvier et al., 2003; Byrne et al.,
1998; Potter et al., 2000).
The work on expression of the HCC domains of
serotypes A and B has progressed very nicely (Potter
et al., 2000). Procedures for optimization of expression under GMP conditions have been achieved, and
both an absence of toxicity and the presence of efficacy in preclinical models have been demonstrated.
The U.S. Food and Drug Administration has granted
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Investigational New Drug status to these products,
and they are currently in clinical trials (Byrne and
Smith, 2000; Smith et al., 2004).
Work similar to that with serotypes A and B is
underway with other serotypes, including C and
D (Arimitsu et al., 2004; Lee et al., 2007; Webb et al.,
2007; Woodward et al., 2003), E (Smith et al., 2004),
and F (Byrne et al., 2000; Holley et al., 2001; Johnson
et al., 2003). There is reason to be optimistic that this
approach could ultimately generate a polyvalent vaccine that combines HCC domains of the various serotypes to produce multivalent resistance.
The discussion so far has focused on generation of
an injectable vaccine against botulism. Interestingly,
these same polypeptides can also be used as oral and
inhalation vaccines. In a series of structure–function
studies intended to localize the minimum essential
domain that is needed for binding and penetration of
human epithelial cells, Maksymowych and Simpson
found that only a fraction of the holotoxin was necessary (Maksymowych and Simpson, 2004). Neither the
LC nor the amino-terminal portion of the heavy chain
was required. The isolated HCC polypeptide possessed the same ability to penetrate human gut and
airway epithelial cells as the parent holotoxin. The
fact that HCC retains the ability to cross epithelial barriers, combined with the fact that it can evoke a robust
immune response, suggests that HCC would be an
excellent candidate for a mucosally administered vaccine (Lamm, 1997; Ravichandran et al., 2007).
Specific Epitopes
Ideally, the exact number, nature, and location of
every epitope on each serotype of botulinum toxin
would be mapped. This would be invaluable both to
investigators trying to develop vaccines and to those
trying to generate therapeutic antibodies. Sadly, this
ideal is far from being realized. Of the seven serotypes, only one can be characterized as having been
the subject of intense research (e.g., serotype A); and
even for this serotype a complete epitope map is not
yet available.
It is not clear whether the total number of epitopes
in the intact botulinum toxin type A molecule is
known. In the most detailed study quantifying the
number of monoclonal (single chain variable fragment)
binding sites, Chen et al. (1997) reported a total of
40 sites that were exposed in the intact molecule. An
additional four sites were occult. Epitope mapping
indicated that 22 of the exposed sites were in the
carboxy-terminal portion of the heavy chain (receptor
binding domain; HCC), 3 were in the amino-terminal

portion of the heavy chain (translocation domain;
HCN), and 15 were in the LC (catalytic domain).
Efforts to localize epitopes as potential vaccines
have focused overwhelmingly on the heavy chain,
and on the carboxy-terminal end of this chain in particular. This is simply a reflection of the fact that this
portion of the molecule has long been known to be an
efficient immunogen. Given that this is the only functional domain that has been advanced to the stage
of initial clinical trials, attention will likely remain
focused on this region of the molecule.
Two general strategies have been pursued in the
quest to find clinically relevant epitopes (also known
as putative vaccines). One approach has been to use
the heavy chain or its isolated carboxy-terminal as an
immunogen to raise monoclonal antibodies. Various
techniques are then used to deduce or to determine
the region or even the specific amino acid sequences
that are antibody-binding sites. The second approach
has been to synthesize relatively small (and sometimes overlapping) peptides on the premise that toxin
epitopes are represented somewhere in this population of molecules. Each of the amino acid sequences is
then tested to determine which will elicit antibodies,
and preferably neutralizing antibodies. As far as linear epitopes are concerned, these two strategies should
ultimately generate compatible outcomes. As far as
conformational epitopes are concerned, the synthetic
polypeptide approach will have limitations. This will
certainly be true when conformational components
arise from amino acids that are well separated in the
primary sequence. The impact of this limitation cannot
be stated with certainty because the relative number of
linear and conformational epitopes is not known.
There are more than two decades of research in
which investigators have generated monoclonal antibodies against inactive holotoxin or polypeptide fragments. Virtually none of the early work had vaccine
development as a primary motive; instead, the typical
goal was to use the antibodies as tools to map the structure and function of the toxin molecule (for a representative early paper, see Kozaki et al., 1986). More recently,
several laboratories have sought to identify monoclonal
antibodies that have significant neutralizing activity.
This work has utilized toxoid preparations of holotoxins
or specific functional domains, such as the HCC domain,
as antigens (for representative papers from different
laboratories, see Amersdorfer et al., 1997; Brown et al.,
1997; Kubota et al., 1997; Rosenberg et al., 1997; Wu
et al., 2001; Yang et al., 2004). One encouraging point
that emerges from all these and related studies is that
it is possible to isolate antibodies that have appreciable
neutralizing activity.
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Unfortunately, the effort to translate monoclonal
antibody binding sites into putative vaccine candidates has not met with great success. Thus, as an illustration, Wu et al. (2001) have identified monoclonal
antibodies that have substantial neutralizing activity.
Using phage display, they were able to identify a
specific amino acid sequence which, when expressed,
could bind to the antibodies. For technical reasons, it
was not possible to use a small polypeptide representing the putative antibody-binding domain to evoke a
meaningful immune response.
Bavari et al. (1998) used a somewhat different
approach. Rather than generating an entire phage display library of polypeptides, they instead focused on
two 25-mers that had been predicted to be antibodybinding sites based on conformational modeling studies that suggested the location of solvent-exposed loops.
These synthetic polypeptides were indeed binding proteins for neutralizing antibodies, but when tested as
immunogens only one of the peptides was active, and
the level of induced resistance was modest.
This line of investigation sets the stage for the complementary approach, in which putative epitopes are
the starting point. However, there is a cautionary note
that must be inserted, especially in the context of using
small polypeptides from HCC as vaccines. Tavallaie
et al. (2004) performed a comparison study in which they
examined HCC as well as each of the two ends of this
polypeptide as vaccine candidates. They made the interesting discovery that neither half of the HCC domain,
nor the two used in combination, was equivalent to the
intact HCC as a vaccine. These results suggested that the
interfacial region between the two halves of HCC is critical to evoking a maximal protective response.
The effort to localize epitopes to specific and small
linear sequences has been almost wholly the providence of one laboratory and its collaborators (Atassi
and Oshima, 1999). The essence of this work has been
to synthesize small, overlapping peptide sequences
that reflect the linear sequence of the toxin. Most
of this work has focused on HCC (Atassi et al., 1996;
Oshima et al., 1997, 1998), although HCN has also
been examined (Atassi and Dolimbek, 2004; Atassi
et al., 2005). This work has contributed considerably
to an understanding of the antibody-binding domains
that are linear in nature. However, the investigators
have set a high standard that, with respect to botulinum toxin, has not been entirely met. In earlier work
on α-bungartoxin, Dolimbek and Atassi (1996) made
the observation that a conjugate containing three
synthetic peptides mimicking three domains within
α-bungartoxin was a better vaccine than the holotoxin
itself. A similar accomplishment has not been achieved
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with botulinum toxin, but if it were to be achieved, it
would deservedly draw considerable attention.
Superantigens
It is inherent in the concept of serotypes that the
different botulinum toxins are relatively or completely
immunologically distinct. Generally speaking, investigators have accepted the premise that a vaccine must
be polyvalent to afford protection against multiple
serotypes. This could mean having to develop and
subsequently mix seven monovalent preparations to
achieve full spectrum protection. The issue becomes
even more problematic when one considers subtypes.
There is an emerging literature showing that individual serotypes can have multiple subtypes, these
subtypes can have notable differences in amino acid
sequences, and antibodies that efficiently neutralize
one subtype may not be efficient in neutralizing others (Smith et al., 2005). The implications this has for
vaccine development—and even more so for therapeutic antibody development—are obvious.
The existence of so many variants of botulinum
toxin encourages the effort to re-examine and re-think
the issue of distinctness. At a minimum, it would be
desirable to identify shared epitopes across any given
family of subtypes (e.g., serotype B subtypes); even
better, it would be desirable to find common epitopes
across all serotypes (e.g., A–G). This search is given
added impetus by the two major lines of research
summarized above. Both those who use antibodies to
map epitopes and those who use putative epitopes to
map antibody-binding sites agree on one fundamental premise. The evoking of antibodies, whether for
active immunization or for passive immunization,
is optimized with oligoclonal or polyclonal preparations. This simple and fundamental premise takes on
considerable weight when discussing the possible
existence of superantigens. It is not essential that each
of the clonal members of a group be highly active.
Even relatively weak antibodies can combine to produce a potent neutralizing outcome (Nowakowski
et al., 2002). Thus, a superantigen does not have to
evoke neutralization of all toxin variants, or for that
matter even one variant, to be useful. If a superantigen can combine with a small number of other antigens to produce a highly protective response, it will
have served an important purpose.
The effort to identify and localize superantigens
for botulinum toxin cannot be described as a hotbed
of current research! One might even say that the most
important findings to date are relics from the past. For
example, it has been known for decades that there is
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substantial cross-reactivity between serotypes C and
D (Oguma et al., 1980). As another example, one often
quoted paper that describes an antibody recognizing serotypes B, C, D, and E was published almost
20 years ago (Tsuzuki et al., 1988).
The tools for localizing putative superantigens are
much more powerful now than they were in the recent
past. In addition, immunologists are skilled at evoking
immune responses to peptides and other agents that
are ordinarily poor antigens. In the face of the growing multiplicity of botulinum toxin variants, the need
to explore superantigens is urgent.
Mechanism of Vaccine Action
The key extracellular step in botulinum toxin
action is association with peripheral cholinergic nerve
endings. The carboxy-terminal portion of the heavy
chain binds to membrane receptors, and this initiates
the sequence of events that culminates in blockade of
exocytosis. This is the same portion of the toxin molecule that is being vigorously examined as a vaccine
candidate. Many laboratories have reported that this
portion of the molecule possesses numerous epitopes.
It has also been reported that antiserum raised against
this domain can neutralize toxin action when tested in
vivo, and it can delay onset of neuromuscular blockade when tested in vitro. This would seem to be a
compelling argument that a vaccine possessing the
HCC domain leads to neutralization of toxin action by
occluding the receptor-binding domain (Kozaki et al.,
1989). Toxin that cannot bind to its target organ is left
stranded until it is eliminated from the body.
The concept that an antibody can associate with
the HCC domain in a way that prevents subsequent
toxin binding to vulnerable cells is absolutely sound.
Furthermore, if the affinity constant governing the
antibody–antigen reaction is respectable, and if the
antibody titer following immunization is respectable, then it is a certainty that occlusion of the binding domain can delay or even prevent poisoning.
However, these sound concepts should not be extrapolated to mean that occlusion of receptor binding is
the only mechanism that underlies vaccine action.
Indeed, it may not even be the most important action.
A recent series of studies on the systemic pharmacokinetics of botulinum toxin has revealed that there is
another mechanism for antibody-induced protection,
and this mechanism precedes that of protection at the
neuromuscular junction. It has been reported that the
circulating half-life for botulinum toxin in mouse and
rat blood is several hours (Ravichandran et al., 2006).
The majority of toxin in the circulation is in the free
form, and as such it is available for distribution to

other parts of the body, including the neuromuscular
junction. The fate of toxin in the presence of a neutralizing titer of antitoxin is dramatically different. Within
approximately 5 min, the majority of the toxin is
cleared from the circulation. Enhanced clearance was
due mainly to the accumulation of toxin in liver and
spleen (Dodd et al., 2005; Ravichandran et al., 2007).
There are two implications that stem from these
findings. Firstly, a botulinum toxin vaccine can provide multiple layers of protection. It initially removes
a large fraction of the toxin from the circulation and
thereby prevents its delivery to the neuromuscular
junction. Of the fraction that does reach peripheral
nerves, toxicity is antagonized by antibody occlusion
of the binding domain. Secondly, it is the enhanced
clearance that is quantitatively more important. When
exposed to a sufficient titer of antitoxin antibodies,
most of the toxin is removed from the circulation and
thus never reaches its target organ. It is reassuring
to know that a vaccine can evoke resistance by more
than one mechanism, each of which by itself is quite
effective (Ravichandran et al., 2007).

VARIATIONS ON A THEME
The preponderance of current vaccine research deals
with one mode of administration (injection), one type
of antigen (recombinant polypeptide), and one type of
response (circulating IgG). Although this is an excellent
starting point, it would not be appropriate to claim that
this is the best approach that can be envisioned. There
are a number of ways to improve an injectable vaccine
that evokes a circulating IgG response. Furthermore,
many of these improvements are within technical
reach. Some of the more promising of these potential
improvements are considered below.

Route of Administration
All agencies that have a major stake in vaccine
development, such as the National Institutes of
Health, the World Health Organization, and the Bill
and Melinda Gates Foundation, have encouraged
efforts to develop “needle-free” vaccines. The benefits
that arise from oral, inhalation and other “needlefree” methods of administration are numerous, well
known, and compelling (Mitragotri, 2005; Neutra and
Kozlowski, 2006). These benefits would apply to a
botulism vaccine as much as they would apply to any
other vaccine.
One might argue that there is a biological imperative to developing an oral or inhalation vaccine against

IV. BACTERIAL VACCINES

50_P369408_Ch46.indd 906

11/4/2008 9:51:28 AM

VARIATIONS ON A THEME

botulinum toxin. This statement is based on the fact
that the toxin molecule itself has the inherent ability to
bind and penetrate gut and airway epithelial barriers.
Thus, it should not be surprising that a variant of the
toxin that was engineered to lack catalytic activity (and
therefore neurotoxicity) has been shown to be an oral
vaccine (Kiyatkin et al., 1997). More recently, the native
heavy chain (Park and Simpson, 2003) and the recombinant carboxy-terminal fragment (HCC) have also been
shown to be active when administered by mucosal
routes (Ravichandran et al., 2007; Simpson et al., 2003).
The inhalation route might seem particularly desirable because the airway does not have the harsh conditions of low pH and proteolytic enzymes found in
the stomach. This should mean that the auxiliary proteins that ordinarily protect the toxin from metabolism in the gut, or surrogates for these proteins such
as enteric coatings, would be unnecessary. Even so,
the advantages of not needing an enteric coating may
be outweighed by other factors. It is well established
that there are mechanisms by which xenobiotics delivered by the inhalation route can gain direct access to
the brain. It is also well known that there are many
common and not-so-common disorders of respiratory
function that could mitigate attempts to deliver a vaccine by the inhalation route.
Perhaps the most prudent strategy at this point is
to encourage research that would foster any viable
“needle-free” vaccine. The development of an oral formulation that utilizes an enteric coating is not a particularly daunting challenge. Similarly, the design of
experiments that could determine whether an inhalation formulation delivers foreign products to the brain
is not difficult. A focused and well-conceived research
plan could put a “needle-free” vaccine within reach
rather quickly.

Source of Antigen
The ultimate product that a vaccine delivers to
the immune system will be a polypeptide that mimics the parent toxin, but this does not mean that the
polypeptide itself must be in the vaccine formulation.
An alternative is to deliver the message that encodes
the polypeptide. All three of the common approaches
to delivering message have been reported. DNA vaccines have been tested for serotypes A (Clayton and
Middlebrook, 2000; Shyu et al., 2000) and F (Bennett
et al., 2003; Jathoul et al., 2004); a viral vector system
has been tried with serotype A (Lee et al., 2001); and a
bacterial expression system has been tested with serotype F (Foynes et al., 2003). In every instance, the goal
was to elicit an immune response to the HCC domain.
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The initial efforts to create a DNA vaccine against
serotype A were only partially successful (Clayton
and Middlebrook, 2000; Shyu et al., 2000). Although a
measurable titer of circulating IgG could be detected,
the magnitude of the protective effect was relatively
small. Subsequent efforts with a serotype F vaccine
were more successful, and thus immunized animals
were protected against challenge doses in the range of
104 MLD (Jathoul et al., 2004).
A propagation-deficient Venezuelan equine
encephalitis virus vector was used to induce immunity to serotype A (Lee et al., 2001). This approach
evoked a protective response against challenge doses
of 105 MLD, and the protective immune response was
still substantial 6 months and 1 year after immunization. Favorable results were also obtained with an
attenuated Salmonella enterica var typhimurium expression system (Foynes et al., 2003). Induced immunity to
serotype F afforded protection against challenge doses
in the range of 104 MLD. This study did not monitor
the duration of immunity.
The demonstration that high levels of protective
immunity can be induced by viral and bacterial
systems will no doubt fuel discussion about the relative merits of polypeptide vaccines versus nucleic acid
vaccines. That discussion is beyond the scope of this
review. On the other hand, it is worth noting that the
two types of vaccines do have one feature in common.
Depending on the formulation used for polypeptide
vaccines, and depending on the virus or bacterium
used for nucleic acid vaccines, both could be administered by the oral or inhalation routes.

Nature of the Immune Response
The concept of administering a polypeptide or a
nucleic acid vector by a mucosal route has implications
beyond those of eliminating the adverse consequences
of using, storing, and disposing of needles and
syringes. The most important of these is the prospect of
evoking a local or universal secretory IgA response. At
a minimum, IgA-mediated immunity at the mucosal
level would provide an added layer of protection
against botulinum toxin. Most cases of botulism are
due to ingestion of toxin, or to ingestion of organisms
that manufacture the toxin in the gut (see Box 46.1).
Similarly, there is the anticipation that most cases of
bioterrorism or biological warfare, should such incidents occur, would be due to oral or inhalation poisoning. These observations highlight the importance of an
IgA-mediated protective barrier in the gut and airway.
In view of the potential importance of evoking a
mucosal immune response, it is surprising that so little
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work has been published in this field (Fujihashi et al.,
2007). One exception is a recent study that utilized
toxoid rather than recombinant polypeptide, and
added a mutant form of cholera toxin as an adjuvant
(Kobayashi et al., 2005). This cocktail is not likely destined for clinical approval. Nevertheless, the work
did demonstrate an awareness of evoking a mucosal
immune response. Another example is a recent study
in which recombinant HCC was used as an antigen.
This study describes a trivalent vaccine against botulinum toxin (serotypes A, B, and E), and it utilized
adjuvants that have already been approved for use in
human patients (Ravichandran et al., 2007).

Monovalent versus Polyvalent
There is a consensus among investigators and public health officials that there must be a vaccine that
protects against serotypes A, B, and E. At some point,
it may be desirable to have a vaccine against all seven
serotypes. Regardless of the number of serotypes
involved, the expectation is that a vaccine against any
particular serotype will provide protection against all
subtypes within that serotype.
All previous attempts to develop polyvalent vaccines have involved mixing of monovalent vaccines.
There is nothing in the literature to suggest that
current workers are approaching matters any differently. This is unfortunate because there may be a viable
approach to creating a polyvalent vaccine within a single polypeptide (or nucleic acid encoding the peptide).
As discussed earlier, the botulinum toxin molecule
binds and penetrates epithelial cells to enter the general circulation. Studies on the structure–function
relationships that govern penetration of epithelial
barriers have shown that the carboxy-terminal portion of the heavy chain is fully competent to achieve
this task (Maksymowych and Simpson, 2004). Neither
the amino-terminal portion of the heavy chain, which
is needed for internalization by nerve cells, nor the
LC, which acts enzymatically to block exocytosis, is
needed. The fact that the HCC domain can penetrate
gut and airway barriers, combined with the fact that
it can evoke a robust immune response, is the basis
for its being evaluated as an oral or inhalation vaccine
(Ravichandran et al., 2007).
There is yet another way to look at these data, and
the examination will reveal a creative way for making
polyvalent vaccines. The structure–function studies
on transcytosis support a new way of envisioning the
toxin molecule. The HCC domain can be viewed as a
“carrier,” and its role is to transport the remainder of
the molecule, which can be viewed as “cargo,” across

epithelial barriers (Simpson et al., 2003). This means
that the 50 kDa HCC polypeptide can act as a carrier to
transport a 100 kDa polypeptide (the rest of the toxin).
This view of the molecule prompts a logical question.
If the naturally occurring cargo were to be removed
from the carrier, would it be possible to substitute
novel cargo? To put the question into terms more
relevant to this discussion, can the carrier be used to
transport heterologous antigens into the body?
There is already a substantial body of evidence
to support the carrier–cargo concept. A host of in
vitro and in vivo experiments have been conducted
that confirm the wide breath of utility of the carrier
polypeptide in transporting heterologous molecules
across gut and airway epithelial barriers (Simpson
et al., 2003). There is no reason why this concept
cannot be applied to a polyvalent botulinum toxin
vaccine. The carrier domain of one serotype could
be used to transport the antigenic domain of another
serotype (or two? or three?) across epithelial barriers.
One obvious embodiment would be to link the HCC
domain of serotype A to the HCC domain of serotype B
to the HCC domain of serotype E. The carriers at either
end of this trivalent vaccine might even be oriented
in a way to expose their respective binding domains.
This would mean that a single polypeptide would
have two epithelial binding domains working to transport a trivalent vaccine into the body. The author and
his colleagues have already made a number of these
constructs, which are undergoing biological testing.

A PROVOCATIVE QUESTION
From the Perspective of a Disease
Discussions about vaccine development seldom
give serious consideration to the issue of an ideal
duration of immunity. When these discussions deal
with microbial pathogens, the unspoken premise is
usually that an ideal duration would be “eternity.”
If a patient were to be vaccinated only once, and if
this procedure were to evoke lifelong immunity, this
would represent the Holy Grail.
It is certainly true that in many instances a sustained
immune response would be desirable. Consider for
example the tetanus vaccine, which is the most widely
administered vaccine in the world. Current medical
guidelines propose that boosters be given at 10-year
intervals, and that these boosters be administered
throughout life. A tetanus vaccine that could evoke
lifelong immunity without the need for boosters
might be described as ideal.
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Tetanus toxin is only one of the pathogens for
which a sustained immune response would be desirable. However, there are other pathogens for which
this would not be true, and botulinum toxin happens to be one of them. If anything, a vaccine against
botulinum toxin might be seen as a counterpoint
to that against tetanus. Indeed, one might pose this
provocative question: Would an ideal vaccine against
botulinum toxin have a short duration rather than a
long duration of action?
The answer to this question may emerge from a
close examination of the role of the toxin as an agent
that causes disease. There are three ways to view the
disease, and each is related to a somewhat different
population. To begin with, botulism can be a naturally
occurring disease, and as such it can affect the entire
population. It can also be an unnatural disease—a
product of malice—in incidents of bioterrorism
and biological warfare. Bioterrorism, by definition,
applies to the civilian segment of the total population,
whereas biological warfare applies to the military segment of this population.
Naturally occurring botulism has a very low incidence, especially in countries with a well-developed
food processing industry. The incidence is so low that
there would never be a justification for universal vaccination. Only a tiny fraction of the total population
will actually contract the disease, or be at significant
risk. It is noteworthy that among those who actually
contract the disease, the largest proportion is infants
who are only several months to about one year in age
(Arnon, 1980; Ferrari and Weisse, 1995; Wigginton and
Thill, 1993). It would be meaningless to describe this
as a candidate population for lifelong immunization.
Among those who are at significant risk, one could cite
laboratory workers who handle the toxin. Conceivably
there are investigators who could benefit from lifelong
immunity, but their numbers are truly small.
Another way to view the disease is as an unnatural outcome that results from bioterrorism. This view
is certainly warranted, but at the same time one must
note that there has yet to be an incident of bioterrorism for which there was significant morbidity and
mortality due to botulinum toxin. This has led many
to conclude that, until there is a tragic event, there will
be neither policy advocacy for, nor public acceptance
of, the concept of universal vaccination. Even if there
were to be an incident, it would likely have to be one
of substantial proportions before the idea of universal
vaccination would receive serious consideration. And
even if the level of concern and alarm were to rise to
high levels, a vaccine of limited duration of action
would be more palatable to the general population
than one of lengthy duration of action (see below).
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With bioterrorism, as with naturally occurring botulism, the proportion of the population that one could
identify as reasonable candidates for lifelong immunity is minuscule. For example, one might consider
vaccinating those healthcare workers who would
be called upon to handle environmental or patient
specimens contaminated with toxin. The needs of this
population are unquestionably legitimate, but their
numbers are exceedingly small.
With biological warfare there similarly has never
been an incident for which there was significant
morbidity and mortality due to botulinum toxin.
Nevertheless, a respectable proportion of the military population could be at risk in times of conflict,
especially if that conflict is in an area where there
is evidence that hostile forces possess the toxin. In
instances like this, the proportion of the military that
is deployed to areas of risk may be a candidate for
vaccination. Current events in the Middle East can be
taken as a case in point, and it is one that illustrates
some key facts. In times of conflict, and even when
biological warfare may be a concern, there has never
been universal vaccination within the military. For
those forces that have been deployed and may have
been candidates for vaccination, the average length of
deployment is less than 36 months. This duration of
deployment is not a strong argument for long-term or
lifelong immunity.
A reasonable assessment of the risk of disease, the
likely duration of risk, and the likely numbers of persons at risk, does not justify the need for a vaccine
that has a lengthy duration of action. A more thoughtful assessment is that the true need is for a vaccine
that: (a) evokes a substantial immune response,
(b) has a limited duration of action, and (c) can be easily
administered, or re-administered, for episodic use.

From the Perspective of a Therapeutic Agent
The absence of justification for a long-acting
vaccine is not the same thing as the presence of
justification for a short-acting vaccine. Therefore,
it is appropriate to ask whether an argument can be
mounted that favors actively seeking a vaccine with a
limited duration of action. Among those in the botulinum toxin field, such an argument is both well known
and widely accepted.
In addition to being an agent that can cause disease, botulinum toxin is also an agent that can relieve
disease (Comella et al., 2005). The toxin was first introduced for neuroophthalmologic disorders in which
there is excessive and involuntary activity in efferent
nerves (“dystonia”). The toxin has since been tested
in a truly remarkable array of disorders, ranging from
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achalasia to migraine headaches to bladder dysfunction. For many patients who have these disorders,
botulinum toxin is the only agent that provides a reasonable measure of relief.
For most of the disorders in which it is used as a
medication, the toxin has an underlying mechanism of action that is similar to that described earlier.
The toxin acts on target nerve endings to block exocytosis. The therapeutic goal of blocking transmitter
release is achieved by injecting toxin locally into the
vicinity of overactive nerves. Ideally, the toxin binds
and enters nerve endings rather than diffusing away.
However, there are patients who receive relatively
large doses and/or frequent injections, and a fraction
of this toxin does diffuse away, sometimes to evoke a
systemic immune response. In essence, this is an unintended form of vaccination.
Clinical experience with patients receiving the
toxin for its therapeutic benefit makes clear that an
immune response can mitigate a therapeutic response.
By extension, one can surmise that patients who are
intentionally vaccinated would no longer enjoy the
medicinal value of the toxin. Therein lies a quandary.
Vaccines would be helpful in the context of bioterrorism or biological warfare, but there has never been an
incident that has produced significant morbidity and
mortality among any segment of the population. By
contrast, vaccines would be detrimental to patients
who need the toxin as a therapeutic agent, and the
number of such patients among the civilian and military population is steadily growing. Furthermore, the
disorders for which the toxin can be beneficial tend to
be lengthy or lifelong in duration.
One can easily deduce how an imprudent vaccine
policy could have unfortunate consequences. If a significant segment of the population were to receive a
long-acting vaccine, sooner or later some fraction of
this population would develop disorders for which
botulinum toxin would ordinarily be administered
therapeutically. These patients would be resistant to the
toxin, and therefore unable to obtain satisfactory medical treatment. This creates a troubling risk-to-benefit
analysis. One must gauge whether the potential benefit
of vaccinating any given population against a biothreat
can outweigh the authentic risk of depriving some in
this population of a proven medicinal agent.
There is no way to know in advance which members of the population may face incidents of bioterrorism and biological warfare, or to know which will
develop dystonia or related disorders. This means
that any approach to dealing with the quandary will
be less than satisfactory. Nevertheless, there are ways
in which one could approach this matter thoughtfully.
Vaccines that are intended as medical countermeasures

against bioterrorism or biological warfare with botulinum toxin should possess two properties. First, the
antigen, the formulation, and the route of administration should be designed in a way that is intended
to achieve a robust magnitude but limited duration
of action. A duration of immunity of 10 years, as is
seen with the tetanus vaccine, is too long. Something
closer to one-quarter or one-third of this may be more
rational. Secondly, a booster should be designed that
is so easy to dispense that re-establishing immunity
for those who require long-term resistance could be
easily achieved. An oral formulation might be exactly
the right thing for this purpose.

LINKING THEORY AND REALITY
The goal of this review is to extract from the basic
science and clinical science literature those findings
that could be most helpful in terms of designing an
ideal vaccination paradigm. The expectation is not
that an ideal paradigm has already been determined.
To the contrary, the expectation is that a careful survey of the literature will help to clarify the distance
between current vaccine procedures and a putative
ideal procedure.
Perhaps the most instructive way to proceed is to
propose three broad conclusions that reflect the current state of the literature. These conclusions relate to
selection of an antigen, selection of a route of administration, and determination of an acceptable duration of action. In addition, these conclusions embody,
either directly or indirectly, all of the implications for
vaccine development that were enumerated earlier in
this review.
1. The vaccine candidate that has drawn greatest
attention as a possible antigen is the HCC domain
of botulinum toxin. This polypeptide may not
be the best possible candidate one can envision.
However, efforts to improve upon it may approach
the realm of diminishing returns.
2. The routes of administration that have been the
focus of most research are intramuscular and
subcutaneous injection. Clearly, this is not ideal.
Other routes of administration are superior, both
in practical terms and in clinical terms.
3. The duration of vaccine action that has been
sought, at least implicitly, is one that is lengthy and
may approximate that of the tetanus vaccine. Once
again, this is not ideal. Although the concept of
seeking a vaccine with a limited duration of action
may seem counter-intuitive, there are compelling
reasons to pursue this course of action.
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An examination of the literature on the structure of
the botulinum toxin molecule, as well as the history
and clinical presentation of the disease botulism, provides ample evidence to support these three conclusions. This examination also suggests that there are
rational ways in which investigators can translate the
first and second conclusions into authentic vaccine
candidates. Additional information will be needed to
translate the third conclusion into practice.

Selection of Antigen
There are relatively sound bases for identifying
vaccine candidates that would be desirable, those that
would be of questionable value, and those that are
not worth pursuing. Beginning with the latter, there
is no obvious reason to pursue an attenuated vaccine.
Although it is true that most cases of naturally occurring botulism are due to primary infection, the actual
number of cases is so small that there is no impetus to
develop a vaccine against the organism. In addition,
primary intoxication is far more likely than primary
infection to be the mode of any acts of bioterrorism or
biological warfare, so again there is little impetus for
seeking an attenuated vaccine.
In the category of vaccines that are of questionable
value, perhaps the most obvious example would be the
one aimed at auxiliary proteins in the progenitor toxin
complex. Vaccination with these polypeptides has not
yielded an efficacy equivalent to that which is customary with vaccines directed against the neurotoxin or
its subunits (Mahmut et al., 2002). This is unfortunate
because there appears to be conceptual merit to this
approach. If the progenitor complex remains intact in
the stomach and intestine, then one would expect a
secretory IgA response to produce at least one antibody
clone that could attach to the complex and block its
absorption. A phenomenon such as this would produce
the most desirable form of resistance—blockade of
toxin entry into the general circulation—and it would
have a substantial secondary benefit. An immune
response directed against auxiliary proteins would not
abolish the therapeutic potential of botulinum toxin.
The importance of this secondary benefit suggests that
a renewed effort to assess mucosal immunity against
auxiliary proteins may be in order.
In the category of vaccines that are desirable, the
neurotoxin itself is the prime candidate. The only
question is whether to use the holotoxin (viz., mutated
holotoxin that does not express catalytic activity) or a
polypeptide domain (viz., truncation mutant). The
principal argument in favor of the holotoxin is that it
possesses all the epitopes. However, it should be noted
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that the toxin has a large number of epitopes, and
most of these are in one domain (HCC). The number
of epitopes in this polypeptide (ca. 20) is so large that
a robust, polyclonal antiserum is virtually assured. It
would, of course, be possible to use a larger polypeptide, but it is not clear that the presence of additional
epitopes would lead to an increase in resistance that
could be measured in clinical terms. This conclusion
is based on the observation that antibodies directed
against the HCC domain provide all three of the major
categories of resistance (i.e., blockade of absorption,
enhanced clearance from the circulation, and inhibition of neuronal binding; Ravichandran et al., 2007).
For any given HCC domain, there is a requirement that it elicit immunity against all subtypes relevant to that domain. For example, the serotype A
HCC should evoke immunity against all known subtypes of A. Little work has been done to assess crossneutralization within subtypes, so it is too early to
know whether this expectation will always be realistic
(Baldwin et al., 2005; Smith et al., 2005).
Another issue relates to multivalency. An ideal vaccine candidate would evoke immunity to the seven
serotypes, but a more pressing need is for a vaccine
that will confer resistance against the three serotypes
most commonly implicated in human illness (A, B,
and E). A trivalent vaccine could arise from the admixture of three monovalent vaccines. Alternatively, it
may be desirable to explore a single chimeric antigen
that is the fusion product of multiple HCC domains.
One final matter relates to the actual nature of the
vaccine. Stated as a question, should the preferred
embodiment be a polypeptide vaccine or a nucleic
acid vaccine? The literature on botulinum toxin
vaccines is not sufficient to support strong conclusions, although some investigators may be tempted
to extrapolate from the literature on other vaccines.
This sort of extrapolation could be misleading or
even wrong. One must recall that there is a relatively
unique feature of a rational botulinum toxin vaccine.
The ideal candidate should evoke strong immunity,
but of a limited duration. Unless and until polypeptide vaccines and nucleic acid vaccines against botulinum toxin are compared in all meaningful ways,
including duration of action, the effort to anoint one
or the other is premature.

Choosing a Route of Administration
The preponderance of research on botulinum toxin
vaccines has focused on intramuscular or subcutaneous
administration. In other words, research in this field
has been much the same as that for most other vaccines.
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However, there are sound reasons to abandon the convenience of the status quo. Three of these arguments
are especially compelling.

The Modern Era of Vaccine Development
Major healthcare entities that have a stake in vaccine
development are virtually unanimous in their advocacy
that most injection vaccines should be abandoned in
favor of noninjection (“needle-free”) vaccines. The
reasons cited for this are numerous, with the more
prominent being that needle-free vaccines: (a) reduce
the need for, and thus the cost of, healthcare personnel; (b) eliminate the possibility of accidental needle
sticks, and thus the prospect for accidental transmission of blood-borne diseases; (c) reduce the need to
store, monitor, and dispose off needle-related medical waste; and (d) eliminate the possibility of needlerelated environmental contamination. There is no
reason why a botulinum toxin vaccine should be
exempt from these considerations.

Rational Vaccine Design
If a bioterrorism or biowarfare incident were to
occur, it would likely involve oral or inhalation exposure. One of the first steps in botulinum toxin action is
association with receptors on the apical surface of gut
and airway epithelial cells. This is an essential prelude
to toxin absorption.
The fact that the toxin must bind and be transported across epithelial barriers makes clear that a
needle-free (viz., mucosal) vaccine would be superior
to an injection vaccine. The former has the potential
to evoke a secretory IgA response that could greatly
diminish or even abolish absorption of toxin. If
an oral or inhalation formulation could evoke not
only a local IgA response but also a circulating IgG
response, then the superiority of the needle-free
vaccine over the injection vaccine would be beyond
dispute.

Logistic Responses to a Biothreat Agent
If the need should ever arise to vaccinate large
numbers of the civilian and/or military populations,
the difficulty of having patients return for one or more
booster injections can pose a logistic challenge. It
would be far easier to dispense oral or inhalation formulations in the proper number of doses (viz., blister
pack) to achieve the intended outcome.

Duration of Action
The reasons for seeking a vaccine with a limited
duration of action have been presented in detail. In
that earlier discussion it was not possible to cite a
body of work on botulism vaccines that addresses
the issue of duration because no such body of work
exists.
When one considers the issue of duration, there are
two broad categories of concern: the immune system
and the antigen. The goal here is to focus on antigen,
in three senses: (a) as an agent to evoke initial immunization; (b) as an agent to extend effective immunization; and (c) as an agent that can evoke or extend
unwanted immunization.
When evoking an immune response to botulinum
toxin, the magnitude of that response and the duration of that response are influenced by the amount
and frequency of antigen (and adjuvant) administration. To the extent that there is literature to support
these relationships, it does not arise from the field of
immunology. Instead, it is a by-product of observations on patients who have been treated with the toxin
as a therapeutic agent. This patient literature also contains the finding that, within a finite amount of time,
immunity to the toxin wanes.
There is now a need for investigators who are interested in vaccine development to revisit the concept of
“optimization.” Rather than seeking formulations and
dosing regimens that maximize the duration of an
initial immunization, the aim should be to produce a
robust response of limited duration. This aim is tightly
linked to the concept of extending immunization.
A vaccination regimen that evokes a limited response
will be more acceptable, especially to those who need
long-term protection, if there is a simple approach to
extending duration. If, for example, there were an oral
booster, this would carry two significant benefits. In
mechanistic terms, it could evoke mucosal immunity
that would serve as a barrier to toxin absorption. In
patient compliance terms, it would afford a simple
and painless way to extend immunity.
Finally, there is the issue of immunization as an
iatrogenic problem. The unintended evoking of
immunity as a byproduct of toxin therapy is well documented. The unintended boosting of an earlier and
intentional vaccination has not been described, but
this may simply be a reflection of the relatively small
number of persons in whom such a problem could
emerge. If this population were to be significantly
larger—which could occur if there were an authentic bioterrorist incident—the prospects for iatrogenic
boosting would increase.
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To conclude on a positive note, the potential for
iatrogenic boosting of an immune response may be
diminishing at this very point in time. Botulinum
toxin that is given as a therapeutic agent has historically been an impure preparation. The toxin has been
administered with auxiliary proteins that are presumed to have an adjuvant-like effect, and there are
other proteins that are also present. In the recent past,
clinical trials have been initiated with neurotoxin
preparations that have fewer impurities, and initial
indications are that this material is less likely to evoke
unwanted immunity (Jankovic et al., 2003). Thus, local
administration of small amounts of pure toxin for
therapeutic purposes may have diminished ability to
evoke immunity or to boost prior immunity.

KEY ISSUES
●

●

●

●

●

●

●

●

●

●

Botulinum toxin, which is produced by the
organisms C. botulinum, C. beratii, and C. butyricum,
is the agent that causes the disease botulism.
Naturally occurring botulism is relatively rare, and
it does not warrant widespread administration of a
vaccine.
Botulism that results from acts of bioterrorism or
biological warfare could affect significant numbers
of people. Therefore, a vaccine may be needed to
protect vulnerable populations.
Botulinum toxin is also a therapeutic agent that is
used in a wide array of clinical disorders, some of
which can be debilitating.
A vaccine against botulism would protect patients
against bioterrorism and biological warfare caused
by the toxin, but it would also deprive patients of
the therapeutic benefits provided by the toxin.
There currently exists an experimental vaccine
that was generated by formalin inactivation of a
bacterial preparation enriched in toxin.
Efforts are underway to develop a new generation
of vaccines that utilize nontoxic recombinant
polypeptides derived from the toxin.
An ideal recombinant vaccine would be one
that can be administered by the oral or inhalation
route.
A mucosal vaccine should evoke antibodies that
provide at least three layers of protection: (a) in the
lumen of the airway or gut to block toxin absorption,
(b) in the general circulation to enhance clearance,
and (c) at nerve endings to block toxin binding.
Various recombinant polypeptides are being
evaluated as potential vaccines, but none has

yet been approved by the Food and Drug
Administration.
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ABSTRACT
Ehrlichiae are small, obligately intracellular, gram-negative, tick-transmitted bacteria responsible for life-threatening
emerging human zoonoses and diseases of veterinary importance, and one species is recognized as a significant
agricultural biothreat. Organisms in the genus Ehrlichia were first described in the early 20th century, and the
contemporary genus Ehrlichia consists of six named species that have regional or global distribution. The emergence
of Ehrlichia chaffeensis and Ehrlichia ewingii as human pathogens is attributed to a combination of ecologic and
demographic factors that have converged to establish these new human zoonoses in North America. Conversely,
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Ehrlichia ruminantium, an established pathogen of agricultural importance, is confined to Africa and a few eastern
Caribbean islands, causes high mortality in ruminants, and can be efficiently transmitted by Ambloymma vectors
native to North America. Thus, E. ruminantium is considered a potential agricultural biothreat to the United States
agricultural industry.
Ehrlichiae have small genomes but have evolved complex mechanisms that allow intracellular survival in arthropod
hosts and persistent infections in vertebrate hosts, by evading the innate and adaptive immune responses. Ehrlichiae
enter the host cell by receptor-mediated endocytosis that requires cellular signaling events and calcium influx. They
reside in cytoplasmic vacuoles that do not fuse with lysosomes, and they alter transcription of host cell genes involved
in apoptosis, cell cyclins, membrane trafficking, and various cytokines, by inhibiting MAK phosphorylation and
potentially by translocation of ehrlichial proteins to the host cell nucleus that modulate gene expression. Ehrlichiae
have a small group of major immunoreactive proteins that include multigene families of paralogous proteins
potentially involved in immune evasion and serine/threonine-rich proteins with tandem repeats that elicit vigorous
antibody responses. Ehrlichiae elicit an innate immune response dominated by inflammatory chemokines, but the
pattern recognition receptors and pathogen-associated molecular patterns involved in innate immune recognition are
unknown. Natural killer cells play a role in innate immune recognition of ehrlichiae, and antibodies and cell-mediated
immune responses both play a role in ehrlichial clearance. The pathophysiology of the disease appears to involve
overproduction of cytokines associated with toxic shock by cytotoxic T cells.
Live, attenuated, killed, nucleic acid, and recombinant vaccines have been developed against Ehrlichia spp.
However, development of new-generation vaccines that are effective and practical will be facilitated by the availability
of the genome sequence of several ehrlichial pathogens, recent characterization of many of the major immunoreactive
proteins and pathogenic mechanisms, and a more comprehensive understanding of protective and pathologic immune
mechanisms.

INTRODUCTION
Ehrlichioses were once considered diseases only of
veterinary importance, but the first recognized human
infection with the obligately intracellular bacterium,
Ehrlichia chaffeensis, in 1986 signaled the emergence
of Ehrlichia species as zoonotic pathogens (Maeda et al.,
1987). Subsequently in 1999, Ehrlichia ewingii, a veterinary pathogen associated with granulocytic ehrlichiosis
in dogs was molecularly identified in four patients from
Missouri presenting with fever, headache, and thrombocytopenia (Buller et al., 1999). By the end of the 20th
century, human monocytotropic ehrlichiosis (HME)
and ehrlichiosis ewingii were established as tick-transmitted zoonoses caused by E. chaffeensis and E. ewingii,
respectively. Demographic and ecologic factors have
contributed to the emergence of human ehrlichioses,
and these factors in addition to increased surveillance and diagnostic capability are likely to result in
increasing incidence of HME in the future. E. chaffeensis is now recognized as a prototypical emerging pathogen, and HME is the most prevalent life-threatening
tick-transmitted infectious disease in North America
(Paddock and Childs, 2003).
The veterinary pathogen Ehrlichia ruminantium (previously known as Cowdria ruminantium) causes severe
production losses to livestock in Africa and is considered an agricultural biothreat for the United States
mainland, and Ehrlichia canis, the first ehrichial agent
identified in North America, is the primary etiologic
agent of canine monocytic ehrlichiosis (CME) and

the only globally distributed ehrlichial agent. Progress towards the molecular characterization of these
difficult-to-cultivate agents, development of animal
models, and understanding of protective and pathologic host immune responses is facilitating the development of vaccines for emerging human ehrlichioses
and established veterinary ehrlichioses.

HISTORY OF EHRLICHIAL DISEASES
Ehrlichiae were initially recognized in the 1920s
and 1930s in Africa as agents of veterinary importance,
when Cowdry (1925) identified Rickettsia ruminantium
(now known as E. ruminantium) as the etiologic agent
of heartwater, a highly fatal disease affecting ruminants
(Cowdry, 1925). Heartwater was recognized in South
Africa as early as 1860, which coincided with the appearance of the vector Amblyomma hebraeum in the region
(Cowdry, 1925). Subsequently, Donatien and Lestoquard
(1935) described a rickettsia-like agent Rickettsia canis
(now known as E. canis) in the monocytes of Algerian
dogs. Ehrlichial diseases remained in relative obscurity
until the early 1960s when E. canis was first described in
the United States by the academic veterinarian Sidney
Ewing (1963), and was later attributed to epizootic outbreaks of canine tropical pancytopenia (CTP) (Wilkins
et al., 1967; Huxsoll et al., 1969, 1972) afflicting British
and American military dogs (sentry and scout dogs) in
southeast Asia by veterinary pathologist, David Huxsoll.
CTP ultimately caused a substantial number of deaths
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(19%) in United States military canine units between
1963 and 1970 (Wilkins et al., 1967; Kelch, 1984). CME is
now recognized as a prevalent and the only globally distributed ehrlichial disease.
In April 1986, a critically ill 51-year-old man with
history of a tick bite was admitted to a Detroit hospital with acute symptoms that included fever, malaise,
myalgia, and headache following a trip to Arkansas 3
weeks earlier (Maeda et al., 1987). The agent responsible for his illness was presumptively identified as
E. canis based on morphologic study of the patient’s
leukocytes and serologic tests, and the patient recovered after doxycycline treatment and 12 weeks of hospitalization. A few years later, in 1990, an ehrlichial
agent was isolated from an ill 21-year-old army reservist at Fort Chaffee, Arkansas. Molecular characterization of this agent revealed a new Ehrlichia sp., and was
subsequently named E. chaffeensis in 1991 (Anderson
et al., 1991; Dawson et al., 1991). E. chaffeensis is now
recognized as an emerging human pathogen of public
health importance, and HME is considered one of the
most prevalent tick-transmitted diseases in the United
States. HME, however, was not the only ehrlichiosis
to emerge in humans. In 1999, 12 years after the first
recognized case of HME was reported, four patients
from Missouri were confirmed by molecular methods
to have infections with E. ewingii, a pathogen previously considered to be only of veterinary importance
as the cause of canine granulocytic ehrlichiosis (CGE)
(Buller et al., 1999). This emerging human ehrlichiosis,
referred to as ehrlichiosis ewingii, manifests primarily in immunocompromised individuals, and thus,
appears to be an opportunistic infection in humans.

ETIOLOGIC AGENTS
Recently, the members of the genus Ehrlichia were
reclassified using contemporary molecular methods,

TABLE 47.1
Agent

which have determined that previous criteria used for
taxonomy (primarily morphology and intracellular
existence) had resulted in incorrect genetic relationships of numerous organisms in several genera containing obligately intracellular bacteria. Hence, a new
molecularly based taxonomy of the genus Ehrlichia
using two highly conserved genes, rrs (16S ribosomal
RNA genes) and groESL (Dumler et al., 2001), has
resulted in an amended and now smaller Ehrlichia
genus consisting of five members (E. canis, E. chaffeensis, E. muris, E. ruminantium, and E. ewingii) following
the reassignment of six previously recognized members to the genera, Anaplasma (E. phagocytophila, E. equi,
E. platys, and E. bovis) and Neorickettsia (E. sennetsu
and E. risticii), and acquisition of one new member
from the genus Cowdria (C. ruminantium). E. chaffeensis and E. ewingii are recognized as human pathogens
as well as pathogens of veterinary importance that
include E. canis and E. ruminantium (Table 47.1). The
genus Ehrlichia is now part of a newly created family Anaplasmataceae, which also includes the genera
Anaplasma, Wolbachia, and Neorickettsia, but remains in
the order Rickettsiales.
Ehrlichiae are coccoid and coccobacillary and exhibit
two morphologic cell types, reticulate (0.4–0.6 μm by
0.7–1.9 μm) and dense-cored (0.4–0.6 μm in diameter)
(Fig. 47.1A–C), and typically reside as microcolonies
of bacteria in cytoplasmic vacuoles derived from early
endosomes in immature and mature hemopoietic
cells (monocytes/macrophages and neutrophils) and
endothelial cells (Barnewall et al., 1997). Morulae
appear as dark blue to purple intracytoplasmic inclusions by light microscopy using Romanovsky-type
stains (Rikihisa, 1991) (Figs 47.1 and 47.2). Examination
of infected cells by electron microscopy demonstrates that in each cell numerous (1 to ⬎400) morulae
(1.0–6.0 μm) are usually present and contain as few
as one, but more often numerous ehrichiae (⬎40).
Both forms have a gram-negative cell wall structure,

Summary of medically important ehrlichiae, vectors, natural hosts, and distribution

Vector

Natural host(s)

Disease

Distribution

E. chaffeensis

A. americanum,
D. variabilus

White-tailed deer, canines

Human monocytotropic
ehrlichiosis (HME), canine
monocytic ehrlichiosis
(CME)

Southeastern, south-central
United States

E. ewingii

A. americanum
D. variabilus

Canines

Ehrlichiosis ewingii, canine
granulocytic ehrlichiosis
(CGE)

Southeastern, south-central
United States

E. canis

R. sanguineus

Canines

CME

Worldwide

E. ruminantium

A. haebreum

Ruminants

Heartwater

Sub-Saharan Africa;
Caribbean
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(A)

(B)

(C)

FIGURE 47.1 (Panel A) Ehrlichia chaffeensis dense-cored (top) and reticulate cell (bottom) morphologic types; (Panel B) scanning elec-
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a veterinary pathogen, E. ruminantium (heartwater),
considered to be a potential agricultural biothreat to
the United States, and E. canis, a globally distributed
ehrlichial agent of dogs. Vaccine development for the
ehrlichioses is being fueled by the commercial interest in vaccines for CME (E. canis) and heartwater
(E. ruminantium).
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Intensity background subtracted

tron micrograph (SEM) of E. chaffeensis infected macrophage showing ehrlichial organisms within the cell; and (Panel C) SEM of E. chaffeensis
attached to the surface of the macrophage prior to entry (Bars ⫽ 1 μm; reproduced with permission of V. L. Popov, University of Texas Medical
Branch).

E. chaffeensis is the etiologic agent of HME
(Anderson et al., 1992), which is the most severe of the
human ehrlichioses, and can also cause mild-to-severe
disease in dogs (Dawson and Ewing, 1992;
Breitschwerdt et al., 1998). E. chaffeensis exhibits tropism for monocytes/macrophages. Many (40–60%)
E. chaffeensis infections of humans require hospitalization (Eng et al., 1990; Fishbein et al., 1994), and there is
case fatality rate of 3% due to the difficulty in making
an accurate diagnosis. E. chaffeensis is maintained in
nature in a zoonotic cycle potentially involving many
vertebrate species. However, the white-tailed deer
appears to be the primary reservoir for E. chaffeensis,
but dogs may also be a significant natural reservoir
(Paddock and Childs, 2003). The primary vector is the
lone star tick, Amblyomma americanum, which is distributed from west central Texas throughout the southeastern, south-central, and mid-Atlantic states (Paddock
and Childs, 2003; Childs and Paddock, 2003). Larval
ticks become infected with E. chaffeensis after feeding
on an infected vertebrate hosts and maintain a transstadial infection. The emergence of E. chaffeensis appears
to coincide with changes in demographic and ecologic
factors including increases in vector and mammalian
host populations and human contact with natural foci,

FIGURE 47.2 Ehrlichia canis major immunoreactive proteins
as determined by Western immunoblotting of convalescent serum
from an infected dog. Peak intensity and average relative quantity
were used to identify major immunoreactive proteins. Molecular
masses of proteins represented are labeled above each peak
(Copyright permission ASM Press, McBride et al., 2003).

characterized by a cytoplasmic membrane and outer
membrane separated by a periplasmic space, but do
not appear to have peptidoglycan. Reticulate cells are
pleomorphic and have uniformly dispersed nucleoid
filaments and ribosomes, and dense-cored cells are
typically coccoid and have centrally condensed nucleoid filaments and ribosomes (Popov et al., 1995, 1998).
Small and large morulae containing both reticulate
and dense-cored cells or exclusively containing densecored cells usually in loosely packed clusters can be
observed within a single infected cell (Popov et al.,
1995, 1998). The intramorular space in some morulae
contains a fibrillar matrix of ehrlichial origin (Popov
et al., 1995).
This chapter focuses on the agents of two emerging human ehrlichioses, E. chaffeensis and E. ewingii,
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immunocompromised and aging human populations,
and improved diagnosis and reporting (Paddock and
Childs, 2003). E. chaffeensis can be cultivated in vitro in
various mammalian and tick cell lines (Dawson et al.,
1991), but causes only transient subclinical infection
in immunocompetent mice without any pathology
(Winslow et al., 1998).
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ticks including two North American species,
A. maculatum and A. cajennense, appear to have similar
transmission efficiency (Mahan et al., 2000). E. ruminantium can be cultivated in vitro in bovine endothelial cell lines and tick cells (Bezuidenhout et al., 1985;
Bell-Sakyi et al., 2000), and various strains of mice can
be infected with E. ruminantium (du Plessis et al., 1991;
Byrom et al., 2000b).

E. ewingii
Human granulocytic ehrlichiosis (ehrlichiosis
ewingii) is caused by E. ewingii and is the most
recently described emerging human ehrlichiosis
(Buller et al., 1999). E. ewingii is also a veterinary
pathogen first described in 1971 (Ewing et al., 1971),
and causes infections with two distinct clinical syndromes, anemia and polyarthritis in dogs (Goldman
et al., 1998). E. ewingii exhibits host cell tropism for
granulocytes (neutrophils), and is transmitted by the
lone star tick, A. americanum (Anziani et al., 1990).
Dogs are likely to be the main reservoir for E. ewingii,
with many of the documented human cases reporting
contact with dogs before onset of symptoms (Buller
et al., 1999). Most cases of ehrlichiosis ewingii are manifested in immunocompromised patients, and thus,
E. ewingii appears to be an opportunistic pathogen
(Buller et al., 1999; Paddock et al., 2001). There is some
serologic cross reactivity between E. chaffeensis and
E. ewingii, but this is directed at higher molecular
weight antigens and not the major outer membrane
protein (p28) (Buller et al., 1999). E. ewingii has not
been cultivated in vitro; thus molecular studies of this
agent have been limited.

E. canis
E. canis is the type species for the genus Ehrlichia
and is the primary etiologic agent of CME, a serious and sometimes fatal, globally distributed disease
of dogs (Keefe et al., 1982). E. canis is transmitted by
the brown dog tick, Rhipicephalus sanguineus (Groves
et al., 1975), and infects monocytes/macrophages
in dogs. In the United States, E. canis was initially
described in dogs in 1963 (Ewing, 1963), but received
more attention after E. canis was identified as the
agent responsible for outbreaks of an idiopathic hemorrhagic disease called tropical canine pancyopenia
in American and British military dog units on duty
in southeast Asia (Wilkins et al., 1967; Huxsoll et al.,
1969; Seamer and Snape, 1970). Human infections
with E. canis have been reported in Venezuela (Perez
et al., 1996, 2006). The clinical manifestations of acute
infection with E. canis are similar to those observed
in humans infected with E. chaffeensis. E. canis can
be propagated in numerous mammalian cell lines in
vitro and acute E. canis infections in dogs are a useful
comparative model for HME.

E. ruminantium

Genetic, Antigenic, and Phenotypic
Characteristics

E. ruminantium is strictly a veterinary pathogen
that is found on the continent of Africa (sub-Saharan)
and on a few eastern Caribbean islands after importation in the 1800s (Uilenberg, 1983). E. ruminantium
infects the endothelium and causes severe acute infection in wild and domestic ruminants known as heartwater, which can result in high mortality (50–90%)
(Uilenberg, 1983). E. ruminantium is responsible for
major production losses to the African livestock industry, and is also considered to pose a potential danger
to the southeastern United States where native competent tick vectors are present (Uilenberg, 1982; Barre
et al., 1987a; Mahan et al., 2000) and climate is appropriate for introduction of exotic tick species capable of
transmitting the disease (Burridge et al., 2000, 2002a,
2002b). In Africa, E. ruminantium is transmitted by A.
variegatum and A. hebraeum, but other Amblyomma spp.

The genomes of E. chaffeensis, E. canis, and E. ruminantium are relatively small (1.2, 1.3, and 1.5 Mbp,
respectively) and contain approximately 900 proteinencoding genes with an average G ⫹ C content of
27–29% (Collins et al., 2005; Mavromatis et al., 2006).
These genomes have a substantially lower than average ratio of coding to noncoding sequence (62–72%
coding) and contain pseudogenes (17–32) (Collins
et al., 2005; Mavromatis et al., 2006). The genomes
of these ehrlichiae reveal a high degree of genomic
synteny, gene duplications, tandem repeats, proteins
with ankyrin domains, a large group of secreted proteins with transmembrane helicies suggestive of a
complex membrane structure and protein families that
may be involved in immune evasion (Collins et al.,
2005; Mavromatis et al., 2006). Comparison of three
sequenced E. ruminantium genomes suggests active

IV. BACTERIAL VACCINES

51_P369408_Ch47.indd 923

11/5/2008 4:30:31 PM

924

EHRLICHIA

expansion and contraction of these genomes through
addition or deletion of tandem repeats in noncoding
regions (Frutos et al., 2006).
Ehrlichia are unable to utilize glucose as a carbon
or energy source because they lack essential genes
for the glycolytic pathway, ATP/ADP translocases
are absent, and they lack genes for the biosynthesis
of lipopolysaccharide and peptidoglycan, but have
complete pathways for the synthesis of purines and
pyrimidines, genes for enzymes involved in aerobic
respiration, possess a limited set of genes involved in
synthesis of lipids and phospholipids and have tRNAs
for all amino acids (Collins et al., 2005; Mavromatis
et al., 2006). E. ewingii has not been cultivated in vitro,
and very little genomic and molecular characterization of this agent has been accomplished.
Prior to genome sequence information, many genes
were molecularly characterized in E. chaffeensis, E. canis,
and E. ruminantium, including functionally conserved
genes, rrs, rrl, rrf (16S, 23S, and 5S rRNA, respectively)
(Anderson et al., 1991; Allsopp et al., 1997; Massung
et al., 2002), groEL and groESL (Sumner et al., 1993,
1997; Lally et al., 1995), thio-disulfide oxidoreductase
(dsb) (Barbet et al., 2001; McBride et al., 2002),
ferric-ion binding protein (fbp) (Yu et al., 1999a; Doyle
et al., 2005), quinolate synthetase A (nadA) (Yu and
Walker, 1997), citrate synthase (gltA) (Inokuma et al.,
2001), and a virB operon (type IV secretion machinery)
(Ohashi et al., 2002). A small group of major immunoreactive proteins of E. chaffeensis and E. canis has
been identified on the basis of immunoblot reactivity, but the functions of these proteins remain largely
unknown (Fig. 47.2). Major immunoreactive E. chaffeensis proteins are 200, 120, 88, 55, 47, 40, 28, and 23 kDa
(Rikihisa et al., 1994; Chen et al., 1994); E. canis, 200,
140, 95, 75, 47, 36, 28, and 19 kDa (McBride et al., 2003a,
2003b); and E. ruminantium, 160, 85, 58, 46, 40, 32, and
21 kDa (Mahan et al., 1994a). E. chaffeensis immunoreactive proteins (gp200, gp120, gp47, p32 [VLPT], p28s
[22 genes], and MAP2) have been molecularly characterized as well as the corresponding orthologs in
E. canis (gp200, gp140, gp36, gp19 [VLPT], p28s [25
genes], and MAP2, respectively). Fewer of these
orthologs have been molecularly identified and
characterized in E. ruminantium (MAP1 [16 genes],
MAP2, and mucin-like protein [clone hw26; gp36/47
ortholog]) (Jongejan and Thielemans, 1989; Mahan et
al., 1994a; Sulsona et al., 1999), but additional immunoreactive genes have been identified in E. ruminantium
(Barbet et al., 2001) that have not been described in E.
chaffeensis or E. canis. Immunoreactivity of the E. chaffeensis and E. canis MAP2 is primarily dependent on
a major conformational epitope and does not react by
Western immunoblot (Alleman et al., 2000; Knowles

et al., 2003), while E. ruminantium MAP2 appears to
have a linear B cell epitope (Mahan et al., 1994a).
Many of the major immunoreactive E. chaffeensis
proteins (gp200, gp120, gp47, gp28) that have been
identified and characterized, exhibit larger than predicted molecular mass and two (gp120 and gp47) have
serine-rich tandem repeats (Yu et al., 1997; McBride
et al., 2003; Doyle et al., 2006b). The VLPT protein of
E. chaffeensis also exhibits a mass twice the predicted
size and has characteristics (tandem repeats and
serine-rich composition) found in other ehrlichial proteins (Sumner et al., 1999). Strain-dependent sequence
polymorphisms have been demonstrated in the
number (2–5) of serine/threonine-rich tandem repeats
of gp120 (Yu et al., 1997; Chen et al., 1997b; Yabsley
et al., 2003) and VLPT (3–6) (Sumner et al., 1999), and
in genes encoding the p28 multigene family (Yu et al.,
1999b; Reddy and Streck 2000). The observed molecular masses of these proteins vary depending on the
number of repeat units (gp120, 80–130 kDa; VLPT,
35–55 kDa) (Chen et al., 1997a, 1997b; Sumner et al.,
1999), and variation in sizes of other homologous
proteins has been observed on Western immunoblots
reacted with monoclonal antibodies (MAb, 7C1-C, and
7C1-B) (Chen et al., 1997b). Antigenic heterogeneity
has also been demonstrated with MAb 1A9 specific
for p28 proteins, which does not react with all E.
chaffeensis isolates (Chen et al., 1997b).
The E. chaffeensis gp120 is a surface protein differentially expressed on dense-cored cells and is also a component of the fibrillar matrix found in some morulae.
The gp120 of E. chaffeensis type strain (Arkansas) has
four 240-bp repeats. Antibodies in sera from patients
with HME recognize the gp120 regardless of the
number of repeats (Yu et al., 1997, 1999a). The gp120
is highly reactive with antibodies in convalescent sera
from patients with HME and may be useful as a diagnostic antigen (Yu et al., 1996, 1999a). Similarly, the
E. canis gp140 ortholog is a highly immunoreactive
glycoprotein that contains 14 identical 108-bp repeats
that have a high serine content appear to contain a major
epitope (Yu et al., 2000a). Unlike E. chaffeensis gp120, the
E. canis gp140 is highly conserved in geographically
dispersed North American isolates each having the
same number of repeat units (Yu et al., 2000a).
The gp200 orthologs are the largest major immunoreactive protein identified in E. chaffeensis (1438 amino
acids) and E. canis (1406 amino acids) by Western
immunoblot and have predicted molecular mass
of 156 and 153 kDa, respectively, but exhibit larger
masses (⬃200 kDa) by gel electrophoresis (McBride
et al., 2003; Nethery et al., 2007). Five major speciesspecific antibody epitopes have been identified in
terminal acidic domains within the E. canis gp200
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(Nethery et al., 2007). The E. chaffeensis and E. canis
gp200s have eukaryote-like ankyrin repeats (21) that
may mediate protein–protein interactions, exhibit
chromosomal synteny, but are substantially divergent at the molecular level (nucleic and amino acid).
Ankyrin repeats are also present in numerous eukaryotic and prokaryotic proteins including A. phagocytophilum AnkA (Caturegli et al., 2000). The gp200s are
present primarily in the cytoplasm of ehrlichiae and
in the nucleus (on condensed chromatin) of infected
host cells where they may be involved in modulation
of host cell gene expression (Nethery et al., 2005).
The E. chaffeensis gp47 and E. canis gp36 are protein
orthologs that are differentially expressed on the surface of dense-cored cells and contain variable numbers of serine-rich repeats depending on the isolate
(Doyle et al., 2006b) (Fig. 47.3). The tandem repeats
(nine amino acids) of E. canis gp36 have a conserved
amino acid sequence but can vary in number. In contrast, two completely divergent E. chaffeensis gp47
repeat units (19 and 33 amino acids) have been identified in different isolates and vary in number (Doyle

FIGURE 47.3 E. chaffeensis infected macrophages (DH82 cells)
exhibiting differential expression of gp47 as visualized by threecolor scanning laser confocal fluorescent microscopy. E. chaffeensis
infected cells were dually stained with rabbit anti-Ehrlichia disulfide
bond formation (Dsb) (green: Alexa Fluor 488), and mouse anti-E.
chaffeensis gp47 (red: Alexa Fluor 568). Host cell nuclei were counterstained with 4⬘, 6⬘-diamidino-2-phenylindole, dihydrochloride
(DAPI) and images merged. Infected macrophage (center) exhibits single (green: Dsb or red: gp47) and dual-labeled (yellow) ehrlichiae in individual morulae (reproduced with permission of
J.W. McBride, University of Texas Medical Branch) (see color plate
section).
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et al., 2006a; Zhang et al., 2008). Carbohydrate has
been detected on recombinant forms of these proteins,
and the major epitope of the E. canis gp36 has been
characterized in a two-repeat unit (18 amino acids)
and in a single repeat (19 amino acids) in the E. chaffeensis gp47 (Doyle et al., 2006b). The gp47 and gp36
are secreted and observed in the fibrillar intramorular matrix and are released into the supernatant of
infected cell cultures (Doyle et al., 2006b).
The E. chaffeensis VLPT is an immunoreactive protein
that has 3–6 imperfect 30-amino acid tandem repeats
(Sumner et al., 1999; Luo et al., 2008) and has been used
to determine genetic diversity of E. chaffeensis isolates
based on the number of repeat units. The E. chaffeensis
VLPT gene amplified from blood of infected patients
most often contains five repeat units (Standaert et
al., 2000). A nonrepeat containing 19 kDa ortholog of
VLPT in E. canis (gp19) has been identified (McBride
et al., 2006). The E. canis gp19 elicits an early antibody
response, which is directed against a single major serine-rich glycopeptide epitope (25 amino acids) located
in the N-terminal region of the protein. The role of this
protein in ehrlichial pathobiology remains unknown.
Ehrlichia species have a homologous multigene family that encodes major outer membrane proteins. The
E. chaffeensis, E. canis, and E. ruminantium p28 (MAP1
for E. ruminantium) multigene families consist of 22,
25, and 16 nonidentical paralogous genes, respectively,
that encode mature surface-exposed major outer membrane proteins of 26–32 kDa with 20–80% amino acid
sequence identity (Yu et al., 2000b; Ohashi et al., 2001;
Collins et al., 2005). All are located in a single chromosomal locus, except in E. canis which has a primary
locus with 22 genes and an additional three duplicated
genes in a separate chromosomal locus. These proteins
contain three hypervariable regions, and a major B cell
epitope has been identified in the first hypervariable
region within E. chaffeensis p28 proteins (Li et al., 2002).
The homology of p28 proteins among Ehrlichia spp.
accounts for some antigenic cross reactivity among
these agents. The potential for antigenic diversity by
differential expression of p28 genes exists, but simultaneous transcription of all p28 genes does occur in vitro
and in E. chaffeensis-infected dogs after needle inoculation (Long et al., 2002; Unver et al., 2002; Zhang et al.,
2004a). The expression of only one paralog (omp-1B)
has been observed in ticks (Unver et al., 2002), but the
p28 genes expressed in the mammalian host after tick
inoculation are still unknown. The function of MAP2
is not known, but the protein is conserved (⬃83%
amino acid identity) among E. chaffeensis, E. canis, and
E. ruminantium, and sequence analysis of E. ruminantium isolates indicates that MAP2 is highly conserved
in this species (Bowie et al., 1999).
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IMMUNITY
Understanding the adaptive immune mechanisms
involved in immunity to Ehrlichia has been slowed by
resistance of inbred mice to infection with E. chaffeensis (Winslow et al., 1998). Conversely, E. ruminantium,
E. muris, and Ixodes ovatus ehrlichia (IOE) infect a variety of inbred mouse strains, and important insights to
protective innate and adaptive immune mechanisms
to ehrlichiae have been provided using these agents
in both natural infections and experimental animal
models (du Plessis 1970; du Plessis and Kumm 1971;
du Plessis et al., 1991; Mwangi et al., 1998a, 1998b,
2002; Byrom et al., 2000a, 2000b). It is becoming evident that both humoral and cellular immunity plays
a role in host defense against ehrlichiae. The role of
specific immune system elements in immunity to
E. chaffeensis has been investigated with inbred mice
deficient in various immune system components
including major histocompatibility complex (MHC),
toll-like receptors (TLRs), class II, FcγRI, and B cells,
and mice with severe combined immunodeficiency
(SCID). Immune mechanisms involved in immunity to
E. ruminantium have been investigated with immunocompetent mice and in natural hosts (du Plessis, 1970;
du Plessis et al., 1991; Byrom et al., 1993, 2000a, 2000b;
Totte et al., 1997; Mwangi et al., 1998a, 1998b; Esteves
et al., 2004b). All of these investigations utilizing natural infections, established murine models, and newly
developed murine models have provided new insight
that suggests roles for innate, cellular, and humoral
immune mechanisms in the elimination of Ehrlichia.

Innate Immunity
Ehrlichial replication appears to be partially controlled by several innate antimicrobial mechanisms.
Induction of nitric oxide production by E. ruminantium infected endothelial cells via inducible nitric
oxide synthase, resulted in a reduction of E. ruminantium (Mutunga et al., 1998). Others have reported
that mice depleted of complement or deficient for
complement receptors (1 and 2) or phox 91 subunit of
NADPH oxidase are also susceptible to infection with
IOE (Yager et al., 2005), demonstrating the importance
of these innate immune components. However, the
innate immune response to Ehrlichia spp. appears to
be driven by atypical pathogen-associated molecular patterns (PAMPs) and a newly recognized innate
defense mechanism. Ehrlichia lack the genes required
for synthesis of two common gram-negative bacterial cellular components, lipopolysaccharide (LPS)
and peptidoglycan (PGN) (Lin and Rikihisa 2003a),

well-characterized PAMPs recognized by the innate
immune response through TLRs. The pattern recognition receptors involved in recognition of E. chaffeensis
are not known, but tlr4-deficient mice have depressed
nitric oxide and interleukin-6 production and have
more prolonged infections with E. chaffeensis than
wild-type mice (Ganta et al., 2002), suggesting a minimal role for TLR4 recognition. Others have reported
downregulation or no induction of major pattern
recognition receptor gene expression by THP-1 cells
in response to E. chaffeensis (Lin and Rikihisa, 2004;
Zhang et al., 2004b), suggesting potential evasion of
conventional TLR-mediated innate immune response
by ehrlichiae. However, monocytes incubated with
live and killed E. chaffeensis respond with strong production of IL-8 and minimal production of IL-1β and
IL-10, while expression of TNF-α and IL-6 are absent
(Lee and Rikihisa, 1996), which suggest that other
uncharacterized ehrlichial PAMPs interact with an
undefined PRRs present on macrophages. More
extensive analysis of cytokine/chemokine response to
E. chaffeensis revealed a predominant chemokine
response to viable and killed E. chaffeensis characterized by production of inflammatory chemokines
including IL-8, MCP-1, MCP-2, MCP-4, MIP-1β, and
RANTES, while in contrast the production of proinflammatory cytokines, including TNF-α, IL-1β, or IL-10,
were not observed (McBride, unpublished). Induction
of this innate chemokine response is linked to an
E. chaffeensis carbohydrate component and is abrogated
by periodate treatment (Lee and Rikihisa, 1996). The
role of this innate immune response by macrophages
in pathogenesis or immunity to E. chaffeensis is not
clear. Other less-characterized innate responses appear
to be involved in the clearance of ehrlichiae. Mattner et
al. (2005) demonstrated that Ehrlichia activate innatelike natural killer T cells (NKT) that are known to recognize glycolipids presented by CD1d, a MHC-like
molecule. Futhermore, NKT cell-deficient mice are
unable to clear ehrlichial infection (Mattner et al.,
2005), suggesting that NKT cells are important for
innate immunity to Ehrlichia spp. and for generation
of the adaptive immune response.

Cell-Mediated Immunity
Numerous studies with E. ruminantium suggest
that IFN-γ is an essential mediator in protection (Totte
et al., 1993, 1996; Mahan et al., 1994b, 1996; Mutunga
et al., 1998). IFN-γ production by CD4⫹ and CD8⫹
T cells in a protective response to E. ruminantium has
been demonstrated (Esteves et al., 2004a, 2004b). In
addition, transfer of the combination of IOE-specific
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polyclonal antibody and IFN-γ producing Ehrlichiaspecific CD4⫹ and CD8⫹ type 1 cells protects naïve
mice against lethal challenge (Ismail et al., 2004). A second study also concluded that resistance to sublethal
IOE infection was dependent on CD4⫹ T lymphocytes
and required IFN-γ and TNF-α, but not IL-4 (Bitsaktsis
et al., 2004). Taken together, these studies provide
convincing evidence that classical cell-mediated
immune mechanisms involving CD4 cells and type 1
cytokines are responsible for macrophage activation
and elimination of Ehrlichia. Notably, similar conclusions regarding the importance of MHC class I, CD4⫹,
and CD8⫹ T cells, the synergistic roles of IFN-γ and
TNF-α, and the role of antibody have been reported in
mice infected with E. muris (Feng and Walker, 2004).
A more important role for CD4⫹ T cells in immunity
to E. ruminanitum has been suggested in studies using
mice and cattle (Totte et al., 1997; Byrom et al., 2000a),
and others have reported that γδ T cells contribute
substantially to the IFN-γ response in cattle (Mwangi
et al., 1998a). Similarly, mice lacking functional MHC
class II genes are unable to clear E. chaffeensis following infection, suggesting that CD4⫹ T cells are
essential for ehrlichial clearance (Ganta et al., 2002).
The roles of specific T cell subsets involved in cellular
immunity to E. chaffeensis are not well defined.

Humoral Immunity
Humoral immunity appears to play a significant
role in clearance of E. chaffeensis. Infection of SCID
mice (B and T cell deficient) with E. chaffeensis results
in an overwhelming infection, but passive transfer of anti-E. chaffeensis immune serum or MAbs
directed against the first hypervariable domain of one
(p28-19) of the p28 major outer membrane proteins
before or during infection protects SCID mice from
disease, but does not eliminate the organism (Winslow
et al., 2000; Li et al., 2001, 2002). Futhermore, mice
lacking B cells or FcγRI are unable to resolve a sublethal infection by IOE and passive transfer of antibodies in these mice resulted in significant reduction in
bacterial load (Yager et al., 2005). Similarly, passive
transfer of anti-E. muris antibodies, but not Fab fragments, protected mice against lethal infection (Feng
and Walker, 2004). The specific anti-ehrlichial antibody-mediated mechanism is not fully understood,
but appears to involve binding of antibody to the Fc
receptor (Lee and Rikihisa, 1997; Yager et al., 2005) and
subsequent generation of a proinflammatory cytokine
response (Lee and Rikihisa, 1997) and exposure to
oxidative defenses (Yager et al., 2005). Studies with
E. ruminantium have suggested little role for antibody

in immunity to E. ruminantium. In fact, the majority
of studies suggest that antibodies provide no protection (du Plessis, 1970, 1984); however, one study has
demonstrated the ability of antibodies to neutralize E.
ruminantium in vitro (Byrom et al., 1993). Further studies with E. ruminantium are needed address inconsistencies in the role of antibodies in protection compared
to that reported with other Ehrlichia spp.

PATHOGENESIS
Advances in understanding the molecular pathogenesis of ehrlichial diseases has been obtained
primarily through studies with E. chaffeensis, E. canis,
and closely related E. muris and IOE. Ehrlichial pathogenesis begins with injection of ehrlichiae by a feeding tick, hematogenous spread, and attachment to
the target cell (monocyte/macrophage/neutrophil/
endothelial cell), entry, and intracellular survival. Host
cell receptors utilized by E. chaffeensis include, but are
not limited to, E- and L-selectin, and binding of these
receptors results in unconventional clathrin-independent
receptor-mediated endocytosis (Barnewall et al., 1997;
Zhang et al., 2003) involving caveolae and glycosylphosphatidylinositol-anchored proteins (Lin and Rikihisa,
2003b). Endocytosis of E. chaffeensis requires signaling
events including protein crosslinking by transglutaminase, protein tyrosine phosphorylation, phospholipase
C (PLC)-γ2 activation, and calcium influx (Lin et al.,
2002). Following endocytosis, tyrosine phosphorylated
proteins and PLC-γ2 colocalize with E. chaffeensis
inclusions (Lin et al., 2002), suggesting their role in
bacterial survival and proliferation in the macrophage. The unique endosomes containing E. chaffeensis
express several early endosomal markers including
an early endosomal antigen 1 (EEA1) and rab5,
and do not fuse with lysosomes to form phagolysosomes (Barnewall et al., 1997; Mott et al., 1999), but
colocalize with vesicle-associated membrane protein
2 (VAMP2), MHC class I and MHC class II molecules,
β2-microglobulin, and transferrin receptor (Barnewall
et al., 1997, 1999; Mott et al., 1999). After entry, E. chaffeensis modulates the expression of various cytokines,
TLRs, transcription factors, apoptosis inhibitors, cell
cyclins, membrane trafficking proteins, and transferrin receptor gene expression in the macrophage
(Barnewall et al., 1999; Lin and Rikihisa 2004; Zhang
et al., 2004b). The inhibition of p38 MAPK by E. chaffeensis has been linked to the downregulation of transcription factor PU.1, which can also regulate the
expression of TLRs and other genes (Lin and Rikihisa,
2004). Within 24 h of infection E. chaffeensis blocks
tyrosine phosphorylation of Janus kinase (Jak) and
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signal transducer and activator of transcription (Stat)
signaling, inhibiting the anti-ehrlichial effect of IFN-γ
(Lee and Rikihisa, 1998). E. chaffeensis has eight genes
encoding type IV secretion machinery that may be
associated with intracellular survival and replication
by delivering effector macromolecules to the host cell
and are transcribed in the blood of acutely ill patients
(Ohashi et al., 2002). Some of these genes (virB3, virB4,
and virB6) are downstream of superoxide dismutase
B (sodB) and are cotranscribed with sodB through a
sodB promoter (Ohashi et al., 2002). Iron plays a critical
role in the survival of E. chaffeensis in the host cell, and
iron acquisition mechanisms in E. chaffeensis appear
to be evolutionarily divergent from those of other
gram-negative bacteria (Doyle et al., 2005). A structurally and functionally conserved ferric-ion binding
protein (Fbp) has been identified in E. chaffeensis and
E. canis that binds Fe(III), but not Fe(II), and Fbp is
preferentially expressed on the surface of dense-cored
ehrlichiae and is secreted extracellularly (Doyle et al.,
2005). The lack of iron availability prevents the survival of E. chaffeensis, which has been demonstrated
with the intracellular iron chelator deferoxamine
(Barnewall and Rikihisa, 1994). IFN-γ also appears to
mediate killing of E. chaffeensis by downregulation of
transferrin receptor, thus reducing the available labile
cytoplasmic iron in human monocytes (Barnewall
and Rikihisa, 1994). This anti-ehrlichial effect can be
overcome by addition of iron-saturated transferrin,
demonstrating the direct role for iron in ehrlichial
survival. The role of the p28 multigene family in the
pathogenesis of HME is unknown, but differential
expression of p28 genes appears to occur in mammalian and tick hosts (Unver et al., 2002). E. chaffeensis
demonstrates expression of 16 p28 genes concurrently
in vitro and in vivo (Long et al., 2002; Unver et al.,
2002). These findings suggest that the p28s may play
a role in ehrlichial adaptation in tick and mammalian
hosts and are less likely to be involved in immune
evasion by antigenic variation.
The relatively low bacterial burden in the blood
and tissues in nonimmunocompromised patients with
HME suggests that the pathophysiology of ehrlichiosis may involve immunopathologic responses that
are manifest as a toxic shock-like syndrome (Maeda
et al., 1987; Fichtenbaum et al., 1993). The first murine
model of fatal human ehrlichiosis (Sotomayor et al.,
2001) has been instrumental in understanding the
mechanisms behind the toxic shock-like syndrome of
severe and fatal human ehrlichiosis. This model has
recently been used to investigate the immunologic
mechanisms involved in the development of severe
monocytotropic ehrlichiosis. Mice inoculated with an
ehrlichia (IOE) closely related to E. chaffeensis develop

histopathology resembling that observed in HME
patients, and a similar disease course is observed in
the IOE murine model. Lethal infections with IOE
are accompanied by extremely high levels of serum
TNF-α, a high frequency of TNF-α producing CD8⫹
splenic T cells, decreased Ehrlichia-specific CD4⫹
T lymphocyte proliferation, low IL-12 levels in the
spleen, and a 40-fold decrease in the number of antigen-specific IFN-γ producing CD4⫹ Th1 cells (Ismail
et al., 2004). Furthermore, in mice lacking TNF receptor
I/II were more resistant to IOE induced liver injury, but
exhibited higher bacterial burdens (Ismail et al., 2006).

EPIDEMIOLOGY AND PUBLIC
HEALTH IMPORTANCE
Many factors have contributed to the emergence
of E. chaffeensis as a zoonotic pathogen in the United
States including increased density of A. americanum ticks (Ginsberg et al., 1991), expanded vector
geographic distribution (Means and White, 1997),
and vertebrate host populations of the tick vector
(Means and White, 1997), increase in reservoir host
populations for E. chaffeensis (McCabe and McCabe,
1997), increased human contact with natural foci of
infection through recreational and occupational activities (Tal and Shannahan, 1995; Standaert et al., 1995),
increased size, longevity, and immunocompromised
status of the human population (Palella et al., 1998;
Paddock et al., 2001), and the availability of diagnostic reagents, and improved surveillance (McQuiston
et al., 1999; Childs et al., 1999). The most important
factor in the emergence of E. ewingii appears to be
increased immunocompromised populations, because
the infection has been observed primarily in human
immunodeficiency virus (HIV)-infected individuals
and patients on immunosuppressive therapies (Buller
et al., 1999; Paddock et al., 2001).
HME is a seasonal disease with most reported
cases occurring in the spring and summer months
(peak incidence during May–July) (Fishbein et al.,
1994; Standaert et al., 1995) and occurring primarily within the geographic range of the tick vector
A. americanum that extends from west central Texas and
east along the Gulf Coast, north through Oklahoma
and Missouri, eastward to the Atlantic Coast, and proceeds northeast through New Jersey, encompassing
all the south-central, southeastern, and mid-Atlantic
states. Passive surveillance of HME underestimates
the true incidence of disease due to inadequate clinical and laboratory diagnosis and reporting (McQuiston
et al., 1999). Nevertheless, ehrlichiosis has similar
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infection rates as those reported for Rocky Mountain
spotted fever (Treadwell et al., 2000), with the highest
incidence reported in Arkansas, North Carolina,
Missouri, Oklahoma, and New Jersey (McQuiston
et al., 1999). Active surveillance in HME-endemic locations including southeastern Georgia and southeastern
Missouri indicates an incidence that could be 10–100
times higher than those reported by individual states
by passive surveillance (Fishbein et al., 1989; Olano
et al., 2003). HME is more often diagnosed in male
(⬎2:1) patients ⬎40 years of age, the majority (⬎80%)
report a tick bite (Fishbein et al., 1994; Olano et al.,
2003), and HME outbreaks are associated with
recreational or occupational activities (Petersen et al.,
1989; Standaert et al., 1995). E. chaffeensis has been
found in 5–15% of A. americanum ticks collected from
endemic areas in the eastern US (Whitlock et al.,
2000; Ijdo et al., 2000; Stromdahl et al., 2001) and
has been detected in ticks collected from at least
15 states. E. chaffeensis has not been isolated outside
the United States, and the only proven tick vector
is restricted to North America, but E. chaffeensis or a
closely related Ehrlichia sp. has been detected in other
tick species located in other regions of the world,
including Russia, Korea, Thailand, and China (Ravyn
et al., 1999; Cao et al., 2000; Alekseev et al., 2001; Kim
et al., 2003; Parola et al., 2003). Human infections with
E. chaffeensis or antigenically related ehrlichiae have
been reported in Europe (Nuti et al., 1998), Asia
(Heppner et al., 1997), South America (Ripoll et al.,
1999), and Africa (Uhaa et al., 1992). A. americanum
readily feed on humans and white-tailed deer, which
are considered to be the primary natural hosts for maintaining the E. chaffeensis transmission cycle (Lockhart et
al., 1997). Antibodies reactive with E. chaffeensis have
been detected in white-tailed deer (Lockhart et al.,
1995), and laboratory-raised A. americanum ticks can
acquire E. chaffeensis infection from deer (Ewing et al.,
1995). Other potentially important reservoirs that are
naturally infected with E. chaffeensis include goats,
domestic dogs, and coyotes (Breitschwerdt et al., 1998;
Kocan et al., 2000; Dugan et al., 2000).

CLINICAL SPECTRUM
HME and ehrlichiosis ewingii manifest as undifferentiated febrile illnesses 1–3 weeks after the bite
of an infected tick, and infected individuals usually
seek medical care within 4 days after onset of illness
(Eng et al., 1990; Fishbein et al., 1994). For HME,
the most frequent clinical findings reported anytime
during acute illness are fever, malaise, headache, dizziness, chills, and myalgias (Fishbein et al., 1989, 1994;

Eng et al., 1990; Olano et al., 2003). Other signs including respiratory or central nervous system involvement,
lymphadenopathy, and rash are less frequent (Eng et al.,
1990; Fishbein et al., 1994; Olano et al., 2003). Patients
with ehrlichiosis ewingii present with a milder disease
and few complications (Buller et al., 1999). A majority
of these patients are immunocompromised, further
suggesting that E. ewingii is less pathogenic. A large
portion of HME patients (60–70%), including those
that are immunocompromised, develop more serious
manifestations or multisystem involvement including
renal failure, disseminated intravascular coagulation,
cardiomegaly, acute respiratory distress syndrome,
spontaneous hemorrhage, and neurological manifestations requiring hospitalization (Eng et al., 1990;
Fishbein et al., 1994; Paddock et al., 2001). Prevention
of severe manifestations correlates well with diagnosis
and treatment with tetracyclines within the first week
of illness (Eng et al., 1990). Hematologic and biochemical abnormalities usually include leucopenia, thrombocytopenia, anemia, mildly elevated serum hepatic
transaminase activities, and hyponatremia (Fishbein
et al., 1994; Paddock et al., 2001; Olano et al., 2003).
Lymphocytosis characterized by a predominance of
γδ T cells is often seen in patients during recovery
(Caldwell et al., 1995). A high proportion of immunocompetent (41–62%) and immunocompromised
patients (86%) require hospitalization (Fishbein et al.,
1994; Paddock et al., 2001; Olano et al., 2003). The case
fatality rate is estimated to be 3% (McQuiston et al.,
1999), and fatal disease is most often described in older
patients, and patients debilitated by underlying disease
or immunodeficiency (Eng et al., 1990; Paddock et al.,
2001). Immunocompromised patients (HIV-infected
persons, transplant recipients, corticosteroid-treated
patients) have a high risk of fatal infection associated
with overwhelming infection not typically observed in
immunocompetent patients (Paddock et al., 2001). No
deaths have been reported as a result of infection with
E. ewingii (Buller et al., 1999; Paddock et al., 2001).

TREATMENT AND PREVENTION
Most patients with HME seek medical attention 4
days after onset of symptoms, which is usually before
antibodies diagnostic of infection can be detected.
Therefore, patients suspected to have ehrlichiosis
should be treated empirically with doxycycline or tetracycline because therapeutic delay can result in the
development of severe clinical manifestations and
fatal outcome (Fishbein et al., 1994; Olano et al., 2003).
Doxycycline and rifampin are highly active against
E. chaffeensis in vitro (Brouqui and Raoult 1992;
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Branger et al., 2004). Therefore, tetracyclines are considered to be the drug of choice for treatment of
human ehrlichioses, but rifampin may be preferred in
pregnant women, and cases have been reported of successful treatment of closely related Anaplasma phagocytophilum infections with this antibiotic (Buitrago et al.,
1998; Krause et al., 2003). E. chaffeensis is resistant to
chloramphenicol in vitro (Brouqui and Raoult 1992),
but both treatment failures (Fichtenbaum et al., 1993)
and successes with this antibiotic have been reported
(Eng et al., 1990; Fishbein et al., 1994); thus it should
not be considered a primary therapeutic option.
Disease prevention begins with reducing tick exposure through the use of tick repellents containing
n,n-diethyl-m-toluamide (DEET) and barrier clothing when recreational or occupational activities will
result in potential tick exposure. Early removal of any
attached ticks will lower the risk of transmission, as
it may require 24 or more hours for ehrlichiae to be
inoculated.

VACCINES IN DEVELOPMENT
Conventional Vaccines
The emergence of human ehrlichioses in the last
decade and the risk to public health has elicited interest in the development of vaccines for HME. The
use of vaccines to prevent HME may be especially
useful for military personnel and other persons who
are active outdoors and are at an increased risk level
for acquiring the disease. Ehrlichioses, such as heartwater and CME, are important veterinary diseases.
Thus, considerable effort has been made to develop
vaccines for E. ruminantium, which causes large economic losses to the livestock industry in third world
countries, and creates limitations on livestock export.
Because E. ruminantium is present on a few eastern
Caribbean islands (Perreau et al., 1980; Birnie et al.,
1985), it poses a threat to the United States livestock
industry (Barre et al., 1987b; Burridge et al., 2002a).
Consequently, much of the vaccine development for
ehrlichial diseases has been focused on prevention of
heartwater, where various vaccines have been developed and tested, including live, attenuated, nucleic
acid, and recombinant compositions.
Animals that survive infection with E. ruminantium
develop immunity and are solidly protected against
challenge. Such observations led to the development of
an effective “infection and treatment” strategy introduced
by Neitz and Alexander (1941), which has been the only
commercially available vaccine strategy for the last
50 years (Zweygarth et al., 2005). This method of

vaccination is cumbersome, requires a cold chain
delivery system (liquid nitrogen or dry ice) that
makes it inconvenient and impractical for most
farmers and private practitioners. In addition, this
method has vaccine-associated deaths, risk of transmission of other blood-borne pathogens, lack of standardization and heterologous protection, and is time
consuming and expensive (Van der, 1987; Mahan et al.,
1999). Consequently, the development and testing of
attenuated, inactivated, and recombinant vaccines has
been ongoing in an effort to replace the current heartwater “vaccine.” Spontaneous attenuated strains of
E. ruminantium (Senegalese and Welgevonden) were
obtained by in vitro cell culture passage (Jongejan,
1991; Zweygarth et al., 2005). These attenuated strains
do not produce disease when inoculated into animals,
but elicit protective immunity against homologous
and heterologous strains (Jongejan, 1991; Zweygarth
et al., 2005). The ability of attenuated E. ruminantium
vaccines to induce protection has been established,
but attenuated vaccines also require a cold storage
delivery system, and they cannot be used in areas
where the vaccine strain is not endemic due to the possibility of reversion to wild-type. In order to develop
a vaccine absent of the constraints associated with
live attenuated vaccines, inactivated E. ruminantium
vaccines have been produced and tested. Substantial
overall protection has been demonstrated in goats
(65%), sheep (79%), and cattle (100%) of vaccinated
animals to homologous and heterologous experimental and field challenges as determined by numerous
studies (Martinez et al., 1994, 1996; Mahan et al., 1995,
1998; Totte et al., 1997). Inactivated vaccines also have
the advantage of being useful in regions where the
disease is not endemic, but where the vectors and
the potential exist for infections to occur.

Recombinant and Nucleic Acid Vaccines
Development of recombinant subunit and nucleic
acid vaccines that has been limited primarily to those
utilizing a major surface protein ortholog of Ehrlichia
spp. (designated MAP1 in E. ruminantium, p28 in
E. chaffeensis, and p28/p30 in E. canis), which is a
member of a paralogous nonidentical multigene
family of outer membrane protein genes (16–25 genes,
see section “Genetic, Antigenic, and Phenotypic
Characteristics”) in each respective Ehrlichia spp.
Partial protection using a recombinant version of the
E. chaffeensis P28 protein was demonstrated in mice
after homologous challenge (Ohashi et al., 1998).
More extensive protection studies with this vaccine
candidate have been conducted with E. ruminantium
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demonstrating similar results. Mice vaccinated with
a DNA vaccine containing map1 generated MAP1specific antibody, had lymphocytes that proliferated in response E. ruminantium, secreted IFN-γ, and
increased survival of immunized mice against homologous challenge was noted (Nyika et al., 1998). A follow-up study demonstrated significantly increased
protection against homologous challenge using MAP1
DNA vaccination and recombinant protein boost in a
mouse model (Nyika et al., 2002). Unfortunately there
is substantial divergence in map1/p28 genes among
different isolates of E. ruminantium and E. chaffeensis,
and therefore this diversity may complicate development and implementation. Conversely, the p28/p30
genes of E. canis appear to be highly conserved among
geographically dispersed strains, and thus, may facilitate more rapid development of effective vaccines utilizing this antigen. Several newly identified protein
orthologs (gp120/140, gp36/47, and gp200s) from
E. chaffeensis and E. canis, respectively, are also immunodominant and are consistently recognized by antibodies in convalescent antisera. The ability of these
proteins to protect against homologous challenge
has not been determined. Additional antigens of
E. ruminantium have been tested as DNA vaccines
with limited, inconsistent, or no protection (Brayton
et al., 1998a, 1998b; Pretorius et al., 2002; Louw et al.,
2002; Collins et al., 2003).

KEY ISSUES
●

●

●

●

●

●

●

●

●

●

●

HME is an emerging life-threatening tick-borne
zoonosis caused by the obligately intracellular
pathogen, Ehrlichia chaffeensis.
Ehrlichia ruminantium is considered to be an
agricultural biothreat.
Commercially, vaccines for human and veterinary
ehrlichioses are not available.
Ehrlichiae evade innate and adaptive host immune
responses and establish persistent infections in
natural hosts.
Cellular and humoral immune mechanisms are
involved in immunity to Ehrlichia.
Ehrlichia major immunoreactive proteins that
may be protective vaccine candidates have been
identified, but immunoprotective antigens of
Ehrilichia spp. remain relatively undefined.
Genetic and antigenic variability exists among
strains of E. chaffeensis and E. ruminantium.
Natural infection solidly protects against challenge
(E. ruminantium).
Infection and treatment technique is the only
effective immunization strategy for E. ruminantium.
Partial protection has been achieved with
inactivated and attenuated E. ruminantium vaccines.
Little is known about the antigenic composition of
Ehrlichia spp. in the invertebrate host.
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ABSTRACT
Extaintestinal pathogenic Escherichia coli (ExPEC) cause a wide variety of infections in humans and domestic
animals. This chapter will focus on ExPEC strains as they relate to humans. ExPEC are responsible for significant
morbidity, mortality, and costs to our healthcare system. The development of an efficacious ExPEC vaccine will
minimize disease and may be cost-effective in women with recurrent urinary tract infection (UTI) and probably
other groups at risk for ExPEC infection such as the elderly. Surface polysaccharides, such as capsule, have been
traditional targets for vaccine development. Because the surface polysaccharides present in various ExPEC strains
exhibit significant antigenic heterogeneity, their use as vaccine candidates will be challenging. ExPEC adhesins
(e.g., P fimbriae and the type 1 pilus), iron-regulated outer membrane proteins (e.g., IroN), and lipid A/core
saccharides of lipopolysaccharide (LPS) have been identified as potential vaccine candidates and have been
shown to confer protection in various animal infection models. Human phase 1 studies have been completed
for the adhesin of the type 1 pilus (FimH and its chaperone protein FimC) and for detoxified J5 LPS (lipid A/
core saccharides) complexed to Neisseria meningitidis group B outer membrane proteins, but no phase 2/3 data
have been published. A variety of killed whole-cell vaccines, administered via the vaginal or oral route for the
prevention of recurrent UTI, have been assessed in animal models and human clinical trials in Europe. These hold
some promise, but require further evaluation. We envision that one option for a successful ExPEC vaccine will
be the development of a polyvalent subunit vaccine comprising some combination of adhesins, outer membrane
proteins, and perhaps detoxified lipid A/core saccharides of LPS. An alternative approach will be the development
of a killed whole-cell vaccine that contains multiple strains of genetically engineered derivatives of pathogenic
wild-type ExPEC designed to generate an optimal immune response. Development of either a polyvalent subunit
vaccine or a genetically engineered killed whole-cell vaccine will be challenging. However, achieving this goal is
important because of the medical–economic burden attributable to infections due to ExPEC.

INTRODUCTION
A wide variety of infections continue to be
responsible for significant morbidity, mortality, and
costs to our healthcare system. The development of new
vaccines directed against the responsible pathogens will
minimize disease and could be highly cost-effective.
Escherichia coli cause a wide variety of infections in both
humans and domestic animals, including intestinal
and extraintestinal disease. Strains of E. coli responsible for extraintestinal infections are genetically distinct from those that cause intestinal disease and have
been termed extraintestinal pathogenic E. coli (ExPEC)
(Russo and Johnson, 2000). This chapter will focus on
ExPEC as they relate to humans. ExPEC are the most
common enteric Gram-negative organisms to cause
extraintestinal infection in the ambulatory, long-termcare, and hospital settings (McBean and Rajamani, 2001;
Gransden et al., 1990; Roberts et al., 1991; Vastag, 2001;
Siegman-Igra et al., 2002). Typical extraintestinal infections due to E. coli include urinary tract infection (UTI),
diverse intraabdominal infections, pneumonia, surgical
site infection, meningitis, intravascular device infection,
osteomyelitis, and soft tissue infections, any of which
can be accompanied by bacteremia. E. coli is a leading
cause of severe sepsis (Fluit et al., 2001; Bernard et al.,
2001; McBean and Rajamani, 2001; Siegman-Igra et al.,
2002), with sepsis ranked as the tenth overall cause of
death in the United States (Minino and Smith, 2001).
In this era in which health news often sensationalizes

uncommon infection syndromes or pathogens, the
strains of ExPEC that cause extraintestinal infection are
an increasingly important endemic problem and underappreciated “killers.” Billions of health-care dollars, millions of workdays, and hundreds of thousands of lives
are lost each year to extraintestinal infections due to
E. coli. Therefore, given the large number and diversity
of infections due to ExPEC, an efficacious vaccine has
the potential to have a significant clinical impact on a
wide variety of medically important syndromes.

CLINICAL CLASSIFICATION OF E. COLI
From a genetic and clinical perspective, E. coli
strains of biological significance to humans can be
broadly categorized as: (1) commensal strains, (2)
intestinal pathogenic (i.e., enteric or diarrheagenic)
strains, and (3) ExPEC (Russo and Johnson, 2000).
Commensal E. coli variants, which constitute the
major portion of the normal facultative intestinal flora
in most humans and other mammals, for the most
part confer benefits to their hosts such as colonization
resistance. These strains generally lack the specialized virulence traits that enable intestinal and ExPEC
to cause disease within or outside of the gastrointestinal tract, respectively. However, commensal E. coli
can participate in extraintestinal infections when an
aggravating factor is present, such as a foreign body
(e.g., urinary catheter), host compromise (e.g., local
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anatomical or functional abnormalities such as urinary
or biliary tract obstruction, or immunocompromise),
or a high or a mixed bacterial species inoculum (e.g.,
with fecal contamination of the peritoneal cavity).
Intestinal pathogenic strains of E. coli have
evolved a special ability to cause gastrointestinal disease, including enteritis, enterocolitis, and colitis.
These strains are largely incapable of causing disease outside the intestinal tract. At least five distinct
pathotypes of intestinal pathogenic E. coli exist: (1)
Shiga-toxin-producing E. coli/enterohemorrhagic E. coli,
(2) enterotoxigenic E. coli, (3) enteropathogenic
E. coli, (4) enteroinvasive E. coli, and (5) enteroaggregative E. coli (Kaper et al., 2004). Diffusely adherent
E. coli (DAEC) and cytodetaching E. coli are additional
putative pathotypes (Le Bouguenec and Servin, 2006).
Disease due to this group of pathogens occurs primarily in developing countries, with the exception of the
enterohemorragic or Shiga-toxin-producing strains of
E. coli and perhaps enteroaggregative E. coli (Nataro
et al., 2006). Intestinal pathogenic strains of E. coli
are rarely encountered in the fecal flora of healthy
hosts, at least in the industrialized world, and instead
appear to be essentially obligate pathogens. The effort
to develop an efficacious vaccine directed against
intestinal pathogenic E. coli is ongoing and has important medical–economic implications, and is discussed
in Chapter 51.
The majority of E. coli isolates from symptomatic
infection of the urinary tract, bloodstream, cerebral spinal fluid (Johnson and Stell, 2000; Picard et al., 1999),
respiratory tract (Johnson et al., 2002a), and peritoneum
(spontaneous bacterial peritonitis) (Soriano et al., 1995),
as indicated by their virulence factor profiles and phylogenetic background, are distinct from commensal
and intestinal pathogenic E. coli. It has been recently
proposed that these strains of E. coli be termed ExPEC,
rather than uropathogenic E. coli (UPEC), sepsis associated E. coli (SEPEC), or neonatal meningitis associated
E. coli (NEMEC), to reflect their ability to cause disease
at multiple anatomical sites (Johnson and Russo, 2002b;
Russo and Johnson, 2000). Evaluation of a limited
number of strains has established that ExPEC are also
capable of causing surgical wound infection, osteomyelitis, and myositis, but the number of cases evaluated to
date is too small to reliably assess proportions (Johnson
and Russo, 2002a). Like commensal E. coli (but in contrast to intestinal pathogenic E. coli), ExPEC strains are
often found within the normal intestinal flora and do
not cause gastroenteritis in humans.
The fact that ExPEC are the major cause of most
(and perhaps all) types of extraintestinal infection due
to E. coli is an important concept. It implies that if preventive measures (e.g., vaccination) or therapies could

be developed to specifically target the ExPEC fraction of the E. coli population, this could have a major
beneficial impact on extraintestinal infections due to
E. coli. For example, a vaccine strategy that leads to
the development of bactericidal or interfering antibodies directed against ExPEC-specific virulence factors
has the potential to prevent infections due to ExPEC
without perturbing the commensal strains of E. coli
that make up an important component of the normal
intestinal flora.

EPIDEMIOLOGY
In healthy humans, commensal E. coli and ExPEC
are the predominant species of Gram-negative bacilli
in the colonic flora. E. coli and ExPEC only transiently
colonize the oropharynx and skin of healthy individuals. In contrast, in long-term care and hospital settings, a variety of Gram-negative bacilli, including
ExPEC, emerge as the dominant flora of both mucosal
and skin surfaces, particularly in association with
antimicrobial use, severe illness, and extended lengths
of stay; and this colonization may lead to subsequent
infection (e.g., oro-pharygeal colonization and pneumonia). Entry of ExPEC into an organ or anatomic
location outside of these colonization sites is the limiting step for infection. As a result, ExPEC is a global pathogen and not a potential biothreat agent. All
age groups, all types of hosts, and nearly all organs
and anatomical sites are susceptible to infection by
ExPEC. Previously healthy hosts infected with ExPEC
can become severely ill or die; however, adverse outcomes are more likely in the presence of comorbid illnesses and compromised host defenses. E. coli is the
most common enteric Gram-negative species to cause
extraintestinal infection in ambulatory, long-term care,
and hospital settings.

PATHOGENESIS
Since ExPEC strains are commonly part of the normal
bowel flora, acquisition is not the rate-limiting step for
infection. Instead, entry of an ExPEC strain from its site
of colonization (e.g., the colon, vagina, or oropharynx)
into a normally sterile extraintestinal site (e.g., the urinary tract, peritoneal cavity, or lungs) is the critical step
in pathogenesis. Innate host defense systems (urine flow
and mucociliary clearance, complement, antimicrobial
peptides, professional phagocytes) and humoral immunity are the principal host-defense components. As a
result, both susceptibility to and severity of infection
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are increased with dysfunction or deficiencies of these
components (e.g., neutrophils). Multiple bacterial virulence factors are required for the pathogenesis of infections caused by ExPEC. Many putative virulence factors
were identified epidemiologically as being more prevalent among clinical isolates as compared to fecal isolates from uninfected hosts (Arthur et al., 1989; Bingen
et al., 1997; Maslow et al., 1993; Mitsumori et al., 1999;
Johanson et al., 1993). However, such factors should be
considered as “associated with,” not necessarily “contributing to,” virulence, since epidemiological associations do not guarantee causality. Animal models studies
are a more direct test for whether a given factor contributes to pathogenesis and thereby warrants the designation of being a virulence factor (Table 48.1) (Johnson and
Russo, 2005). Possession of specialized virulence genes
is what defines ExPEC (e.g., versus commensal E. coli)
and enables them to infect the host efficiently.
It is becoming clear that hosts and their cognate
pathogens (e.g., humans and ExPEC) have been coadapting throughout evolutionary history. During this host–
pathogen “chess match” over time, various and redundant strategies have emerged in both the pathogens
and their hosts that enable these partners to maintain their coexistence. These virulence factors can be
grouped by functional category, e.g., adhesins (Connell
et al., 1996; Marklund et al., 1992; Mitsumori et al., 1998;
Nowicki et al., 1990), toxins (Guyer et al., 2000; RippereLampe et al., 2001b; Scott and Kaper, 1994; Welch et al.,
1981), nutrient acquisition systems (iron, etc.) (Russo
et al., 1996b, 2001, 2002; Opal et al., 1990; Schubert et al.,
1998; Torres et al., 2001), protectins (e.g., surface polysaccharides) (Burns and Hull, 1999; Russo et al., 1994), and
traits of miscellaneous or unknown function (Johnson,
2002a, 2003b; Kurazono et al., 2000) (Table 48.1). Clinical
isolates often contain multiple virulence factors from a
particular functional category. Conversely, many seemingly virulent strains lack known representatives of
one or more of these functional categories (Johnson et
al., 2001e, 2002c). The biological implications of these
apparent redundancies and deficits are poorly understood. However, a given ExPEC strain usually possesses multiple adhesins for binding to a variety of host
cells (e.g., in E. coli: type 1 fimbriae, sfa/foc fimbriae, P
pili), many genes for nutrient acquisition (e.g., iron via
siderophores) that are necessary but not sufficient for
pathogenesis, and the ability to resist the bactericidal
activity of complement and phagocytes in the absence
of antibody (e.g., as conferred by capsule or O-antigen
of lipopolysaccharide (LPS)), which is one of the defining traits of an extracellular pathogen (Russo et al.,
1996a, 1993, 2003a). Host cell damage (e.g., as mediated by hemolysin in the case of ExPEC) may facilitate
spread (e.g., intestinal translocation), release nutrients,

and/or impair the function of phagocytes (Bhakdi
et al., 1994; Russo et al., 2005, 2007b; Troeger et al., 2007).
Many important ExPEC virulence genes doubtlessly
await identification. ExPEC also possess the ability
to induce septic shock. The lipid A moiety of LPS (via
interaction with host Toll-like receptor 4) and probably
also other bacterial factors stimulate a proinflammatory
host response which, if overexuberant, results in shock.
ExPEC virulence factors that are surface exposed
and fulfill a number of additional criteria, as will
be discussed below, are potential vaccine candidates. Although is it unclear whether vaccination
with an antigen shared by commensal E. coli will
deleteriously affect our normal colonic flora, virulence factors unique to ExPEC are appealing since that
consideration becomes a nonissue.

CLINICAL DISEASE
ExPEC are capable of causing infection in nearly
every organ and site outside of the intestinal tract
(Johnson and Russo, 2002a, 2002b; Johnson, et al.,
2003a; Russo and Johnson, 2003; Smith et al., 2007).
Several of the major ExPEC-associated infection syndromes are discussed below.

Urinary Tract Infection
The urinary tract is the most frequent extraintestinal site infected by E. coli (Johnson, 2003). UTIs are
best considered by clinical syndrome (e.g., uncomplicated cystitis, pyelonephritis, catheter-associated,
recurrent cystitis, recurrent pyelonephritis, asymptomatic bacteriuria, complicated UTI, and prostatitis)
and within the context of specific hosts (e.g., premenopausal women, pregnant women, postmenopausal
women, males, compromised host). Uncomplicated
cystitis, the most common acute UTI syndrome, is
characterized by dysuria, frequency, and suprapubic
pain. Furthermore, 20% of women with an initial cystitis episode develop frequent recurrences (0.3 to ⬎20
per year). Fever and/or back pain suggests progression to pyelonephritis. Asymptomatic bacteriuria warrants treatment in pregnant women, prior to urologic
procedures, and perhaps in selected compromised
hosts (Nicolle, 2006).

Abdominal Infection
The abdomen/pelvis is the second most frequent
extraintestinal site for infections due to E. coli. A large
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S fimbriae (sialic acid-specific)
F1C fimbriae
Dr antigen-specific adhesin operons (AFA I-III,
Dr, F1845)
Afimbrial adhesin VIII
Iron-regulated-gene-homologue adhesin (from
O157:H7 and CFT073)
Blood group M-specific adhesin
N-acetyl-D-glucosamine-specific (G, F17c)
fimbriae adhesin
CS31A adhesin (K88-related)
NFA-1, -2, -3, -4 (nonfimbrial adhesins)
Curli
D-mannose-specific

Self-recognizing adhesin

sfa

foc

afa/dra

afaE-8

iha

bmaE

gafD

clpG

nfa

csgA

fim

Antigen 43

Nutrition

Toxinsb

S and F1C fimbriae

sfa/foc

Adhesinsc

Catecholate siderophore receptor
Iron-regulated element (catecholate
siderophore receptor)

ireA

EAST1 (heat-stable cytotoxin associated with
enteroaggregative E. coli)

astA

iroN

PIC and TSH, serine protease autotransporters

pic, tsh

Aerobactin (siderophore) synthesis and
receptor

Secreted autotransporter toxin (serine protease
autotransporter)

sat

iuc, iutA

Cytolethal distending toxin

cdtB

Yersiniabactin (siderophore) synthesis and
receptor

Cytotoxic necrotizing factor 1

cnf1

irp, fyuA

a-Hemolysin

hly

adhesin, type 1 fimbriae

Pilus associated with pyelonephritis (P
fimbriae)

pap

Category

Comment

Gene(s) or
operon

Yes (Russo et al., 2001)

Yes (Bauer et al., 2002b; Johnson et al., 2000b)

Yes (Clermont et al., 2001; Fernandez-Beros et al.,
1990)

Yes (Clermont et al., 2001; Schubert et al., 1998)

Yes (Janben et al., 2001)

Yes (Heimer et al., 2004)

Yes (Guyer et al., 2000)

Yes (Johnson et al., 2002c)

Yes (Caprioli et al., 1987)

Yes (Brooks et al., 1980)

Yes (Restieri et al., 2007)

Yes (Mobley et al., 1987; Sokurenko et al., 1995)

Yes (Bian et al., 2000)

No (Goldhar et al., 1987; Grünberg et al., 1988;
Hoschützky et al., 1989)

Yes (Bertin et al., 1996)

Yes (Bertin et al., 1996)

No

Yes (Johnson et al., 2000b; Kanamura et al., 2003)

Yes (Le Bougenec et al., 2001)

Yes (Nowicki et al., 1989; Zhang et al., 1997)

Yes (Pere et al., 1985)

Yes (Johnson et al., 2002c)

Yes (Schönian et al., 1992)

Yes (Arthur et al., 1989; O’Hanley et al., 1985)

Epidemiologicala

Yes (Russo et al., 2001)
(Continued)

Yes (Negre et al., 2004; Russo et al., 2002)

Yes (Torres et al., 2001)

Yes (Schubert et al., 2002)

No (Savarino et al., 1993)

Yes (Dozois et al., 2000; Heimer et al., 2004)

Yes (Guyer et al., 2002)

No

Yes (Khan et al., 2002; Rippere-Lampe et al., 2001a,
2001b)

Yes (O’Hanley et al., 1991; Welch et al., 1981)

Yes (Ulett et al., 2007)

Yes (Connell et al., 1996; Langermann et al., 1997)

Yes (Bian et al., 2001)

No

No

No

No

Yes (Johnson et al., 2005a)

No

Yes (Goluszko et al., 1997)

No

Yes (Marre and Hacker, 1987)

Yes (Marre and Hacker, 1987)

Yes (Roberts et al., 1994); no (Mobley et al., 1993)

Experimental (in vivo)b

Evidence for trait as virulence factor

TABLE 48.1 Virulence-associated traits of extraintestinal pathogenic Escherichia coli (ExPEC) by functional category

CLINICAL DISEASE
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Outer membrane protein A (cellular invasion)
Invasion of brain endothelium IbeA (Ibe10), B,
and C
Cellular invasion (arylsulfatase-like gene)
Cellular invasion (F-like plasmid transfer
region homologue)
Uropathogenic-specific protein (bacteriocin)9
Pathogenicity-associated island marker (from
strain CFT073)
Flagellin
Unknown

aslA

traJ

usp

malX

fli

ukoE-K

Global oxygen stress regulator

oxyR

ibeA-C

Osmoprotection; proline permease

proP

ompA

Surface exclusion, serum survival-associated
(outer membrane protein)

traT

Outer membrane protein T (protease)

Increased serum survival (outer membrane
protein)

iss

ompT

Microcin ColV; on plasmids with traT, iss,
antibiotic resistance genes, iuc/iut

cvaC

O4 lipopolysaccharide (LPS) synthesis

Sucrose-specific phosphotransferase

scrA,B,R,Y

rfc

Arginine synthesis

argC

Group III capsular polysaccharide synthesis
(e.g., K3, K10, K54)

Guanine synthesis

guaA

kpsMT III

Siderophore expression

tonB

Group II capsular polysaccharide synthesis
(e.g., K1, K5, K12)

Enterobactin synthesis

entF

kpsMT II

Heme receptor

chuA

Comment

Yes (Sorsa et al., 2007)

N/a

Yes ( Johnson et al., 2001a, 2003b)

Yes (Kurazono et al., 2000)

No

N/a

Yes (IbeA) ( Johnson et al., 2002b)

N/a

Yes (Lundrigan and Webb, 1991)

N/a

N/a

Yes (Fernandez-Beros et al., 1990)

Yes (Delicato et al., 2003, Fernandez-Beros et al.,
1990)

Yes (Fernandez-Beros et al., 1990)

Yes (Korhonen et al., 1985; Opal et al., 1988)

Yes (Cross et al., 1984; Johnson and Stell, 2000;
Orskov et al., 1982)

Yes (Cross et al., 1984; Johnson and Stell, 2000;
Orskov et al., 1982)

Yes (Sorsa et al., 2007)

N/a

N/a

N/a

No

Yes (Clermont et al., 2001)

Epidemiologicala

N/a

(Lane et al., 2005)

No ( Johnson et al., 2002a)

Yes (Yamamoto et al., 2001)

Yes (Kim, 2001)

Yes (Kim, 2001)

Yes (Kim, 2001)

Yes (Kim, 2001)

No

Yes (Johnson et al., 2006)

Yes (Culham et al., 1998)

No (Montenegro et al., 1985)

Yes (Binns et al., 1979)

Yes (Aguero et al., 1989)

Yes (Russo et al., 1996a, 2003a)

Yes (Russo et al., 1994, 2003a)

Yes (Kim et al., 1992)

N/a

Yes (Russo et al., 1996b)

Yes (Russo et al., 1996b)

Yes (Negre et al., 2004)

Yes (Negre et al., 2004)

Yes (Torres et al., 2001)

Experimental (in vivo)b

Evidence for trait as virulence factor

Note: The list is not comprehensive even for recognized markers, and many as-yet-unknown markers remain to be characterized. Conversely, not all of the listed traits necessarily
contribute to virulence; some are only epidemiologically linked with virulence, and/or confer phenotypes that are suspected of promoting virulence. Additionally, some of these
traits also are prominent among intestinal pathogenic E. coli, e.g., cytolethal distending toxin, certain Dr-binding adhesins, and EAST1. Misc., miscellaneous.
Source: Modified from Johnson and Russo (2005).
a
Statistically associated with clinical isolates, or with specific host characteristics; or highly prevalent in a specific extraintestinal infection syndrome.
b
Based on animal model infection studies, not necessarily using isogenic strains or complemented mutants.
c
Certain adhesins and toxins also function as invasins, e.g., type 1 fimbriae, certain Dr-binding adhesins, and CNF1 (Khan et al., 2002; Mulvey et al., 2000; Selvarangan et al., 2001).

Misc.

Protectins

Category

Gene(s) or
operon

TABLE 48.1 (Continued)
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variety of clinical syndromes occur in this location,
including acute peritonitis secondary to fecal contamination, spontaneous bacterial peritonitis, dialysis-associated peritonitis, diverticulitis, appendicitis,
intraperitoneal or visceral abscesses (hepatic, pancreatic, splenic), infected pancreatic pseudo-cysts, septic
cholangitis and/or cholecystitis, and pelvic inflammatory disease. E. coli can be isolated either alone or, as
often occurs, with other facultative and/or anaerobic
members of the intestinal flora.

Pulmonary Infection
E. coli is not usually regarded as a significant cause
of pneumonia. Indeed, enteric Gram-negative bacilli
account for only 2–5% of community-acquired pneumonia episodes, in part because in healthy hosts they
colonize the oropharynx only transiently and in only a
minority of individuals. In contrast, oral colonization
with E. coli and other Gram-negative bacilli increases
with severity of illness and antibiotic use. As a result,
Gram-negative bacilli are a substantially more common
cause of pneumonia among residents of long-term-care
institutions (Muder, 1998) and are the most frequent
cause (60–70%) of hospital-acquired pneumonia, particularly in postoperative patients and in the intensive
care unit (Craven et al., 1990; Emori and Gaynes, 1993;
Fluit et al., 2001; Center for Disease Control NNIS
System, 1996). Although significant institutional variation occurs, E. coli is generally the third or fourth most
commonly isolated enteric Gram-negative bacillus in
nosocomial pneumonia, accounting for 5–8% of episodes in both U.S. and European-based studies (Cook
et al., 1998; Fluit et al., 2001; Horan et al., 1988; Center
for Disease Control NNIS System, 1996).

Surgical Site Infection
E. coli is the fourth most common organism implicated in surgical site infections. It accounts for 8%
of the total 300,000 to 800,000 surgical site infections
that occur annually in the United States (Center for
Disease Control NNIS System, 1996).

Meningitis
E. coli is one of the two leading causes of neonatal
meningitis (along with group B Streptococcus), causing 20–40% of an estimated 400 cases annually in
the United States (De Louvois, 1994; Murphy, 2000).
Other than in neonates, E. coli meningitis occurs
predominantly in the setting of disruption of the
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meninges due to surgery or trauma, or in the presence of
cirrhosis where presumably the meninges are seeded
from poorly cleared portal-source episodes of bacteremia (Pauwels et al., 1997).

Additional Infections
E. coli is capable of causing infection in nearly every
organ and anatomical site. Other extraintestinal infections that can be caused by E. coli include: infections
of ulcers due to pressure or ischemia (particularly in
patients with diabetes or other causes of neurovascular
compromise), cellulitis, burn wound infections, osteomyelitis (via contiguous spread or hematogenously;
particularly of vertebral bodies), orthopedic deviceassociated infection, and myositis/fasciitis (Elliott
et al., 2000; Grayson et al., 1994; Revathi et al., 1998;
Saccente, 1998; Sapico, 1999; Johnson and Russo,
2002a). E. coli occasionally causes complicated sinusitis
and rarely causes endocarditis, vascular graft infection,
endophthalmitis, or brain abscesses.

Bacteremia-Sepsis
E. coli bacteremia can result secondarily from any of
the above primary sites of infection, from percutaneous intravascular devices, or from the increased intestinal mucosal permeability that occurs in neonates and
accompanies neutropenia, chemotherapy-induced
mucositis, trauma, and burns. In studies from all continents, E. coli accounts for 17–37% of clinically significant
blood isolates, with isolates originating in the community versus hospital being approximately equal (Bernard
et al., 2001; Elhanan et al., 1995; Fluit et al., 2001; Gosbell
et al., 2000; Gransden et al., 1990; Ismail et al., 1997;
McBean and Rajamani, 2001; McGregor and Colligan,
1993; Olesen et al., 1998; Rayner and Willcox, 1988;
Sader et al., 2002; Siegman-Igra et al., 2002; Uslan et al.,
2007). Isolation of E. coli from a blood culture is almost
always clinically significant, and is typically accompanied by sepsis syndrome, severe sepsis (sepsis-induced
dysfunction of at least one organ or system), or septic
shock (American College of Chest Physicians, 1992).

SIGNIFICANCE AS PUBLIC HEALTH
PROBLEM
The medical and economic impacts of extraintestinal E. coli infections are evident from a review
of the following specific syndromes (Table 48.2).
It is important to note, however, that data reported
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TABLE 48.2 Estimated frequency and associated annual costs
in the treatment of selected extraintestinal infection syndromes
due to ExPEC in United States
Infection syndrome

Estimated frequency
of cases

Estimated direct
costs (U.S. dollars)

Uncomplicated
cystitis in
premenopausal
women

6–8 million

1 billion

Uncomplicated
pyelonephritis

250,000

175 million

Catheter-associated
UTI

130,000–525,000

47–350 million

Pneumonia

14,100–23,400

80–133 million

Surgical site infection

24,000–64,000

94–252 million

Sepsis

127,500

1.1–5.9 billion

Source: Modified from Russo and Johnson (2003).

below have been generated primarily from studies
based in the United States and Europe. The extent to
which these data can be extrapolated to other countries is unknown. Clearly, costs will be dependent on
health-care system. Additional data, in particular from
developing countries, would be desirable.

Urinary Tract Infection
UTI is a common infection in ambulatory patients,
accounting for 1% of ambulatory care visits in the
United States, and second only to lower respiratory
tract infection among the infections responsible for
hospitalization (Hooton and Stamm, 1997; Stamm and
Hooton, 1993). From both clinical and economic points
of view, UTI is best considered by clinical syndrome
within the context of specific hosts. E. coli is the single
most prevalent pathogen for all UTI syndrome–host
group combinations. E. coli causes 85–95% of episodes
of uncomplicated cystitis in premenopausal women
(Hooton and Stamm, 1997; Stamm and Hooton,
1993). The estimated total number of cases of uncomplicated cystitis is 6–8 million/year in the United
States and 130–175 million globally. In the United
States, uncomplicated cystitis is responsible for an
estimated $1 billion of direct health-care costs annually (Harding and Ronald, 1994; Patton et al., 1991;
Schappert, 1994). Furthermore, each episode results in
a mean of two restricted activity days and six symptom days (Foxman and Frerichs, 1985). Because of
this, since women now constitute nearly 50% of the
work force, cystitis results in considerable additional
indirect costs. E. coli are the cause of over 90% cases

of uncomplicated pyelonephritis in premenopausal
women (Talan et al., 2000). An estimated 250,000 cases
of pyelonephritis occur each year in the United States,
100,000 of which require hospitalization (McCarthy,
1980; Stamm et al., 1989). Based on population ratios
(U.S. population 301 million, global population 6.6
billion), this would translate into an estimated 5.5
million cases worldwide per annum. In the United
States, the mean direct cost per cure is approximately
$700 (Talan et al., 2000). Therefore, in the United
States alone, the estimated E. coli-associated costs for
pyelonephritis are $175 million/year. An estimated
1–1.5 million episodes of catheter-associated UTI (Fluit
et al., 2001) occur annually in the United States, with
an associated treatment cost of $363–676 per episode
(Saint, 2000; Stamm et al., 1991; Tambyah et al., 2002).
E. coli accounts for 13–35% of the episodes. Thus, the
estimated direct health-care cost in the United States
associated with catheter-associated UTI due to E. coli
is $47–350 million/year.

Abdominal Infection
Specific data are not available for intraabdominal
and pelvic infections regarding overall infection rates,
the proportion of episodes in which E. coli is isolated, or
associated costs. However, considering the frequency
of these infections, the common participation of E. coli,
and the multiple interventions and prolonged hospital
stays often necessary for successful management, the
cost of intraabdominal/pelvic infections due to E. coli is
undoubtedly substantial.

Pulmonary Infection
Nosocomial pneumonia prolongs hospitalization by
an estimated mean of 5.9 days and adds an estimated
$5000 in costs per episode (Jarvis, 1996; Wenzel, 1989).
Therefore, the total annual associated cost of nosocomial pneumonia in the United States is estimated to
be $1.5 billion/year, with estimated E. coli-associated
costs of $75–120 million/year.

Surgical Site Infection
Approximately 34 million surgical procedures are
performed annually in the United States. As a result of
these procedures, 300,000–800,000 surgical site infections occur every year (Vital and Health Statistics, 1998).
Surgical site infection is associated with a 2–2.5-fold
increase in the 6-month mortality rate (Kirkland et al.,
1999; Poulsen et al., 1995). Surgical site infection results
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in a mean increase of 10.2 days of hospitalization and
an added cost of $4000–5000 per patient (Kirkland et al.,
1999; Zoutman et al., 1998). Therefore, the total estimated associated costs of surgical site infection in the
United States is $1.2–4.0 billion/year, with the estimated
E. coli-associated portion being $94–252 million/year.

Meningitis
The number of cases of E. coli meningitis may
be increasing due to the increased use of ampicillin
designed to reduce the vertical transmission of group B
Streptococcus. Although this strategy has been effective
in decreasing the prevalence of group B streptococcal
infections, a concomitant increase in infections due to
E. coli (85% were ampicillin resistant) has been observed
(Stoll et al., 2002). Case-fatality rates range from 25–40%,
and 33–50% of survivors develop neurological sequelae
(De Louvois, 1994; Franco et al., 1992; Unhanand et al.,
1993). No cost data are available for these infections,
but the prolonged hospitalizations that they commonly
entail and the extensive supportive and rehabilitative
care that often is needed even after the infection is cured
doubtlessly results in substantial direct costs despite the
modest number of cases.

Bacteremia-Sepsis
Septicemia was the tenth ranked cause of mortality in the United States in 2000 and was responsible
for 1.3% of deaths overall (Minino and Smith, 2001).
A study, based on U.S. data, estimated that 751,000
cases of severe sepsis occurred in 1995. With the
observed 28.6% associated mortality rate (Angus et al.,
2001), this translates into an estimated 215,000 deaths.
Among the 15 leading causes of death in the United
States since 1950, the largest increase in death rate has
been due to septicemia, increasing 38-fold (i.e., from
0.3 in 1950,to 11.5 in 2000, per 100,000 U.S. standard
population) (Minino and Smith, 2001; Murphy, 2000).
Estimated hospitalizations rates for septicemia in
Medicare beneficiaries have also increased dramatically, from 90,965 in 1986 to 219,350 in 1997 (a 241%
increase) (McBean and Rajamani, 2001). The incidence
of severe sepsis and its associated mortality has been
projected to increase in the coming years by 1.5%
per annum (Angus et al., 2001). Although associated
mortality overestimates true attributable mortality,
in the context of sepsis this difference may be less
than one might predict. The associated mortality for
severe sepsis in patients with and without underlying
comorbidity was 31.8% and 25%, respectively (Angus
et al., 2001). Since the latter value derives from hosts
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without comorbid conditions that could confound
the association of sepsis with mortality, it probably
approximates the true attributable mortality due to
sepsis. These data thus strongly suggests that most of
the mortality associated with severe sepsis is actually
due to sepsis itself and not to comorbidities.
In 1997, the approximately 219,350 hospitalizations for septicemia were estimated to cost Medicare
$1.8 billion in hospitalization costs alone (McBean
and Rajamani, 2001). The true cost is acknowledged
to be significantly higher, since neither prehospital
and posthospital costs, nor costs for physician services in hospital, were included. In 1997, a total of
773,530 cases of severe sepsis were estimated to occur
nationwide (Angus et al., 2001). Therefore, extrapolation of estimated Medicare costs for septicemia would
yield a conservative estimate of $6.5 billion/year.
Considerably higher estimates have been provided
with the average cost per case of severe sepsis calculated to be $22,100 (1995 dollars) (Angus et al., 2001)
or $44,600 (2001 dollars) (Weycker et al., 2003). These
figures project to an annual United States cost for allcause severe sepsis of $16.7–34.5 billion.
By using the conservative estimate that E. coli
causes 17% of the cases of severe sepsis (Bernard
et al., 2001; Fluit et al., 2001; McBean and Rajamani,
2001), severe sepsis due to E. coli would be associated with an estimated 40,000 deaths in 2001, and an
estimated E. coli-associated direct health-care costs of
$1.1–2.8 billion/year in the United States alone. From
a global perspective, the World Health Organization’s
report regarding the leading infectious causes of
death worldwide in 1999 is informative (World health
Organization, 2000). Although two of the infections listed (i.e., acute respiratory tract infection and
acquired immunodeficiency syndrome) in some
instances cause sepsis, sepsis per se did not appear
on the list. Differentiating sepsis-associated mortality from mortality caused by an infection at a defined
anatomical location may be difficult, if not impossible.
Nonetheless, it is important to acknowledge sepsis as
a distinct, infectious clinical entity. A sepsis-specific
therapy has been approved in the United States
(Bernard et al., 2001), and additional sepsis-specific
therapies are in development. Therefore, regardless of
whether sepsis is primary or secondary, its prevalence,
associated mortality, and economic consequences
warrant individual recognition. If the U.S. data on
sepsis-associated mortality are extrapolated worldwide, sepsis-associated mortality would supplant
acute lower respiratory infections (3,963,000 estimated
deaths per annum) as the number one infectious cause
of death (4,950,000 estimated deaths per annum).
Sepsis-associated mortality due to E. coli (using the
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conservative estimate of E. coli causing 17% of sepsis
cases (Bernard et al., 2001; Fluit et al., 2001; McBean
and Rajamani, 2001)) would be ranked seventh overall
(868,000 estimated deaths per annum). This calculation assumes that sepsis-associated mortality is uniform among all pathogens. This may not be the case,
since some studies have suggested a higher sepsisassociated mortality with Pseudomonas and/or Candida
than with other pathogens. Nonetheless, these figures
leave little doubt that the global burden of E. coli
sepsis-associated deaths is substantial.

SHORT HISTORY OF THE DISEASE
ExPEC, or their evolutionary precursor, have
likely been part of the colonic flora of humans since
the dawn of humankind. Likewise, infections due
to ExPEC almost certainly have an equally long history. In the past, ExPEC have typically been highly
susceptible to antibiotics, hence readily eradicated
with antibiotic therapy. Unfortunately, this situation has changed as of late. Antimicrobial resistance
among E. coli strains has increased (see “Treatment”).
Furthermore, the incidence of serious extraintestinal infection due to E. coli increases with age (Angus
et al., 2001; Jackson et al., 2005; McBean and Rajamani,
2001). As the proportion of elderly patients increases
in the United States and other developed countries, so
likely will the number of extraintestinal E. coli infections. The combination of increasing numbers and
increasing antimicrobial resistance predictably will
make the future management of extraintestinal E. coli
infections more challenging and costlier than ever.

TREATMENT
In general, the frequency of resistance precludes
empirical use of ampicillin, even in communityacquired infections. The prevalence of resistance to
first-generation cephalosporins and trimethoprimsulfamethoxazole is increasing among community-acquired strains in the United States (currently
10–40%) and is even higher outside North America.
Until recently, trimethoprim-sulfamethoxazole was
the drug of choice for the treatment of uncomplicated
cystitis in many locales. Although continued empirical
use of trimethoprim-sulfamethoxazole will predictably result in ever-diminishing cure rates, a wholesale
switch to alternative agents (e.g., fluoroquinolones)
will just as predictably accelerate the widespread
emergence of resistance to these antimicrobial classes,

as is already occurring in many areas. Resistance
to fluoroquinolones has been steadily increasing
over the last decade, with 2002–2005 prevalence values ranging from 5–20% in North America and even
higher in other regions. The prevalence of resistance
is higher in settings with extensive use of fluoroquinolone prophylaxis (e.g., in patients with leukemia,
transplants, and cirrhosis), and among isolates from
long-term-care facilities and hospitals. Among fluoroquinolone-resistant strains, a significant prevalence of
coresistance (30–40%) to amoxicillin/clavulanic acid
and piperacillin has been reported. The prevalence
of coresistance to more advanced cephalosporins
(second-, third-, and fourth-generation), monobactams
(e.g., aztreonam), piperacillin-tazobactam, and the
non-amikacin aminoglycosides is increasing but still
generally ⬍10%. Carbapenems (e.g., imipenem) and
amikacin are the most predictably active agents, but
recently resistance has been described against these
agents as well (Bogaerts et al., 2007; Lartigue et al.,
2007). Although clinical experience is limited, tigecycline and polymyxin B (an agent of last resort due
to potential toxicities) are highly active in vitro (Stein
and Craig, 2006).

PROTECTIVE IMMUNE RESPONSE
ExPEC are typical extracellular bacterial pathogens.
These strains are inherently resistant to innate host
defense factors such as complement, cationic antimicrobial peptides, and phagocytosis in the absence
of opsonization. Given the extracellular lifestyle of
ExPEC, the development of bactericidal antibodies
should lead to protective immunity (Ahmed et al.,
2002). However, despite the peaceful coexistence of
ExPEC strains with humans (and other mammals
and birds) on the intestinal (⫹/⫺ the vaginal and
oropharyngeal) mucosal surfaces, the host is unable
to develop a protective immune response as a result
of colonization. In fact, the host is susceptible not only
to an initial infection at an extraintestinal site, but
also to recurrent infections from both homologous
and heterologous strains (Russo et al., 1995; Olesen
et al., 1998; Maslow et al., 1994; Brauner et al., 1994).
This suggests that the development of a protective
immune response is not always a consequence of
natural ExPEC infection. We hypothesize that ExPEC
have evolved mechanisms to avoid and/or subvert
an acquired protective immune response from the
host. To successfully develop a vaccine to protect
against ExPEC, an understanding is required of (1)
the mechanisms by which these strains escape the
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host’s acquired immune response, and (2) optimal
immunization approaches.
Despite the host’s apparent inability to develop a
protective immune response to natural infection, we
hypothesize that a successful immunization strategy
can be developed that will confer protection against
ExPEC. An immunologic correlate for protection
against ExPEC infection (e.g., threshold antibody
titer) has not been established. Further, individuals
with deficiencies in humoral or cell-mediated immunity do not seem to have an increased incidence of
ExPEC-mediated infections such as UTI. However,
abundant experimental evidence supports that
humoral immunity is important in conferring protection against ExPEC infection. In animal models,
passive or active immunization against capsule, Ospecific antigen, and iron-regulated outer membrane
proteins (OMPs) have afforded protection against
systemic infection (Kaijser and Ahlstedt, 1977; Salles
et al., 1989; Bolin and Jensen, 1987), and immunization with capsule, O-antigen, and P and type 1
fimbriae, and the siderophore receptor IroN are
protective against UTI from ExPEC strains expressing these virulence factors (Kaijser et al., 1978, 1983;
Langermann et al., 1997, 2000; O’Hanley et al., 1991;
Pecha et al., 1989; Russo et al., 2003b). Further, in
cynomologus monkeys, more rapid clearance of
E. coli from the urinary tract correlated with antiE. coli serum IgM and urine secretory IgA and IgG
(Hopkins and Uehling, 1995). Taken together, these
data support that generation of an appropriate systemic and perhaps a mucosal (e.g., against cystitis)
acquired immune response will prevent infections
due to ExPEC.
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Surface Polysaccharides
Development of a successful vaccine designed to
protect against infections due to ExPEC presents several
challenges (Russo and Johnson, 2006). First, although
surface polysaccharides such as capsule have formed
the basis for several successful vaccines directed against
extracellular pathogens such as Haemophilus influenzae
type b, Streptococcus pneumoniae, and certain serotypes
of Neisseria meningitidis (Smit et al., 1977; Lepow et al.,
1986; Centers for Disease Control and Prevention., 1991),
this approach is less practical for ExPEC. More than 80
capsular serotypes exist for E. coli strains (Jann and Jann,
1990; Orskov et al., 1977). Further, for the O-antigen
moiety of LPS, ⬎150 major variants, some with multiple
subtypes, have been described in E. coli (Whitfield and
Valvano, 1993). Although only a fraction of these capsular and O-antigen variants are encountered among
ExPEC, surface polysaccharides from ExPEC isolates
nonetheless exhibit considerable antigenic diversity.
Further, certain capsular polysaccharides (e.g., K1, K5)
are poorly immunogenic, which may be due to their
antigenic similarities to host tissues (Roberts, 1995).
These considerations would be predicted to make the
development of an ExPEC vaccine based on surface
polysaccharides extremely challenging (Whitfield and
Valvano, 1993). Despite this, the development of a polyvalent conjugated vaccine based on a combination of
the most common capsular and O-antigen serotypes is
still a consideration.

Adhesins
EXPEC VACCINES
At present, no human ExPEC vaccines are licensed
in the United States. A number of whole-cell vaccines
that contain ExPEC and a variety of other pathogens
that cause UTI have been studied and are available
for use in Europe for the prevention of UTI. These
include Urovac (SolcoBasel, Basel, Switzerland),
Uro-Vaxom (OM Pharma, Myerlin, Switzerland),
Urvakol (Institute of Microbiology, Czech Republic),
and Urostim (National Center for Infectious and
Parasitic Diseases, Bulgaria). However, the data that
support the use of these vaccines are limited and/or
far from convincing, and many studies lack scientific rigor. Therefore, we will discuss whole-cell vaccines under “ExPEC Vaccine Candidates” (Russo and
Johnson, 2006).

Assessment of surface-exposed protein moieties
as putative vaccine candidates has also been pursued. Adhesins are a logical choice because of their
surface exposure and potential role in pathogenesis.
Antibodies directed against these elements have the
promise to enhance bactericidal activity mediated
by complement or by professional phagocytes via
opsonization, and/or to inhibit bacterial binding to
host structures, a potentially critical step in the pathogenesis of infection. P fimbriae, which via their PapG
adhesin molecule recognize glycolipids that contain a Galα(1-4)Gal moiety, are associated with the
70–90% of ExPEC isolates that cause pyelonephritis
and in 30–50% of those that cause cystitis. Systemic
immunization with purified P fimbriae (Pecha et al.,
1989; O’Hanley et al., 1991) and synthetic peptides
corresponding to the protective epitope of the P fimbria major structural subunit (Schmidt et al., 1988)
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conferred protection in a murine pyelonephritis model. Likewise, immunization with purified P
fimbriae or with purified PapDG protein complex
conferred protection in a nonhuman primate model
(Roberts et al., 1984, 2004), and passive immunization
with anti-PapG conferred protection to chickens in an
air sac infection model (Kariyawasam et al., 2004b).
Human studies to assess the efficacy of a vaccine
against P fimbriae or its components thereof have not
been performed. FimH, the adhesin for the mannose
binding type 1 pilus that has been shown to mediate
binding to uroepithelial cells via uroplakin receptors,
is a critical determinant in the pathogenesis of cystitis in mice, and is expressed in ⬎90% of E. coli strains.
Systemic immunization with recombinant FimH and
its chaperone FimC was protective in a murine cystitis model (Langermann et al., 1997) and prevented
cystitis in three of the four cynomolgus monkeys
(Langermann et al., 2000). A human phase 2 trial has
been undertaken, but published data are not available.
If the FimH-FimC vaccine is successful in preventing
cystitis, it has the potential to prevent bacteremia originating from this site. However, most cases of ExPEC
bacteremia from a urinary tract origin occur in the
setting of concomitant renal infection. The impact of
a FimH-FimC vaccine on pyelonephritis is unclear.
Further, the utility of this vaccine will probably not
extend to the many other types of infection caused
by extraintestinal E. coli outside of the urinary tract
(Vandemaele et al., 2005; Kariyawasam et al., 2004b),
since its protective effect appears to result from inhibition of bladder-specific adherence mediated by type 1
pilus (Langermann et al., 1997).
Immunization with purified Dr fimbriae reduced
mortality after challenge with a homologous strain
in a chronic UTI model, using C3H/HeJ mice, but
bacterial titers in the urinary tract were not affected
(Wroblewska-Seniuk et al., 2005). Although Dr fimbriae
and related adhesins are associated with ExPEC isolates that cause UTI in children and pregnant women,
overall their prevalence in surveys of ExPEC isolates is generally ⬍10% (Gordon et al., 2005; Johnson
et al., 2005c; Sannes et al., 2004), making them a less
than ideal vaccine candidate, particularly as a “stand
alone” immunogen. S and F1C fimbriae are more
prevalent among ExPEC isolates, but have not been
assessed as vaccine candidates.

Outer Membrane Proteins
OMPs are also potential vaccines candidates.
Several iron-regulated OMPs have been assessed to
date. This group of proteins is also logical given that

(1) many are surface exposed; (2) iron acquisition is
a requisite for pathogenesis, since free iron is largely
unavailable in animal hosts; (3) a variety of ironregulated and non-iron-regulated OMPs have been
shown to exhibit increased expression in vivo in mice
(Snyder et al., 2004); (4) unlike adhesins, which display considerable antigenic variability (Weissman
et al., 2006), OMPs assessed as putative vaccine candidates demonstrate a high degree of conservation
(Durant et al., 2007).
One of the most extensively studied iron-regulated OMPs has been the siderophore receptor IroN.
Expression of IroN is increased in human blood,
ascites, and urine (Russo et al., 1999; Hagan and
Mobley, 2007), contributes to invasion of uroepithelial
cells in vitro (Feldmann et al., 2007), and contributes to
virulence in a mouse UTI model (Russo et al., 2002), in
the avian air sac infection model (Dozois et al., 2003),
and in the rat neonatal meningitis model (Negre et al.,
2004). Systemic immunization with denatured IroN
conferred protection against renal but not bladder
infection in a mouse UTI model (Russo et al., 2002).
A recent study demonstrated that both active and
passive systemic immunization with IroN conferred
protection against ExPEC challenge in a lethal sepsis
model (Durant et al., 2007). The prevalence of IroN
in human ExPEC isolates ranged from 39–83% (mean
50%, 461/919), depending on the site of infection
(Johnson et al., 2001c, 2000a, 2002a, 2001d; Bauer et al.,
2002b; Russo et al., 1999; Hagan and Mobley, 2007).
Limited published studies have pursued other
OMPs as potential vaccine candidates. Several conserved OMPs have been shown to be expressed during UTI, leading the authors to conclude that such
antigens could form the basis of an ExPEC vaccine
(Hagan and Mobley, 2007). Through the use of a
“reverse vaccinology” approach, FyuA and the antigens C0393, C4424, and C3389, but not ChuA, were
shown to confer protection in a lethal sepsis model
(Durant et al., 2007). Passive immunization with rabbit antisera, raised against iron-regulated OMPs in
E. coli (O78/K80/H9), protected turkeys from bacteremia and death in an air sac inoculation model
(Bolin and Jensen, 1987; Kariyawasam et al., 2004b).
Active nasal immunization with purified aerobactin
receptor IutA or passive immunization with anti-IgY
raised against IutA protected chickens after challenge
with the homologous strain and both the homologous and heterologous strains, respectively, in an air
sac infection model (Kariyawasam et al., 2002, 2004b).
A number of ExPEC iron-regulated OMPs have been
demonstrated to be urovirulence factors (e.g., IreA,
Iha) but have not yet been assessed as potential vaccine
candidates (Johnson et al., 2005b; Russo et al., 2001).
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OmpT, a non-iron-regulated OMP, is highly prevalent
among ExPEC isolates, but has not yet been assessed
experimentally as either a urovirulence factor or
a potential vaccine candidate (Gordon et al., 2005;
Johnson et al., 2005c; Sannes et al., 2004). No human
studies have been performed assessing OMPs as vaccine candidates. However, OMPs possess their own
challenges, which include difficulties in purification
and in maintaining the proper conformational structure. Further, in ExPEC strains, although some OMPs
are widely prevalent, others (e.g., IreA) are less so
(Russo et al., 2001). Moreover, nearly all ExPEC strains
possess capsule and O-antigen, which may impede
antibody binding to OMP antigens. Lastly, given the
variable prevalence of many OMPs in ExPEC, it is
unlikely that a single OMP will be able to confer broad
protection, thus necessitating the need for a polyvalent vaccine.
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Toxins
Alpha-hemolysin (HlyA) has been shown to be
highly conserved (O’Hanley et al., 1993). In a mouse
model of pyelonephritis, systemic immunization
with purified HlyA was associated with decreased
renal damage, but did not affect the clearance of
E. coli (O’Hanley et al., 1991), and in another study
both active and passive immunization with antisera
raised against HlyA protected mice (Linggood and
Ingram, 1982). Other toxins that are variably present
in ExPEC isolates (Gordon et al., 2005; Johnson et al.,
2005c; Sannes et al., 2004), such as cytotoxic necrotizing factor-1 (Rippere-Lampe et al., 2001b) and secreted
autotransporter toxin (Guyer et al., 2002), have been
shown to contribute to uropathogenesis, but have not
been assessed as potential vaccine candidates (Guyer
et al., 2002).

Whole-Cell Vaccines

Lipid A/Core Saccharides of LPS
Because of the relative antigenic conservation of
lipid A and the core saccharides of LPS, not only
among the different E. coli strains but also among
Enterobacteriaceae in general, there has been significant
interest in the role of antibodies directed against these
moieties in protecting against a variety of infections.
The demonstration that passive administration of
polyclonal antisera developed against an O-antigendeficient E. coli strain (J5) could significantly decrease
mortality against Gram-negative bacteremia (35/91
treated patients had E. coli bacteremia) generated
tremendous excitement (Ziegler et al., 1982). It was
hypothesized that the protective effect of J5 antisera was due to antibodies directed against core saccharides or lipid A, which neutralized the biologic
activity of lipid A or increased bacterial clearance.
Disappointingly, however, subsequent studies, which
treated patients with Gram-negative sepsis with
human monoclonal antibodies directed against lipid
A, did not support the initial findings (Greenman
et al., 1991; Ziegler et al., 1991). It has been subsequently demonstrated that J5 antiserum contains
antibodies directed against ⱖ3 OMPs (e.g., OmpA,
anti-murein lipoprotein, and peptidoglycan-associated
lipoprotein), which suggested that the protective effect
initially seen with polyclonal J5 antiserum (Ziegler
et al., 1982) may actually have been due to antibodies
directed against these alternative targets, rather than
LPS per se (Hellman et al., 1997). Other investigators
are continuing to pursue the development of a subunit vaccine composed of detoxified J5 LPS complexed
to N. meningitidis group B OMPs (Cross et al., 2003).

Four standardized whole-cell vaccine formulations have been tested for their efficacy in preventing
UTIs.
1. Urovac (SolcoBasel, Basel, Switzerland) consists
of 10 heat-killed uropathogens (E. coli, N ⫽ 6; P.
mirabilis, N ⫽ 1; M. morganii, N ⫽ 1; K. pneumoniae,
N ⫽ 1; E. faecalis, N ⫽ 1: 1 ⫻ 108 cfu of each strain
per dose). Urovac conferred protection in mouse,
rat, and cynomolgus monkey UTI models when
administered intramuscularly (IM) or via the
intravaginal route (Kruze et al., 1992; Uehling
et al., 1991, 1994). In an open comparative study of
400 women who had a UTI, there was a significant
decrease in recurrent UTI in women treated with
Urovac IM. However 47% had reactions that were
attributed to endotoxin (Grischke and Ruttgers,
1987). As a result, subsequent studies explored
intravaginal administration to minimize adverse
reactions and maximize a mucosal immune
response. A double-blind, placebo controlled,
phase 2 clinical trial in 54 women demonstrated
that six intravaginal immunizations with Urovac
(0, 1, 2, 6, 10, 14 weeks), but not three intravaginal
immunizations (0, 1, 2), increased the time to
reinfection compared to placebo (Uehling et al.,
2003). This protective effect was not associated
with an increase in antibody levels against the
uropathogens included in Urovac. Therefore,
it is unclear whether the protection observed
was due to an acquired immune response or an
immunostimulatory effect on the host’s innate
defense response that may require regular booster
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doses. A small (n ⫽ 24–26 per group), recent study
demonstrated that women with recurrent UTI that
underwent “primary” intravaginal immunization
(0, 1, 2 weeks) and “primary” immunization
with boosters (0, 1, 2, 6, 10, 14 weeks) were
significantly more likely to remain free of recurrent
E. coli infection, but not UTIs by any bacteria,
compared to placebo (Gautam and Khera, 2007).
This protective effect was not associated with
differences in E. coli IgA and IgG antibodies in
urine and vaginal fluid samples.
2. OM-89 or Uro-Vaxom (OM Pharma, Myerlin,
Switzerland) is a lyophilized extract from 18 E.
coli strains and is administered via the oral route.
The proposed mechanism of OM-89 is induction
of antibody response to antigens, both present and
not present in the vaccine (Huber et al., 2000).
A meta-analysis of five placebo-controlled double
blind studies (1 capsule/day for 90 days with a
6-month study duration) supported that oral
therapy with OM-89 was associated with a
decrease in recurrent UTI compared to placebo
(Bauer et al., 2002a). The same conclusion was
reached in a recent multicenter, double-blind
study conducted in 453 women over 12 months
(1 capsule/day for months 1–3, no treatment in
months 4–6, 1 capsule/day for the first 10 days of
months 7–9) (Bauer et al., 2005).
3. Urvakol (Institute of Microbiology, Czech
Republic) (Koukalova et al., 1999a, 1999b),
which contains inactivated whole cells of E.
coli, P. mirabilis, P. aeruginosa, and E. faecalis, and
4.Urostim (National Center for Infectious and
Parasitic Diseases, Bulgaria) (Marinova et al., 2005,
Nenkov et al., 1995), which contains lyophilized
lysates of E. coli, P. mirabilis, K. pneumoniae, and E.
faecalis, are also administered orally. These vaccine
formulations have been studied both in animals
and in human clinical trials. Published data are
limited but suggest that these formulations have
a nonspecific immunostimulatory effect on both
innate and acquired immunity. It is unclear how
the immunostimulatory properties of OM-89,
Urvakol, and Urostim are more effective than
those bestowed by the daily bacterial load from
ingested food or from the endogenous colonic
flora, which contains the uropathogens destined to
cause UTI.
Other nonstandardized whole-cell formulations
have been assessed in a variety of animal infection
models. Vaginal immunization with a formalin-killed
E. coli strain (O6, P fimbriae, type 1 pilus positive)
conferred protection against cystitis to cynomolgus
monkeys after challenge with the homologous strain

(Uehling et al., 1987). Systemic immunization with
formalin killed E. coli (O4, P fimbriae, type 1 pilus,
hemolysin positive) afforded some protection against
renal damage, but not bacterial clearance (Roberts
et al., 1995). Immunization of chickens, via spray
droplets, with attenuated E. coli constructs with
deletions in either galE, purA, or aroA resulted in an
appropriate immune response and conferred protection against pulmonary challenge with the wild-type
homologous parent (O78), but not against a heterologous E. coli strain (O2) (Kariyawasam et al., 2004a).
Thus, although the available data regarding wholecell E. coli vaccines to date is far from convincing and
many studies lack scientific rigor, based on successes
with other pathogens (e.g., B. pertussis) the concept
should not be discarded.

Genetically-Engineered Whole-Cell Vaccines
Our laboratory has generated data, which lay the
foundation for the logical development of a killed,
whole-cell E. coli vaccine (Russo et al., 2007a). We
demonstrated that nasal immunization with a formalin-killed ExPEC derivative deficient in capsule and
O-antigen results in (1) a significantly greater overall
humoral response compared to its wild-type derivative (which demonstrates that capsule and/or the
O-antigen impede the development of an optimal
humoral immune response) and (2) a significantly
greater immune response against noncapsular and Oantigen epitopes. We also demonstrated that a similar
amount of antibodies that recognize surface epitopes
on CP923 (capsule and O-antigen minus) is generated after immunization with live and formalin-killed
CP923, suggesting that antigen presentation, surface
architecture, and conformational epitopes are relatively conserved with formalin treatment. These antibodies also bound to a subset of heterologous ExPEC
strains and enhanced neutrophil-mediated bactericidal
activity against both the homologous and a heterologous strain. Taken together, these studies support the
concept that formalin-killed genetically engineered
ExPEC derivatives are whole-cell vaccine candidates
to prevent infections due to ExPEC. We envision the
potential for additional improvement of the humoral
immune response. First, since the genetics of capsule
and O-antigen production in ExPEC are well-described
(Russo, 2002), construction of additional capsule and
O-antigen-deficient derivatives should be straightforward. Our data support that a molecular epidemiologic
approach, possibly incorporating virulence gene profiling and multilocus sequence typing, has the potential
to identify prototypic strains from relatedness groups
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for use in a polyvalent vaccine containing multiple
formalin-killed capsule and O-antigen-deficient constructs. The goal for such a vaccine would be to generate
a polyclonal antibody response against surface-exposed
epitopes in 90–100% of ExPEC isolates. Second, we
hypothesize that ExPEC factors other than capsule and
O-antigen may adversely modulate the host’s acquired
immune response or that a dominant antigen may
narrow the immune response. If/when identified,
disruption of the corresponding genes may further
improve the host’s antibody response. Third, adjuvants
have the potential to enhance the immune response.
Fourth, although lipidA toxicity should be less of an
issue with mucosal immunization, if necessary, constructs can be generated in which the bioactive properties of lipidA have been minimized (Somerville et al.,
1996). Lastly, if certain epitopes/proteins are shown
in future studies to be critical in conferring protection
against ExPEC infection, they can be overexpressed
in the genetically engineered background that results
in the optimal antibody response.

PROSPECTS FOR THE FUTURE
Although the development of an effective vaccine
against ExPEC will be challenging, continued efforts in
this area will likely lead to success (Russo and Johnson,
2006). Pursuit of this goal will be driven in part by the
need for a human vaccine, but also by vaccine development against E. coli strains that cause infections in
domesticated animals, which are responsible for a
variety of infectious syndromes that result in a significant economic burden. Animal and human isolates of
E. coli share common virulence factors, global genomic
similarities, and in some cases are indistinguishable
(Johnson et al., 2001b, 2005d, 2007; Moulin-Schouleur
et al., 2007). In humans, the first target population will
probably be women who suffer from recurrent UTIs.
However, given the overall number of ExPEC infections
and the fact that ExPEC is a leading cause of severe
sepsis, with sepsis ranked as the tenth overall cause of
death in the United States, we envision a broader population benefiting from an efficacious ExPEC vaccine.
The high rate of E. coli bacteremia (3⫻ higher than S.
pneumoniae) in the elderly identifies them as one such
population (Jackson et al., 2005). Two major approaches
are likely to be pursued.
The first will be the continued identification and
evaluation of ExPEC vaccine candidates (e.g., adhesins,
iron-regulated and constitutively expressed OMPs, and
perhaps lipid A/core saccharides of LPS). Because surface polysaccharides (e.g., capsule, O-antigen) exhibit
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antigenic heterogeneity, limited immunogenicity, and
poor immunological memory, if not protein conjugated, at present they seem to be less viable candidates. Likewise, because adhesins possess significant
antigenic variability, development of a broadly efficacious ExPEC vaccine based solely on adhesin antigens will also be challenging. At present, a number of
studies support the use of OMPs as potential ExPEC
vaccine candidates. The OMPs assessed to date are
relatively conserved and have been shown to confer protection in several animal infection models.
A potential problem may be that nearly all ExPEC
strains possess capsule and O-antigen, and these surface polysaccharides may impede antibody binding
to OMP antigens. Due to the variable prevalence of
virulence factors in ExPEC strains, and the diversity of virulence factor profiles observed in different
clonal groups of ExPEC, we predict that a polyvalent
vaccine will be necessary to confer broad protection.
Besides eliciting bactericidal antibodies (i.e., those that
enhance complement-mediated bactericidal activity
and/or bactericidal activity mediated by professional
phagocytes via opsonization) against a variety of antigenic targets, a polyvalent vaccine also has the potential to inhibit the function of multiple virulence factors
(e.g., adhesins, iron-acquisition proteins) necessary in
the pathogenesis of ExPEC infection, thereby maximizing its efficacy. A potential limitation of this approach
is the effort/money needed to identify and assess multiple vaccine candidates. Further, purification of proteins, especially OMPs, in an antigenically appropriate
form may be challenging.
An alternative and more novel paradigm would be
the continued development of a whole-cell vaccine.
Immunization with whole E. coli has certain potential
advantages. First, given that commensal E. coli and
ExPEC are part of the normal human flora, mucosal
immunization with whole organisms will likely be
safe. Second, utilization of whole organisms has the
potential for the development of bactericidal antibodies
to multiple antigenic targets. Third, whole organisms
may possess natural adjuvants (Jeannin et al., 2002,
2003). Lastly, immunization with whole organisms has
the potential for development of bactericidal antibodies directed against conformational and linear epitopes.
However, this approach also has potential limitations.
Nasal immunization with killed, whole ExPEC strains
is likely to generate antibodies directed against antigens present in commensal E. coli strains that constitute part of our normal intestinal flora. Whether this
has the potential to modify the carriage of commensal
E. coli, and if so, whether this might adversely affect the
host, is unknown. Although nasal immunization can
generate both a mucosal and a systemic response,
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an adjuvant may be needed to generate an immune
response of sufficient magnitude to confer protection
(Couch, 2004). There is strong evidence implicating
the use of heat-labile E. coli enterotoxin as an adjuvant
(for nasal immunization with an inactivated influenza
vaccine) in the development of Bell’s palsy (Mutsch
et al., 2004). Therefore, prior to consideration of nasal
immunization with an ExPEC vaccine formulation in
humans, it will be necessary to develop a safe mucosal
adjuvant. Lastly, given the antigenic complexity of a
killed ExPEC vaccine and the possibility of biologically
active components, there will undoubtedly be increased
scrutiny by regulatory bodies regarding safety issues.
In summary, development of a polyvalent subunit
vaccine or a genetically engineered killed whole-cell
vaccine will be challenging. However, achieving this
goal is important because of the medical–economic
burden attributable to infections due to ExPEC.

KEY ISSUES
●

●

●

●

●

●

●

●

of killed, genetically engineered derivatives of
pathogenic wild-type ExPEC in which factors that
impede an optimal host immune response (e.g.,
capsule, O-antigen) have been inactivated and
critical antigenic determinants are overexpressed.
Development of either a polyvalent subunit vaccine
or a genetically engineered killed whole-cell
vaccine will be challenging. However, achieving
this goal is important because of the medical–
economic burden attributable to infections due to
ExPEC.
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ABSTRACT
Along with other sexually transmitted diseases, gonorrhoeae has an enormous impact on global human health,
as the World Health Organization estimates that 62 million new gonococcal infections occur annually. Syndromes
range from uncomplicated cervicitis in women and urethritis in men to upper tract infection and pelvic
inflammatory disease in women with consequent reproductive tract damage, and rarer cases of invasive disease;
asymptomatic infections are also common in women. Ocular infections that threaten eyesight can occur in infants
born to infected women. Untreated gonorrhea also facilitates the spread of HIV-AIDS. Although the causative
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agent, Neisseria gonorrhoeae, is usually sensitive to modern antibiotic treatments, the spread of antibiotic resistance is
causing concern that these options may become limited. Most major gonococcal surface antigens are hypervariable
and their expression is subject to phase variation, but considerable advances have been made in elucidating the
molecular mechanisms that govern these, and in comprehending gonococcal pathogenesis. Conserved antigens
of current interest include NspA and the transferrin-binding proteins, but comparison with Neisseria meningitidis
suggests that others might exist. The systemic and genital tract immune response to uncomplicated gonorrhea
is generally weak and poorly understood, and repeated infections are common. While N. gonorrhoeae deploys
multiple mechanisms to evade destruction by host immune defenses, the concept is emerging that it also avoids
inducing adaptive immunity and manipulates host responses to its own advantage. A previous attempt to develop
vaccines based on pilus antigen proved ineffective, and efforts to create a porin-based vaccine have stalled.
Experimental studies are hampered by the lack of good animal models as gonorrhea is an exclusively human
infection. Concerted, new, and sustained effort is required to identify suitable gonococcal antigenic targets, define
the parameters of immune protection against gonococcal infections in vivo, comprehend the mechanisms of both
male and female genital tract immune defense against infection, and devise novel immunization strategies for
eliciting immune protection in the male and female genital tracts. Sociopolitical barriers to the deployment of the
resources required to accomplish these goals need to be overcome.

INTRODUCTION
Gonorrhea is an ubiquitous, worldwide sexually
transmitted disease (STD) that is most common in developing nations and it disproportionately afflicts underprivileged and urban populations. It is also widely
acknowledged that gonorrhea is underreported, and
its true incidence is probably much greater than
the official numbers. While about 90% of men typically display symptoms within a few days of infection, in women symptoms are more nonspecific and
at least 30–50% (possibly more) of infected women
are asymptomatic or go unrecognized (Hook and
Handsfield, 1999). Moreover, women bear the brunt
of morbidity as untreated cervicitis can progress to
upper tract infection and pelvic inflammatory disease
(PID), leading to subsequent tubal scarring, infertility, and risk for ectopic pregnancy. Eye infections can
be acquired by babies born to infected women, or in
adults by the direct transfer of infected material, in
both cases leading to corneal scarring and blindness.
Though an infrequent complication of genital infection, disseminated gonococcal infection is a systemic
bacteremic condition most often involving the skin or
joints, leading to septic dermatitis, arthritis, or other
manifestations. Untreated gonorrhea is a risk factor
for the acquisition of HIV, although the mechanisms
underlying this are incompletely understood.
Since the beginning of the antibiotic era, the gonococcus (Neisseria gonorrhoeae) has regularly developed
resistance to antibiotics used for treatment, including
penicillin, tetracycline, and most recently the fluoroquinolone, ciprofloxacin. Although anecdotal evidence
suggests that some cases of uncomplicated gonorrhea
may be self-limiting and clear spontaneously after a
few months, it can also persist for years. Furthermore,

it does not leave a state of effective specific immunity, but can be acquired repeatedly with no apparent
diminution in probability, severity, or duration. This
has led to the speculation that N. gonorrhoeae interacts
with the human immune system in a manner that is
little understood, but that results in failure to generate
an adaptive immune response.
Gonorrhea therefore represents a challenging problem in infectious disease, both from the public health
and clinical standpoint, and scientifically. Great strides
have been made in comprehending the molecular
biology of N. gonorrhoeae (its genome has been completely sequenced), and in elucidating its pathogenic
mechanisms and colonization of the human male and
female genital tracts (Edwards and Apicella, 2004).
Comprehension of the immune response against the
gonococcus and how this can be manipulated to generate protective immunity to gonorrhea are, however,
limited, and efforts over many years to develop an
effective vaccine have not yet been successful.

HISTORICAL ASPECTS OF
GONORRHEA
While gonorrhea is likely an ancient human affliction and apparent references to it can be seen in the
Bible and other ancient writings, it was not until the
18th century that it was recognized as a distinct disease from syphilis; credit for this is given to Benjamin
Bell (1749–1806), a surgeon in Edinburgh, Scotland
(Benedek, 2005). The causative agent, now known as
N. gonorrhoeae, was first recognized microscopically
in specimens of pus by Albert Neisser (1855–1916)
at the University of Breslau in 1879, and confirmed
by Arpad Bokai (1856–1919) at the University of
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Budapest in 1880. Thus, the gonococcus was among
the earliest bacteria to be associated with human disease. However, controversy persisted for several years
because it proved impossible to infect animals such
as rabbits or dogs, and brave efforts on the part of
investigators to infect themselves or other volunteers
with cultures were initially unsuccessful. Indeed the
difficulty of culturing the gonococcus and of distinguishing it morphologically from other micrococci
undoubtedly contributed to this until the gram stain
was developed (1884) and better culture media were
devised.
The British lawyer James Boswell (1740–1795), better
known as the biographer of Samuel Johnson, left copious personal papers describing 12–19 episodes of gonorrhea over the course of some 30 years (Ober, 1970).
These reveal, besides his profligate lifestyle, that the
infections subsided (presumably cleared) after several
months or more, but left no evident state of immunity
against repeated infection—or recrudescence. The
advent of sulfonamides in 1936, followed by penicillin
in 1943, provided effective and rapid therapy, but antibiotic resistance soon emerged. In the United States,
gonorrhea rates peaked in 1975 at ⬎460 reported
cases per 100,000 population, and thereafter declined
substantially. However, in recent years there has been
concern that the trend has leveled out or may even be
increasing again in both the United States and Western
Europe. The worldwide incidence, estimated at 62
million cases per year (WHO, 2001), however, reveals
that gonorrhea represents a major international health
issue for which there is a huge unmet need to provide
treatment and effective preventative measures.

ETIOLOGIC AGENT: NEISSERIA
GONORRHOEAE
Classification
N. gonorrhoeae is one of two pathogenic species of
the genus Neisseria, the other being Neisseria meningitidis (Sparling, 1999). Neisseria is classified in the family Neisseriaceae within the phylum Proteobacteria
(β subgroup) of the Eubacteria (Janda and Gaydos,
2007). N. gonorrhoeae typically appears as an aerobic
gram-negative diplococcus that lacks a polysaccharide capsule (Fig. 49.1). It is nutritionally demanding,
requiring enriched media such as chocolate agar or
modified Thayer-Martin agar for growth. In the past,
diagnosis has usually depended on microscopy and
culture (Janda and Gaydos, 2007), but in developed
nations nucleic acid amplification tests have been
found somewhat more sensitive and easier to use
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FIGURE 49.1 N. gonorrhoeae in a gram-stained smear of exudate
from a case of gonorrhea. Note the presence of gram-negative diplococci within neutrophil leukocytes.

(Peeling et al., 2006), and have become the preferred
method for diagnosis of urogenital infection.

Antigens Encoded by N. gonorrhoeae
The antigens of N. gonorrhoeae are complex
and highly variable, but unlike the closely related
N. meningitidis (see Chapter 53) it does not possess a
polysaccharide capsule. Most of the major surface
components are subject to phase variation in which
their expression can be up- or down-regulated spontaneously or modified in response to environmental signals. These factors have complicated both serological
classification of N. gonorrhoeae (and hence its utility for
epidemiological tracing) and analysis of the immune
response to infection. N. gonorrhoeae is also naturally
transformable, thus horizontal transfer of genes and
the proteins, including antigens, encoded by them can
readily occur. The major surface antigens are listed in
Table 49.1, and are discussed below.
Lipooligosaccharide (LOS)
N. gonorrhoeae possesses a lipooligosaccharide (LOS)
anchored in the outer membrane through lipid A, with
short, triple-branched, and variable glycan chains
(Apicella et al., 1987; Burch et al., 1997). These depend
on glycosyltransferases some of which are subject
to off–on expression through phase variation determined by a slip–strand mispairing mechanism resulting from poly-G tracts in the coding sequences of the
genes (Yang and Gotschlich, 1996). However, some of
the oligosaccharides mimic host glycolipid epitopes
(Mandrell et al., 1988). In addition, LOS can be sialylated by means of a gonococcal sialyltransferase
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TABLE 49.1 Major antigens of Neisseria gonorrhoeae
Antigen

Functions and
propertiesa

Commentsa

LOS

Outer membrane
integrity; adhesin; host
cell interactions

Abs bactericidal (if
LOS not sialylated);
T-independent Ag;
glycan chains variable

Porin

Major OMP; anion
exchange channel; host
cell interactions

Constitutive; 2
main serovars plus
several subtypes; Abs
bactericidal if LOS
not sialylated and in
absence of Ab to Rmp

Opa proteins

Host cell interactions;
immunosuppressive

Expression phase
variable; ⬎50 types

Rmp

Protects porin

Highly immunogenic,
induces blocking Ab

Pili

Adhesin; host cell
interactions

Expression phase
variable; highly
heterogeneous; typespecific Abs inhibit
homologous pilus
adherence

H.8

Conserved lipoprotein
epitope

Present in Neisseria
meningitidis and other
neisseriae

NspA

Conserved small OMP;
function unknown

Abs conformation
dependent,
bactericidal; present in
N. meningitidis

Tbp

Iron uptake (binds
human transferrin)

Abs inhibit iron
uptake and adherence,
bactericidal

IgA1 protease

Cleaves human IgA1
and lysosomal LAMP1;
inhibits S-IgA function;
promotes intracellular
survival

Constitutive; few
antigenic variants;
Abs inhibit enzyme
activity

a

See text for explanations and further discussion.

for which the host supplies the substrate, cytidine
monophosphate-N-acetylneuraminic acid (Mandrell
et al., 1990; Smith et al., 1995). Some, though not all, of
the glycan subunits are immunogenic, and antibodies
to them can induce complement-dependent bacteriolysis. However, sialic acid residues on LOS interfere
with this bactericidal activity by facilitating the binding of the complement regulatory factor H (Ram et al.,
1998). Other LOS glycan structures enhance resistance
to complement by binding the regulatory protein,
C4b-binding protein (Ram et al., 2007).
Gonococcal LOS is highly endotoxic, probably
through interaction with Toll-like receptor (TLR) 4 and
CD14, and contributes significantly to the inflammatory response induced by gonococcal infection and

the resulting damage to tissues such as the fallopian
tube (Gregg et al., 1981). However, LOS is not considered a prime candidate for a vaccine antigen unless its
toxicity can be reduced or eliminated. In addition, carbohydrate antigens are usually T-independent unless
coupled to proteins. Moreover, sialylation of LOS
inhibits the bactericidal activity of complement-fixing
antibodies against it (Estabrook et al., 1997).
Porin
Porin (P.I) is the major outer membrane protein
(OMP) constituting ⬃30% of all gonococcal surface
protein. Only one porin is present, designated PorB (in
contrast to N. meningitidis which has two porins, PorA
and PorB). Gonococcal porin is the basis of a serovar
classification determined by means of a panel of monoclonal antibodies (Sarafian and Knapp, 1989). Two
major porin types exist, P.I-A and P.I-B, each having
numerous subtypes. Porin is a homotrimeric molecule,
which forms a pore in the outer membrane, and probably functions as an ion channel. As a major surface protein that is constitutively expressed in all strains and
one of the least variable, it has been proposed as a vaccine antigen (see below). This is supported by findings
that antibodies against it mediate in vitro complementdependent bacteriolytic and opsonic activities (Virji
et al., 1986, 1987). Within the gonococcal outer membrane, porin is closely associated with both LOS and
another protein designated Rmp (reduction-modifiable
protein) or P.III, and conventional biochemical purification usually results in preparations of porin that
are contaminated with Rmp. When these are used to
immunize animals, antibodies induced by Rmp may
block complement-dependent bacteriolysis mediated
by antibodies to porin (Rice et al., 1986). Thus efforts at
developing vaccines based on porin have required procedures that eliminate Rmp yet preserve the native conformation of porin (Wetzler et al., 1992). Sialylation of
adjacent LOS molecules also interferes with the bactericidal activity of antibodies to porin (Elkins et al., 1992).
Porin has been found to stimulate human T and B
lymphocytes (Wetzler et al., 1996; Mackinnon et al.,
1999) and interact with TLR2 (Massari et al., 2002;
Singleton et al., 2005). Thus, it is likely to be of significance for the interactions of gonococci with the human
immune system (Massari et al., 2003).
Opacity (Opa) Proteins
The Opa proteins (P.II) represent a large family of
polymorphic OMPs found in N. gonorrhoeae; they were
named because their expression governs the appearance
(opacity) of the colonies on agar plates. Approximately
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50–60 proteins and genes have been described, and
each isolate appears to possess about 10–12 opa genes.
Opa protein expression is controlled by a slip–strand
mispairing mechanism arising from the presence of a
variable number of a pentanucleotide (CTCTT) repeats
in the signal sequences of the opa genes. An individual
gonococcus can simultaneously express up to 3 or 4 Opa
proteins, which can be switched off or on again spontaneously. Opa switching has been observed in vivo,
both in humans and in colonized mice (Jerse et al., 1994;
Jerse, 1999), but it does not appear to be driven by selective pressure arising from the host’s specific immune
responses.
Whereas a few gonococcal Opa proteins have been
found to bind to heparan sulfate proteoglycans, the
majority bind in a species-specific manner to certain
human cell surface receptors of the carcinoembryonic
antigen-related cell adhesion molecule (CEACAM)
family (Popp et al., 1999; Virji, 2000). This interaction
probably facilitates gonococcal colonization and invasion of epithelial cells, which express CEACAM1,
CEACAM5, and CEACAM6 on their apical surfaces.
Recognition of CEACAM1, the only member of the
family that is expressed on T cells, by Opa-expressing
gonococci results in the suppression of T-helper cell
activity by signaling through an ITIM (immunoreceptor tyrosine-based inhibition motif) present on the
intracellular tail of CEACAM1 (Boulton and GrayOwen, 2002). Similar effects have been reported in
human B cells (Pantelic et al., 2005). This is postulated
to represent one mechanism by which N. gonorrhoeae
suppresses the development of specific immunity in
the host, and it has therefore been suggested that, for
example, outer membrane vesicles used as a vaccine
candidate should be depleted of CEACAM1-binding
Opa proteins (Lee et al., 2007). However, CEACAM3,
an activating receptor having an intracellular ITAM
(immunoreceptor tyrosine-based activating motif), has
been proposed as an adaptation that allows human
neutrophils to phagocytose and kill Opa-expressing
gonococci (Sarantis and Gray-Owen, 2007).
Pili
Gonococcal type IV pili are surface filamentous
structures that mediate initial host cell contact, and
are considered to be important virulence factors essential for human infection (Swanson et al., 1987). Pilus
expression is subject to phase variation. Structurally,
pili consist of numerous pilin subunits, which are generated when “silent” non-expressed genes in several
pilS loci are recombined into the pilE expression locus
(Segal et al., 1985; Hamrick et al., 2001; Criss et al.,
2005). This results in an extremely large number of
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highly variable pilin sequences, yet the conserved
regions of pilin are shrouded in the core of the assembled pilus (Parge et al., 1995), and there is little or no
antibody response to the conserved residues (Forest
et al., 1996; Hansen et al., 2007). Phosphorylation
and glycosylation add to the structural heterogeneity (Hegge et al., 2004). PilC has been identified as
the adhesin moiety at the pilus tip (Rudel et al., 1995)
that interacts with CD46 on epithelial cells (Källström
et al., 1997), although the identification of CD46 as
the pilus receptor has been questioned (Tobiason
and Seifert, 2001). CD46 is a complement regulatory
protein (membrane cofactor protein) that serves as a
receptor for several other human pathogens, including measles virus and Streptococcus pyogenes, and its
ligation results in immunosuppressive effects (RileyVargas et al., 2004). Ligation of CD46 on human CD4⫹
T cells leads to the development of T-regulatory
cells and the production of the immunosuppressive
cytokine, IL-10 (Kemper et al., 2003). Indeed piliated
gonococci have been shown to induce IL-10 secretion
by human T cells (Plant and Jonsson, 2006).
Several studies have shown that antibodies to gonococcal pili can block adherence and mediate opsonization (Rothbard et al., 1985; Virji and Heckels, 1985),
although the protective epitopes are highly variable.
However, as the pilus type of infecting gonococci
changes rapidly, well before any immune response
can be mounted (Swanson et al., 1987; Seifert et al.,
1994) it is unlikely that an immune response could be
effective against such a moving target.
H.8 Lipoprotein
H.8 is a conserved antigenic determinant found on
N. gonorrhoeae and N. meningitidis and some commensal neisseriae, and defined by a monoclonal antibody
(Cannon et al., 1984). Further investigation revealed
that at least two proteins contain the repeated epitope,
AAEAP, one being a lipoprotein with an azurin-like
sequence (Kawula et al., 1987). Its role in gonococcal
pathogenesis is unknown, although antibodies against
it have been found in the sera of convalescent patients
(Black et al., 1985).
NspA
A search for conserved proteins in meningococci using
a panel of monoclonal antibodies against outer membrane preparations identified one such protein that was
present in all strains of N. meningitidis, designated NspA
(Martin et al., 1997). Interest was stimulated by the finding that the defining monoclonal antibody exerted complement-dependent bacteriolysis and conferred passive
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protection against challenge. NspA was later identified also in N. gonorrhoeae with few amino acid variations (Plante et al., 1999), and antibodies against it were
found in sera of infected patients (Hedges and Russell,
unpublished observations). However, NspA is a small
OMP (⬃16 kDa) and its crystallographic structure
reveals it to be mostly inserted in the membrane with
only three small surface-exposed loops (VandeputteRutten et al., 2003). While bactericidal antibodies recognize the L3 loop, this is a conformational epitope
whose structural integrity depends on the association of NspA with the lipid membrane and detergentsolubilized NspA is not recognized (Cadieux et al., 1999;
Hou et al., 2003). Thus, it has proven difficult to generate protective antibodies that recognize native NspA on
the gonococcal surface, although efforts to exploit it as
a potential vaccine antigen against meningococci have
continued (Martin et al., 2000). The biological function
of NspA remains unknown. NspA deletion mutants of
N. meningitidis grow satisfactorily in culture media and
are virulent in an infant rat bacteremia model (Moe et
al., 2001), but as it is constitutively expressed in all clinical isolates presumably it has an important role for the
growth of the bacteria in the natural human host.
Transferrin-Binding Protein
Like most other pathogenic bacteria, N. gonorrhoeae
has evolved several mechanisms to acquire iron from
the host in which it occurs only in protein-bound
form (Cornelissen and Sparling, 1994; Schryvers and
Stojiljkovic, 1999). Indeed, pathogenic neisseriae utilize a ferric iron-uptake regulator (Fur) mechanism to
sense low environmental iron concentrations and regulate the expression of many genes in response to such
conditions in vivo (Grifantini et al., 2003). Among the
proteins that are up-regulated in low iron conditions
are the transferrin-binding proteins, TbpA and TbpB
(Cornelissen et al., 1997, 2000; Ronpirin et al., 2001),
which have been found to be essential for virulence
in a human challenge model (Cornelissen et al., 1998).
Moreover, Tbps are constitutively expressed, not subject to phase variation, and are relatively well conserved (Cornelissen et al., 2000; Agarwal et al., 2005).
Surface-exposed loops of TbpA have been defined
(Yost-Daljev and Cornelissen, 2004). The specificity
of gonococcal Tbps for human transferrin might contribute to the unique host specificity of N. gonorrhoeae
for humans. However, as with most other gonococcal
antigens, natural uncomplicated infection does not
lead to the development of potent antibody responses
against Tbp (Price et al., 2004). These considerations
make gonococcal Tbps potential vaccine candidates.
Intranasal immunization of mice with gonococcal

TbpA and TbpB conjugated to cholera toxin (CT) B
subunit induces circulating and vaginal antibodies
that exert bactericidal activity against heterologous
strains (Price et al., 2005). In a further development
of this approach, functional domains from TbpA
and TbpB were genetically fused to the A2 subunit
of CT and co-expressed with CT B subunit to create
chimeric immunogens. Intranasal immunization of
mice with these constructs also induced serum bactericidal and vaginal growth-inhibiting antibodies (Price
et al., 2007).
N. gonorrhoeae also produces analogous lactoferrinbinding proteins (LbpA and LbpB) that are able to
sequester iron from human lactoferrin, the ironbinding protein found in secretions (Blanton et al.,
1990). However, only about half of all clinical isolates
express Lbp, and it therefore does not appear to be an
essential virulence factor, although it can partly substitute for Tbp in the male challenge model (Anderson
et al., 2003).
IgA1 Protease
Both N. gonorrhoeae and N. meningitidis produce an
IgA1 protease that cleaves human IgA1 (not IgA2) at
a Pro–Ser or Pro–Thr bond in the hinge region (Kilian
and Russell, 2005). This enzyme is constitutively
expressed in all clinical isolates, and is believed to
serve as a virulence factor. However, definitive proof
of this assertion has been difficult to obtain, because
of the unique specificity of IgA1 proteases for human
(and other anthropoid ape) IgA1, thereby making
conventional animal models inapplicable. Because an
IgA1 protease-deletion mutant was found to colonize
isolated fallopian tube explants to the same extent
as wild-type gonococci it was originally suggested
that IgA1 protease is not an essential virulence factor (Cooper et al., 1984). However, this conclusion is
undermined by the absence of the relevant enzyme
substrate, IgA1 anti-gonococcal antibodies. Vaginal
washes from infected women contain gonococcal IgA1
protease that can cleave IgA1 in vitro (Blake et al.,
1979), but we were unable to identify the characteristic
cleavage fragments of IgA1 in genital secretions from
infected women (Hedges et al., 1998a), possibly due
to the presence of IgA1 protease-inhibiting antibodies (Lomholt et al., 1995a). Gonococcal IgA1 protease
also cleaves the lysosomal protein LAMP-1, thereby
enhancing intracellular survival (Hauck and Meyer,
1997; Lin et al., 1997), although degradation of LAMP1 alone appears to be insufficient to promote gonococcal survival within phagosomes (Binker et al., 2007). In
contrast to other bacterial pathogens, there is relatively
little antigenic variation in neisserial IgA1 proteases
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(Lomholt et al., 1995b), thus they too remain a potential
target antigen for inclusion in a gonococcal vaccine.
AniA
AniA (originally called Pan1) is the major anaerobically induced OMP of N. gonorrhoeae that possesses
nitrite reductase activity (Clark et al., 1987). Antibodies
to AniA have been detected in patients with both
uncomplicated and complicated gonorrhea as well
as disseminated gonococcal infection (Clark et al.,
1988), indicating that it is expressed in vivo. AniA
expression has been linked to enhanced resistance to
complement-mediated killing of gonococci (Cardinale
and Clark, 2000), suggesting that it might be a vaccine
candidate, but AniA appears to be antigenically heterogeneous and no specific studies of its potential as a
vaccine antigen have been reported.
OmpA-Like Protein
A 23 kDa gonococcal OMP homologous to OmpA
of Escherichia coli has been described and shown to
have a significant role in adherence to and invasion
of human cervical and endometrial carcinoma cells
(Serino et al., 2007). This protein is also required for
intracellular survival of N. gonorrhoeae within macrophages following its uptake, and a deletion mutant
shows diminished recovery in the murine vaginal
infection model. Thus gonococcal OmpA appears to
be a virulence factor, but its potential as a vaccine antigen has not been reported.

Other Potential Antigens: Lessons from
Meningococcal Vaccine Development
Considerable effort has been devoted in recent
years to the development of new and improved
vaccines against N. meningitidis, because capsular
polysaccharide vaccines are of limited value or unavailable in the case of serogroup B. Given the relatedness of the two species, the search for meningococcal
protein-based vaccine candidates may also suggest
useful avenues of exploration for gonococcal vaccine
development. Neisserial outer membrane vesicles
containing surface protein antigens and depleted of
reactogenic components such as LOS, or incorporating mutant LOS of diminished reactogenicity, show
considerable promise (Bakke et al., 2001; Fisseha et al.,
2005). Genome mining has identified several meningococcal genome-derived neisserial antigens (GNA),
including GNA33 (Adu-Bobie et al., 2004), GNA1870,
GNA1946, GNA2132 (Jacobsson et al., 2006), and also

NadA (Comanducci et al., 2004). A universal meningococcal vaccine has been developed from a cocktail of such antigens (Giuliani et al., 2006). As the
genome of at least one strain of N. gonorrhoeae has
been sequenced, genome mining should be a feasible
approach in this case also.

PROTECTIVE IMMUNE RESPONSE
It is a well-known clinical observation that gonorrhea can be contracted repeatedly, and despite multiple
exposures no state of effective immunity is conferred
after recovery (Noble et al., 1977). A study in commercial sex workers in Nairobi, Kenya, suggested that
multiple exposures diminished the probability of reinfection with the homologous serovar of N. gonorrhoeae,
implying the development of partial serovar-specific
immunity (Plummer et al., 1989), but this finding was
not repeated elsewhere (Fox et al., 1999) although few
persons are at comparable risk for infection as those
who took part in the former study. Numerous studies have assessed antibody responses in both serum
and the local genital secretions. However, these efforts
have been complicated by several factors, including the
extraordinary antigenic variability of the gonococcus,
which makes it difficult to select target antigenic preparations against which to measure antibody responses.
In addition, longitudinal and prospective studies
that would allow the measurement of antibody levels
before, during, and after an infection have been difficult
to conduct among persons at highest risk for infection,
such as the clientele of STD clinics. The sensitive nature
of the disease has also obviated accurate record keeping, such that previous episodes of infection cannot
always be reliably documented. Moreover, as cervical
infection in women may frequently be asymptomatic,
cases often go undetected for prolonged periods and it
is not always possible to determine when an infection
was acquired in a positive-testing individual. All of the
above factors have contributed to difficulty in defining correlates of protective immunity to gonorrhea.
Indeed, the prevailing paradigm holds that whereas
the host might generate an adaptive immune response
to N. gonorrhoeae, its extraordinary capacity to vary its
surface antigens and to resist complement-mediated
lysis enables the gonococcus to evade the impact of the
host’s specific immune responses against it. However,
an emerging view is that N. gonorrhoeae also avoids
inducing effective immune responses in the first place.
Most studies on the immune response to gonorrhea
have examined subjects with a spectrum of disease conditions, adding to the complexity of interpretation, or
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have focused on uncomplicated lower tract infections,
i.e., gonococcal cervicitis and urethritis. Rigorous, comparative, and quantitative studies of immune responses
to different states of gonococcal infection, i.e., asymptomatic, uncomplicated, salpingitis or PID in women or
epididymitis in men, and disseminated infection, have
not been conducted.

Antibody
A large number of studies have documented the presence of antibodies to N. gonorrhoeae in the serum and local
genital secretions of both men and women infected with
gonorrhea (Kearns et al., 1973a, 1973b; O’Reilly et al.,
1976; Tapchaisri and Sirisinha, 1976; Tramont, 1977;
McMillan et al., 1979a, 1979c, 1979b; Tramont et al.,
1980; Ison et al., 1986; Tramont, 1992; Price et al., 2004).
However, some anti-gonococcal antibodies probably
induced by cross-reactive antigens of N. meningitidis or
commensal neisseriae can also be detected in individuals who have never been exposed to N. gonorrhoeae. We
applied quantitative methods to the analysis of IgM,
IgG, and IgA antibodies serum and secretions of subjects at enrollment and treatment and at recall approximately 2 and 4 weeks later, in comparison with age- and
gender-matched control subjects presenting at the same
clinic but proven microbiologically not to be currently
infected with N. gonorrhoeae (Hedges et al., 1998b, 1998a,
1999). To reduce the impact of antigenic variability, antibodies were assayed against a standard laboratory strain
and against each patient’s homologous isolate. Although
modest levels of antibodies were detected in serum and
secretions, and more to the homologous isolate, in general antibodies were not much higher in infected than
in currently uninfected subjects. Antibody levels mostly
declined at recall visits, and no correlation was found
with known history of prior infection. We concluded
that despite the typical generation of an acute inflammatory reaction in symptomatic patients, the adaptive
humoral immune response, both local and systemic, to
uncomplicated gonorrhea is minimal.
As discussed above, several studies have shown
that serum antibodies (predominantly IgG) to various gonococcal antigens, including LOS, porin, and
pili, can induce complement- or neutrophil-mediated
killing of gonococci in vitro. Whether these conditions are always met in vivo is questionable, because
N. gonorrhoeae at least in uncomplicated disease remains
largely a superficial mucosal infection that colonizes
and invades the genital mucosal epithelium. It has
been proposed that the ratio: [(anti-porin IgG ⫹ antiLOS IgG)/anti-Rmp IgG] predicts the bactericidal
activity of human serum and hence immunity to gonococci (Rice et al., 1994). However, this hypothesis has

not been rigorously tested, and while it is plausible that
complement-mediated bacteriolysis plays an important role in invasive gonococcal infection (as it does in
meningococcal disease), the extent to which it is essential for immune defense within the lumen and mucosa
of the genital tract is open to question. Gonococci are
able to survive partially within neutrophils (Shafer and
Rest, 1989; Jerse and Rest, 1997; Simons et al., 2005),
and as noted above possess several mechanisms for
avoiding destruction by complement. Furthermore, the
immune defense mechanisms in the genital tract, especially that of the male, are not well understood (Russell
and Mestecky, 2002). Although secretory IgA (S-IgA) is
found in both male and female secretions and has been
shown to be locally produced and transported especially in the cervix of the female tract (Kutteh, 1999)
or in the penile epithelial glands of Littré in the male
(Anderson and Pudney, 1999), IgG, probably largely of
systemic origin, is the predominant Ig isotype in both
male and female tracts. Although antibody-mediated
inhibition of gonococcal attachment to epithelium has
been demonstrated (Tramont, 1977), and is a known
function for S-IgA antibodies in general (Russell and
Kilian, 2005), the function of IgG antibodies in the
genital tract is less clear. Whether all complement components are present in genital secretions at sufficiently
high concentration to form a functional bacteriolytic
system is unclear. Furthermore, IgA antibodies or their
F(ab’)2 fragments generated by the action of IgA1 proteases have been shown to interfere with IgG antibodymediated complement activation (Griffiss and Goroff,
1983; Russell et al., 1989; Jarvis and Griffiss, 1991;
Hamadeh et al., 1995). Thus, although complementmediated bacteriolysis is considered to be a major
mechanism of defense against systemic meningococcal
disease and possibly also in disseminated gonococcal
infection, it is debatable whether it holds the same significance for local mucosal gonococcal infections.

Cell-Mediated Immunity
Cellular immune responses in gonorrhea have been
even less well investigated, probably because the clinical
picture of the disease does not suggest the involvement
of significant cell-mediated immunity (CMI) or delayedtype hypersensitivity reactions to N. gonorrhoeae.
Lymphocyte proliferation and leukocyte migrationinhibition assays have revealed that patients with gonorrhea display CMI to gonococcal extracts, usually to
a greater degree than control subjects (Kraus et al.,
1970; Esquanazi and Streitfeld, 1973; Grimble and
McIllmurray, 1973; Kearns et al., 1973b; Wyle et al.,
1977; Landolfo et al., 1981). Peripheral blood T cells
from patients with gonorrhea proliferate in response
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to gonococcal porin, and a significant proportion of
these cells are Th2 cells that express α4β7 integrin,
the receptor for the mucosal addressin MAdCAM-1
(Simpson et al., 1999). Neisserial porins enhance the
expression of the costimulatory ligand B7-2 (CD86)
on murine B cells, thereby enhancing T cell stimulation, and they also stimulate responses in neutrophils
(Bjerknes et al., 1995; Wetzler et al., 1996; Mackinnon
et al., 1999; Simpson et al., 1999). Further studies are
necessary to investigate the cellular and regulatory
aspects of the immune response in gonorrhea. As antibody responses require the participation of T cells and
antigen-presenting cells, it is possible that the paucity
of both antibody and cytokine responses in gonorrhea
might be due to inadequate activation of these cell
types, or their modulation by gonococcal factors.
Inflammatory cytokines IL-1β, IL-6, IL-8, and TNF-α
have been found in the urine and plasma of men
experimentally infected with N. gonorrhoeae (Ramsey
et al., 1995), and exposure of epithelial cells in culture to N. gonorrhoeae induces the synthesis of IL-1β
and TNF-α, probably through the NF-κB pathway

North America
1.5 million

(Naumann et al., 1997). Some women with gonorrhea,
especially those with concomitant infections due to
Chlamydia trachomatis or Trichomonas vaginalis, showed
high circulating levels of inflammatory cytokines but
not in the genital secretions (Hedges et al., 1998b).
There is little published information on the cytokine
response to naturally acquired gonorrhea in men; we
found that the cytokine response in men with gonococcal urethritis was weak, although IL-8, which is normally present in semen (Pate et al., 2001), was elevated
(Hedges and Russell, unpublished observations).

EPIDEMIOLOGY
Significance as a Public Health Problem
Gonorrhea has worldwide distribution, and WHO
estimates that 62 million new infections occur annually, most of these occurring in sub-Saharan Africa
and South and Southeast Asia (Fig. 49.2). Although by
the 1990s it had been almost eliminated from Western

Eastern Europe
and Central Asia
3.5 million

Western Europe
1 million

North Africa and
the Middle East
1.5 million

East Asia and
Pacific 3 million

South and
Southeast Asia
27 million

Central and South
America and
Caribbean
7.5 million

Sub-Saharan
Africa 17 million

Australia and
New Zealand
120,000

FIGURE 49.2 Worldwide distribution of gonorrhea according to WHO estimates for 1999 (WHO, 2001).
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Europe (⬍20 cases per 100,000 population, even fewer
in Sweden at 2.4 cases per 100,000 in 1996) (WHO,
2001), recent increases are thought to have resulted
from increased migration from the former Soviet
Union and Eastern European countries where rates
remained higher. Among Western nations, the United
States has the highest rate at ⬎327,000 reported cases
in 2006 (⬎100 cases per 100,000 population) making it
the second-most-frequent, notifiable infectious disease
(CDC, 2007), but the majority of cases occur in the
Southeastern states and among African-Americans.
In all communities, gonorrhea occurs overwhelmingly among the sexually active age-groups, i.e., 15–50
years of age. With an estimated incidence of ⬎60 million new infections annually, it is clear that gonorrhea
represents a major international health issue that is
inadequately addressed.

Potential as a Biothreat Agent
N. gonorrhoeae is not considered to constitute any
threat as a potential agent for biowarfare or terrorism. It is far too sensitive to environmental conditions other than enriched growth media, including
dehydration and non-physiological temperatures, to
survive for longer than a few minutes outside of the
human body.

CLINICAL DISEASE
The clinical spectrum of gonococcal infections
comprises asymptomatic mucosal infection of any
site potentially exposed in the course of sexual contact, through symptomatic local infections, and upper
genital tract and systemic complications (Hook and
Handsfield, 1999). Thus, sexually exposed persons
may acquire gonococcal infection not only at urogenital sites but also at the pharynx or rectum where
infections are more often asymptomatic than not.
Asymptomatic and unidentified infections at all
mucosal sites are associated with increased risk for
complications of infection (see below) and they contribute substantially to the persistence of N. gonorrhoeae
in communities. Persons who are unaware of their
infections lack the cues provided by signs and symptoms to seek health care and may thus unknowingly
transmit the organism to others.
In men, the most common clinical manifestation
of gonorrhea is symptomatic urethritis that typically
presents with urethral discharge and dysuria about
3–5 days following exposure to an infected sex partner. The discharge of classical gonococcal urethritis

is most often grossly purulent and on gram-stained
smears large numbers of polymorphonuclear leukocytes are present, some of which contain ingested
organisms seen as gram-negative diplococci (Fig.
49.1). In a small proportion of infected males, the
spread of urethral infection to the epididymis and testis leads to acute gonococcal epididymitis.
The description of the clinical spectrum of disease
in women is more complex. Gonococcal infection is
one of many potential causes of vaginal discharge
and the most common symptoms, vaginal discharge
or dysuria, are present in about 50% of infected persons. On speculum-guided pelvic examination, some
women with gonococcal cervicitis may have purulent endocervical discharge. In addition to the uterine
cervix, other common sites of gonococcal infection in
women include the urethra and Bartholin’s glands. In
15–40% of infected women, untreated infection may
ascend to cause complicated upper genital tract infection involving the endometrium and fallopian tubes,
even giving rise to peritonitis. This clinical syndrome
is often referred to as PID and the scarring resulting
from upper genital tract infections in turn substantially increases the risk of infertility and ectopic pregnancy, as well as chronic pelvic pain and increased
risk of repeat episodes of PID.
In addition to local genital infections, a small proportion (approximately 1%) of untreated infections
may spread hematogenously to cause disseminated
gonococcal infection, a bacteremic illness which is
most often manifest as a septic dermatitis or asymmetric septic arthritis. Rarely, gonococcal bacteremia
may infect heart valves to cause endocarditis or even,
very rarely, meningitis.

TREATMENT
Uncomplicated gonococcal infections can be readily cured by the administration of single-dose antibiotics, while persons with complicated infections are
treated longer, typically for 10–14 days. In the United
States, gonorrhea treatment is guided by the Centers
for Disease Control and Prevention’s STD Treatment
Guidelines (CDC, 2006), an evidence-based document
which is periodically revised to represent current
best practices for treatment of most STDs other than
HIV-AIDS.
Since the availability of sulfa drugs heralded the
beginning of the modern antibiotic age, however,
N. gonorrhoeae has regularly become resistant to the
drugs used to treat it. Gonococci develop antibiotic resistance either through the selection of chromosomal mutations conferring resistance to drugs,
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as has occurred for penicillins, tetracyclines, macrolides, spectinomycin, and fluoroquinolone antibiotics, or through acquisition of plasmids containing
antibiotic-resistant genes, as has occurred for both
penicillins and tetracyclines to date. Until recently the
regular availability of new antibiotics has allowed the
recommendation of alternative therapies as gonococcal antibiotic resistance has emerged. In recent years,
however, increasingly widespread resistance to fluoroquinolone antibiotics such as ciprofloxacin has left thirdgeneration cephalosporin antibiotics (e.g., ceftriaxone
or cefixime) as the primary drugs recommended for
treatment of gonorrhea with few alternative therapies.
It is reasonable to expect that N. gonorrhoeae will eventually become resistant to cephalosporin and related
beta-lactam drugs, and the question is “when” rather
than “whether” this will happen. This in turn emphasizes the importance of efforts to develop vaccines to
prevent gonorrhea.

PATHOGENESIS
The pathogenic process of gonococcal infections has
been extensively reviewed by Edwards and Apicella
(2004) who discuss at length the differences between
infections of the male and female tracts. These authors
proposed a model of the infectious process incorporating the following features. In males, following exposure to an infected sex partner, initial attachment of
gonococci to urethral epithelial cells depends on pili,
and is succeeded by endocytosis involving Opa proteins, LOS, and porin. A quiescent phase lasts for up
to 40 h after infection during which gonococci cannot be cultivated, probably because they are residing
within epithelial cells. As the organism grows, LOS
is largely responsible for eliciting the acute inflammatory response that ensues after a few days, including the production of cytokines such as TNFα, IL-1β,
IL-6, and IL-8 and the recruitment of neutrophils, giving rise to the symptoms of infection. Opa proteins
are also involved in the interaction of gonococci with
neutrophils and their non-opsonic phagocytic uptake
by these cells. Indeed, it has been proposed that OpaCEACAM3 interactions are responsible for neutrophil
activation and subsequent intracellular killing of
gonococci. However, at least some gonococci are able
to survive within neutrophils. Endocytosis by urethral
epithelial cells appears to result from the interactions
between LOS and the asialoglycoprotein receptor.
However, sialylation of LOS impairs both invasion of
epithelial cells and phagocytic uptake by neutrophils.
Although gonococci transmitted from men to
women are mostly sialylated and sialylation can occur

within the female tact, infection of cervical epithelial
cells does not appear to be affected by sialylation.
Indeed it is speculated that desialylation by host neuraminidases facilitates the transmittal from women
to men (Edwards and Apicella, 2004). Although cell
lines derived from female tract epithelium can release
inflammatory cytokines when cultured with gonococci in vitro, this is not necessarily what happens in
vivo, and female infections are frequently asymptomatic, i.e., they display no evidence of an inflammatory response. However, production of complement
components by cervical epithelium results in deposition of C3b on the gonococcal surface by alternative
pathway activation and the rapid inactivation of this
to C3bi, which allows invasion of the epithelial cells
through their expression of complement receptor 3.
Pili and porin are also involved, but probably not Opa
proteins. Progression to upper tract infection, which
can occur in 45% of women with untreated gonococcal cervicitis, is facilitated by hormonal changes and
menstruation is known to enhance the onset of PID
or disseminated infection. Gonococci adhere to nonciliated cells in the fallopian tubes, and this leads to
loss of ciliated cells possibly through the production
of inflammatory cytokines. Disseminated infections
have been associated particularly with gonococci that
express porin type P.IA, which binds complement
factor H leading to inhibition of alternative pathway
activity and enhancing resistance to complementmediated lysis.
The immune response to infection has been discussed above.

VACCINES
History
In the early 1900s crude whole-cell vaccines were
often applied as a treatment for gonorrhea that was
believed to work by enhancing opsonization (Eyre
and Stewart, 1909)—then much in vogue following its demonstration by Wright and Douglas (1903).
Subsequent efforts to develop prophylactic vaccines
have, however, been frustrated by the difficulty of
creating suitable animal models of the disease. Small
animal models (rabbits, mice) were attempted in the
1930s and 1940s [reviewed in Arko (1989)]; later more
extensive work was done using chimpanzees (Lucas
et al., 1971) and subcutaneous chamber models in
various laboratory animals (Arko, 1972). While skin
chamber models, particularly in guinea pigs, allowed
characterization of some aspects of pathology and
the definition of various “immunotypes” (Chandler
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et al., 1976; Wong et al., 1979), they, like most other
species, have proved to be inadequate models of
human genital infection. Furthermore, susceptibility to
guinea pig complement did not accord with resistance
to human complement (Arko, 1989). The establishment
of gonococcal urethritis in male chimpanzees and
transfer of the infection to females afforded a model
more closely resembling the human disease (Brown
et al., 1972), but several practical, economic, and now
ethical issues have impeded the widespread use of
primate models to study gonococcal pathogenesis and
immunity. Interestingly, it was found that parenteral
immunization with formaldehyde-fixed gonococci induced substantially greater protective immunity than prior experimental infection (Arko et al.,
1976). However, a vaccine made from lysed gonococci proved to be ineffective when tested in humans
(Greenberg et al., 1974).
Several groups have developed human challenge models to study various aspects of virulence
and immune response in humans (Swanson et al.,
1987; Cohen and Cannon, 1999; Schmidt et al., 2001).
However, for ethical reasons (i.e., the far higher risk
for upper genital tract complications and sequelae in
women) these are limited to males only. Moreover,
as infections are terminated by antibiotic treatment
on development of symptoms or after 1 week, only
short-term effects can be studied. Nevertheless, such
models may provide a preliminary test of vaccine efficacy. Meanwhile, a mouse vaginal challenge model
has been successfully resurrected and shown to be
reproducible (Jerse, 1999), although it inevitably
suffers the shortcomings of all rodent models in
not replicating all facets of the human disease, it
can be used to test initial vaccine potential (Plante
et al., 2000).
Because of demonstrations in vitro that antibodies
to pili could block gonococcal attachment to epithelial
cells, which were supported by findings in subcutaneous chamber models, a major effort was mounted to
develop a gonococcal pilus vaccine (Tramont et al.,
1981; Siegel et al., 1982). This vaccine was successful
in eliciting genital antibody responses to homologous
pili (McChesney et al., 1982), but in a large-scale field
trial it proved completely ineffective (Boslego et al.,
1991). Given what is now known about gonococcal
pilus structure and the molecular basis of its antigenic
hypervariability, this outcome viewed in hindsight
is not surprising and there is little current interest in
pursuing pilus-based gonococcal vaccines.
The finding that some monoclonal antibodies were
bactericidal against a range of gonococci of different
porin serovar spurred the development of a porinbased vaccine (Heckels et al., 1989; Elkins et al., 1992).

Because of the association of porin with LOS and
Rmp, recombinant porin was renatured and incorporated into liposomes that induced antibodies capable
of binding to the gonococcal surface and causing bacteriolysis (Elkins et al., 1994). An alternative formulation was prepared from gonococci engineered to delete
expression of Rmp (Wetzler et al., 1992). Such preparations are highly immunogenic, probably on account
of the adjuvant effect of porin (Lowell et al., 1988).
A gonococcal porin vaccine was prepared by
Wyeth-Lederle Vaccines (Matsuka et al., 1998), but it
does not appear to have been tested as yet in clinical
trials.

Current Licensed Vaccines
There are no currently licensed vaccines against
gonorrhea.

Vaccines in Development
Although a few candidate vaccine antigens continue to be investigated in laboratories (Table 49.2),
none since the gonococcal pilus vaccine has progressed to clinical trial, and pursuit of a porin-based
vaccine appears to have stalled. The current sociopolitical and funding scenario in the United States is
not conducive to the development of gonococcal vaccines. No dedicated charitable foundations exist to
support research into STDs (other than HIV-AIDS),
and major pharmaceutical manufacturers seem averse
to embarking on new vaccine programs. Studies on
gonococcal pathogenesis and immunity, the discovery
of gonococcal antigens, and efforts to develop vaccines have been discussed above.

TABLE 49.2 Gonococcal antigens under investigation as
potential vaccine candidates
Statusa

Antigen
Porin

Liposomal formulations developed; immunogenicity
and protective potential shown in animals and in vitro;
clinical trials pending?

NspA

Immunogenicity and protective potential shown in
animals and in vitro (meningococcal vaccines)

Tbp

Immunogenicity shown in animals; protective
potential of Ab shown in vitro

LOS

Not known; potential for coupling constitutive
oligosaccharides to protein carriers, or using antiidiotypic or peptide mimics

a

See text for discussion.
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POSTEXPOSURE
IMMUNOPROPHYLAXIS
Postexposure immunoprophylaxis, either passive
or active, has not been considered for gonorrhea as
treatment with appropriate antibiotics is usually effective. Moreover, the short incubation period before
the development of symptoms (at least in males),
would probably not allow time for the development
of an active immune response de novo, and inadequate
understanding of the correlates of immune protection
does not afford a basis for passive administration of
preformed antibodies. Early efforts to use therapeutic
immunization to treat gonorrhea (see above), although
apparently partially successful, did not include adequate controls, and they were supplanted by the advent
of chemotherapy.

PROSPECTS FOR THE FUTURE
Efforts at developing vaccines against gonorrhea
have fluctuated over several decades as enthusiasm has grown and receded, according to measures
of success in comprehending gonococcal pathogenesis and immunity or, conversely, the perceived difficulty, as the complexity of these issues has emerged.
Undoubtedly, an important factor is the sociopolitical priority accorded to a disease that is all too often
regarded as a matter of morality with strong religious
overtones. At the same time it is clear that N. gonorrhoeae presents significant scientific challenges because
it is an extremely well-adapted and successful human
pathogen that exploits weaknesses in not only the
human reproductive tract and immune system but
also in our behavior. The unfortunate outcome of the
pilus vaccine initiative probably had a knock-on effect
in undermining the effort to develop a porin-based
vaccine, which has not yet proceeded to even a Phase
I clinical trial. Whether or not it might be ultimately
successful in progressing toward a workable vaccine,
a thoughtfully planned trial could yield an abundance
of valuable information about human genital tract
immune responses.
The hypervariability of most of the major surface
antigens of N. gonorrhoeae probably means that LOS,
pilus, and Opa proteins are not viable candidates for
vaccine antigens. Even a “cocktail” vaccine consisting
of multiple components selected to represent the spectrum of commonly encountered gonococcal antigens
seems an unlikely prospect at present, and might make
the cost of such a vaccine too high for use in underdeveloped nations where it is most needed. Progress
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has stalled over the identification of novel, conserved gonococcal antigens, yet the genome-mining
approaches recently pursued for the identification of
novel antigens in N. meningitidis could surely also be
applied to N. gonorrhoeae. In addition, major efforts to
develop new meningococcal vaccines based on conserved protein antigens or native outer membrane
vesicles containing the non-capsular surface components could usefully suggest similar approaches to a
gonococcal vaccine.
An important aspect is an improved understanding of immunity to infection in the male and female
genital tracts (Russell and Mestecky, 2002). The focus
of reproductive immunology has hitherto been on the
remarkable mechanisms involved in permitting the
engraftment of a semi-allogeneic fetus in the uterine
wall without resulting in immunological rejection.
The mechanisms of immune response against and
delivery of immune effectors to infectious agents have
been much less explored, even in the female tract,
and almost not at all in the male tract. Yet, recent successes in developing vaccines against human papillomaviruses and herpes simplex virus type II, both
of which are genital infections, indicate that it should
be possible to develop vaccines against other genital
tract pathogens. It has been known for some time that
the genital tract (both male and female) is an effector
site of the so-called “common mucosal immune system” (Russell and Mestecky, 2002), in the sense that
mucosal immune responses induced at remote inductive sites elsewhere can result in the development of
S-IgA antibody responses in the genital secretions.
Neither the male nor female tracts, however, contain
such inductive tissues as typified by intestinal Peyer’s
patches or Waldeyer’s ring in the upper respiratory
tract. In these mucosa-associated lymphoid tissues
(MALT) organized lymphoid follicles are overlain by a
specialized follicle-associated epithelium which samples the luminal contents and passes antigenic materials to the underlying immune-responsive cells. The
MALT structures appear to be necessary to disseminate the responding B and T cells to remote mucosal
effector sites. For reasons that have been incompletely
elucidated, but probably involve the selective expression of chemokines as well as mucosal addressins
and homing receptors on the cells involved, mucosal
IgA responses induced in the upper respiratory
MALT (tonsils in humans, nasal lymphoid tissue
in rodents) have a strong propensity to be expressed
in the genital tract (Wu et al., 2000; Gallichan et al.,
2001). In addition, antigen-presenting dendritic cells
have been identified within and underneath the genital tract epithelium, where they likely function to
induce local immune responses (Hussain and Lehner,
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1995). Investigation and exploitation of these immune
response mechanisms for the protection of the genital
tract against pathogens need to be vigorously pursued.
A major new advance in immunology in the past
few years has been the discovery of a third subset of
helper T cells designated “Th17” on account of their
ability to produce IL-17 (Weaver et al., 2007). Th17 cells
span the divide between innate and adaptive immunity, and by producing IL-17 as well as other downstream factors, elicit inflammatory responses including
the mobilization of neutrophils and defensins. While
on one hand this results in inflammatory and autoimmune damage—which has been the main focus of
interest in Th17 responses so far—it is becoming clear
that the Th17 axis of immunity plays an important role
in defense against bacterial pathogens (Happel et al.,
2003; Yu et al., 2007), including those of mucosal surfaces, and especially those involving an acute inflammatory response. Yet, investigators in microbial
pathogenesis and infectious diseases have been slow
to pursue this development. Whether N. gonorrhoeae
is among the numerous bacterial pathogens that elicit
Th17 responses remains to be determined, but initial
evidence suggests that it might do so (Feinen et al.,
2008). If that is correct, then new paradigms in gonococcal pathogenesis and immunity might emerge.

KEY ISSUES
●

●

●

●

●

Sustained effort is required to identify novel,
conserved gonococcal antigens as targets for
protective immunity.
The mechanisms and surrogate measures of
protective immunity to gonococcal infection in the
genital tract should be defined.
An improved understanding is needed of immune
defense mechanisms, their induction and delivery,
within both male and female genital tracts.
Immunization strategies should be devised for the
generation of protective immune responses within
the genital tract.
Efforts should be directed to generate and
maintain stable, long-term political and financial
commitment to the development of vaccines
against STDs (other than HIV-AIDS).
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ABSTRACT
Helicobacter pylori (H. pylori) is possibly the most widespread human pathogen worldwide. Since it was initially
suggested in 1983 by Marshall and Warren to be implicated in gastritis and peptic ulcer disease, H. pylori has also
been implicated in gastric carcinoma and was classified as a class I carcinogen. During the last two decades, a
significant body of research has revealed the multiple processes that this Gram-negative bacterium activates to
cause gastroduodenal disease in humans. Most infections are acquired early in life and may persist for the entire
life of the individual. While infected individuals mount an inflammatory response, which becomes chronic, along
with a detectable adaptive immune response, these responses are ineffective in clearing the infection. H. pylori has
unique features that allow it to reside within the harsh conditions of the gastric environment and also to evade the
host immune response. Although only a fraction of infected individuals develop the significant clinical diseases
associated with this infection, it is important to eradicate H. pylori from humans. Current therapies based on proton
pump inhibitors and antimicrobials are effective but fail at times due to poor compliance and the development
of antibiotic resistance by H. pylori. Therefore, an effective vaccine is clearly needed. This chapter reviews the
association of H. pylori with human disease, the best-characterized virulence factors, the host response, and vaccine
development efforts to date. Although major advances have been made in our understanding of how H. pylori
interacts with humans, this bacterium keeps on surprising investigators and there are still many unanswered
questions that need to be addressed in order to develop an effective vaccine.

INTRODUCTION
Helicobacter pylori (H. pylori) is perhaps the most
common human pathogen, and has the unique ability to colonize the human gastric mucosa. The clinical
importance of this bacterium has become recognized
relatively recently. Before the discovery of H. pylori,
the stomach was not generally considered a niche
that pathogens could infect because it is an inhospitable environment where the gastric juice and low pH are
able to digest most things and clearly possesses a strong
bactericidal action.

SHORT HISTORY OF THE DISEASE
In the 19th century, there were some initial reports
of spiral-shaped bacteria in the stomach of dogs and
humans, but their characterization and relevance
to disease were not determined until almost 100
years later. There is evidence that H. pylori has been
infecting humans for thousands of years, since preColumbian mummies and mummified human feces
at least 3000 years old have been found to harbor
H. pylori (Allison et al., 1999). Also, a study by Blaser
and colleagues suggested that human infection by
H. pylori may have occurred at least 11,000 years ago
based on the finding of Asian strains of H. pylori in
Amerindian populations in remote regions of the
Amazon (Ghose et al., 2002). They interpreted their
findings to suggest that the ancestors of present-day
Amerindians were infected with H. pylori when they
migrated from Asia and crossed the Bering Strait
11,000 years ago to colonize the Americas.

These gastric bacteria were isolated and cultured
by two investigators in Perth, Western Australia, Barry
Marshall and J. Warren, who detected the curved bacilli
in the stomachs of patients with chronic gastritis and
peptic ulceration (Marshall et al., 1984; Marshall and
Warren, 1984). Isolation and growth of the bacteria was
not a straightforward undertaking since the bacteria
were slow to grow. When these investigators initially
suggested that gastritis and ulcers might be associated
with infection with these bacteria, the scientific community met their proposal with significant skepticism. To
address this skepticism, Marshall and another volunteer
acted as guinea pigs to try to fulfill Koch’s postulates.
They self-administered broth cultures of the bacteria.
Both volunteers developed gastritis, underwent endoscopy, and provided biopsies from which the bacteria
were reisolated. Following the reports of this team of
Australians, who initially referred to this bacteria as
Campylobacter pyloridis, others were also able to culture
H. pylori from gastric biopsies of patients with gastritis.
These studies triggered substantial interest in determining the involvement of this bacterium in other gastric
diseases. The association of the infection with this bacterium and ulcers was deduced later from epidemiological studies and was strengthened by observations that
antimicrobial therapy had a curative effect on ulcers.
A decade after the seminal studies of Warren and
Marshall, the World Health Organization International
Agency for Research in Cancer classified H. pylori as a
class I carcinogen, after epidemiological and statistical
studies linked the infection with a higher risk of gastric malignancy. In 2005, Warren and Marshall became
the recipients of the Nobel Prize in Physiology or
Medicine for their discovery of H. pylori and its role in
gastritis and peptic ulcer disease.
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TABLE 50.1 Species of the Helicobacter genus known to infect
humans or animals and the tissue infected
Species

FIGURE 50.1 The flagellated, spiral-shaped bacteria, Helicobacter
pylori.

Since the studies of Marshall and Warren, significant advances have been made in our understanding
of how this human pathogen interacts with its host.
This chapter will review historical aspects of the diseases associated with H. pylori infection, characteristics of the bacterium, the host response, virulence
mechanisms, how the disease is treated, and what
preventive measures are in development.

Host

Tissue colonized

Helicobacter pylori

Human

Stomach

Helicobacter acinonychis

Feline

Stomach

Helicobacter hellmanni

Human, feline,
canine

Stomach

Helicobacter felis

Feline, canine

Stomach

Helicobacter bizzozeronii

Feline, canine

Stomach

Helicobacter salomonis

Feline, canine

Stomach

Helicobacter pullorum

Poultry

Intestine, liver

Helicobacter rodentium

Rodent

Liver, intestine,
gallbladder

Helicobacter fennelliae

Canine

Intestine

Helicobacter trogontum

Rodent

Intestine

Helicobacter hepaticus

Rodent

Liver

Helicobacter muridarum

Rodent

Intestine

Helicobacter canis

Canine, feline

Intestine, liver

Helicobacter bilis

Rodent

Liver

Helicobacter cinaedi

Human, primate

Intestine

Helicobacter pametensis

Poultry

Stomach

Helicobacter mastomyrinus

Rodent

Intestine, liver

Helicobacter cholecystus

Rodent

Gallbladder, liver

Helicobacter mustelae

Ferret

Stomach

VIRULENCE FACTORS

ETIOLOGIC AGENTS
The Helicobacter genus was introduced in 1989 with
pylori as the first species classified. Members of the
genus Helicobacter are Gram-negative, spiral-shaped,
microaerophilic bacteria that are often characterized
by sheathed flagella (Fig. 50.1). There are at least 20
characterized species of the genus Helicobacter, with
several species capable of colonizing the stomach of
humans and other animals (Table 50.1). The best recognized and characterized of these species is H. pylori.
There is also one species, Helicobacter hepaticus, which
infects the human liver. The shape of this microorganism and its motility, made possible by flagella, are
crucial characteristics that facilitate penetration and
colonization of the mucosal environment. The mucous
covering the epithelial lining of the stomach provides
a protective niche for Helicobacter from hydrochloric
acid in the lumen of the stomach, while the epithelium protects the bacteria from immune responses.
Upon making its way through the mucosal layer,
H. pylori utilize some of their surface proteins as
adhesins to attach to membrane-associated receptors
on gastric epithelial cells.

Adhesins
In order to colonize the unwelcoming niche of
the stomach and to induce pathogenesis, H. pylori
expresses a variety of virulence factors. Adherence
factors are considered virulence factors because these
adhesins are necessary for colonization and maintenance of infection (Evans, Jr. and Evans, 2000).
Multiple adhesins have been identified for H. pylori,
but the ones responsible for pathogenic events are
still being investigated. Several well-known adhesins
are BabA, SabA, AlpAB, HopZ, HpaA, and urease.
BabA and SabA bind to fucosylated and sialylated
ABO blood group antigens, respectively (Fig. 50.2).
There are clearly multiple adhesins and receptors for
H. pylori because only half of the strains in the US
have detectable BabA (Hennig et al., 2004). While the
attachment of H. pylori using BabA as an adhesin does
not appear to induce signaling or immune responses
from host cells, SabA appears to be required for activation of neutrophils and the resulting oxidative burst
by binding to sialylated neutrophil receptors (Unemo
et al., 2005). Although the AlpAB receptor is unknown,
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Urease
BabA adhesin

Lewis b blood
antigen

AIpAB
adhesin

SabA adhesin

CD74
Sialyl - Lewis x

NF-κB
activation

?

CLASS II
MHC
CD74 expression
IL-8
Signaling
IL-8 receptor

FIGURE 50.2 H. pylori adhesins, BabA, SabA, AlpAB, and urease binding to their respective receptors, Lewis b blood antigen, sialyl
Lewis x, unknown, and CD74 and class II MHC. Engaging CD74 results in NF-κB signaling and IL-8 production, which further increases
CD74 expression.

it may be even more important as an adhesin because
studies with knockout strains dramatically reduced
adherence of the bacteria to some cells (Odenbreit et al.,
2002). In addition, AlpAB⫹ strains activate signaling
processes in epithelial cells that influence inflammatory cytokine production (Lu et al., 2007). For instance,
deletion of AlpAB reduced interleukin (IL)-6 induction
in gastric epithelial cells, whereas IL-8 induction was
reduced by deletion of AlpAB in East Asian but not
in Western strains of H. pylori. These observations
suggested that AlpAB may induce gastric injury by
mediating adherence to gastric epithelial cells and
by modulating proinflammatory intracellular signaling cascades. HopZ, another adhesin being investigated, also showed decreased adherence when a
knockout strain was utilized (Peck et al., 1999), but
not as dramatically as the AlpAB knockout strain.
The HpaA protein is another outer membrane protein
(MP) that was shown to be an important adhesin
in a mouse model (Carlsohn et al., 2006). H. pylori
urease can also act as an adhesin (Fan et al., 2000).
Urease present on the bacterial surface due to bacterial
lysis or release (Bode et al., 1993; Rokita et al., 2000)
binds to class II MHC molecules on host cells, and
may induce their apoptosis (Fan et al., 2000). Since
there have been multiple H. pylori adhesins described,

bacterial adhesion is clearly a complex mechanism
with multiple outcomes depending on the host cell
receptor engaged.

cag Pathogenicity Island
One of the best-recognized H. pylori virulence factors is the cag pathogenicity island. This pathogenicity
island is made up of 31 genes, which encode for a
type IV secretion system. The system is composed of
a needle-like organelle that pierces the host cell membrane and injects bacterial factors into the host cells.
The most-recognized protein translocated into host
cells by the type IV secretion system is the cytotoxin
associated gen A (CagA) virulence factor, which is
injected into the cytoplasm of host gastric epithelial
cells after attachment to these cells (Odenbreit et al.,
2000). CagA does not appear to have homologs in other
Helicobacter or other bacterial species. While several
genes within the island are known to be antigenic, CagA
is the most virulent, and is known to undergo tyrosine
phosphorylation by the Src family kinases once inside
the host cell. CagA has differing numbers of tyrosine
phosphorylation motifs (EPIYA motifs), which determine the virulence of the H. pylori strain and host cell
response to it. The amount of EPIYA motifs is directly
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CagA

Erk

NF-κB activation
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P
P

P
P
Proliferation

IL-8

FIGURE 50.3 H. pylori infects CagA into a host gastric epithelial cell. After phosphorylation, ERK 1/2 signaling is induced, which leads to
NF-κB activation and proinflammatory cytokine production, or changes in cell-cycle events.

related to the levels of phosphorylation and cytoskeletal rearrangement seen in epithelial cells (Figueiredo
et al., 2005). Phosphorylated CagA interacts with a
tyrosine phosphatase, SHP-2. Upon tyrosine phosphorylation, host cell signaling is activated, such as
ERK1/2 signaling, which is responsible for changes
in epithelial cell morphology and cell cycle events
(Higashi et al., 2004). Through ERK1/2 signaling,
NF-κB may also be activated, and upregulation of
proinflammatory cytokines may also ensue (Brandt
et al., 2005; Fig. 50.3). The activation of the Ras/MEK/
ERK pathway occurs following the interaction of CagA
with Grb2. Because CagA interacts with important
signaling mediators in the host cells, it is considered
responsible for changes in cell morphology, adhesion, and turnover. The CagA virulence factor has also
been suggested to be associated with the induction of
H. pylori gastric cancer (Al Marhoon et al., 2004; Chiba,
2004). Interestingly, in Asian and South American
countries where 90% of strains are CagA positive,
gastric cancer is more prevalent. Western countries
have a higher incidence of cag⫺ strains, which are more
likely to lead to ulcers or asymptomatic outcomes of
infection. CagA found in Eastern strains has also been

proposed to be more virulent and undergo more tyrosine phosphorylation than CagA from Western strains
(Azuma, 2004). A recent study showed that CagA
physically interacts with E-cadherin independently
of CagA tyrosine phosphorylation and induces aberrant expression of an intestinal-differentiation marker
(Murata-Kamiya et al., 2007). These studies suggest
that CagA may play a role in the transdifferentiation
of gastric mucosa to an intestinal type, a premalignant
transdifferentiation that gives rise to intestinal-type
gastric adenocarcinoma.
Other bacterial components proposed to be injected
into host cells through the type IV secretion system
are bacterial cell wall components such as peptidoglycan. One study indicates that an intracellular sensor
for peptidoglycan, Nod1, which initiates NF-κB signaling and upregulation of proinflammatory immune
responses (Viala et al., 2004) recognizes H. pylori
peptidoglycan injected via the type IV secretion
system. This is one of several mechanisms whereby
NF-κB signaling is initiated by H. pylori, and the
response seen during infection is likely due to several
events since other bacterial factors mentioned below
also induce NF-κB activation.
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VacA

Urease

The vacuolating toxin (VacA), is expressed by about
half of all H. pylori strains. Like CagA, VacA appears
to be unique to H. pylori since no other species have
a homolog. There is substantial allelic diversity for
VacA between strains of H. pylori, which contributes to
the degree of virulence it projects. VacA has two possible signal regions, s1 or s2. It also may have one of
two midregions, m1 or m2, that represents the binding domain. VacA is an 88 kDa protein composed of
two subunits of 33 and 55 kDa. The 55 kDa segment
is utilized during attachment to the host cell, while
the smaller segment forms the pore. The diversity has
led to many subtypes being named, some of which
can be traced geographically. Diversity between subtypes determines the degree of vacuolation and ability
to form pores (Cover and Blanke, 2005). VacA s1/m1
strains are considered more virulent and are more
associated with gastric cancer (Miehlke et al., 2000).
The presence of vacA and cagA genes have led to the
division of H. pylori strains into two broad families,
type I and type II. Type I strains produce both VacA
and CagA, while type II strains lack their expression.
Type I strains are regarded as being more pathogenic
and with the greater potential to cause disease.
VacA has effects on many cell types, including
gastric epithelial cells, antigen-presenting cells, mast
cells, and lymphocytes, which makes it an important
virulence factor. This toxin is secreted by H. pylori, and
it binds to the plasma membrane of host cells where
it forms anion-selective channels in the plasma membrane of the cells. This process results in the release
of nutrients from the cell, and the bacteria may use
these for survival (Szabo et al., 1999). As the anion
concentration becomes higher inside the cell through
these pores, proton pumping also increases, as does
an influx of weak bases. The weak bases are protonated and trapped inside, causing osmotic swelling
and the formation of a vacuole (Cover and Blanke,
2005). VacA can also disrupt mitochondrial membrane potential and affect cellular ATP concentrations,
which disrupt the cell cycle progression and lead
to apoptosis (Cover et al., 2003; Kimura et al., 1999).
Another significant way in which VacA contributes
to pathogenesis is by inhibiting T cell activation and
proliferation. When mixed with T cell lines, VacA
inhibited IL-2 production and downregulated surface
expression of their IL-2 receptors, which are required
for T cell proliferation and viability (Cover and
Blanke, 2005). Multiple signaling pathways of T cell
activation are also affected by VacA exposure, which
is one mechanism H. pylori may use to evade immune
responses.

Another major virulence factor of H. pylori is urease, which is expressed by all strains. Urease is composed of two subunits, α, which is approximately 24
kDa, and β, which is approximately 68 kDa. H. pylori
produces a large amount of urease, representing
5–10% of the total protein content of the bacterium.
This enzyme is essential for the survival and pathogenesis of the bacteria. Perhaps the most important role urease plays is to hydrolyze urea into CO2
and NH3, which aids in buffering the area immediately around the bacteria from the acidic conditions
it may encounter in the stomach. Urease is crucial
for H. pylori colonization, as shown by studies where
urease-negative strains were not able to colonize in
multiple animal studies (Karita et al., 1995; Tsuda
et al., 1994). The inability of urease-negative strains to
colonize was initially assumed to be due to their inability to buffer their niche. However, similar studies under
hypochloridic conditions also led to the same results
where urease-negative mutants of H. pylori could not
colonize in an animal model. These observations suggested a role for urease beyond its enzymatic function. Although much urease is located intracellularly,
there is some present on the bacterial surface
(Phadnis et al., 1996; Rokita et al., 2000). H. pylori
surface-associated urease can act as an adhesin for
the bacteria, which induces the production of inflammatory cytokines from both gastric epithelial cells
and macrophages (Harris et al., 1998; Tanahashi
et al., 2000), along with their apoptosis (Fan et al.,
2000). While the mechanism of action associated with
these responses elevated by urease is not entirely clear,
the induction of apoptosis may result as a consequence
of binding to class II MHC (Fan et al., 1998). Other
studies from this group also suggest that the urease B
subunit binds to CD74, or the class II MHC-associated
invariant chain (Ii), and induces IL-8 production by
gastric epithelial cells (Beswick et al., 2006). Both of
these responses are important in the overall pathogenesis seen during H. pylori infection.
In addition to urease A and B, there are several
other proteins involved in the urease system that are
crucial to the success of the buffering system ensuring bacterial survival. The UreI protein of H. pylori is
an integral MP that functions as a proton-gated urea
channel (Weeks et al., 2000). It regulates cytoplasmic
urease activity by controlling permeability to urea,
which is essential for maintaining a pH where the bacteria can survive (Rektorschek et al., 2000). The importance
of UreI in maintaining pH makes it crucial for survival
of H. pylori, and its necessity has been shown in studies where UreI knockout strains failed to colonize in
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animal models (Mollenhauer-Rektorschek et al., 2002;
Skouloubris et al., 1998). The other urease system
proteins, UreE–H, are accessory proteins required for
assembly of active urease enzyme.

OipA
Another important disease-associated virulence
factor of H. pylori is the outer inflammatory protein, or
OipA. OipA is part of a family of 32 outer-MPs characterized as part of the H. pylori genome. This protein has
been suggested to induce proinflammatory responses
from gastric epithelial cell lines. In one study with
H. pylori clinical isolates, isolates expressing OipA, but
not the cag pathogenicity island, were able to induce
IL-8 production from gastric epithelial cell lines at
three times the level of strains that did not express
either (Yamaoka et al., 2000). Isolates from Japan
all expressed OipA, while isolates from the United
States did not, and thus it is thought that the presence
of OipA may make Japanese strains more virulent.
When the signaling induced by cagPAI was compared
to OipA, OipA was found to induce phosphorylation
of Stat1, while the cagPAI induced NF-κB activation
(Yamaoka et al., 2004). Both of these signaling pathways contribute to induction of IL-8 production, but
act in conjunction with one another to fully activate
the IL-8 promoter.

Other Virulence Factors
Lipopolysaccharide expressed by H. pylori is a very
weak immunogen compared to that of other Gramnegative bacteria, although it has been shown to induce
proinflammatory cytokines (Bliss et al., 1998). Other
bacterial factors that may play a role in the induction
of immune responses are neutrophil-activating protein
(NAP) and heat shock protein 60 (Hsp 60) (Bai et al.,
2003; Yamaguchi et al., 1998). Hsp 60 has been shown
to induce proinflammatory cytokines by macrophages and gastric epithelial cells (Gobert et al., 2004;
Takenaka et al., 2004), which appears to be mediated
by Toll-like receptors (TLRs).

THE IMMUNE RESPONSE TO H. PYLORI
As reviewed in detail below, epidemiological
studies have shown that about 50% of the world’s population is infected by H. pylori and most infections are
asymptomatic, making the infection lifelong without
an effective bacterial elimination (McColl, 1996; Rhen
et al., 2003; Svennerholm and Quiding-Jarbrink, 2003).
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Since the bacteria induce an immune response,
the persistence of the infection suggests that the
response is not effective in elimination of the infection. Furthermore, multiple lines of evidence suggest
that the immune response contributes to the pathogenesis associated with the infection. As a result, the
immune response induced by Helicobacter pylori is a
theme of continuous study that has stimulated multiple
questions.
The inability of the host response to clear H. pylori
infection could reflect downregulatory mechanisms
that are acting to ensure immune responses without
simultaneous harmful inflammation as a mechanism
to protect the host. As a result, the chronic immune
response induced may not be sufficiently robust or
not directed against protective antigens (Svennerholm
and Quiding-Jarbrink, 2003) and could thus provide
a colonization advantage for the bacteria by providing enhanced availability of adhesion places. Another
mechanism where H. pylori can downregulate the
immune response is through the VacA protein, as
described in the previous section. This cytotoxin can
interfere with the processing and presentation of
antigens by antigen-presenting cells (APCs; Molinari
et al., 1998), and also inhibiting T cell activation through
interference of the calcineurin-associated IL-2 signaling
pathway (Gebert et al., 2003).
Multiple studies have provided data supporting
the role of some bacterial components in triggering
cellular as well as humoral immune responses, while
suppressing other responses. These observations have
led to models that help explain how the bacteria can
persist in the gastric environment generating a noneffective immune response that, together with the host
factors, can determine the severity of the disease.

The Humoral Response
The noninfected human stomach is relatively free of
inflammatory cells, whereas H. pylori infection results
in dense infiltration of mononuclear cells triggering
an immune response. Most individuals infected with
the bacteria develop specific antibodies, which are
found in serum and in gastric aspirates or extracts
of stomach. Thus, high titers of IgG and IgA antibodies against MP, flagellin, urease, LPS, and HpaA
have been reported in patients infected with H. pylori
(Mattsson et al., 1998a). However, those titers do not
differ between asymptomatic patients and patients
with duodenal ulcer (Mattsson et al., 1998b). Studies
performed with biopsies from the antral region of
the stomach of noninfected and H. pylori-infected
patients of IgM- and IgA-producing cells showed frequencies of 40- to 50-fold higher in infected subjects.
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However, IgG-producing cell numbers are the same
for noninfected and infected H. pylori subjects. Those
results suggest that the infection induces a large
recruitment of immune cells into the gastric mucosa,
particularly IgA-producing cells.

The T-Cell Response
H. pylori infection also induces the recruitment of
CD4⫹ and CD8⫹ T cells into the gastric mucosa, but
there appears to be preferential activation of CD4⫹
cells rather than CD8⫹ cells (Lundgren et al., 2003).
Circulating CD8⫹ cells produce IFN-γ when they are
stimulated with H. pylori antigens. Thus, the presence of this subset of T cells in the infected mucosa
suggests that cytotoxic T cell activity can be elicited
by H. pylori (Fan et al., 1994; Quiding-Jarbrink et al.,
2001). Other subsets of T cells whose frequencies
have also been reported to be increased in the antral
lamina propria of subjects infected with H. pylori are
CD45RO⫹ memory T cells as well as activated CD69⫹
and CD25⫹ T cells (Stromberg et al., 2003a, 2003b).
Several studies have noted that the T helper cell
response to H. pylori is polarized, since CD4⫹ T cells
in the gastric mucosa of infected individuals produce
IL-12 and IFN-γ, whereas IL-4 production by these
T cells is absent (Bamford et al., 1998; Haeberle et al.,
1997). While there is a demonstrated infiltration of
T cells in the gastric mucosa and most of those are
CD4⫹ T cells with markers of activation, various
studies have tried to address the inefficiency of the
host response in clearing the infection. Different
studies have demonstrated that H. pylori infection
can decrease T cell response as well as induce T cell
anergy (Lundgren et al., 2003; Stromberg et al., 2003a).
For example, memory T cells isolated from peripheral blood from infected people responded less to
stimulation with H. pylori antigens than cells isolated
from noninfected subjects (Karttunen et al., 1990;
Lundgren et al., 2003; Quiding-Jarbrink et al., 2001).
These results suggested the presence of regulatory
T (T-reg) cells CD4⫹ CD25⫹ in the peripheral blood
of H. pylori infected individuals. This notion was
supported by observations that a higher responsiveness was obtained after depletion of H. pyloriT-reg specific cells (Baecher-Allan et al., 2001;
Lundgren et al., 2003). Hence, these studies may help
explain the inability of the host response to eliminate
the infection due to the activation of T-reg cells. Such
cells may simultaneously reduce mucosal damage
mediated by T cells as well as reduce specific T cell
responses that can be effective in protection against
the infection.

The Gastric Epithelium as an Active Player in
the Mucosal Response
In terms of providing protection, the gastric epithelium has typically been regarded as a physical barrier;
however, multiple studies have provided evidence to
suggest that the gastric epithelium plays a key role in
the inflammatory and immune responses induced by
H. pylori. The epithelium is the only cell phenotype
in the gastric mucosa that is in direct contact with
the pathogen. This feature places the epithelium in a
strategic situation to interact with H. pylori and with
the immune elements in the lamina propria. There is
strong evidence to suggest that the gastric epithelium
is an active player in the response while performing functions associated with antigen-presenting cells
(Barrera et al., 2001; Ye et al., 1997), in addition to its
well-documented ability to produce cytokines that
trigger the recruitment of inflammatory cells into the
gastric lamina propria (Beswick et al., 2005a; Fig. 50.4).
The production of IL-8 in response to H. pylori
infection is one of the first epithelial responses. This
chemokine acts as a chemoattractant inducing the
migration of immunological components into the gastric mucosa from the periphery, particularly polymorphonuclear cells that contribute to epithelial damage
(Yoshikawa and Naito, 2001) as well as macrophages.
Macrophages produce nitric oxide in response to
H. pylori urease leading to induction of additional
inflammatory mediators (Gobert et al., 2002). As
reviewed above, one of the major mechanisms of
IL-8 induction by epithelial cells is through the injection of CagA by the type IV secretion system (Fischer
et al., 2001; Henderson and Nataro, 2001; Sansonetti,
2002). This system releases CagA into the epithelial
cell cytosol inducing cell proliferation and IL-8 production (Mimuro et al., 2002). Our group has recently
described the interaction of H. pylori with CD74 on
gastric epithelial cells leading to the production of
IL-8, via NF-κB activation (Beswick, et al., 2005a).
Interestingly, IL-8 induced by H. pylori, in addition to
its effect in the recruitment of inflammatory cells, also
acts in an autocrine manner, since gastric epithelial
cells express the receptors for IL-8, and induces further expression of CD74 (Beswick et al., 2005b). Some
of the interactions of the epithelium with H. pylori can
be detrimental to the integrity of the epithelium. For
instance, it has been shown that H. pylori use class II
MHC as receptors on gastric epithelial cells and this
interaction leads to apoptosis (Fan et al., 2000). This
interaction is mediated via H. pylori urease. It has
also been reported that cag genes may upregulate Fas
ligand (FasL) expression leading T cells to undergo
apoptosis (Wang et al., 2000).
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FIGURE 50.4 Immune response induced by H. pylori.

The Innate Response to H. pylori
Other potential interactions that lead to production of proinflammatory cytokines are the interactions of H. pylori with TLR expressed by epithelial
cells. It has been reported that gastric epithelial cells
express TLR4, TLR5, and TLR9 (Ishihara et al., 2004;
Schmausser et al., 2004; Schmausser et al., 2005; Smith
et al., 2003) that interact with LPS, flagellin, and CpG
motifs, correspondingly. The expression of those
receptors by epithelial cells is of importance in innate
immunity against H. pylori.
The infected gastric mucosa contains a significant
macrophage population that produce nitric oxide and
IL-12 that help drive a T helper 1 response responsible for the production of IFN-γ, and little or no IL-4
and IL-5 (D’Elios et al., 1997). As alluded to earlier,
the predominant Th1 response induced by H. pylori
is not effective in controlling the infection and may
have adverse effects on the host (D’Elios et al., 1997;

Fan et al., 1994; Lindholm et al., 1998). Macrophages
also produce other cytokines in response to H. pylori
and these include IL-1β, IL-6, monocyte chemotactic protein 1 (MCP-1), IL-8, and TNF-α (Bliss et al.,
1998). In addition to macrophages, another innate cell
population that has been shown to respond to
H. pylori with the production of cytokines includes
dendritic cells that produce IL-6, IL-8, IL-10, and IL-12,
and have increased expression of CD80, CD83, CD86,
and HLA-DR as a result of their stimulation with
H. pylori (Galgani et al., 2004). Thus, together with the
well-documented cytokine response by the epithelium, it is not surprising that immunochemical reports
show that the staining levels for most cytokines
(IL-8, IL-6, TNF-α, TGF-β) are substantially increased
in asymptomatic or gastric ulcer H. pylori positive
patients when compared to basal levels expressed by
noninfected individuals (Lindholm et al., 1998).
As may be expected due to the nature of the cytokines produced in response to H. pylori, this innate
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response to H. pylori may have a direct effect in the
subsequent adaptive response through the enhancement of processing and presentation of antigen
by host cells, mainly gastric epithelial cells, and in
influencing the polarity of T helper cells. The expression of class II MHC as well as other molecules, such
as cathepsins, CD74 and CD86, important in the
regulation of antigen processing and presentation,
is increased by gastric epithelial cells in the infected
mucosa (Barrera et al., 2001, 2005;Ye et al., 1997).
Paradoxically, this increase in expression of class
II MHC molecules and CD74 can contribute to the
colonization as mentioned above.
Mast cells represent another cell phenotype that is
present within the Helicobacter-infected gastric mucosa
of humans and mice (Nakajima et al., 1997). Mast cells
are also present in the gastric mucosa during nonsteroidal anti-inflammatory drug induced gastritis. While
these cells represent an innate defense component and
may kill bacteria through the release of proteases and
other mediators, a recent study showed that they can
mediate bacterial clearance in vaccinated mice, and
were suggested to do so via a cross talk with CD4⫹
T cells (Velin et al., 2005).

Autoimmunity Associated with
H. pylori Infection
Due to the fact that almost every individual has
autoreactive T cells, it has been suggested that pathogens can induce activation and proliferation of those
autoreactive clones, thereby triggering autoimmune
diseases. This predisposition, together with the molecular similarity between some bacterial antigens and
autoantigen epitopes, provides the basis of molecular mimicry (Albert and Inman, 1999; Murali-Krishna
et al., 1998; Scherer et al., 1993). Molecular mimicry
may also play an important role in upregulating the
immune response to H. pylori.
Autoimmune Gastritis
There are several known H. pylori antigens that
have cross-reactivity with host components. Perhaps
the best known is the expression of Lewis antigens by
H. pylori LPS. This antigen is similar to that expressed
by human cells, including gastric epithelial cells
(Appelmelk et al., 1996). Thus, in experiments using
H. pylori infected mice it was observed that they developed antibodies against LPS, Lewis X, and Lewis
Y antigen. Interestingly, these mice also developed
antibodies to H⫹, K⫹-ATPase, which is a major target
autoantigen in chronic H. pylori gastritis with corpus
atrophy (Appelmelk et al., 1998; Claeys et al., 1998).

In humans, serum antibodies recognize native and
recombinant H⫹, K⫹-ATPase lacking Lewis antigens
(Claeys et al., 1998); hence, human anti-H⫹, K⫹-ATPase
antibodies associated with H. pylori do not involve
Lewis antigen mimicry as it is the case in infected mice
(Alderuccio et al., 2002). Due to this cross-reactivity
between bacterial antigens and some mucosal components, H. pylori may play a role in the development of
autoimmune gastritis (AIG). AIG is an organ-specific
disease that can result in pernicious anemia. This type
of gastritis involves the corpus and fundus, but not the
autrum. It is characterized by the presence of autoantibodies to H⫹, K⫹-ATPase, high levels of gastrin in
serum, diminutions in acid secretion, and pepsinogen
I/II ratio (Faller et al., 1997, 1998; Toh et al., 1992).
Thrombocytopenic Purpura and Atherosclerosis
Other autoimmune diseases outside of digestive
tract that have been associated with H. pylori infection
include thrombocytopenic purpura and atherosclerosis
(Gasbarrini et al., 2003). In immune thrombocytopenic
purpura (ITP) cross mimicry between H. pylori and
platelet antigens has been suggested (Michel et al.,
2002). Platelet-associated immunoglobulin G from
patients with ITP has been shown to cross-react with
CagA, but the titers of these antibodies decreased after
H. pylori eradication (Takahashi et al., 2004). Others
studies have also demonstrated a positive correlation between the eradication of H. pylori and platelet
counts (Hashino et al., 2003; Hino et al., 2003; Michel
et al., 2002; Veneri et al., 2002). Epidemiological and
clinical reports have identified an association between
chronic infections with H. pylori and coronary
heart disease (Aceti et al., 1996; Mendall et al., 1994;
Ossei-Gerning et al., 1997; Patel et al., 1995) promoting
acute cardiovascular events by provoking atherosclerotic plaque instability or rupture (Aceti et al.,
1996). The bacteria may provoke a systemic inflammatory response, with an increase in plasma fibrinogen
and other markers of inflammation such as C reactive
protein, white cell counts, serum albumin, and plasma
viscosity, which are implicated in the plaque instability or rupture (Mehta and Li, 1999; Mendall et al.,
1996; Patel et al., 1994). In addition, it has been suggested that H. pylori HSP60-like subunits and antibodies against these antigens can mediate cytotoxicity on
stressed endothelial cells that could trigger atherogenesis and plaque instability (Birnie et al., 1998; Mayr
et al., 2000). More recently, the presence of H. pylori
DNA has been demonstrated in a considerable number
of atherosclerotic plaques, which supports the hypothesis that the bacteria can have a direct role in the development of atherosclerosis and the plaque instability or
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rupture (Ameriso et al., 2001; Farsak et al., 2000). Other
reports have shown that anti-CagA antibodies crossreact with vascular wall antigens, providing another
hypothetical pathogenic link between H. pylori and
atherosclerosis (Franceschi et al., 2002).

Evasion of the Host Immune Response
by H. pylori
In order to maintain persistent infection, H. pylori
has developed strategies to evade the host response.
Some of these mechanisms involve innate immunity
while others involve adaptive immunity.
The immune response to H. pylori is composed of
Th1 and Th2-cells types, but the cytokines profiles
are polarized to a Th1 response. Some studies suggest that the Th1 response is dysfunctional and may
play a role in the pathogenesis of infection. One way
H. pylori may evade immune responses is by utilizing
mannosylated and fucosylated glycans on the bacterial surface to bind to DC-SING on dendritic cells. This
binding induces the release of Th1-type cytokines by
dendritic cells. Thus, the interaction between H. pylori
and dendritic cells may influence antigen presentation
and cytokines secretion by these cells. The bacteria use
this interaction to trigger ineffective immune responses
that permit its persistence and the development of gastric inflammation and injury (Appelmelk et al., 2003).
Another mechanism used by H. pylori to elude the
immune response is by limiting the effect of proinflammatory molecules. Thus, H. pylori has a gene, rocF, that
encodes a functional arginase to compete with host
enzyme iNOS, which limits the production of nitric
oxide (Gobert et al., 2002). There are also other enzymes
encoded by H. pylori that contribute to immunological evasion such as alkylhydroperoxide reductase
(AhpC), which catalyzes the reduction of organic peroxides to alcohols, and neutrophil-activating protein,
NapA, which encodes an iron-binding neotrophilactivating protein. These two proteins have an essential
role in controlling hydroperoxides and reactive oxygen,
which thereby decreases essential immune responses
(Ding et al., 2004).
Host defense can also be avoided by H. pylori during the innate immunity mediated by TLRs. It has developed strategies to evade activation through TLR; thus,
its LPS has low immunogenic activity due to lipid A core
modification. Through this modification in the LPS it
allows the bacteria to avoid signaling via TLR4 (Ogawa
et al., 2003). Another modification is with the flagellin
protein. Whereas flagellins secreted by Gram-negative
pathogens can activate TLR5-mediated proinflammatory responses, H. pylori flagellin is not secreted and
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consequently is noninflammatory (Gewirtz et al.,
2004). Another TLR that H. pylori can circumvent is
TLR9 because the H. pylori DNA is highly methylated
(Takata et al., 2002); recognition and response by TLR9
is limited . Yet another way H. pylori avoids response
by a component of the innate immune response is by
producing polyamines, which induce macrophages
apoptosis (Chaturvedi et al., 2004).
H. pylori can further avoid elements of the immune
response by utilizing a mechanism called antigen
variation. This involves the gene cagY, which is a
surface protein of H. pylori that contains a number
of amino acid repeat patterns in the amino terminus
and the midregion. This pattern can be explained
by the high number of DNA repeats that facilitate
sequence variation through intragenomic recombination. This system provides a mechanism for rapid
changes in amino acid composition when the epitopes
of CagY is exposed. Studies have shown there is both
strain-specific protein variation, as well as absent or
minimal host response to CagY proteins. Several other
H. pylori surface proteins, such as BabA and BabB,
contain repetitive DNA sequences as well, suggesting that CagY immune evasion may be a model for a
common mechanism in H. pylori immune response
evasion (Aras et al., 2003b). A mechanism similar to
this is described for the gene cagA. The bacteria can
regulate the number of tyrosine phosphorylation
motifs present with CagA in order to modify the
degree of disruption in host cells. This can be in
response to selective pressures, and thereby the bacteria may regulate the inflammatory immune response
and persist for long term (Aras et al., 2003b, 2003a).
Not only does H. pylori make use of various
immune avoidance strategies, but it is also able to
subvert elements of the host immune response for its
own advantage. The use of immunologically relevant
molecules such as class II MHC and CD74 as receptors to facilitate its binding and to promote biological
responses by gastric epithelial cells are clear examples
of subversion.
PD-L1 (also known as B7-H1 or CD279) is one
of the two ligands that bind to the programmed cell
death receptor, PD-1, on activated T cells and it functions to control the induction and maintenance of
peripheral T cell tolerance. The other ligand is known
as PD-L2 or B7-DC. PD-L1 is constitutively expressed
on cells of hematopoietic origin such as T cells, B cells,
DCs, macrophages, mesenchymal stem cells. PD-L1
expression on nonhematopoietic cell types suggests
that PD-L1 protects tissues from autoimmune attack.
A series of recent studies suggest that microbes that
cause chronic infection take advantage of the interaction between PD-1 and its ligands to evade host
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immune effector mechanisms. We recently showed
that H. pylori infection leads to upregulated expression
of PD-L1 on human gastric epithelial cell lines (Das
et al., 2006). In those studies anti-PD-L1 antibody
enhanced T cell proliferation and IL-2 production.
PD-L1 is upregulated in gastric biopsies from people
infected with H. pylori compared with samples from
uninfected people, suggesting that H. pylori enhances
the expression of PD-L1 on the epithelium to facilitate
its persistence in the host.

EPIDEMIOLOGY
Initial Infection
The acquisition of H. pylori infection usually occurs
in childhood, and could persist for decades in some
infected subjects. The route of transmission appears
to be person to person, and there is also evidence of
waterborne transmission. Animals do not seem to be
a source of infection, since H. pylori is strictly a human
pathogen. Evidence of intrafamilial transmission has
been reported (Bamford et al., 1993; Kivi et al., 2003)
where parents, specially the mother, may play an
important role in the transmission of the infection.
Poor hygiene is a predisposing factor to infection,
with oral–oral and fecal–oral transmission as the
most probable modes of transmission. The fecal–oral
transmission could be a result of direct contact with
the infected person or through contaminated water or
food. The oral–oral route has been supported by the
PCR detection of H. pylori DNA in saliva and dental plaque. However, the presence of DNA does not
indicate viability of the bacteria. Waterborne transmission has been reported in Colombia, Peru, China, and
Japan (Goodman et al., 1996; Karita et al., 2003; Klein
et al., 1991; Zhang et al., 1996). Waterborne factors
identified in Colombian children included swimming
streams and pools, and drinking water from streams.
The study in Peru concluded that the water supply
was exposed to bacterial contamination. The study
conducted by Karita et al. in Japan demonstrated
that there is a strong relationship between serological
prevalence of H. pylori and a history of drinking well
water.

Disease Association
As alluded to earlier in this chapter, H. pylori has
been identified as the causal agent for chronic gastritis,
and duodenal and gastric ulcers, and is associated with

the development of gastric cancer, but little is known
about what determines one disease or the other. The
outcome of the infection may involve a combination
of the bacterial infection, as well as environmental
factors. A high percentage of the duodenal and gastric ulcers are reported to be attributable to H. pylori,
around 95% and 70%, respectively. Multiple virulence
genes have been studied for disease association, and
these genes include the cag pathogenicity island, BabA,
OipA, and VacA. Although these genes have been associated with a higher risk of developing gastric pathologies, none of them can be specifically associated with
a particular disease. However, a recent report suggests
that the presence of jhp0917-0918 gene from H. pylori is
correlated to an increased risk of duodenal ulcer. This
gene is present in 42% of duodenal ulcers compared
with 21% of gastritis. Its presence was also associated
with increased IL-8 production and was a marker of
protection for gastric cancer (Lu et al., 2005).
The association between gastric cancer and H. pylori
has been demonstrated by many different studies
(Forman et al., 1991; Parsonnet et al., 1991; Watanabe
et al., 1998). Some of the evidence comes from
studies of serum samples from patients with gastric cancer and control subjects free of cancer, where
a significant association was found between the
infection by H. pylori and gastric cancer (Talley et al.,
1991). Further evidence suggests that 70% of distal
gastric cancers are attributable to H. pylori (Ekstrom
et al., 2001) when IgG anti-H. pylori and immunoblot
to detect antibodies against CagA are combined. Since
gastric carcinogenesis is a complex, multistep, and
multifactorial process, it is important to remember that
the association between H. pylori and gastric cancer
is modified by environmental factors such as tobacco
smoking, alcohol drinking, and deficiency of dietary
antioxidants (Lunet and Barros, 2003).
The prevalence of the infection varies between
countries, but there are two patterns for developed
and developing countries. For developed countries,
the prevalence of infection increases with age where
the seropositivity detected in the Eurogast study was
between 35% in the 25–34 years age group and 62% in
the 55–64 years age group (1993). In addition, a study
from Germany showed an overall prevalence of 40%
in participants between 18 and 79 years (Rothenbacher
and Brenner, 2003). However, the frequency of the
infection is decreasing in many developed countries. For example, a report from the Netherlands in
children and young adolescents showed that from
1978 to 1993 H. pylori prevalence declined from
19% to 9% in children up to 8 years of age and
from 23% to 11% in adolescents (Roosendaal et al., 1997).
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FIGURE 50.5 Prevalence of Helicobacter pylori infection around the world per 100,000 population (Lunet and Barros, 2003).

In contrast, the data in developing countries suggests
that increasing age is a predisposing factor for infection since the prevalence of infection for the developing countries is more than 50% by 5 years and by 20
years the infection rate exceeds 90% (Bardhan, 1997;
Fig. 50.5). Possibly, the age when H. pylori is acquired
could be considered a risk factor in the serious
diseases associated with the infection, since that
will determine the length of the chronic inflammation. The prevalence of H. pylori varies between the
different countries. In a study from Brazil the prevalence in adults was 82% compared with 65% in
adults from Guatemala (Dowsett et al., 1999; Oliveira
et al., 1994).

Pathogen versus Commensal
Lately, the prevalence of the infection by H. pylori
has been decreasing in developed countries as a consequence of the improvement in the hygienic conditions
and also due to the widespread use of antibiotic therapy for the eradication of H. pylori (Parsonnet, 1995;
Rothenbacher and Brenner, 2003). The reduction in the
prevalence of the infection is accompanied by a diminished rate of the gastric pathologies associated with
H. pylori including gastritis and gastric cancer.
However, the incidence of esophageal adenocarcinoma
has been increasing in the United States, Canada,
and South Australia and in six European countries
(Scotland, Denmark, Iceland, Finland, Sweden, and

Norway) (Vizcaino et al., 1998). The absence of H. pylori
infection has been associated with an increased risk
of development of esophageal adenocarcinoma in different case-controlled studies (de Martel et al., 2005;
Ye et al., 2004). A possible explanation, provided
by Blaser and colleagues, to the apparent protection conferred by H. pylori infection in esophageal
adenocarcinoma may reside within the delicate balance between the microbe and the host (Blaser, 2005).
Blaser proposes a cross talk between the microbe and
the host where they could be sending signals to each
other. For example, during the infection the acidity of the stomach can increase and H. pylori, in turn,
signals the host to reduce the stress on the bacteria,
using CagA as a signaling molecule, that induces an
inflammatory immune response affecting the acidproducing cells and in consequence lowering the pH
(Blaser, 2005). In that way, the bacterium downregulates some process in the host preventing the damage
of the gastric mucosa and thus keeping their habitat. On the other hand, it is well known that CagApositive strains increase the risk of gastric cancer,
but these strains also modulate the acid production in the stomach, and this balance could be really
important in the pathogenesis of the esophageal
diseases (Blaser, 2005). Avoiding anti-H. pylori
treatment is still not an option besides the possible
deleterious effects in the esophagus because it is well
known that the eradication reduces the risk of gastric
cancer significantly.

IV. BACTERIAL VACCINES

54_P369408_Ch50.indd 995

11/5/2008 4:32:37 PM

996

HELICOBACTER PYLORI

CLINICAL DISEASE
Diseases Associated with H. pylori Infection
Gastritis
The symptoms associated with acute infection with
H. pylori include nausea and abdominal pain that may
persist for several days. These are the same symptoms
reported by the volunteers in Marshall et al. (1985)
study. In this study, the gastric mucosa was found to
be inflamed within 1 week after exposure. A hallmark
feature of infection with H. pylori is a pronounced
inflammatory response, and the inability of the host to
clear the infection results in a persistent infection with
associated chronic inflammation. Chronic gastritis is
elicited by pathogenic products of H. pylori, as will be
reviewed below, together with the host response to the
infection. In addition to a panel of proinflammatory
chemokines elicited by the bacteria, the host mounts
a polarized T helper cell response. Studies of infected
antral biopsies have shown IL-12, IFN-γ, and TNF-α,
but not IL-4 mRNA, or protein expression (Bamford
et al., 1998; Haeberle et al., 1997). Various independent studies suggest that this polarization in the T cell
response contributes to the severity of the associated
diseases. As reviewed earlier, chronic gastritis is also
thought to include an autoimmune component because
several studies have revealed that patients with AIG
were infected with H. pylori. This chronic inflammation contributes to an increased risk for ulceration and
cancer. In fact, infection with H. pylori is recognized as
a major contributor to chronic gastritis and peptic ulcer
formation, and is strongly associated with gastric carcinoma and mucosa-associated lymphoid tissue (MALT)
lymphoma (Correa, 1995; Solnick and Tompkins, 1992;
Talley et al., 1991). While all individuals infected with
H. pylori have histological gastritis, only a fraction of
the infected persons develop gastric ulcers, duodenal
ulcers, gastric cancer, or MALT lymphoma.
Peptic and Duodenal Ulcers
Before H. pylori was implicated in peptic ulceration, most ulcers were attributed to nonsteroidal antiinflammatory drugs (NSAIDs), alcohol consumption,
or were labeled as of unknown causes. Among the lay
population, ulcers were generally attributed to spicy
foodstuffs or stress. Today, the two most recognized etiologic causes responsible for peptic ulcers are chronic
infection with H. pylori and NSAIDs. Infection with
H. pylori is found in 90% of patients with duodenal
ulcers and between 70% and 90% of patients with gastric ulcers (Cohen, 2000). Patients in the United States
who are infected with H. pylori have a 3.5 times

increased risk of developing peptic ulcer disease than
uninfected persons (Nomura et al., 1994). While peptic ulcer was at one time a relatively common disease
in the United States, its incidence has been decreasing
during the last 30 years, and is currently estimated
to be about 10% or 3.7 million new cases each year.
According to the National Institutes of Diabetes and
Digestive and Kidney Diseases (NIDDK, http://www.
niddk.nih.gov/), the prevalence of peptic ulcers in the
United States is 5 million people with 6500 fatalities
on an annual basis. This decrease in peptic ulcer incidence has paralleled a decrease in the prevalence of
H. pylori infection in the US population. The etiologic
role of H. pylori in peptic ulcer has been confirmed
by studies where antimicrobial treatment of infected
individuals promoted ulcer healing and a decrease in
the rate of ulcer recurrence (Graham et al., 1992).
Gastric Cancer
Gastric carcinoma remains among the most common forms of cancer worldwide. Interestingly, gastric cancer was the leading cause of cancer mortality
in the United States until the late 1950s, but like the
incidence of peptic ulcers, the prevalence of gastric cancer has also been declining in parallel with a
decline in the infection with H. pylori. The incidence
of gastric cancer in the general US population by 2001
was 7.1 per 100,000; it was about twice as frequent in
minority populations (www.CDC.gov). In 2003, there
were 22,400 new cases of gastric cancer diagnosed
in the United States and 12,100 related deaths (Jemal
et al., 2003). Until the early 1980s, gastric cancer was the
leading cause of cancer-related deaths worldwide and
now is second only to lung cancer. Given the strength
of the evidence supporting an association between
adenocarcinomas of the gastric mucosa and H. pylori
infection, H. pylori became classified as a class I carcinogen by the International Agency for Research
on Cancer in affiliation with the World Health
Organization (1993). Thus, it became the first bacterial
agent to be classified as a carcinogen. While animal
models to study the linkage of infection with H. pylori
and the associated diseases were initially difficult to
establish, a study in Mongolian gerbils showed that
H. pylori infection could result in gastric adenocarcinoma (Watanabe et al., 1998). A recent study examining
molecular mechanisms to explain the linkage between
H. pylori infection and cancer showed, using Mongolian
gerbils, that the CagA virulence factor from H. pylori
induced dysregulation of β-catenin-dependent pathways (Franco et al., 2005). As pointed out by the
authors of the study, activation of β-catenin leads to
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transcriptional upregulation of genes implicated in
cancer development.
The prevalence rates of H. pylori seropositivity and
the incidence of gastric cancer are highly associated
within several populations from various countries
(1993). For instance, seropositivity may be as high as
80–100% in some age groups in some countries or in
minorities with lower incomes in the United States
(Blaser and Parsonnet, 1994; Correa, 1995). These
groups have the highest risk of developing gastric
cancer and/or gastric ulcer.
Since only a fraction (⬍1%) of the infected individuals eventually develop gastric carcinoma, other factors
are thought to contribute to carcinoma development.
In addition to virulence of H. pylori, other components include the host response, genetic susceptibility,
duration of chronic inflammation, and environmental
factors. The process whereby infection with H. pylori
is associated with gastric carcinoma is believed to
be a multistep process initiated by chronic gastritis,
followed by chronic atrophic gastritis, intestinal
metaplasia, and dysplasia (Correa, 1995).
Gastric MALT Lymphoma
H. pylori has also been implicated in the onset of
MALT lymphoma. This association has been supported by multiple studies. For instance, while the
normal stomach lacks organized lymphoid tissue,
one study showed that most patients with gastric
MALT lymphoma were also infected with H. pylori
(Wotherspoon et al., 1991). Studies using animal
models have also linked the infection with other
Helicobacter species with the development of MALT
lymphoma. Infection of ferrets with H. mustelae or
mice with H. felis reproduced MALT development,
which could be treated with antimicrobials. In addition, several studies in humans have demonstrated
that clearance with antimicrobials also resulted in
regression of gastric MALT lymphoma in patients
who remained in remission (Isaacson et al., 1999;
Wotherspoon et al., 1993). MALT lymphoma is found
in a small fraction of patients infected with H. pylori
with an estimated incidence of 1 per 80,000. Chronic
antigenic stimulation with H. pylori may be responsible for the development of MALT lymphoma associated with this infection. The cells in MALT lymphoma
are largely B cells whose surface immunoglobulin
recognize autoantigens rather than H. pylori antigens
(Hussell et al., 1993), which suggests that they originate from autoreactive B cells.
Thus, H. pylori-associated pathogenesis encompasses a range of diseases that affect people worldwide.
There are significant global and domestic problems

resulting from these diseases, which lead to considerable
morbidity, mortality, and societal costs.

Treatment
The most common treatment of H. pylori symptomatic infection involves three drugs that include two
antimicrobials such as amoxicillin and clarithromycin.
The other drug is a proton pump inhibitor (PPI), such
as omeprazole (Losec) and ezomeprazole (Nexium).
This represents the first-line therapy that is administered twice a day and ranges from 7 days outside the
United States to 10 or 14 days within the United States
(Bytzer and O’morain, 2005; McLoughlin et al., 2005).
This triple therapy has had a success rate above 80%.
The eradication of H. pylori is recommended as the
most cost-effective treatment of gastric and duodenal
ulcers. Failures in the treatment have been attributed
to inadequate patient compliance and the development of antibiotic resistance. Because of the increase in
antibiotic resistance, there have been efforts to study
the efficacy of quadruple therapy that includes bismuth in addition to the two antibiotics and a PPI. This
is considered a second-line treatment (McLoughlin
et al., 2005). However, these regimens are associated
with side effects such as abdominal pain or nausea,
poor compliance due to the high number of tablets to
be taken daily, and high cost. The emergence of antibiotic resistant strains makes eradication difficult to
achieve. Furthermore, reinfection is frequent in areas
with high level of transmission, making antibiotic therapy ineffective in the global control of the infection.
Due to the increase in antibiotic resistance and
the associated treatment failure, some studies have
considered alternative agents such as phytomedicines, probiotics, and antioxidants to treat H. pylori
infection. While the use of these agents in vitro or in
animal models has provided promising results, the
few reported in vivo human trials have shown these
agents to be largely ineffective.

PATHOGENESIS
The evidence accumulated through multiple studies suggests that pathogenesis of H. pylori infection
is the result of both bacterial factors and the host
immune response. An added factor into the equation
is the contribution of environmental factors to the
pathogenesis associated with the infection. Different
combinations of these factors determine disease outcome of the infection. H. pylori vary in the expression of virulence factors, and the variation affects the
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intensity of the host immune responses. Chronic
infection is common, as the bacteria evade some host
responses, and the host fails to respond effectively to
eradicate the bacteria.
There are two main phenotypes exhibited with
patients who develop disease due to H. pylori infection. When high acid secretion and chronic inflammation are seen, more commonly in the antrum of the
stomach, gastric or duodenal ulcers normally result.
In the case of gastritis of the corpus, decreased acid
secretion, and gastric atrophy, gastric cancer is more
likely (El Omar et al., 1997). Another difference often
seen between these two phenotypes is the density of
bacteria. In ulcer patients, high amounts of colonized
bacteria have often been observed, whereas in the case
of hyposecretion of gastric acid, much lower bacterial
density is noted.

Inflammation
Perhaps the most important response for both
phenotypes is inflammation. Both antigen specific
and nonspecific responses contribute to inflammation
during infection. These responses contribute to fighting infection, but are also responsible for mucosal
damage. Adhesion of H. pylori to the host epithelium, or bacterial factors such as urease or the cag
pathogenicity island, induce signaling that upregulates proinflammatory cytokines and chemokines such
as IL-8 and GRO-α. Although the cag pathogenicity
island is the most recognized factor inducing inflammatory responses, there are several other interactions known to upregulate these responses. We have
recently discovered that through H. pylori attachment
to CD74, or cross-linking CD74 on gastric epithelial
cells, NF-κB activation occurs, leading to IL-8 production (Beswick et al., 2005a). Blocking this interaction
with monoclonal antibodies resulted in a substantial
decrease in the amount of IL-8 produced in response
to H. pylori. Other bacterial factors that induce inflammatory responses are HSP60, which was shown to
induce IL-8 through TLR pathways (Takenaka et al.,
2004), and urease, which induced responses from
both gastric epithelial cells and peripheral blood
mononuclear cells (Tanahashi et al., 2000).
The cytokine responses, in turn, recruit other
immune cells to the site of infection. IL-8 is one of the
initial responses that recruit neutrophils to the site of
infection. Neutrophils are then activated by H. pylori
or its soluble products, and proceed to release reactive
oxygen species (ROS) and more IL-8 (Shimoyama et
al., 2003). Recently, H. pylori was also shown to induce
production of macrophage migration inhibitory factor

(MIF) from gastric epithelial cells, T cells, and macrophages (He et al., 2005; Xia et al., 2004). MIF is a versatile cytokine that mediates both innate and adaptive
immunity and plays a role in chronic inflammation.
It has been shown to upregulate NF-κB, Erk1/2, activator protein-1 (AP-1), and protein kinase C pathways leading to increased expression of IL-1β and
IL-8 mRNA (Onodera et al., 2004; Ren et al., 2004). MIF
may be an important early response to infection that
upregulates proinflammatory pathways. Macrophages
respond to H. pylori bacterial factors with the production of proinflammatory cytokines such as IL-1β, IL-6,
and TNF-α, and nitric oxide, which are important in
epithelial cell injury (Gobert et al., 2001). IL-1β is
important in signaling leading to the production of
other cytokines. It has also been implicated in inhibiting gastric acid production, which may be an important factor in the development of gastric carcinoma
(El Omar, 2001). IL-6 has also been correlated with gastric cancer and severity of disease because of its antiapoptotic effect (Lin et al., 2001). It also induces T cells to
produce IFN-γ that contributes to the overall response
by upregulating expression of class II MHC on various
cells and reducing proliferative rates of cells.

Ulcers
The ulcer phenotype is usually the result of upregulation of the inflammatory response by adhesion to
the gastric epithelium. The inflammatory cytokines
induced by the bacteria from the host cell lead to
the recruitment of T cells and neutrophils to the site
of infection. Upon activation, these cells produce
proinflammatory cytokines that recruit B cells, mast
cells, and macrophages, which damage gastric structure and function. Since H. pylori is persistent in infection and not easily cleared by antibiotics, chronic
infection is common. Persistent infection leading to
chronic inflammation causes tissue damage and ulceration (Fig. 50.6).

Carcinogenesis
The induction of carcinogenesis associated with
H. pylori is multifaceted. During this process, the cell
cycle must be modified so that cell proliferation rates
overtake cell death rates. In addition, genetic mutation
must occur and be maintained, leading to uncontrolled
cell proliferation. The inflammatory response upregulated during infection also plays a role in carcinogenesis. IL-1β and TNF-α are both known to decrease gastric
acid production, which may decrease tissue damage
seen during ulceration and increase gastric atrophy.
MIF, produced in response to H. pylori, may lead to
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FIGURE 50.6 Inflammatory responses and altered cell turnover
by the gastric epithelium are initial events leading to clinically significant diseases associated with H. pylori infection.

an increase in gastric epithelial cell proliferation (Xia
et al., 2004). Inflammatory cytokines are also known to
induce Cox-2 expression, which is upregulated during
H. pylori infection (Romano et al., 1998; Zarrilli et al.,
1999). Cox-2 catalyzes the conversion of arachidonic
acid to prostagladins that play a role in inflammation and inhibit apoptosis. Cox-2 is found at elevated
levels in many cancer types, and may be important in
gastric cancer as well (Fig. 50.6).
During H. pylori infection, ROS are produced by
the gastric mucosa (Jung et al., 2001). Neutrophils are
one of the major sources of ROS, but gastric epithelial cells are also thought to produce it (Bagchi et al.,
1996; Shimoyama et al., 2003). Epidemiologic studies have suggested that ROS may play a crucial role
in the development of gastric cancer. Gastric epithelial cells may undergo DNA damage in the presence
of high amounts of ROS, which could contribute to
carcinogenesis.
Various studies have focused on the gastric epithelial cells affected by H. pylori and that become
transformed. A study took advantage of laser microdissection to isolate the three main epithelial cell
lineages from stomach tissue of mice infected with
the H. pylori strain SS1 to show by gene expression
profiling that the mucus-producing cell was the
only epithelial cell type displaying a profound transcriptional response to the infection (Mueller et al.,
2004). Neither parietal cells nor chief cells showed
differential regulation of genes. In a model of gastric
cancer, chronic inflammation was shown to result
in the recruitment of bone marrow-derived epithelial cells (Houghton et al., 2004). In these studies on
C57BL/6 mice transplanted with labeled bone marrow cells and infected with H. felis, most metaplasia,
dysplasia, and cancer were found to be of donor
origin. The group that made these observations
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suggested that persistent inflammation leads to tissue injury and eventual failure of stem cells in the
tissue. The inflammatory process then leads to the
recruitment and engraftment of bone marrow-derived
circulating cells into the tissue stem cell niche where
they replace the tissue stem cells (Houghton and
Wang, 2005).
An interesting occurrence to note about the H. pylori
disease process is that while expression of CagPAI
and VacA virulence factors, along with the inflammatory responses induced during infection, is associated
with both ulcerogenesis and carcinogenesis, these
two outcomes are mutually exclusive of one another.
This observation supports the notion that host factors
or genetic susceptibility may play a role in disease
outcome associated with H. pylori infections.

THE USE OF PROTEOMICS TO
UNDERSTAND THE H. PYLORIASSOCIATED PATHOGENESIS
Proteomic analysis is a powerful technology that
permits comprehensive inspection of protein expression in cells, tissues, and bodily fluids. Comparison
of protein expression between control tissue and
disease tissue, or tissue exposed to an insult, permits
the detection of proteins altered in their expression.
Thus, proteins whose expression is altered during
disease could potentially be used as biomarkers for
diagnosis and monitoring of infection and disease
outcome. This technology has also been applied to
analyze the full complement of proteins expressed
by pathogens and H. pylori is one pathogen whose
proteome has been extensively analyzed using twodimensional electrophoresis (2-DE) and LC-MS
(Govorun et al., 2003; Jungblut et al., 2000). However,
this technology has not been exploited to understand
how H. pylori induces disease. Three relevant recent
studies have examined resected or biopsy tissue from
gastric cancer patients by a similar approach that
included 2-DE analysis followed by MALDI-TOF-MS
(Baek et al., 2004; Ebert et al., 2005; Ryu et al., 2003).
As controls, they used nonaffected tissue from the
same patients. There was little congruence in the
array of proteins whose expression was altered in the
three studies, and there was no confirmation by an
independent method such as Western blotting, with
the exception of one protein in one of the studies
(Ebert et al., 2005). The differences observed may be
due to the study of different populations, differences
in infecting strains, or both. A limitation of the studies to date is that they examined tissue that has been
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infected for decades or is already transformed, and
the samples contained multiple cell phenotypes, many
of which are normal. Das et al. (2005) examined gastric epithelial cells that are the target of infection, and
also cells that become transformed to give rise to gastric carcinoma. Using SELDI-TOF-MS combined with
retentate chromatography, where proteins were selectively retained based on their chemical properties,
they detected a panel of proteins whose expression
differed (p ⭐ 0.05) in cells exposed to an inflammatory
cytokine (IFN-γ), H. pylori, or both (Das et al., 2005).
A total of 15 biomarkers in the N87 total cell lysate
with a statistically significant p ⭐ 0.05 with at least
twofold changes in their level of expression were
discovered. We ensured that each of the peaks at the
specified condition where it is induced had a signal to
noise ratio ⭓ 5.0. Untreated gastric epithelial cells were
used as a control to get the ratio from the epithelial
cells treated with H. pylori, IFN-γ, and IFN-γ plus
H. pylori. It was observed in these studies that the
more differentially expressed biomarkers were
obtained from IFN-pretreated cells exposed to H. pylori
samples compared to cells treated only with H. pylori.
Peaks were selected as induced if the ratio was ⭓
2.0, and repressed if the ratio was ⭐ 0.5. This might
reflect the effect of IFN-γ on the expression of receptors used by H. pylori, which in turn helps the interaction of H. pylori with GEC (Fan et al., 1998). Annexin
II was one biomarker identified in H. pylori infected
GEC. Annexin II is a multifunctional protein that has
been suggested to be involved in the pathogenesis of
carcinoma.

VACCINES
The failures associated with the therapy include
poor compliance, emergence of antibiotic resistant
strains, and the potential for reinfection. These problems could be overcome with the use of an efficacious
vaccine. Substantial interest has been shown in developing both therapeutic and prophylactic vaccines. The
development of a prophylactic vaccine may not be
cost-effective in the United States and Japan. However,
regions with high infection rates and prevalent cancerous outcomes may benefit from such a vaccine.
Initial studies in the development of a vaccine require
animal models to examine initial preparations. Since
H. pylori is a strictly human pathogen, an animal
model was one of the initial barriers in vaccine
development efforts. After an animal model of
Helicobacter infection was finally presented, Chen et al.
(1992) were able to demonstrate that prophylactic
immunization could protect against the challenge

with Helicobacter species. A couple of years after this
study was reported, mice infected with H. felis were
used to show that therapeutic immunization could
be effective (Doidge et al., 1994). Another important
advance in vaccine development was the discovery
of strains (e.g., Sidney strain) isolated from human
gastric biopsies that would colonize mice. These
adapted strains were crucial in the establishment of
a mouse model of H. pylori infection. The guidelines
for this model require that this strain of H. pylori
consistently colonize multiple strains of mice to a high
level, and establishes infection that may persist for
many months (Lee and Chen, 1994) Both prophylactic
and therapeutic immunizations have been found to be
effective in the control of H. pylori colonization in mice
(Ghiara et al., 1997; Kleanthous et al., 1998; Sanchez
et al., 2001). However, these results in mice have yet
to be reproduced in humans. There are several considerations that must be kept in mind in trying to extrapolate the results from studies in mice to humans. The
mouse model of Hp infection using the Sydney strain
(SS1) has a number of limitations, such as the lack of
pathologic gastritis seen in humans. The SS1 strain
lacks a functional cag pathogenicity island, and does
not induce vacuole formation in HeLa cells or IL-8
production in human gastric epithelial cells. Another
mouse model of infection uses the H. felis strain.
However, the virulence mechanisms of this model
may be radically different from those of H. pylori (no
cytotoxin, no cag pathogenicity island, no adherence of the organism to epithelial cells). In the mouse
model of Hp infection, TNF-α does not seem to play a
role in the development of the inflammatory response,
in contrast to humans where TNF-α is consistently
found to be increased in the infected gastric mucosa of
H. pylori infected individuals (Yamamoto et al., 2004).
Furthermore, studies of H. pylori infection in outbred
mice, which more closely resemble the outbred human
population, showed that these mice mounted a Th2
response, while infections of humans with H. pylori
induce a Th1 cell dominated response (Robinson et al.,
2005). Differences in the immune response between
humans and mice may reflect differences in the regulation of the gastric immune response that in mice do
not lead to neutrophil recruitment, while in humans
this is a hallmark of H. pylori infection.
Over the last few years, different groups have been
working on developing vaccines against H. pylori, following a variety of vaccination strategies in humans
and in animal models. The methods that have been
attempted to develop a vaccine include whole-cell, single-antigen, and multicomponent preparations. Others
have also incorporated the use of different vectors,
such as those from Salmonella species.
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Whole-Cell Vaccines

Outer Membrane Vesicles

The fist attempt at vaccination using a whole-cell
lysate employed oral immunization in mice and ferrets. This study resulted in the induction of IgG and
IgA in gastrointestinal secretions and sera of these
animals. Then, in studies where antigen preparation
was supplemented with cholera toxin (CT), the IgG
and IgA response was significantly increased (Czinn
and Nedrud, 1991). However, at that time there was
no acceptable animal model for H. pylori infection;
hence, it was not possible to assess the protective
effect of that vaccine preparation. The first animal
model of the infection was based on H. felis, a gastric
pathogen present in cats and dogs. In order to prove the
protective effect of this vaccine candidate, mice were
immunized with H. felis sonicates and CT, and subsequently challenged with H. felis. This study resulted
in protection that reached a level of 96% against the
acute infection (Lee and Chen, 1994). Later, various
groups tested these vaccination schemes in a wide
range of animals, including ferrets, gnotobiotic piglets,
and monkeys, and also achieved high success rates
(Eaton et al., 1998).
Other studies using H. pylori lysates also met some
success in animal models. Using both oral and intramuscular immunization in mice, one group demonstrated the importance of LPS in the development of a
vaccine. In a mouse model, H. pylori lysates containing
LPS induced strong innate and antigen-specific Th1
responses, while mice receiving vaccine devoid of LPS
induced a Th2 response (Taylor et al., 2006).
Although the protection achieved by vaccination with whole-cell extracts was very high, such an
approach could encounter quality control and safety
problems due to the variability of lot preparations
and the presence of antigens potentially dangerous
for humans. In addition to these problems, the use
of CT as an adjuvant in humans is not acceptable.
Nevertheless, the safety and immunogenicity of a
formalin-inactivated, oral H. pylori whole-cell vaccine
was tested in healthy and infected volunteers (Kotloff
et al., 2001). In this study, the whole-cell vaccine was
administered with or without a modified form of
Escherichia coli heat-labile toxin (LT) as a mucosal
adjuvant. After the first immunization, diarrhea, nausea and vomiting were observed. Also, a significant
increase in fecal and salivary anti-H. pylori whole-cell
IgA was observed in infected and uninfected subjects. This vaccination approach elicited significant
increases in lymphocyte proliferation and production of IFN-γ in noninfected volunteers. However,
the effectiveness of the vaccine in the reduction of the
bacterial load was not reported.

Like other Gram-negative bacteria, H. pylori sheds
part of its outer membrane as vesicles. These outer
membrane vesicles (OMV) contain porins, LPS, VacA,
and the Lpp20 lipoprotein among other protein components. Thus, these components were incorporated
into vaccine studies. In one study, mice immunized
with OMV are protected from the challenge with
H. pylori. The protection measured correlated with an
IgG antibody response to an OMV component of 18
kDa, which is commonly expressed by H. pylori strains
(Keenan et al., 1998). This OMV component was identified as lipoprotein 20 (Lpp20) using a monoclonal antibody. Further examination indicated that hybridoma
backpacks secreting IgG antibodies against Lpp20
considerably reduced the bacterial load in infected
mice (Keenan et al., 1998). Additionally, previous
evidence indicates that this kind of antigen is a good
vaccine candidate. Lpp20 was identified as a protective antigen in a mouse model, since administration
of Lpp20 before the challenge resulted in significantly
reduced bacterial numbers (Keenan et al., 2000). In
order to further investigate this vaccine candidate,
the efficacy of the immunization with OMV was compared between mouse and guinea pig models. These
animals received intranasal immunization of recombinant Lpp20 (rLpp20) or OMV preparations from
H. pylori, using CT as a mucosal adjuvant (Keenan et al.,
2000). After immunization with rLpp20, the animals
that were challenged with H. pylori SS1 strain induced
a specific antibody response and a reduced level of
H. pylori colonization in mice, but not in guinea pigs.
On the other hand, immunization with OMV in both
models elicited systemic and intestinal local immune
response, characterized by specific IgG in serum and
gastric samples in addition to IgA in bile and the gastric
mucosa.

Recombinant Antigen-Based Vaccines
Studies by various groups showed that protection
can be achieved by immunization with single antigens
such as urease, VacA, catalase, NapA, heat-shock protein Hsp60, and the outer MP HpA. Most of those
antigens were selected as potential vaccine candidates
because they are abundant, surface exposed, wellconserved H. pylori proteins, and/or because they are
major virulence factors.
Urease
The urease antigen is one of the most studied of
the H. pylori major virulence factors, and thus has
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received the attention of researchers for vaccine studies. Immunization with urease has had much success
in mice (Ermak et al., 1998; Kleanthous et al., 1998;
Sanchez et al., 2001). Studies suggested that protection
of mice against H. pylori infection after immunization
is dependent on MHC class II antigen presentation;
hence, antiurease antibodies may not be necessary for
protection (Ermak et al., 1998). Although it is a good
vaccine candidate, the experience of H. pylori vaccine
studies using recombinant urease in humans has been
limited. A study conducted to evaluate the safety and
immunogenicity of recombinant urease administered
with E. coli heat-labile enterotoxin (LT) in healthy
H. pylori-infected volunteers resulted in an increase
in the titers of antiurease serum IgA and also in
circulating antiurease IgA producing cells (Michetti
et al., 1999). Although this effect did not result in
complete removal of the bacteria, there was a significant reduction in gastric H. pylori density. Despite
these promising results, side effects due to the administration of E. coli LT were evident in 66% of the
volunteers. In order to try to circumvent the side
effects due to the oral administration of LT, a subsequent study used a different route of administration.
Based on experiments in mice showing that rectal
and nasal immunization routes are as effective as the
oral route, the subsequent study tested the safety and
immunogenicity of H. pylori urease vaccine administered rectally using LT as adjuvant in infected and
uninfected volunteers (Sougioultzis et al., 2002).
Although LT and urease delivered rectally were
well tolerated, the immune response to LT was more
vigorous compared with the response to urease, since
just 16.7% of the subjects had antiurease IgG antibodies and 8.3% developed antiurease IgA antibodies.
In another study to determine the adjuvant properties
of low doses of LT, a range of doses were evaluated in
human volunteers against H. pylori using recombinant
urease (Banerjee et al., 2002). The urease was administered enterically using acid-resistant capsules, and
was also administered orally using soluble urease.
Both methods were determined to be safe, without
significant adverse effects. After the immunization,
50% of the volunteers who received the higher doses
developed mild diarrhea. The proportion of volunteers developing mild diarrhea with the lower doses
of LT did not differ from the baseline or from those
receiving no LT. Seroconversion (defined as fourfold increase in titers of IgA and IgG or as more than
15 urease-specific IgG antibody secreting cells) was
observed in 67%, 17%, 33%, and 25% of the subjects
who received 2.5μg, 0.5μg, 0.1μg, and no LT, respectively.
Significant cellular immune responses were observed
only in the subjects receiving the highest dose of LT.

These studies also concluded that the percentage of
α2β7 CD69⫹ circulating lymphocytes, and α2β7 CD4⫹
and α2β7 CD45RO⫹ lymphocytes was significantly
increased. This study showed that a dose of 2.5μg
LT is required, but this dose also induced mild side
effects in half of the volunteers.
VacA, NAP, and CagA
The rationale for using virulence factors vaccines is
that the immunity induced against them confers protection. Among the other representative virulence factors of H. pylori are the CagA, the VacA, and the NAP.
One of the first attempts to use purified VacA
as a prospective vaccine candidate showed that
immunization with this antigen protected mice from
the infection with an H. pylori strain expressing both
CagA and VacA (Marchetti et al., 1995). A posterior
study using recombinant VacA in a mouse model of
infection showed that a chronic infection by H. pylori
Type I strain (CagA⫹ and VacA⫹) can be successfully
eradicated by intragastric immunization with VacA in
combination with a nontoxic mucosal adjuvant in the
form of a detoxified mutant of E. coli LT. Additionally,
these investigators demonstrated that these protected
mice were resistant to reinfection (Ghiara et al., 1997).
Recently, the Beagle dog model was used to evaluate
the safety, immunogenicity, and efficacy of therapeutic
vaccine preparations (Rossi et al., 2004). The dogs were
immunized with recombinant VacA, CagA, and NAP
with alum intramuscularly. A good dose-dependent
IgG response was generated without obvious adverse
effects. The bacterial colonization and gastritis diminished after the immunization. This successful study
suggests that antigen vaccines are a feasible approach
to developing an H. pylori vaccine.
An important parameter usually considered in
immunization protocols is the route of administration.
Different administration routes have been combined
to determine whether there are differences between
them as well as to establish which combination is
better. Using CagA and NAP to immunize BALB/c
mice Vajdi and colleagues compared the mucosal
route with parental routes of immunization. At the
same time they wanted to establish whether the combination of mucosal or systemic priming followed
by systemic or mucosal boosting would enhance
humoral immunity (Vajdy et al., 2003). Their studies showed that mucosal and systemic antibody
responses were enhanced with mucosal followed by
parenteral immunization. Any single route or combination of immunization routes with CagA and NAP
induced antigen-specific splenic IL-4 secreting cells.
Interestingly, serum IgG1 was induced in response to
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intranasal immunization alone or in combination with
intramuscular immunization.
In order to further these studies, the safety and
immunogenicity of a multicomponent vaccine administered with aluminum hydroxide as adjuvant was
evaluated in human volunteers (Ruggiero et al., 2003).
The vaccine consisted of CagA, VacA, and NAP plus
aluminum hydroxide. This combination of antigens
was administered intramuscularly to H. pylori uninfected individuals three times. The results of this
study indicated that the vaccine was safe, with only
some mild and temporary effects observed at the
site of the injection. The results also showed that the
vaccine was immunogenic and capable of inducing
antibody responses to all three antigens.
A disadvantage of immunization with recombinant
CagA and VacA is that not all strains express these
proteins. Therefore, infection with such negative
strains could not be prevented with these vaccines.
However, these two virulence factors remain important
targets since their presence is associated with the most
virulent strains, as explained earlier in this chapter.
Salmonella-Vectored Vaccine
Attenuated Salmonella strains have been shown to
be efficient live vaccine vectors, and able to induce
mucosal, cellular, and humoral immune responses
(Emoto et al., 1992; Tacket et al., 1997). For these
vaccine studies, defined mutations have been
incorporated into the Salmonella chromosome to obtain
nonvirulent strains able to induce a strong immune
response after oral administration. One of the first
attempts made at this type of vaccine used plasmidencoded urease A and B from H. pylori expressed in
the attenuated Salmonella typhimurium strain SL3261
(Gomez-Duarte et al., 1998). Oral immunization

of BALB/c mice with a ureA and ureB expressing
Salmonella vaccine protected the mice from colonization
with a mouse-adapted H. pylori strain and also induced
serum and mucosal specific antiurease antibody
responses (Gomez-Duarte et al., 1998). Similar results
were reported by Corthesy-Theulaz et al. (1998)
using live S. typhimurium phoPc expressing urease
A and B from H. pylori. The combination of mucosal
priming with S. typhi expressing H. pylori urease
and parenteral boost with urease plus alum effectively enhanced the immune response and protected
the mice against H. pylori infection (Londono-Arcila
et al., 2002).
The first human immunization study of this type
used a S. typhi strain where the phoP/phoQ virulence
region was deleted. This strain was modified to express
H. pylori urease subunits A and B, and was administered orally to volunteers (DiPetrillo et al., 1999).
The immunized volunteers developed strong immune
responses against S. typhi flagella and lipopolysaccharide antigens, but, intriguingly, there were no detectable
mucosal or systemic antibody responses to urease.
A later study, using S. typhimurium serovar expressing
urease from H. pylori to immunize volunteers, resulted
in a better response compared with the previous report
(Angelakopoulos and Hohmann, 2000). Three of the
six volunteers had urease-specific immunoglobulin
production by blood mononuclear cells, indicating that
attenuated S. typhimurium appears to be more effective
than S. typhi. A summary of clinical trials to date is
presented in Table 50.2.

Other Vectored Vaccines
Recently, a new potential H. pylori vaccine based on
a poliovirus vector has been reported. In this vector,
the poliovirus capsid genes were substituted with the

TABLE 50.2 Vaccine candidate trials in humans using different approaches
H. pylori status

Antigen

Route

Result

Reference

Uninfected

Urease and LT

Oral

Significant immune response
(IgA and IgG)

Banerjee et al. (2002)

Infected

Urease and LT

Oral

No eradication of the infection,
decrease in H. pylori density

Michetti et al. (1999)

Infected and Uninfected

Whole-cell (formalin-inactivated)
and mutant LT (R192G)

Oral

Mucosal and systemic immune
response, no eradication

Kotloff et al. (2001)

Uninfected

Salmonella typhi ΔphoP/phoQ
expressing Urease A and B

Oral

No humoral or mucosal
immune response

DiPetrillo et al. (1999)

Uninfected

Salmonella typhimurium ΔphoP/phoQ
expressing Urease A and B

Oral

Antiurease specific antibodies

Angelakopoulos and
Hohmann (2000)
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gene for H. pylori urease B (UreB replicon) (Smythies
et al., 2005). Immunization with UreB replicons induced
humoral and cellular mediated immune responses
in C57BL/6/DAB mice transgenic for the human
poliovirus receptor (Novak et al., 1999). In testing the
vaccine for the prophylactic and protective capacity, it was discovered that only 20% of the mice vaccinated before the challenge became infected compared
with 80% percent of mice infected in the control group.
Interestingly, 73% of the mice with previous H. pylori
infection and then therapeutically vaccinated cleared
the infection, indicating that therapeutic and prophylactic protection may be achieved through the use of
this vaccine candidate (Smythies et al., 2005).
DNA-Based Vaccines
An alternative approach to the above-mentioned
vaccines are the administration of DNA-based vaccines. Studies have shown that DNA vaccines are
effective at eliciting humoral and cellular immune
responses. Additionally, DNA vaccines are easy to produce and purify. One group of investigators showed
that intracutaneous immunization of mice with DNA
vaccines encoding H. pylori heat shock protein A and
B induced specific antibodies against H. pylori and
significantly suppressed bacterial colonization of the
stomach as well as reduced the degree of gastritis in
vaccinated mice (Todoroki et al., 2000). In a similar
study, C57/BL6 mice were immunized intranasally
or intracutaneously with a DNA vaccine encoding
H. pylori catalase. This study showed that vaccinated
mice were significantly protected from colonization,
and had a lower degree of gastritis than controls
(Miyashita et al., 2002). Furthermore, the innate and
adaptative immune responses induced by an H. pylori
ureB DNA construct administered intramuscularly
and subcutaneously were analyzed in BALB/c mice
(Hatzifoti et al., 2004). Immunized mice showed a
sustained increase in the expression of IL-10 mRNA,
as well as in the mRNA expression of b1-defensin.
The antibody response against ureB was significantly
increased after intramuscular immunization, whereas
mice subcutaneously immunized did not increase the
antibody response.

PROSPECTS FOR THE FUTURE
H. pylori is widely accepted as a very common
human pathogen responsible for significant morbidity
and mortality. This pathogen has developed unique
features that have allowed it to chronically infect its
host. Those properties were likely developed over

the thousands of years that it has been in close association with humans. Work over that past decade has
provided valuable insights to explain how it interacts
with the host and causes disease. However, there are
still many questions that need to be addressed to prevent infection and disease. Effective prophylactic and
therapeutic vaccines are clearly needed. While trials
have focused on key virulence factors of H. pylori as
target antigens in immunization attempts, main targets that have been widely ignored are the adhesins
responsible for initial binding to the host epithelium.
As stated earlier, several receptors have been described
on the host cells, but those that are shown to deliver
intracellular signals after H. pylori binds to them may be
of major importance in novel therapeutic strategies.
Likewise, the H. pylori adhesins that are shown to bind
to these host cell receptors could become key targets
of immunization.
With the advances that are being made in this field
and the adaptation of novel technologies, such as proteomics, to characterize critical interactions between
H. pylori and its host, the eradication of this human
pathogen is probably not too distant.

KEY ISSUES
●

●

●

●

●

●

●

●

Why only a fraction of infected individuals
develops disease whereas most remain
asymptomatic?
Why are ulcerogenesis and carcinogenesis among
infected individuals mutually exclusive processes?
Critical in the development of vaccines is the
understanding of how to elicit a protective immune
response while avoiding responses that may
become immunopathogenic.
It will be critical to define what elements of
the innate and/or adaptive immune response
contribute to peptic and duodenal ulcer
development as well as gastric carcinoma.
It may be critical to examine whether the cytokines
induced by the bacterium to promote inflammation
and clearance could be central to gastric carcinoma
development. It will be necessary to determine the
most effective target antigens.
In studies utilizing urease to immunize humans,
observations made in mice have not been
reproduced in humans.
Urease is a logical target for immunization given
its overall abundance, its location in the cell, and its
functions.
Human T cells, unlike mouse T cells, express
class II MHC after they become activated and this
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could be yet another mechanism whereby H. pylori
circumvents the host response. It is not known
at what stage H. pylori eradication may protect
from cancer development. It is unclear whether
individuals with advanced premalignant lesions
can be helped by antibiotic clearance of H. pylori.
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ABSTRACT
Intestinal pathogenic Escherichia coli strains that cause diarrhea can be divided into at least six different categories,
and each type is associated with a distinct pathogenic mechanism. Taken together, these organisms represent the
most common causes of pediatric diarrhea worldwide. In recent years, a large amount of information has been
generated regarding the virulence mechanisms used by the different categories of diarrheagenic E. coli to produce
several distinct clinical syndromes. This review describes how their pathogenic schemes underlie the clinical
manifestations, treatment approach, and epidemiologic investigation of these important pathogens and examines in
detail the past and current progress in the development of vaccines against these categories of diarrheagenic E. coli.

INTRODUCTION
Diarrhea is a common problem that usually lasts a
day or two and gradually disappears without any special
treatment. However, prolonged diarrhea can be a sign
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of other problems. Diarrhea can cause dehydration,
which is particularly dangerous in children and the
elderly, and must be treated promptly to avoid serious health problems. Diarrhea caused by a variety of E.
coli strains is a major problem in developing countries,
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although traveler’s diarrhea and hemorrhagic colitis are
also a problem for industrialized countries. It has been
estimated that E. coli is responsible for an estimated
780–900 million cases of diarrhea worldwide and at
least 300,000–500,000 deaths annually. Taken together,
these organisms represent the most common cause of
pediatric diarrhea worldwide (Bern et al., 1992). There
are numerous categories of diarrheagenic E. coli (Kaper
et al., 2004), but only a few serotype combinations are
associated with diarrheal disease (Nataro and Kaper,
1998). This chapter provides a brief description of the
different categories of E. coli, as well as their pathogenic
mechanisms, clinical relevance, and treatment. Further,
this chapter also presents past and present progress
made in the area of vaccinology against diarrheagenic
E. coli and discusses future lines of research being pursued to improve current vaccines.

TABLE 51.1 Summary of clinical syndromes and pathogenic
mechanisms of diarrheagenic Escherichia coli
Classification
(category)

Clinical
syndrome

Enterotoxigenic
E. coli (ETEC)

Small
intestine

Traveler’s
diarrhea.
Watery stool,
low fever,
cramps,
nausea

Hypersecretion
of fluids and
electrolytes
stimulated
by plasmidmediated
enterotoxins

Enteropathogenic
E. coli (EPEC)

Small
intestine

Infantile
diarrhea with
fever, nausea,
vomiting

A/Ea lesion
formation and
BFP-mediated
microcolony
stabilization

Enterohemorrhagic
E. coli (EHEC)

Large
intestine

Hemorrhagic
colitis. Severe
abdominal
pain, watery
diarrhea,
possible leading
to hemolytic
uremic
syndrome

Inhibition
of protein
synthesis by
cytotoxins and
A/Ea lesion
formation

Enteroinvasive
E. coli (EIEC)

Large
intestine

Shigella-like
diarrhea.
Fever, cramps,
watery diarrhea
followed by
bloody stool

Tissue invasion
and destruction
of epithelial
cells (plasmidmediated)

Enteroaggregative
E. coli (EAEC)

Small
intestine

Infant diarrhea
in developing
countries and
diarrhea in
AIDS patients

Inhibition
of fluid
absorption
by plasmidmediated
aggregative
adherence
(biofilm
formation)

Diffusely adhering
E. coli (DAEC)

Various
sites

Diarrhea

Little is
known about
mechanisms
causing
diarrhea

ETIOLOGIC AGENT(S)
E. coli can cause diarrhea by at least six different
mechanisms, and each type is associated with a different
pathotype and different virulence determinants (Table
51.1; Kaper et al., 2004; Torres et al., 2005). Enterotoxigenic
E. coli (ETEC) is the major cause of traveler’s diarrhea.
Enteropathogenic E. coli (EPEC) causes watery diarrhea
in infants and children. Enterohemorrhagic E. coli
(EHEC) and enteroinvasive E. coli (EIEC) strains both
produce bloody diarrhea, but while EIEC causes a more
Shigella-like dysentery, EHEC infections more frequently
cause kidney failure (hemolytic uremic syndrome
[HUS]). Of these first four categories, ETEC, EPEC, and
EIEC are responsible for the vast majority of cases in
the developing world. Enteroaggregative E. coli (EAEC)
is primarily associated with persistent diarrhea in children in developing countries and in AIDS-associated
diarrhea, while diffusely adhering E. coli (DAEC) is a
cause of childhood diarrhea and also traveler’s diarrhea
in Mexico and North Africa. ETEC, EPEC, EAEC, and
DAEC preferentially colonize the small bowel, and EIEC
and EHEC colonize the large bowel prior to causing
disease. In general, the pathogenic process of diarrheagenic E. coli strains include: (i) ingestion of the organism; (ii) bacterial attachment via pili (fimbriae), fibrils, or
outer membrane proteins; (iii) colonization of the intestinal mucosa; (iv) expression of bacterial mechanisms to
manipulate the host cell cytoskeleton or to evade host
defenses; (v) multiplication of the bacteria, and (vi) host
damage and production of disease. The description of
the mechanisms associated with disease, epidemiology,
clinical manifestations, and treatment of the individual
categories of diarrheagenic E. coli are discussed below.

Proposed
pathogenic
mechanism

Site
affected

a

A/E, Attaching and effacing lesion formation causes destruction of
enterocytes; BFP, bundle-forming pilus.

Enterotoxigenic E. coli
ETEC causes a self-limited illness, usually lasting
fewer than 5 days, and is considered a major cause of
childhood diarrheal disease in developing countries as
well as a frequent cause of enteric illness among travelers and in soldiers deployed to those countries (Nataro
and Kaper, 1998; Qadri et al., 2005). ETEC are acquired
by ingestion of contaminated food and water and
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enteric nervous system, both of which can stimulate
secretion and inhibit absorption. STs are small peptides
that resemble a mammalian peptide hormone (guanylin) and bind to the guanylin receptor. This binding results in elevation of cyclic AMP, which, through
a series of steps, leads to secretion of chloride (Nataro
and Kaper, 1998). In addition, ETEC strains have been
reported to invade cultured human epithelial cells,
although there are no clinical data to suggest that ETEC
invades cells in vivo (Elsinghorst and Kopecko, 1992;
Elsinghorst and Weitz, 1994). The ETEC factors associated with this invasion phenotype have been identified
with the characterization of the Tia pathogenicity island
(Tia-PAI) in some clinical ETEC isolates (Elsinghorst
and Kopecko, 1992; Elsinghorst and Weitz, 1994).

produce a range of symptoms, usually of moderate
severity, including nonbloody, watery diarrhea
(cholera-like symptoms), and abdominal cramps.
Pathogenesis
ETEC colonize the proximal small intestine and
adhere to enterocytes by means of the plasmid-encoded
fimbrial factors (Fig. 51.1). Colonization is mediated by
one or more proteinaceous fimbrial or fibrillar colonization factors (CFs) that are designated as colonization factor antigens (CFAs, e.g. CFA I and CFA II), coli
surface antigen (CS), or putative colonization factors
(PCFs) in ETEC infections of humans, or K-88 and K-99
in the case of animals (Gaastra and Svennerholm, 1996;
Torres et al., 2005). After colonization, ETEC strains produce two classes of plasmid-encoded enterotoxins. The
first class comprises the high-molecular-weight, heatlabile enterotoxins (LTI and LTII), which are structurally
and functionally related to cholera toxin, and a second
class, the low-molecular-weight, heat-stable enterotoxins (STA and STB) (Nataro and Kaper, 1998; Sears and
Kaper, 1996). ETEC strains may express either one or
both enterotoxins, and both classes are responsible for
net secretion of fluid into the intestine and diarrhea. LTs
produce diarrhea by activating the main chloride channel, and by stimulating prostaglandin synthesis and the

(A)

Epidemiology
ETEC is usually a frequent cause of diarrhea in
infants younger than 2 years of age, with the incidence
of ETEC infections in developing countries decreasing
between the ages of 5 and 15 years (Girard et al., 2006;
Qadri et al., 2005). ETEC also is a major cause of traveler’s diarrhea and accounts for approximately 280
million diarrhea episodes and more than 400,000
deaths annually (Steffen et al., 2005). ETEC is responsible for about 25% of persistent diarrheas and 26%

(B)

(C)
Bfp-mediated
microcolony

EPEC

ETEC

EHEC

EPEC
EPEC

Damage and secretion

(D)

EPEC
A/E
lesion

Toxins
· ST
· LT

Multiple CFs
(CFAs, CS, PCFs)

Long polar
fimbriae

Stx
toxins

A/E
lesion

EHEC

Damage and secretion

Flagella binding

(E)

(F)

EIEC

EI

Flagellinmediated
inflammation

EC

DAEC
EAEC

EIEC

EIEC

EIEC

AAF,
other
adhesins

EIEC
IL-8 secretion and
monocyte recruitment

Toxins
· Pet
· EAST
Damage and secretion

DAEC

F1845, Dr and
AfaE-(I/III)-adherence

EIEC
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Enterocyte

FIGURE 51.1

Diarrheagenic E. coli interactions with epithelial cells. The six categories of diarrheagenic E. coli each have unique features
in their interaction with intestinal epithelial cells. Here, the interactions (e.g. mediated by fimbriae or other adhesins) of each category with a
target cell, followed by damage (e.g. toxin-mediated) and the subsequent fluid secretion, are schematically represented. See text for further
details.
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of severe diarrheas requiring hospitalization and
perfusions worldwide (Fig. 51.2; Qadri et al., 2005).
Despite the overall low incidence, outbreaks of ETEC
are being increasingly recognized in the United States,
and just between 1996 and 2003, 16 ETEC outbreaks
were identified; three occurred on cruise ships and the
rest within US territory (Beatty et al., 2004).
Clinical Disease
Infection with ETEC can cause profuse watery
diarrhea and abdominal cramping. Fever, nausea (with
or without vomiting), chills, appetite loss, headache,
muscle aches, and bloating can also occur, but are less
common. Illness develops 1–3 days after exposure and
usually lasts 3–4 days. Some infections may take a week
or longer to resolve. Symptoms rarely last more than 3
weeks. Most patients recover with supportive measures
alone and do not require hospitalization or antibiotics
(Qadri et al., 2005).

Treatment
Most infected persons will recover within a few
days without requiring any specific treatment. In
the case of infants and children with diarrhea, clear
liquids or premixed oral rehydration solutions are
recommended to prevent dehydration and loss of
electrolytes (CDC, 2005). Bismuth subsalicylate also
may be used as treatment (one fluid ounce or two
262-mg tablets every 30 min for up to eight doses in a
24-h period). ETEC is frequently resistant to common
antibiotics, including trimethoprim-sulfamethoxazole
and ampicillin. Because resistance to antibiotics is
increasing worldwide, the decision to use an antibiotic should be carefully weighed against the severity
of illness and the risk of adverse reactions. Currently,
fluoroquinolones are the drugs of choice. Commonly
prescribed regimens are 500 mg of ciprofloxacin twice
a day or 400 mg of norfloxacin twice a day for 3–5
days (CDC, 2005).

Low risk for ETEC diarrhea
Intermediate risk for ETEC diarrhea
High risk for ETEC diarrhea
EHEC reported outbreaks

FIGURE 51.2 Areas of risk for traveler’s diarrhea caused by enterotoxigenic E. coli and distribution of reported outbreaks due to enterohemorrhagic E. coli (EHEC) worldwide. The world is divided into three risk levels (low, intermediate, and high) of traveler’s diarrhea for
travelers from industrialized countries. The star symbols represent countries reporting outbreaks of enterohemorrhagic E. coli, O157:H7 being
one of the predominant serotypes.
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Enteropathogenic E. coli
EPEC is an important category of diarrheagenic
E. coli that has been linked to infant diarrhea in the developing world. However, in industrialized countries, the
frequency of these organisms has decreased, but they
continue to be an important cause of diarrhea (Nataro
and Kaper, 1998). EPEC strains can be classified as typical and atypical isolates. In general terms, EPEC produces a characteristic histopathological lesion known as
attaching and effacing (A/E) on intestinal cells and do
not produce Shiga toxins (Stx). Typical EPEC of human
origin possesses a virulence plasmid known as the
EAF (EPEC adherence factor) plasmid, while an atypical EPEC does not posses this plasmid; this is the basic
difference between the two groups of organisms.
Pathogenesis
The central mechanism of EPEC pathogenesis is the
adhesion to small bowel enterocytes and destruction of
the normal microvillar architecture, initiating the formation of A/E lesions, which are characterized by microvilli
destruction, intimate adherence of bacteria to the intestinal epithelium, pedestal formation, and aggregation of
polarized actin and other elements of the cytoskeleton
at sites of bacterial attachment. Cytoskeleton derangements are accompanied by an inflammatory response
and diarrhea. The majority of genetic determinants for
the production of A/E lesions are located on the pathogenicity island known as locus of enterocyte effacement
(LEE) (Fig. 51.1) (Kaper et al., 2004; Torres et al., 2005).
The LEE is present in all EPEC strains as well as in other
A/E positive strains, including strains of EHEC and
other enteric pathogens (Torres and Kaper, 2001). Many
EPEC strains produce a characteristic adherence pattern, called localized adherence, in tissue-cultured cells
(Scaletsky et al., 1984). This phenomenon is associated
with the presence of the large EAF plasmid, which carries the so-called EAF sequence and also encodes type
IV fimbriae, known as bundle-forming pili (BFP), which
interconnect bacteria within microcolonies and thus promote their stabilization (Nataro and Kaper, 1998). The
EAF plasmid is not essential for the formation of A/E
lesions, although its presence enhances the efficiency of
lesion formation due to the presence of the regulatory
region known as Per (Mellies et al., 1999), as well as BFP,
whose role in cell adhesion would similarly increase the
efficiency of A/E lesion formation (Torres et al., 2005).
Epidemiology
EPEC serotypes are strongly associated with
diarrhea in children ⬍1 year of age. In this age group,
these serotypes have been found to be the main cause
of endemic diarrhea in several, well-controlled studies
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carried out in Brazil (Gomes et al., 1991; Toledo
et al., 1983). The frequency of typical EPEC serotypes
in children ⬎1 year of age is lower and similar to the
frequency in controls (2–4%). Adult infections are rare
and usually associated with other conditions (Nataro
and Kaper, 1998). A remarkable epidemiologic difference between typical and atypical EPEC serotypes is
their geographic distribution. Typical EPEC serotypes
have traditionally been associated with outbreaks of
infantile diarrhea, and, in fact, the first EPEC strains
isolated in different countries were of serotypes O55:
H6 and O111:H2 (Trabulsi et al., 2002). In the past,
these epidemic serotypes were frequently identified
in industrialized countries as a cause of outbreaks
and sporadic cases of diarrhea, but at present they are
very rare (Nataro and Kaper, 1998). In these countries
today, serotypes without the EAF plasmid predominate (Bokete et al., 1997; Scotland et al., 1996). The situation in developing countries is not well defined, but
several studies in Brazil in the 1980s and early 1990s
showed a high frequency of typical serotypes (Trabulsi
et al., 2002). In the case of atypical strains, these
isolates have been associated with prolonged diarrhea
in children (Nguyen et al., 2006).
Clinical Disease
EPEC primarily causes acute diarrhea, although
many cases of protracted EPEC diarrhea have also been
reported (Donnenberg, 1995; Levine and Edelman,
1984). The infection can often be quite severe, and
many clinical reports emphasize the severity of the
disease (Rothbaum et al., 1982). In outbreaks from
developing countries, a mortality rate of up to 30% has
been reported (Senerwa et al., 1989), and in developed
countries with the full range of modern treatment
available, mortality is much lower, although deaths can
still result (Rothbaum et al., 1982). In addition to profuse watery diarrhea, vomiting and low-grade fever are
common symptoms of EPEC infection. The presence of
the A/E lesion is associated with disarrangement of
the digestive–absorptive enzyme system, leading to
malabsorption of nutrients (Nataro and Kaper, 1998).
Treatment
As with other diarrheal pathogens, the primary
goal of treatment of EPEC diarrhea is to prevent dehydration by correcting fluid and electrolyte imbalances.
Oral rehydration may be sufficient for milder cases,
but more severe cases require parenteral rehydration.
A variety of antibiotics have been used to treat EPEC
and have proved useful in many cases (Donnenberg,
1995), but multiple antibiotic resistance is common for
EPEC (Donnenberg, 1995).
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Enterohemorrhagic E. coli
EHEC were first recognized as a cause of human disease in 1982 (Riley et al., 1983) and are associated with
diarrhea and hemorrhagic colitis (Karmali, 1989). EHEC
is the only pathotype commonly responsible for diarrhea
in children in the United States (Frenzen et al., 2005) and
E. coli O157:H7, in particular, has emerged as the most
virulent member of this pathotype, responsible both
for outbreaks and sporadic cases of diarrhea in North
America (Kaper et al., 2004). EHEC are defined by their
ability to produce one or more Shiga toxins (Stx) (Tesh
and O’Brien, 1991), which mediate the systemic complications of EHEC infections, and the induction of the
characteristic attaching and effacing lesions on intestinal
epithelia (Fig. 51.1) (Kaper et al., 2004; Torres and Kaper,
2001). In some people, particularly children under 5
years of age and the elderly, the infection can also cause
a complication called HUS. In the United States, HUS is
the principal cause of acute kidney failure in children,
and most cases of HUS are caused by E. coli O157:H7.

and Europe, with E. coli O157:H7 as the most common
STEC serotype isolated in these countries (Frenzen
et al., 2005). The CDC estimates indicate that STEC
O157 infections cause 73,000 illnesses annually, resulting in more than 2000 hospitalizations and 60 deaths
(Fig. 51.2) (Frenzen et al., 2005). From 1998 to 2002,
the U. S. officials in 49 states reported 350 outbreaks
representing 8598 cases of E. coli O157:H7; 1493 hospitalizations (17%); 354 cases of HUS (4%); and 40
deaths (0.5%) (Rangel et al., 2005). Recent data collected by the CDC in 2006 revealed that from 17,252
laboratory-confirmed cases of foodborne infections,
590 cases were attributed to E. coli O157 infections and
209 to non-STEC O157 infections, which demonstrate
that the incidence of infections caused by STEC O157
have not decreased significantly as compared with
previous years, and suggesting that further measures
are needed to prevent foodborne illness in the United
States (CDC, 2007).
Clinical Disease

Pathogenesis
Pathogenesis involves establishment of the organism in the gut, where it adheres to colon epithelial cells,
probably mediated by the long polar fimbriae, and
induces the attaching and effacing lesions produced by
LEE pathogenicity island-encoded proteins as well as
other factors found in O157-specific islands elsewhere
in the genome (Torres et al., 2005). EHEC produce one
or more Shiga toxins (also known as verocytotoxins)
whose systemic absorption leads to potentially lifethreatening complications (Fig. 51.1; Robinson et al.,
2006). Not all Stx-producing E. coli strains contain the
LEE and the terms Shiga toxin-producing E. coli (STEC)
or verotoxin-producing E. coli (VTEC) are used to
describe any E. coli strain that produces Stx, whereas
EHEC is used to denote only the subset of LEE-positive,
Stx-producing E. coli. The ability to produce one or more
phage-encoded Stxs is the most important virulence
characteristic of EHEC strains (Robinson et al., 2006).
Toxin production mediates both local and systemic
disease. Local intestinal effects cause the development
of bloody diarrhea as Stx is internalized by the cells of
the gut where it blocks cellular protein synthesis and
may lead to apoptosis. HUS results from microvascular
disease when the toxins enter the blood stream and
bind to receptors on endothelial cells abundant in kidneys and brain (Nataro and Kaper, 1998).
Epidemiology
EHEC/STEC strains are the most frequently identified diarrheagenic E. coli serotypes in North America

The clinical manifestations of EHEC, particularly
E. coli O157:H7, typically include the sudden onset of
abdominal cramps followed by watery diarrhea, which
becomes bloody (Nataro and Kaper, 1998). People generally become ill by 2–8 days (average of 3–4) after
being exposed to E. coli O157:H7. Diarrhea usually
lasts 2–14 days and sometimes the infection leads to
nonbloody diarrhea. Nausea, vomiting, and usually little or no fever are typical. Progression to HUS,
characterized by microangiopathic hemolytic anemia,
thrombocytopenia, and renal failure, complicates 2–7%
of E. coli O157:H7 cases (Griffin and Tauxe, 1991).
Treatment
Treatment is usually supportive and antibiotics are
not usually recommended in the case of EHEC/STEC
infections (AMA et al., 2004). Some studies have suggested that children who suffered hemorrhagic colitis
are at greater risk of HUS if they are treated with antibiotics (Wong et al., 2000). For this reason, most clinicians
do not recommend antibiotics for treatment of EHEC/
STEC infections. Further, children suffering from bloody
diarrhea should not be given antimotility agents.

Enteroinvasive E. coli
EIEC may produce an illness known as bacillary
dysentery. The EIEC strains responsible for this disease
are closely related to Shigella spp., and therefore EIEC
infections are often associated with fever. Following
the ingestion of EIEC, the organisms invade the
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epithelial cells of the intestine, where they induce a
local inflammatory response. Diarrhea can be bloody,
but is usually watery and without blood or mucus.
Pathogenesis
The characteristic virulence determinants of EIEC
are indistinguishable from those of Shigella spp.
and include the presence of a virulence plasmid of
~220 kbp and the pathogens’ ability to induce their
entry into epithelial cells and disseminate from cell
to cell (Fig. 51.1; Parsot, 2005). The pathogenicity factors found in the virulence plasmid include a type
three secretion apparatus (TTSA) that spans the bacterial envelope, translocators that travel through the
TTSA and insert into the host cell membrane to form
a pore (translocon), and effectors that travel through
the TTSA and the translocon and are injected within
the eukaryotic cell. Once in the colonic mucosa, EIEC
(similar to Shigella spp.) are proposed to cross the
epithelial layer by invading M cells to be delivered
to resident macrophages. Subsequently, they induce
apoptosis and reach the basolateral pole of epithelial
cells, in which they induce their entry. Movement of
intracellular EIEC leads to the formation of protrusions and dissemination of bacteria within the epithelium. Release of cytokines and chemokines, including
IL-1 by apoptotic macrophages and IL-8 by infected
enterocytes, promotes recruitment of monocytes
that migrate through the epithelial barrier, facilitating the entry of luminal bacteria into epithelial cells
and increasing invasion of the epithelium (Prats and
Llovet, 1995).
Epidemiology
EIEC is less common than ETEC or EPEC in the
developing world and is associated with only a few
characteristic serotypes (Nataro and Kaper, 1998).
Though it has been responsible for outbreaks in both
adults and children, it is much less common than
ETEC, EPEC or EHEC. The incidence of EIEC in
developed countries is believed to be low, but occasional foodborne outbreaks have been identified.
Clinical Disease
The clinical presentation closely resembles that
of shigellosis with fever, abdominal cramps, rectal
urgency, tenesmus, and watery or bloody diarrhea,
lasting 5–7 days. The disease can appear within 24 h
of infection with EIEC. In some persons, especially
young children and the elderly, the diarrhea can be so
severe that the patient needs to be hospitalized.
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Treatment
Treatment recommendations are identical to that
proposed for shigellosis. The greatest concern in treating EIEC disease is to replace the fluids and electrolytes (sodium, potassium, etc.) lost in the diarrhea.
No controlled trials have examined the role of antimicrobial therapy though use of trimethoprim and sulfamethoxazole helps to eradicate susceptible strains
of EIEC (DuPont, 1997). Further, ampicillin, nalidixic
acid, or ciprofloxacin are also recommended; however, persons with mild infections will usually recover
quickly without antibiotic treatment.

Enteroaggregative E. coli
EAEC is a diarrheal enteropathogen defined by
aggregative adherence (AA) to cultured epithelial
cells. EAEC has been implicated as an emerging cause
of acute and chronic diarrhea in both developing
and developed countries (Kahali et al., 2004; Nataro
et al., 1998). Several epidemiological investigations of
diarrhea suggest that EAEC is an important etiologic
agent (Nataro et al., 1995; Nataro and Kaper, 1998)
and, recently, it been shown that EAEC is an unrecognized cause of community-acquired diarrhea in
infants in the United States (DuPont, 2005).
Pathogenesis
EAEC is defined by its ability to adhere to cultured
cells in a “stacked brick” appearance (Okeke and
Nataro, 2001). This phenotype, termed AA, is associated with specific fimbriae (AAFs) encoded by plasmids (pAAs) (Fig. 51.1; Harrington et al., 2006; Nataro
et al., 1998). Other factors are associated with this
adherence pattern, indicating its multifactorial nature
(Torres et al., 2005). Several toxins expressed by EAEC
strains have already been identified. Among the wellknown toxins are EAEC heat-stable toxin (EAST1)
and plasmid-encoded toxin (Pet), both of which are
encoded by pAAs (Nataro et al., 1998). Furthermore,
a serine protease involved in the colonization process
(Pic) is encoded by the chromosome from prototype
strain 042 (Henderson et al., 1999). Inflammation is a
hallmark in EAEC-infected patients, and recent data
indicated that the flagellin of EAEC strains induced
the release of IL-8 from Caco-2 cells in culture (Steiner
et al., 2000).
Epidemiology
EAEC strains were first recognized in 1987 and
are most often associated with illnesses in different
settings, including endemic diarrhea of infants in both
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industrialized and developing countries (Harrington
et al., 2006; Okeke and Nataro, 2001), chronic diarrhea
among human immunodeficiency virus/acquired
immunodeficiency syndrome patients, and traveler’s
diarrhea. Asymptomatic infection can cause subclinical inflammatory enteritis and growth disturbances.
Several outbreaks of EAEC diarrhea have also been
described. Prospective studies suggest that in wellnourished populations in industrialized countries,
EAEC may be a cause of endemic sporadic diarrhea.
For example, a large prospective surveillance study in
the UK implicated EAEC among the major pathogens
at all ages (Wilson et al., 2001).
Clinical Disease
EAEC infection comprises watery diarrhea, occasionally with blood and mucus. Several studies have
suggested that patients infected with EAEC manifest
intestinal inflammation, marked by the presence of
fecal lactoferrin and proinflammatory cytokines, notably interleukin (IL)-8 (Greenberg et al., 2002; Steiner
et al., 2000). Further data have suggested that even
asymptomatic carriage of EAEC strains can result in
evidence of low-level enteritis (Steiner et al., 1998).
Treatment
Patients who are dehydrated should receive oral
administration of solutions with electrolytes, and
antibiotics are not usually recommended because
EAEC can be resistant to treatment with antibiotics.
However, a clinical trial of ciprofloxacin showed that
diarrhea improved in AIDS patients infected with
EAEC (Wanke et al., 1998).

Diffusely Adhering E. coli
DAEC strains are a heterogeneous group of isolates,
all of which exhibit diffuse adherence (DA) to epithelial cells in the classical laboratory assay of adherence
to HEp-2 or HeLa cells (Cravioto et al., 1991). The association of DAEC with diarrheal disease is not as strong
as the other E. coli categories (Jallat et al., 1993, 1994),
and little is known about the mechanism of pathogenesis. However, it is clear that DAEC isolates are associated with watery diarrhea that can become persistent in
young children (Kaper et al., 2004; Le Bouguenec, 1999).

encoded by the daa operon or express adhesins
encoded by a family of afa/dra/daa-related operons
(Fig. 51.1; Le Bouguenec and Servin, 2006; Torres et al.,
2005). Unlike the virulence factors from pathovars
associated with severe acute diarrhea (EHEC, ETEC,
and EIEC), and the virulence factors only found in
extraintestinal E. coli, the afa/dra/daa operons are genes
that are expressed in a variety of genetic backgrounds
(Escobar-Paramo et al., 2004). The afa/dra/daa operons
are also interesting because they reportedly code for
both afimbrial (such as AfaE-I and AfaE-III) and fimbrial (such as F1845 and Dr) adhesive structures on
the bacterial surface and constitute the first known
example of a single operon promoting both adhesion
to epithelial cells and invasion into these cells (Le
Bouguenec and Servin, 2006).
Epidemiology
DAEC infections are not well studied but have been
recognized as a cause of diarrhea in the developing
world, particularly among children. DAEC are infrequently identified in the United States. In a number of
epidemiological studies, DAEC strains have been associated with diarrheal disease in different geographic
areas (Lopes et al., 2005). However, DAEC virulence
markers associated with diarrhea are yet to be clarified.
Clinical Disease
The clinical features of DAEC isolates are poorly
described, and the diagnosis available is based on tissue culture assays looking for DA. However, a retrospective case-control study performed with a small
group of children revealed that, among clinical signs,
vomiting, but not diarrhea, was significantly associated
with the presence of DAEC in children suffering from
gastroenteritis (Poitrineau et al., 1995). Further prospective studies of children in France and Brazil showed a
significant correlation between DAEC infection and
diarrhea (Forestier et al., 1996; Scaletsky et al., 2002).
Treatment
As with many other diarrheagenic E. coli pathovars,
oral rehydration therapy can help replace fluids and
salts lost due to E. coli-induced illness. No information
is currently available about antibiotic-resistant DAEC
clinical isolates.

VACCINES

Pathogenesis
The DA pattern of DAEC isolates is due to the
production of adhesins. About 75% of DAEC strains
produce a fimbrial adhesin (designated F1845)

The development of vaccines against diarrheagenic
E. coli strains, like any other enteric pathogen, represents
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a serious challenge because of the large number of serotypes involved and the requirement to induce immunity that is effective in the gut (Nataro and Kaper, 1998).
Ideally, a vaccine against diarrheagenic E. coli should
be administered by the mucosal route in order to elicit
mucosal protection. Vaccines using live, attenuated
bacteria have been developed to determine whether or
not they can protect via the mucosal route against heterologous diarrheagenic E. coli infections (Girard et al.,
2006). New, efficient mucosal adjuvants for human use
have been designed based on, among others, E. coli toxins, with the aim of improving the induction of mucosal
Thl and Th2 responses (Eriksson and Holmgren, 2002).
Further, transgenic plants offer a new strategy for the
development of safe, oral subunit vaccines against
diarrheal diseases such as ETEC infection (Tacket, 2004).
Even with all the recent progress, there are no vaccines currently approved to prevent diarrhea caused
by diarrheagenic E. coli (with the possible exception of
ETEC infection). The following section summarizes the
state of the art in vaccine research and development to
combat diarrheagenic E. coli infections, with a special
emphasis on three pathotypes of E. coli (ETEC, EHEC,
and EPEC), where most of the progress in vaccine
development has accumulated in recent years.

Vaccines against ETEC
Several attempts have been made to develop a vaccine that will be effective against pathogenic E. coli, specifically ETEC (Svennerholm and Steele, 2004). ETEC
comprises many different O:H serotypes, multiple antigenically distinct CFs types, and three different toxin
phenotypes (LT only, ST only, or LT/ST). To confer
broad-spectrum protection, vaccines must immunize
against this heterogeneous array of ETEC pathogens
(Nataro and Kaper, 1998; Steffen et al., 2005). Natural
history studies of ETEC infections in children in developing countries, epidemiological evidence in children
and adults, and results from experimental challenge
studies in volunteers, suggest that ETEC infections are
immunizing, as reflected by declining rates of ETEC
diarrhea and lower ratios of symptomatic-to-asymptomatic ETEC infections with increasing age, and that
multiple infections with antigenically diverse ETEC
strains lead to broad-spectrum protection against ETEC
diarrhea (Levine and Svennerholm, 2001). It has been
suggested that protective immunity appears to be
mediated by secretory IgA (SIgA) antibodies directed
against fimbriae, other surface antigens, and LT.
Interestingly, the ST toxin does not elicit neutralizing
antibodies following natural infection (Svennerholm
and Savarino, 2004). Overall, cumulative evidence
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suggests that immunization against ETEC early in life
may be an effective preventive strategy. Further, travelers going from industrialized to developing countries
constitute another important potential target population for vaccination against ETEC. Therefore, different
strategies have been used to deliver ETEC fimbriae
and toxin antigens in the form of inactivated or live
candidate vaccines to elicit protective human immune
responses (Levine and Svennerholm, 2001).
Inactivated and Subunit Vaccines
One of the best-studied ETEC vaccines has been
developed by investigators at the University of
Goteborg (Sweden), and is an oral, whole-cell vaccine
consisting of five strains expressing the CFs: CFA/
I, CFA/IV (CS4 and CS6), CFA/IV (CS5 and CS6),
CFA/II (CS2 and CS3), and recombinant cholera
toxin B subunit (CTB). This composition is designed
to induce protection against the most common CFs
expressed by ETEC strains. Phase II studies of a twodose regimen of this vaccine have been conducted in
Israel, Nicaragua, the United States, and in immunologically naive populations of Sweden (Jertborn et al.,
1998; Svennerholm and Steele, 2004). In these studies,
the vaccine was found to be safe and immunogenic,
as manifested by induction of mucosal antibody
responses to CTB and to the CFA components of the
vaccine. These results have been supported by further
studies in Egyptian adults and children (Hall et al.,
2001) and in Bangladeshi children (Qadri et al., 2003).
A pilot efficacy trial of this vaccine in Austrian tourists
traveling to developing country destinations found
the vaccine to confer about 80% protection against ST–
ETEC diarrhea (the only toxin phenotype detected in
this study) (Wiedermann et al., 2000). The vaccine was
well tolerated in all studies with only mild side effects.
However, a preliminary report on the efficacy of this
vaccine in Egyptian infants and children indicates that
the vaccine was relatively inefficient (conferring less
than 20% protection) against ETEC infections in the
very young (Boedeker, 2005; Savarino et al., 2002).
One vaccine for which protective efficacy against
ETEC has been demonstrated in phase III studies is
a whole-cell/recombinant B subunit (WC/rBS) oral
cholera vaccine (Dukoral™), which also provides
cross protection against ETEC (Girard et al., 2006). The
WC/rBS vaccine was designed to stimulate antitoxic
as well as antibacterial immunity against cholera and
consists of two main vaccine components. The first is
the nontoxic CTB, which is known to induce protective antitoxic IgA immunity. The second is heat- and
formalin-killed, whole bacterial cells of Vibrio cholerae.
The WC/rBS vaccine has also been shown to have up
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to 60% protective efficacy against LT–ETEC-mediated
traveler’s diarrhea (Clemens et al., 1988; Haberberger
et al., 1991; Scerpella et al., 1995). Thus, the protection
against ETEC diarrhea after vaccination with the WC/
rBS vaccine is mediated specifically through antitoxic
immunity rather than by antibodies against the bacterial cells. The phase III efficacy field trial with this vaccine was initiated in 1985 in rural Bangladesh to study
the protection afforded by the WC/rBS vaccine against
LT–ETEC (Clemens et al., 1988). The protective efficacy
against LT-producing ETEC observed in this trial was
67%. However, it was not possible to demonstrate protection for more than 3 months after vaccination, but
since the study was done in an ETEC-endemic population, the data were sufficient to prove efficacy against
traveler’s diarrhea. The efficacy of the WC/rBS vaccine has also been investigated in a study involving
tourists who traveled to Morocco from Finland (Peltola
et al., 1991). The oral WC/rBS vaccine was found to
prevent 23% of all diarrhea episodes and 52% of episodes due to ETEC, particularly LT-producing ETEC,
but this protection reportedly did not last longer than
a few months. A third efficacy study was conducted in
1992 among US students going to Mexico (Scerpella et
al., 1995). In this study, the WC/rBS vaccine was given
after arrival in Mexico, with protection expected to be
conferred within 7 days of administration of the second
dose. This study confirmed the findings of the Finnish
study, with a 50% protective efficacy conferred.
Other vaccines currently in development include one
using transcutaneous immunization (TCI) with a mixture of fimbrial antigen CS6 and LT administered on a
0-, 1-, and 3-month schedule via skin patches. This trial
regimen was found to induce serum antibodies and
antibody-secreting cells in a majority of adult volunteers. Delayed-type hypersensitivity, suggesting T-cell
responses, was seen in 14 of the 19 volunteers receiving
LT and CS6. This study has demonstrated that protein
antigens delivered by a simple patch could induce systemic immune responses but only in the presence of an
adjuvant such as LT (Guerena-Burgueno et al., 2002).
Whether TCI also elicits protective mucosal immunity
at the intestinal level still remains to be demonstrated.
Lastly, feeding volunteers with transgenic corn or
potatoes expressing the LTB resulted in significant
serum and gut antibody responses (Tacket, 2004).
Live Vaccines
Evidence indicates that anti-CFA and anti-LT
immune responses play important roles in mediating
protection against ETEC disease (Svennerholm et al.,
1997; Tacket and Levine, 1997). The idea of using live,
toxin-free mutants as effective oral vaccines came

from previous findings, indicating that a spontaneous mutant, which had lost its ST and LT toxins but
continued to express CFs (e.g. CFA/II), provided 75%
protection against challenge with an LT⫹, ST⫹, CFA/II⫹
strain (Levine, 1986). Therefore, further attenuation was
needed to produce a prototype vaccine for ETEC and
different strategies have been attempted thereafter.
Considerable success has been achieved utilizing
attenuated ETEC strains as vectors of key protective
antigens. Two nontoxigenic ETEC strains (variant of a
CFs [CS1 plus CS3]-positive ETEC) were attenuated by
mutagenesis of the aroC and ompR genes or the aroC,
ompC, and ompF genes, respectively, to be used as candidate live, oral attenuated vaccines. The mutagenized
strains were found to be well tolerated and immunogenic when fed to human volunteers (Turner et al.,
2001). Based on these results, the development of a
vaccine that protects against a diverse range of ETEC
strains was the next step. Therefore, an attenuated CFA/
I-expressing ETEC vaccine candidate was constructed
by deleting the ST and EAST1 (enteroaggregative E.
coli heat-stable toxin) genes and introducing defined
deletion mutations into the aroC, ompC, and ompF chromosomal genes. The vaccine candidate, administered
in two formulations, fresh culture and frozen suspension, was tested in a phase I clinical evaluation of the
safety and immunogenicity, and results showed no evidence of significant adverse events related to vaccination (Turner et al., 2006). The vaccine was well tolerated
and immunogenic in healthy adult volunteers, and this
finding represents a significant milestone in the development of a live attenuated ETEC vaccine.
The live ETEC vaccine approach is also being
pursued by investigators at the Center for Vaccine
Development at the University of Maryland. Their
strategy utilizes live, attenuated, Shigella-based multivalent Shigella/ETEC hybrid vaccines for expression
of ETEC fimbrial and LT antigens (Altboum et al.,
2001). In their studies, the genes encoding the production of CFs (CS2 and CS3 fimbriae) were isolated and
expressed in an attenuated Shigella flexneri 2a strain
CVD 1204, which carried a mutation in the guaBA
genes. Animals immunized with Shigella expressing
CS2 and/or CS3 developed serum antibodies that
agglutinated Shigella, as well as ETEC strains bearing
the homologous fimbriae, findings that supported the
feasibility of a multivalent vaccine against shigellosis
and ETEC diarrhea. CVD 1204 has also been used to
express individually CFA/I, CS2, CS3, and CS4, as well
as a detoxified version of the human ETEC variant
of a heat-labile toxin (LThK63) (Barry et al., 2003).
Following mucosal immunization of guinea pigs with
a mixed formulation of two or more Shigella strains
expressing the different CS antigens and modified LT,
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immune responses were observed against each ETEC
antigen plus the Shigella vector. When each strain
expresses multiple ETEC antigens, combinations of
attenuated Shigella strains allow development of a
mixed formulation containing relevant immunogens
from both pathogens. Accordingly, new prototype
attenuated strains have been constructed, and each
contains expression plasmids encoding one or two
ETEC antigens (Barry et al., 2006). Therefore, live attenuated strains of S. flexneri 2a, S. sonnei, and S. dysenteriae 1 containing deletions in guaBA genes as well as
in genes encoding enterotoxins have been constructed
and subsequently used as a live vector for the expression of one or two critical ETEC antigens. The resulting
Shigella derivative strains were able to elicit serum and
mucosal antibody responses against the live vector
as well as the ETEC antigens, further supporting the
use of mixtures of live Shigella derivatives expressing
ETEC antigens as immunogenic multivalent vaccines.
Current and Future Status of ETEC Vaccine
Development
As described above, several attempts have been
made to develop a vaccine that will be effective against
ETEC infections. To date, only the WC/rBS ETEC vaccine has been evaluated for protective efficacy in a field
trial in children in endemic areas. Unfortunately, this
vaccine did not induce significant protection in this
important target group (Svennerholm and Savarino,
2004). Further studies may potentially provide information that will contribute to the development of a more
effective vaccine because to date, no prospective alternative ETEC vaccine is available for licensing within
the next 3–5 years.

Vaccines against EHEC
Enterohemorrhagic Escherichia coli O157:H7, for which
cattle are an important reservoir, is an important pathogen of humans and the main source of illness, either
through direct contact (petting zoos) or by consumption
of contaminated meat products, or indirectly, through
consumption of fruits and vegetables that have been
watered with contaminated water. Therefore, scientific
efforts have focused on the development of vaccines for
people and cattle to prevent or treat food contaminated
by this particular E. coli serotype. So far, no vaccines have
been approved, but some vaccine candidates, which are
discussed below, have advanced to clinical trials.
Subunit Vaccines
It has been documented that high serum titers of
antibodies to the lipopolysaccharide (LPS) of E. coli
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O157:H7 are detectable after asymptomatic infection
(Bell et al., 1997; Chart et al., 1991). The protective role
that these antibodies play is suggested in populations
having frequent contact with cattle, such as dairy farm
workers, who have higher serum titers of antibodies to
E. coli O157:H7 and a lower risk of symptomatic infection than does the general population (Haack et al.,
2003; Reymond et al., 1996). Based on these premises,
a research group at the U.S. National Institutes of
Health produced a polysaccharide conjugate vaccine.
This vaccine consisted of an E. coli O157:H7 O-specific
polysaccharide covalently linked to recombinant exoprotein A of Pseudomonas aeruginosa (O157-rEPA). In a
phase I trial, the investigators showed that the conjugate vaccine administered to healthy adults was safe
and elicited high serum IgG LPS antibody titers with
bactericidal activity (Konadu et al., 1998). The same
vaccine has been tested in a phase II clinical trial in
2- to 5-year-old children and the results demonstrated
that children who received one or two doses had
increased titers of serum IgG LPS antibodies (Ahmed
et al., 2006). Further, 1 week after the first dose was
administered, most patients (81%) responded with
a ⬎fourfold increase in serum IgG LPS antibodies, and,
at 6 weeks, all children responded with an ⬎eightfold increase; a second dose did not elicit a booster
response. Serum samples of patients at 26 weeks after
the first dose was administered had high titers of bactericidal activity that correlated roughly with serum
IgG LPS antibody titers (Ahmed et al., 2006). Because
the O157-rEPA vaccine was shown to be safe and
immunogenic in young children, a phase III trial concurrent with routine infant immunization is planned.
Other compelling targets for vaccine development
are the cytotoxins (Stx1 and Stx2), because expression of these Shiga toxins is universal in antigenically
diverse EHEC strains and serotypes. In addition, it
has been shown that they play a central role in severe
pathogenesis and there is a good correlation between
EHEC isolates expressing prototypic Stx2 and a
more severe course of illness (Marcato et al., 2005).
Following this rationale, an acellular vaccine consisting of the nontoxic B subunit from prototypic Stx2 was
constructed and tested in animals. Data indicated that
rabbits immunized with a recombinant preparation of
the prototypic Stx2 B subunit were protected from a
subsequent challenge with a lethal dose of Stx2 holotoxin (Marcato et al., 2001). However, effective vaccination in this study was found to be unpredictable unless
LPS was included with the antigen. Since the presence
of endotoxin would be unacceptable in a human vaccine, a second study was designed to investigate ways
to safely augment the immunogenicity of the recombinant Stx2 B subunit containing ⬍1 endotoxin unit
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per ml. The study revealed that sera from mice
immunized with such a preparation, conjugated to
keyhole limpet hemocyanin and administered with
the Ribi adjuvant system, displayed the highest Stx2
B-subunit-specific IgG titers, and, when animals were
challenged with a lethal dose of Stx2 holotoxin, 100%
of the vaccinated mice were protected, supporting further evaluation of a Stx2 B-subunit-based human EHEC
vaccine (Marcato et al., 2005).
Another promising approach being pursued in the
development of EHEC candidate vaccines is a plantbased oral vaccine to either reduce colonization of
E. coli O157:H7 or protect against systemic intoxication
by Stx2. Transgenic plants offer the flexibility to function as low-cost, efficient, and practical oral delivery
systems for vaccine antigens to stimulate mucosal
immunity or to boost and shift initial immunity to a
mucosal antibody response (Lauterslager et al., 2001;
Tacket, 2004). The first EHEC antigen to be tested was
the LEE-encoded adhesin intimin. The selection of this
adhesin as a candidate vaccine was based on previous
studies showing that antibodies against the carboxyterminal third of intimin blocked adherence of wildtype E. coli O157:H7 to HEp-2 cells (Gansheroff et al.,
1999), and that colostrum from pigs immunized with
E. coli O157:H7 intimin contains anti-intimin antibodies that can protect suckling piglets from colonization
with E. coli O157:H7 (Gansheroff et al., 1999). Since the
data suggest that antibodies specific to intimin play
an important role in blocking adherence of the bacterium to host cells and can protect the host from E. coli
O157:H7-mediated disease, the Nicotiana tabacum cell
line NT-1 was modified by means of Agrobacteriummediated transformation to express the C-terminal
binding domain of intimin (Judge et al., 2004). Mice
immunized intraperitoneally with intimin expressed
from the plant cells, fed transgenic plant cells, or
both, generated an intimin-specific mucosal immune
response when primed parenterally and then boosted
orally and also exhibited a reduced duration of E. coli
O157:H7 fecal shedding after challenge (Judge et al.,
2004). Because the results with the plant-based vaccine against intimin were so encouraging, this group
used the same strategy to express a genetically inactivated Stx2 toxoid to stimulate an immune response in
the gut against Stx2 and, more importantly, to protect
against systemic Stx2 intoxication (Wen et al., 2006).
In this study, the immunized mice produced Stx2-specific mucosal IgA and Stx2-neutralizing serum IgG.
It was also shown that oral immunization fully protected mice from the challenge, demonstrating that a
plant-based oral vaccine can confer protection against
lethal systemic intoxication (Wen et al., 2006). The
EHEC oral plant-based vaccine shows promise for

protection against the severe, sometimes life-threatening, consequences of STEC infection, against which
no other suitable treatments or therapies are currently
available; however, further work is required to determine whether or not the use of this expression system
is the best approach in developing an EHEC vaccine.
Current and Future Status of EHEC Vaccine
Development
A number of early studies strongly suggested that
decreased shedding of E. coli O157:H7, as well as a
reduction in the number of cattle that excrete this
serotype, could cause a significant reduction in the
prevalence of the bacteria in cattle and the farm environment, which could potentially lead to a decline in
the incidence of human E. coli O157:H7-related disease
(Hancock et al., 1998; Jordan et al., 1999; Zhao et al.,
1998). Based on these observations, investigators at the
University of British Columbia have designed and initiated field studies of E. coli O157:H7 secreted products
(effectors from the LEE-encoded type III secretion system) as a subcutaneously administered bovine vaccine
(Potter et al., 2004). The E. coli O157:H7 vaccine was
tested in cattle in an initial trial and showed reduction
in the duration, frequency, and quantity of E. coli O157:
H7 shed in cattle following experimental challenge.
In addition, the experimental vaccine was shown to
significantly reduce shedding of the organism under
conditions of natural exposure (Potter et al., 2004). A
subsequent field trial was designed to determine the
effectiveness of an E. coli O157:H7 vaccine in reducing fecal shedding of E. coli O157:H7 in pens of feedlot cattle (Van Donkersgoed et al., 2005). This study
demonstrated that the E. coli O157:H7 vaccine did not
significantly reduce the proportion of cattle shedding
E. coli O157:H7 in their feces. Failure to see any vaccine efficacy was attributed to a poor immunological
response to the vaccine either because of alterations of
protein conformation, and hence epitopic changes due
to formalin fixation, or due to application of a vaccination strategy different from the one used in the previous study (Van Donkersgoed et al., 2005). Despite this
drawback and some technical issues, which remain to
be resolved, the use of vaccination to decrease foodborne pathogens in reservoir animals seems to hold
significant theoretical promise, and has been demonstrated by the purchase of the rights to produce and
commercialize the vaccine Bioniche Life Sciences Inc.,
a research-based, technology-driven Canadian biopharmaceutical company. Recent controlled challenge
studies demonstrated that vaccination with Bioniche’s
E. coli O157:H7 Type III secreted protein vaccine (three
doses, 3 weeks apart) resulted in a 36.5% reduction
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in the number of days the bacterium was shed in the
feces, and a 2.28 log10 reduction in the number of bacteria being shed in the feces; resulting in a vaccine
efficacy of more than 99% (Rogan, 2007). Further, a
large-scale feedlot study was also recently conducted
in 2004 across 19 commercial feedlots to evaluate the
efficacy of only two vaccinations, upon entry and
again at reimplantation. This study demonstrated
that, as compared to unvaccinated cattle on a pen
basis, vaccinated cattle had a 75% lower probability of
being colonized by E. coli O157:H7, indicating that the
vaccine reduced environmental exposure of cattle to
E. coli O157:H7 (Rogan, 2007). Based on these results,
the company is scaling up production of the vaccine
in anticipation of its commercial launch in Canada
because Bioniche Life Sciences has received authorization from the Canadian Food Inspection Agency to
make the vaccine available to veterinarians. However,
the approval is conditional, and the company has to
provide substantial evidence that the vaccine works.

Vaccines against EPEC
No vaccines against EPEC infections have been
approved, but some vaccine candidates have been
developed. Some of these candidate vaccines are
derived from observations indicating that experimental infection of human volunteers with EPECproduced IgG antibodies against the protein intimin
(Levine et al., 1985). It was observed in another study
that human volunteers rechallenged with homologous or heterologous EPEC strains developed an IgG
response mainly against LPS O antigen and intimin,
but not to bundle-forming pili major subunit (BfpA)
(Donnenberg et al., 1998). Further, antibody responses
against BfpA, intimin, and the type III secretion
proteins EspA and EspB have been investigated in
Brazilian children naturally infected with EPEC, and
the results showed that IgG antibodies against BfpA
and EspB were the most commonly found, followed
by anti-EspA and intimin antibodies (Martinez et al.,
1999). Overall, these data suggest that Bfp and LEEencoded products are produced in vivo during natural EPEC infections and elicit an immune response
against heterologous EPEC virulence determinants,
which serve as the basis for the development of candidate vaccines. Therefore, an EPEC recombinant
BfpA and EspB candidate vaccine has been generated. Next, the frequencies of naturally occurring IgA
antibody activities to the EPEC recombinant vaccine
were compared in feces of breast-fed and artificially
fed Brazilian infants hospitalized for acute watery
diarrhea (de Souza Campos Fernandes et al., 2003).
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The study found that the frequencies of anti-EPEC IgA
copro-antibodies in either breast or artificially fed children ⬍6 months of age were comparable, and would
allow a correlation to be established between the presence of anti-EPEC copro-antibodies and protection to
clinical infection during infancy (de Souza Campos
Fernandes et al., 2003). The high prevalence of antiBfpA fecal antibodies demonstrates that this virulence
factor is highly immunogenic in vivo; however, further studies with human volunteers are required to
determine whether the EPEC recombinant vaccine is
protective against natural EPEC infections.
Another approach being used in the development of a candidate vaccine is the construction of an
attenuated EPEC strain. The ler (LEE-encoded regulator) gene product is a central regulator for the genes
encoded on the LEE-pathogenicity island of A/E
pathogens, including human EPEC and EHEC as well
as animal isolates (Torres and Kaper, 2001). Although
an in vivo role for Ler in bacterial virulence has not
been documented, it has been hypothesized that a ler
deletion mutant should be attenuated for virulence,
and may retain immunogenicity (Zhu et al., 2006). To
test this hypothesis, investigators at the University of
Maryland constructed a ler mutant of a rabbit EPEC
(rEPEC) strain (rEPEC constitutes a member of A/
E-producing E. coli family and isolates of different
serotypes have been shown to be causative agents of
rabbit enteritis) to examine the effect of ler on in vivo
virulence, and to determine if intragastric inoculation of an attenuated rEPEC ler mutant was immunogenic and could protect rabbits against subsequent
challenge with the wild-type strain. The preliminary
results demonstrated that the Ler protein of rEPEC is
critical for both in vitro pathogenic effects and in vivo
virulence, and that immunization with this isogeneic
ler mutant protected rabbits from fatal challenge with
the virulent parent strain (Zhu et al., 2006). The same
investigators have now assessed the degree of homologous (serotype-specific) and heterologous (crossserotype) protection induced by immunization with
either rEPEC ler mutant strains of different serotypes,
or with a prototype strain which expresses a full array
of ler upregulated proteins (Zhu et al., 2007). The data
demonstrated serotype-specific protection induced by
the isogenic ler mutants. However, cross-serotype protection was not induced by the ler mutant, but only
by the prototypical rEPEC strain expressing a full set
of LEE-encoded proteins. These results are consistent with the hypothesis that cross-serotype protection
requires the expression and induction of antibodies to
LEE-encoded virulence factors, including intimin and
secreted proteins, whereas serotype-specific protection can be induced even when the expression of these
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virulence factors is markedly downregulated (Zhu
et al., 2007). This serotype-specific protection is a
drawback in the development of an effective EPEC
(and potentially an EHEC) vaccine because although
serotype-specific vaccines may be useful for some
serotypes (e.g. EHEC O157:H7) that are highly prevalent in certain areas, ideal vaccines should cross
protect against all of the major serotypes likely to be
encountered.

PROSPECTS FOR THE FUTURE
The genomic plasticity observed in intestinal
pathogenic E. coli strains resulted in a highly versatile species that is capable of colonizing, and multiplying in and damaging diverse environments. The
increased understanding of the mechanisms by which
pathogenic E. coli can cause diarrhea has dramatically changed the current perspective of this species.
However, the ability of various E. coli virulence factors to affect such a wide range of cellular functions
has produced an unexpected high level of complexity
in order to develop an effective vaccine.

KEY ISSUES
●

●

●

●

●

Although significant advances have been made
in the field of intestinal pathogenic E. coli vaccine
research and development, there still remain
several outstanding issues and challenges, which
need to be addressed.
The immunogenicity and efficacy of licensed
vaccines, such as WC/rBS oral cholera/ETEC
vaccine, remain to be elucidated in infants, and
they have yet to be fully implemented in areas
where the disease is endemic.
Vaccine candidates against ETEC and other
diarrheagenic E. coli strains also face serious
challenges.
For those candidate vaccines already in clinical
trials, there are initial indications that the
immunogenicity might be lower in infants in
less-developed countries than in those from
industrialized countries, and, therefore, the clinical
efficacy of these vaccines needs to be evaluated in
infant populations in developing countries.
The diarrheagenic E. coli candidate vaccines also
have to cope with the multiplicity of protective
antigens that need to be included in the vaccine
and with the geographical diversity of circulating
serotypes of the bacteria.

●

●

●

The immune correlates of protection are not clearly
understood for any of these intestinal pathogenic
E. coli vaccines.
Although many of these challenges remain to be
overcome, the involvement of the public health
sector and the high priority given to vaccine
research and development in this field bode well
for the future.
A combined public health effort coupled with
the extensive and active investigations being
conducted by the academic and research
community should finally bring hope for the
control of diarrheal diseases in infants and young
children around the globe.
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ABSTRACT
Lyme disease is the most prevalent vector-borne disease in North America and Europe. It is an important emerging
disease, with increasing incidence and expanding endemic regions. Lyme disease was first described as a clinical
entity in North America in the late 1970s and its spirochetal etiology identified in 1982. Clinical manifestations
consistent with Lyme disease were described in Europe in the early 1900’s. The infection is caused by a subset of
species of the Borrelia burgdorferi sensu lato complex. In nature, the Borrelia are obligate host-associated spirochetes
that are maintained in an enzootic cycle involving Ixodes ticks, and small mammals, birds, and lizards. Humans
are incidental hosts, and are of no significance in the enzootic cycle. Clinical manifestations of early-stage disease
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in humans, with the exception of the pathognomonic erythema migrans rash, are generally nondescript. However,
long-term infection can lead to serious dermatological, arthritic, cardiac, and neurological sequelae that can be
debilitating. The potentially serious and costly nature of Lyme disease dictates the need for improved preventive
strategies. There is currently no vaccine that is commercially available for use in humans. This chapter reviews the
history, current status, and future directions of Lyme disease vaccine development.

INTRODUCTION
Lyme disease is an emerging zoonotic infection
caused by spirochete species of the Borrelia burgdorferi
sensu lato complex (Burgdorfer et al., 1982; Benach
et al., 1983). This complex consists of 10 species, with
B. garinii, B. afzelii, and B. burgdorferi being most frequently associated with disease in humans (Barbour
and Hayes, 1986; Baranton et al., 1992; Marconi and
Garon, 1992b; Welsh et al., 1992; Fukunaga et al., 1993,
1996; Kawabata et al., 1993; Marconi et al., 1995; Postic
et al., 1998). While all three species occur in Europe
and Asia, only B. burgdorferi has been demonstrated in
North America. Additional species that may be associated to a lesser extent with human disease include
B. valaisiana (Rijpkema et al., 1997; Diza et al., 2004)
and B. lusitaniae (Collares-Pereira et al., 2004) which
have been identified in Europe, and B. lonestari in the
southern United States. B. lonestari is thought to be
the causative agent of a Lyme-like disease referred
to as southern tick-associated rash illness (STARI)
or Masters disease (Masters et al., 1998; Varela et al.,
2004). The true incidence of STARI remains to be
determined and has been the subject of considerable
debate.
The Lyme disease spirochetes are maintained in an
enzootic cycle involving Ixodes ticks and a wide variety of animals and reptiles (Brown and Lane, 1992;
Keirans et al., 1996; Gern et al., 1998). Ixodes scapularis
(formerly I. dammini (Oliver et al., 1993)) is the primary arthropod vector in the eastern and midwestern regions of North America, and I. pacificus in the
western United States (Lane et al., 1991). In Europe,
I. ricinus is the dominant vector, while I. persulcatus and I. nipponensis are important in Asia (Hengge
et al., 2003). Borrelia lonestari is vectored by the lone star
tick, Amblyomma americanum, and is the only putative
Lyme disease spirochete that is carried by a tick
species that is not part of the Ixodes complex.
The Lyme disease spirochetes are strictly dependent on animal reservoirs for population maintenance, as transovarial transmission of the spirochetes
in ticks does not occur at a biologically significant
level (Barbour and Hayes, 1986). Lyme spirochetes
are maintained in a 2-year enzootic cycle (Fig. 52.1).

In spring, uninfected larvae hatch from eggs and take
a blood meal from a small mammal or bird in late
summer. If the larvae feed to repletion on an infected
mammal they have the potential to become infected.
After completion of the blood meal, the larvae molt to
the nymph stage and become dormant as they overwinter. When the infected nymphs emerge during the
late spring/early summer of the following year they
feed on, and potentially infect, a wide range of small
animals that are competent to serve as reservoirs for
the Lyme disease spirochetes (Keirans et al., 1996;
Gern et al., 1998; Steere et al., 2004). In North America,
the white-footed mouse, Peromyscus leucopus, is a
major, though not the only, mammalian reservoir.
After nymphs complete the blood meal, they molt to
become sexually differentiated adults, and feed on
larger mammals. Deer and other large mammals are
important in the enzootic cycle primarily due to the

Spring

Summer

Hatch

Feed
Eggs

Feed
Larvae
Molt
Molt

Overwinter
Nymphs

Feed

Adults
Winter

Fall

FIGURE 52.1 Life cycle of the Ixodes vector ticks and enzootic
transmission of the Lyme disease spirochetes. The schematic
depicts the general life cycle of Ixodes ticks and the enzootic cycle of
the Lyme disease spirochetes. The dashed arrows demonstrate the
portion of the life cycle during which transmission from infected to
uninfected mammals may occur.
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fact that they can support large numbers of adult ticks
and can serve to distribute ticks over a wider geographic area. Humans are incidental hosts and are not
significant in the enzootic cycle.

HISTORY OF LYME DISEASE
Lyme disease, originally termed Lyme arthritis, was
first recognized as a clinical entity in North America in
1977 (Steere et al., 1977a, 1977b, 1978). The occurrence
of an unusually large number of cases of arthritis in children in the three contiguous communities of Lyme,
Old Lyme, and East Haddam, Connecticut prompted
epidemiological studies that culminated in 1982 with
the identification of a previously unrecognized tickborne spirochete as the causative agent (Burgdorfer
et al., 1982; Benach et al., 1983; Steere et al., 1983).
This agent was determined to belong to the genus
Borrelia and was subsequently designated B. burgdorferi
(Johnson et al., 1984). Retrospective PCR analyses of preserved ticks and tissue samples collected
from Peromyscus mice demonstrated the presence of
B. burgdorferi in North America well before it was recognized as a distinct clinical entity. B. burgdorferi was demonstrated in some samples dating back to 1894 (Persing
et al., 1990; Marshall et al., 1994). Early 20th century
reports of an arthritic condition common on Long
Island, New York, and locally referred to as “Montauk
knee,” appear to represent the first clinical descriptions
of Lyme disease in North America. In Europe, clinical
manifestations consistent with Lyme disease had been
separately described in the early 20th century, though
the individual symptoms were not recognized under
the umbrella of a single clinical entity (Herxheimer
and Hartmann, 1902; Afzelius, 1921; Bannwarth, 1944;
Hellerstrom, 1951; Hollstrom, 1951). The description of
Lyme disease and its spirochetal etiology in America
was followed by its recognition as a cause of disease in
Europe (Ackermann, 1983; Ackermann et al., 1984).
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Paster and Dewhirst, 2001). B. burgdorferi was the first
Borrelia species to be demonstrated as a causative
agent of Lyme disease. Subsequent molecular phylogenetic analyses have demonstrated the existence of
10 closely related species that form the B. burgdorferi
sensu lato complex (Schmid et al., 1984; Marconi and
Garon, 1992a, 1992b; Marconi et al., 1992; Wang et al.,
1999b). These species include B. burgdorferi, B. garinii
(Baranton et al., 1992), B. afzelii (Busch et al., 1996), B.
valaisiana (Wang et al., 1999b), B. lusitaniae (Le Fleche
et al., 1997), B. andersonii (Marconi et al., 1995), B. bissettii
(Postic et al., 1998), B. lonestari (Barbour et al., 1996b),
B. japonica (Kawabata et al., 1993; Marconi et al., 1995),
B. tanukii (Fukunaga et al., 1996), B. turdae (Fukunaga
et al., 1996), and B. sinica (Masuzawa et al., 2001). As
described above, only a subset of these species has
been definitively demonstrated as causative agents of
disease in humans.
The Borrelia are microaerophilic, Gram-negative
bacteria that have a helical or flat-wave morphology
that can be readily visualized using dark-field microscopy (Fig. 52.2). They range from 0.18 to 0.25 μm in
diameter and from 4 to 30 μm in length. Cultivation
can be achieved in a complex culture medium (e.g.,
BSK-H, BSK II) supplemented with rabbit serum (6%)
(Barbour, 1984; Ruzic-Sabljic et al., 2006). The optimal
temperature range for growth is from 33 to 37°C
(Barbour, 1984; Ruzic-Sabljic et al., 2006). The Borrelia
have a two membrane system similar to that of
Gram-negative bacteria, but lack lipopolysaccharide

ETIOLOGIC AGENT
The spirochetes share a common morphology
and ultrastructure; however, at the genetic level they
comprise a highly diverse monophyletic phylum, the
Spirochaetes (Paster et al., 1991). The order Spirochaetales
is divided into three families, the Leptospiraceae,
Brachyspiraceae (alternatively Serpulinaceae), and
Spirochaetaceae. The family Spirochetaceae contains
six major genera: Treponema, Brevinema, Spirochaeta,
Cristispira, Spironema, and Borrelia (Paster et al., 1991;

FIGURE 52.2 Darkfield photomicrograph of Borrelia burgdorferi.
B31MI strain grown at 33°C in BSK-H medium, 100⫻ original
magnification, scale bar is 10 μm. Note the characteristic spiral
morphology.
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(Takayama et al., 1987). The spirochetes are unique
among bacteria in that they possess two sets of internal flagella that anchor within the inner membrane
but reside primarily within the periplasmic space. The
individual sets of flagella anchor at opposite ends of
the cell and extend approximately three-fourths of the
length of the cell, overlapping at the center. Mutants
lacking flagella are nonmotile and lack the characteristic spiral morphology (Sadziene et al., 1991).
The “corkscrew like” motility of the spirochetes is a
critical feature that allows for their efficient movement
through viscous media such as the dermal extracellular
matrix (Charon et al., 1992; Goldstein et al., 1994, 1996;
Li et al., 2000; Wolgemuth et al., 2006).
At the genetic level, the Borrelia possess a unique
segmented genome that consists of linear and circular DNA (Barbour and Garon, 1987, 1988). Complete
or partial genome sequences have been determined
for several Lyme disease spirochete strains and for
the related relapsing fever spirochetes, Borrelia turicatae and B. hermsii (Dunn et al., 1994; Barbour et al.,
1996a; Fraser et al., 1997; Caimano et al., 2000; Glockner
et al., 2004, 2006). The genome of the Lyme disease
spirochete, B. burgdorferi strain B31MI, was among the
first bacterial genomes to be completely determined
(Fraser et al., 1997). The B31MI genome has 1516 open
reading frames encoded on a linear chromosome
(910 kbp), 12 linear plasmids (lp; 5–54 kbp), and 9 circular plasmids (cp; 9–32 kbp), some of which appear to
be prophage (Fraser et al., 1997; Eggers and Samuels,
1999; Casjens et al., 2000; Eggers et al., 2000; Zhang and
Marconi, 2005). The telomeric structure of the chromosome and linear plasmids are similar to that of the
poxviruses, with covalently closed terminal hairpins
(Barbour and Garon, 1987; Hinnebusch et al., 1990;
Casjens et al., 1997). Plasmid composition varies considerably among isolates (Iyer et al., 2003; Terekhova et al.,
2006), and can change during in vitro culture or in vivo
passage (Barbour, 1988; Schwan et al., 1988; Persing et
al., 1994; McDowell et al., 2001a). Some plasmids are
universal among isolates and appear to be critical (e.g.,
cp26), while others are not required for survival but
correlate with a high-infectivity phenotype (e.g., lp281, lp25) (Marconi et al., 1993; Tilly et al., 1997; Purser
and Norris, 2000; Labandeira-Rey and Skare, 2001;
Labandeira-Rey et al., 2003; Byram et al., 2004; Grimm
et al., 2004). It is likely that infectivity and virulence
are mediated by combined individual or synergistic
effects of genes on multiple plasmids (McDowell et al.,
2001a). Recent studies suggest that specific “ribosomal
spacer types” may be an indicator of the invasiveness
and dissemination properties of a strain (Iyer et al.,
2001; Ojaimi et al., 2005). Consistent with the fastidious growth requirements of the Borrelia and their host

dependence in vivo, the genome contains only a limited number of genes that encode proteins involved in
biosynthetic pathways. The Borrelia are largely incapable of de novo amino acid, lipid, nucleotide, or enzyme
cofactor synthesis (Fraser et al., 1997).

EPIDEMIOLOGY
Lyme disease is the most prevalent vector-borne
disease in Europe and North America. A standardized
case definition was developed in 1991 and revised in
1996 (Wharton et al., 1990; Anonymous, 1997). Lyme
disease is a reportable disease in the United States,
with an average of 21,600 cases reported per year
(2002–2006) (Fig. 52.3). However, the actual number
is certainly much greater, as physician compliance
with reporting ranges from 7 to 36% (Matteson et al.,
1992; Coyle et al., 1996; Meek et al., 1996; Campbell
et al., 1998; Young, 1998; Orloski et al., 2000; Naleway
et al., 2002). In the United States, Lyme disease is concentrated in the northeast, with the highest per capita
incidences occurring in Delaware, Connecticut, New
Jersey, Massachusetts, Pennsylvania, and New York
(McNabb et al., 2007) (Fig. 52.4). In Europe, a standard
case definition is not in place and there is limited data
regarding the incidence of Lyme disease (Anonymous,
1995). At least 85,000 cases are documented each year;
however, as in the United States this is thought to be
a significant underestimate of the actual incidence
(Lindgren and Jaenson, 2006). Recent studies estimate
that the incidence in Europe may be approximately
200 cases per 100,000 persons per year (Derdakova
and Lencakova, 2005; Smith and Takkinen, 2006) and
steadily rising (Smith and Takkinen, 2006). The highest reported incidences occur in Slovenia, Austria, the
Netherlands, Germany, and Sweden. Lyme disease
incidence correlates with the population dynamics of
its mammalian reservoirs and tick vectors. Changes
in these variables are due at least in part to climatic
and environmental changes that alter the natural
vegetation and other ecological factors. The historical trend involving the transformation of farmland
into suburban woodlots, an environmental transition
that is favorable for deer and Ixodes ticks, appears to
have been a significant contributor to the emergence
of Lyme disease. It has been suggested that recent climate changes have altered the distribution of vector
ticks in Europe (reviewed in Lindgren and Jaenson,
2006). Ongoing climatic changes in North America are
predicted to result in the continuing expansion of the
northern range of I. scapularis (Brownstein et al., 2003;
Ogden et al., 2006a, 2006b).
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FIGURE 52.3 Reported cases of Lyme disease per year, 1982–2006. The data represent the total cases per year for the United States, as
reported to the U.S. Centers for Disease Control and Prevention. A standard case definition was introduced in 1991, and revised in 1996. Lyme
disease remains a reportable disease, though there is evidence that a significant proportion of cases go unreported.

FIGURE 52.4 Reported cases of Lyme disease by state. The data represent the aggregate number of cases reported to the U.S. Centers for
Disease Control and Prevention between 1992 and 2006. Each change in color represents a logarithmic increase in the total number of cases,
shown as purple (0–10 cases), blue (10–99), green (100–999), yellow (1000–9999), and orange (⬎10,000). The greatest majority of Lyme disease
cases occur in the northeast states and in Wisconsin, likely due to environmental conditions suitable for the tick vector (see color plate section).
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Public Health Significance
With the increasing incidence of Lyme disease,
expansion of its endemic areas, and its recognition
in areas previously thought to be free of this disease,
it is clear that this tick-transmitted infection remains
a significant public health threat. At the present time,
preventive strategies focus primarily on tick avoidance
and promotion of public awareness of the signs and
symptoms of disease. Demographic profiles of persons
with Lyme disease indicate primarily a suburban and
rural risk. The disease has a significant socioeconomic
impact and has altered recreational and behavioral patterns out of concern over tick exposure. Fortunately,
treatment for early Lyme disease is generally successful. If, however, the infection is not diagnosed early or
remains untreated, it can become a debilitating disorder with significant physical, emotional, and economic
impacts on infected individuals. Numerous studies
have been undertaken to assess the cost of Lyme disease treatment, and the point at which vaccination
becomes cost-effective. A recent study assessing the
economic impacts of Lyme disease found that the direct
medical cost of early Lyme disease treatment was $464,
and late disease was $1380 (Zhang et al., 2006). When
direct medical costs, indirect costs, nonmedical costs,
and productivity losses were included, the average
Lyme disease case costs approximately $8200 (Zhang
et al., 2006). Calculations based on the number of cases
reported indicate that over $200 million is spent nationwide. Another study estimated the costs for Lyme disease treatment in the United States at approximately
$500 million per year (based on an estimated national
incidence of 4.73 per 100,000 persons and 1996 dollars) (Maes et al., 1998). Both of these figures are likely
significant underestimates, since the large majority
of cases are not reported (Matteson et al., 1992; Coyle
et al., 1996; Meek et al., 1996; Campbell et al., 1998;
Young, 1998; Orloski et al., 2000; Naleway et al., 2002).
Although more difficult to quantify, as discussed above
concerns over contracting Lyme disease have also led
to behavioral modifications, such as decreased outdoor
activity that have hidden socioeconomic costs. Because
of its significant health and economic impacts, reducing the number of annual Lyme disease cases has been
made a national priority by the Healthy People 2010
program of the United States Department of Health
and Human Services (Anonymous, 2000; Poland, 2001).

CLINICAL DISEASE
Lyme disease is transmitted to humans primarily by
infected nymphal stage ticks. Successful transmission

requires a feeding period of approximately 48 hours
(Piesman et al., 1991; Piesman, 1993). Prompt and
careful removal of ticks can dramatically decrease the
potential for spirochete transmission and resulting disease. With initiation of a blood meal, the spirochetes
transit from the tick midgut into the salivary glands
and then into the skin of the mammal. The presence
and amplification of the spirochete population in the
skin, along with their lateral dissemination through
the dermis results in the pathognomonic, expanding,
annular or macular skin rash, erythema migrans (EM)
(Afzelius, 1921). In recognition of the central clearing that may occur with the expansion of the EM, the
rash is commonly described as having a “bull’s eye”
appearance. EM develops in only 60–85% of infected
individuals and can be highly variable in appearance
with no central clearing. In the absence of central
clearing, EM can often mimic rashes or local reactions induced by other arthropods. In some cases secondary EM lesions occur at sites distant from the tick
bite. Secondary EM lesions are caused by spirochetes
that disseminate from the initial site of infection and
establish new foci of infection. This phenomenon
tends to occur at a higher frequency with B. burgdorferi infections. The EM rash may be accompanied by
local mild itching, paresthesia, or in rare cases, pain
(Nadelman and Wormser, 1995; Steere, 2001; Hengge
et al., 2003; Stanek and Strle, 2003). Constitutional
symptoms of early infection include headache, fever,
arthralgia, regional lymphadenopathy, and myalgia
(Steere et al., 1977a; Nadelman and Wormser, 1995). If
not diagnosed early and treated promptly, the spirochetes can colonize distal tissues and persist. Late-stage
clinical manifestations may include serious cardiac, dermatological, arthritic, and/or neurological sequelae
(Nadelman et al., 1990; Goodman et al., 1995; Wormser
et al., 2005). Some late-stage clinical manifestations
appear to be species-specific. Severe dermatological
manifestations (acrodermatitis chronica atrophicans,
ACA), arthritis, or neurological complications correlate with infection by B. afzelii, B. burgdorferi, and
B. garinii, respectively (van Dam et al., 1993; Lebech
et al., 1994; Balmelli and Piffaretti, 1995; Busch et al.,
1996; Rijpkema et al., 1997; Lunemann et al., 2001).
The development of arthritis is a significant concern
in patients with late-stage disease, particularly in
United States where B. burgdorferi is the dominant etiologic agent of Lyme disease. Nearly 60% of patients
will experience intermittent arthritic attacks that are
typically unilateral and commonly affect large joints
(Steere et al., 1977b, 1987; Eiffert et al., 1998; Steere and
Glickstein, 2004; Drouin et al., 2008). Though viable
spirochetes are difficult to demonstrate in synovial fluid,
the presence of Borrelia DNA has been demonstrated
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by PCR (Karch and Huppertz, 1993; Nocton et al.,
1994; Jaulhac et al., 1996). Lyme arthritis appears
to result from strong innate and adaptive immune
responses to the spirochetes (Hardin et al., 1979; Steere
et al., 1979; Yssel et al., 1991; Yin et al., 1997; Gross et
al., 1998b; Glatzel et al., 2002; Brown et al., 2003; Steere
and Glickstein, 2004; Guerau-de-Arellano et al., 2005).
In some cases, the arthritis may progress to a chronic
and highly debilitating joint inflammation that does
not resolve with antibiotic treatment. A large proportion of patients with chronic Lyme arthritis harbor
HLA-DR4 alleles of MHC II, particularly DRB1*0401. It
has been proposed that the basis for the development
of Lyme arthritis is autoimmunity induced by one or
more cross-reactive T-cell epitopes of Borrelia outer
surface protein A (OspA) (Kalish et al., 1993; Kamradt
et al., 1996; Gross et al., 1998a; Chen et al., 1999; Gross
and Huber, 2000; Meyer et al., 2000; Steere et al., 2001;
Trollmo et al., 2001; Steere and Glickstein, 2004; Drouin
et al., 2007). In a hamster model of Lyme arthritis,
vaccination with r-OspA has been demonstrated to
exacerbate Lyme arthritis (Croke et al., 2000).
Cardiac involvement in Lyme disease patients in
both Europe and the United States has been well documented. Carditis, marked by macrophage and CD4⫹
lymphocyte infiltration, may develop in up to 10% of
Lyme disease patients during early infection (Barthold
et al., 1991; Asch et al., 1994; Ruderman et al., 1995;
Nagi et al., 1996; Guerau-de-Arellano et al., 2005).
Cardiac manifestations may include conduction disorders (Steere et al., 1980; van der Linde et al., 1990, 1991;
Sigal, 1995; Nagi et al., 1996), ventricular arrhythmias
(Cox and Krajden, 1991; Bartunek et al., 2001), and
ventricular dysfunction (Steere et al., 1980; Karadag et
al., 2004). Several studies have documented an association of cardiomyopathy with the presence of Lyme
spirochetes in the myocardium (de Koning et al., 1989;
Stanek et al., 1990; van der Linde et al., 1990; Lardieri
et al., 1993), and with Lyme disease seropositivity
(Klein et al., 1991; Stanek et al., 1991; Seinost et al., 1998;
Bartunek et al., 2001).
In addition to EM, other dermatological manifestations of Lyme disease include ACA and lymphocytoma.
These manifestations are common during late-stage
disease, particularly in European patients. ACA is a
chronic and progressive atrophic skin disorder that
occurs primarily on extensor surfaces of the hands and
feet (Asbrink et al., 1984; Asbrink and Hovmark, 1990;
Asbrink, 1991; Hengge et al., 2003). It begins with skin
edema and discoloration progressing very slowly
to atrophy, with thin, wrinkled, discolored, sometimes sclerotic skin (Asbrink, 1991; Stanek and Strle,
2003). In approximately 60% of patients with ACA,
peripheral neuropathy, muscle weakness, cramping,
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and pain occur (Kindstrand et al., 1997, 2000, 2002;
Mullegger, 2004). Less frequently, lesions of the bones
and joints may be found in the general area of the
involved skin (Mullegger, 2004). Borrelial lymphocytoma is a less severe manifestation characterized by
local infiltration of B-lymphocytes at a defined site,
typically in the earlobe, areola, or scrotum (Hovmark
et al., 1986; Asbrink and Hovmark, 1990; Strle et al.,
1992, 1996; Berger, 1997; Maraspin et al., 2002; Hengge
et al., 2003; Mullegger, 2004). Lyme lymphocytoma
presents as a sharply demarcated bluish red nodule
or plaque that is not typically associated with other
constitutional symptoms. Lymphocytomas generally
resolves within 1–12 weeks following antibiotic treatment (Asbrink, 1991; Strle et al., 1992, 1996; Wormser
et al., 2006).
Neurological complications of Lyme disease (neuroborreliosis) may develop within weeks of infection
in approximately 10% of untreated patients (Ackermann
et al., 1988; Logigian et al., 1990; Gerber et al., 1996;
Oschmann et al., 1998). Neuroborreliosis most
commonly manifests itself as radiculoneuritis involving the abdomen and chest, or by cranial neuritis,
often affecting the facial nerve and resulting in palsy
(i.e., Bell’s palsy) (Halperin et al., 1988, 1989, 1990a;
Oschmann et al., 1998). Other neurological complications include peripheral neuropathy with paresthesia
(Logigian et al., 1990), and aseptic meningitis with
intermittent mild-to-severe headaches (Oschmann
et al., 1998; Coyle and Schutzer, 2002; Nachman and
Pontrelli, 2003). Mild encephalopathies have also been
reported, especially in association with B. burgdorferi
infection (Halperin et al., 1990b, 1991; Logigian et al.,
1990).

Treatment
Approaches to the treatment of Lyme disease have
been the subject of some controversy. Specifically,
there are divergent opinions on the duration of antibiotic treatment and the route of administration
(Reid et al., 1998; Auwaerter, 2007; Feder et al., 2007;
Stricker, 2007). The origins and arguments for and
against differing treatment approaches are beyond
the scope of this chapter; however, the data clearly
indicate that when Lyme disease is diagnosed early,
most cases are responsive to antibiotic therapy.
A 2–4 week course of doxycycline has proven effective
(Wormser et al., 2006). Amoxicillin is an alternative in
those patient groups where doxycycline is contraindicated. Intravenous ceftriaxone (2–4 week course) is
generally reserved for patients with neuroborreliosis,
cardiac involvement, or late Lyme disease. All of the
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above treatment regimes are appropriate for individuals
with Lyme arthritis. The possibly autoimmune-mediated
antibiotic-refractory form of Lyme arthritis is treated
with NSAIDs or synovectomy (Schoen et al., 1991;
Steere and Angelis, 2006; Wormser et al., 2006).

Immune Response to Infection
Infection with the Lyme disease spirochetes typically evokes a slowly developing but strong humoral
immune response. Several immunodominant antigens
have been identified, characterized, and exploited in
diagnostics or explored for their potential as vaccine
candidates. Recently, the utility of a peptide in the
C-terminal domain of the VlsE antigenic variation
protein (Zhang and Norris, 1998b) as a diagnostic
antigen for Lyme disease has been demonstrated
(Liang and Philipp, 1999). The C6 peptide ELISA
is now considered to be a key tool in Lyme disease
diagnostics. While several antigens have been demonstrated to elicit bactericidal antibody, natural infection
does not culminate in immune clearance or lead to
the development of protective immunity. In untreated
naturally or experimentally infected mammals, the
Lyme spirochetes can persist long-term, and perhaps
indefinitely.
The ability to persist despite a strong humoral
response is essential for completion of the enzootic
cycle and for population maintenance in nature.
The spirochetes must survive long enough within their
mammalian hosts to allow transmission into feeding,
uninfected ticks which can then pass the infection
to naïve animals. Several divergent and potentially
synergistic mechanisms that contribute to immune
evasion and persistence have been described.
Differential expression of the expansive repertoire
of surface protein encoding genes over the course
of infection may allow the spirochetes to alter their
antigenic profile (Revel et al., 2002; Ojaimi et al., 2005;
Caimano et al., 2007). This process may also aid in the
establishment of infection in immunologically primed
hosts.
Antigenic variation may also be important in
evasion of antibody responses and persistence (Zhang
and Norris, 1998a; Liang and Philipp, 1999; McDowell
et al., 2002; Norris, 2006). In the Lyme disease
spirochetes, the underlying mechanism for antigenic
variation is unidirectional segmental gene conversion
(Zhang and Norris, 1998a). Partial vlsE gene cassettes
undergo recombination with the single vlsE expression site in the Borrelia genome resulting in the generation of new antigenic variants of this dominant surface
antigen. Successful immune evasion and long-term
colonization of mammals also requires mechanisms

that allow for complement evasion. Serum-resistant
strains of Borrelia have been demonstrated to evade
complement through the binding of negative regulators of the complement cascade such as factor H,
and factor H–like protein 1 (Hellwage et al., 2001;
Kraiczy et al., 2001, 2004a, 2004b; Alitalo et al., 2002;
McDowell et al., 2003; Brooks et al., 2005; Rogers
and Marconi, 2007). The binding of these regulatory
proteins increases serum resistance.

VACCINES
First-Generation OspA Subunit Vaccines
Following the discovery of the etiologic agent of
Lyme disease, significant research effort was expended
on vaccine development. OspA, a protein that is
highly expressed by the Lyme disease spirochetes
during in vitro cultivation was the focus of most of
the early vaccine development strategies. Preclinical
trials of OspA vaccination demonstrated protection in
animal models of Lyme disease, either as a recombinant
protein or lipoprotein, or expressed on the surface of
E. coli, Salmonella typhimurium, or Mycobacterium bovis
(BCG) (Fikrig et al., 1990, 1991; Schaible et al., 1990;
Simon et al., 1991; Stover et al., 1993; Aydintug et al.,
1994; Langermann et al., 1994; Probert and LeFebvre,
1994; Chang et al., 1995; Dunne et al., 1995; Lovrich
et al., 1995; Luke et al., 1997b; Philipp et al., 1997;
Gomes-Solecki et al., 2006). Two OspA-based vaccine
candidates, ImuLyme (Pasteur Merieux-Connaught)
and LYMErix (SmithKlineBeecham), were subsequently developed and tested. The ImuLyme vaccine
consists of a recombinant OspA lipoprotein purified
following expression in E. coli (Sigal et al., 1998). In
the LYMErix formulation, a lipid moiety was added
to recombinant OspA after protein purification, and
the vaccine was adsorbed to alum adjuvant (Erdile
et al., 1993; Steere et al., 1998). The presence of the
lipid motif enhances vaccine immunogenicity by
interaction with TLR2 (Yoder et al., 2003). Since there
is significant sequence diversity in ospA, the sequence
chosen for vaccine development was one that represented the most prevalent OspA phyletic type in North
American Lyme disease spirochete isolates (Wilske et al.,
1996). Initial clinical testing demonstrated safety and
efficacy in human subjects (Keller et al., 1994; Wallich
et al., 1994; Schoen et al., 1995; Van Hoecke et al., 1996;
Sigal et al., 1998; Steere et al., 1998). In phase III studies, an enrollment of 11,000 was achieved for each of
the trials. The vaccines were administered as two 30 μg
doses, administered 1 month apart, with a booster vaccination at 12 months. The vaccine efficacy following
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the first two doses was 68% and 49% for ImuLyme
and LYMErix, respectively. In the second year, following the 12 month booster vaccination, efficacy rose
to 92% for ImuLyme and 76% for LYMErix. Overall,
OspA-based vaccines appeared to be safe and well
tolerated during phase III studies. Side effects were
not remarkable and consisted of those typically associated with vaccination (e.g., minor soreness, redness,
swelling at the injection site, low grade fever, chills).
FDA approval was given for the LYMErix vaccine at
the end of 1998; no application for ImuLyme approval
was submitted (Nigrovic and Thompson, 2007).
The LYMErix vaccine was subsequently recommended
by the CDC Advisory Committee on Immunization
Practices for use in populations at high risk for
contracting Lyme disease (Anonymous, 1999).
OspA is a linear-plasmid-encoded 28 kDa lipoprotein (Howe et al., 1986; Barbour and Garon, 1988)
that structurally consists of two globular domains
composed almost entirely of beta-sheets that are connected by a unique single-layer beta-sheet (Fig. 52.5)
(Li et al., 1997; Makabe et al., 2006). Crystallographic
structures have indicated that there is a possible
ligand-binding site formed in the C-terminal globular
domain (Li et al., 1997; Makabe et al., 2006). OspA
is expressed in the tick vector (Fingerle et al., 1995;
Leuba-Garcia et al., 1998), and may be responsible for
adhesion of spirochetes to the wall of the tick midgut
(Pal et al., 2004a). During transit from the midgut to
the tick salivary glands, OspA expression is downregulated; thus, spirochetes entering the mammalian
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host do not express the OspA protein (Schwan et al.,
1995). Vaccination with OspA induces an anti-OspA
antibody response that blocks transmission of spirochetes from the tick to the mammalian host by killing
or immobilizing the spirochetes within the tick midgut
(de Silva et al., 1996, 1999). Since the spirochetes are,
in large part, killed prior to entry into the mammalian host, this mechanism of action largely precludes
the elicitation of anamnestic responses. The effectiveness of the vaccine is thus dependent on the presence
of sufficient levels of circulating anti-OspA antibody.
The requirement for high circulating antibody titer
likely explains the need for yearly booster immunizations to maintain efficacy. During the second year of
the ImuLyme trial, for example, there was no difference in protection between unvaccinated patients and
vaccinated patients that had received the two initial
vaccinations, but not the 12 month booster (Sigal et al.,
1998). The incomplete (49% in year one; 76% in year
two) protection provided by the LYMErix vaccine,
the lack of safety and efficacy data for children, and
apparent requirement for frequent booster immunizations to maintain protection are all factors that suggest
that the development of new and improved Lyme
disease vaccines are needed.
Within a year of its introduction, LYMErix was
being anecdotally associated with development of
arthritis. The possible association between the vaccine
and these adverse events was well publicized, particularly by Lyme disease advocacy groups. Lawsuits,
including a class-action, alleging vaccine-related harm

FIGURE 52.5 Crystal structure of OspA. The ribbon diagram is derived from the OspA crystal structure 2G8C (Makabe et al., 2006). The
conformationally determined epitope recognized by a protective mAb (LA-2) is noted in blue (Golde et al., 1997; Ding et al., 2000). The peptide
that may be associated with autoimmune-inducing cross-reactivity with the LFA-1 protein is highlighted in red (see text). The N-terminus is at
the upper right of the figure (see color plate section).
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began to be filed in 1999. OspA is expressed to some
degree during natural mammalian infection (Coyle
et al., 1995; Schutzer et al., 1997; Akin et al., 1999), and
it was recognized early in vaccine development and
confirmed in later studies that the immune response
to OspA may be associated with development of
antibiotic-refractory arthritis. In particular, there
was reported to be an association between arthritis
development and particular MHC II alleles (HLADR4) (Kalish et al., 1993; Kamradt et al., 1996; Gross
et al., 1998a; Chen et al., 1999; Gross and Huber, 2000;
Meyer et al., 2000; Steere et al., 2001; Trollmo et al.,
2001; Steere and Glickstein, 2004; Drouin et al., 2008).
During investigations into possible mechanisms, a
predicted OspA T-cell epitope was found to be similar to one predicted for lymphocyte function antigen
1 (LFA-1), prompting speculation that this epitope
could be the basis of an autoimmune arthritis (Gross
et al., 1998a; Trollmo et al., 2001). It is still not clear,
however, that OspA-induced LFA-1 cross-reactivity
is, in fact, the cause of autoimmune arthritis (Steere
et al., 1990, 2001; Nocton et al., 1994; Gross et al., 1998a;
Chen et al., 1999; Hemmer et al., 1999; Meyer et al.,
2000; Rose et al., 2001; Trollmo et al., 2001; Drouin
et al., 2008).
While concerns, real or perceived, continued to
mount, post-approval phase IV studies of LYMErix
safety were undertaken by the manufacturer. These
studies were originally designed to monitor 25,000
vaccine recipients, and 75,000 age- and sex-matched
unvaccinated controls; however, by November of 2000,
only 10% of the planned enrollment had been met. The
results of the phase IV study to date were presented to
an FDA advisory panel in January, 2001. The data did
not demonstrate an association between vaccination and
development of autoimmunity (Anonymous, 2001a,
2001b). Also presented were data from the Vaccine
Adverse Event Reporting System (VAERS), in which
the CDC and FDA analyzed adverse events reported
between approval in December, 1998, and July, 2000.
With 1.4 million distributed doses, there were 905
reported adverse events, of which 102 were coded as
arthritis, arthrosis, or rheumatoid arthritis and 12 as
facial paralysis, both of which had been postulated
to be autoimmune sequelae of Lyme disease (Lathrop
et al., 2002). There was no apparent temporal association between the development of arthritic problems
and vaccine administration, though reports of arthritis
were more often reported after the second and third
immunizations. The reported rate of both arthritis
and facial paralysis was below what was expected as
background (Lathrop et al., 2002). The conclusion of
the VAERS study was that there were no unexpected
or unusual patterns of adverse events associated with

LYMErix vaccination. The 2001 FDA panel found
no reason to remove the vaccine from the market or
modify its labeling. Continued media coverage of
the potential vaccine-associated adverse events in
combination with the above described limitations of
the vaccine led to decreased acceptance of LYMErix,
and sales continued to decline. Citing poor sales performance, GSK removed the LYMErix vaccine from
the market in 2002.

Licensed Veterinary Vaccines
In endemic areas of North America and Europe,
a large proportion of companion pets are exposed to
Ixodes ticks and the Lyme disease spirochetes, a subset of which develop arthritic disease (reviewed in
(Skotarczak, 2002). Several veterinary Lyme disease
vaccines are currently available. Three are formulations of B. burgdorferi bacterin (e.g., Merilym, Merial,
Germany; LymeVax, Fort Dodge, USA; Galaxy Lyme,
Schering Plough, USA) (Chu et al., 1992; Wiedemann
and Milward, 1999; Levy, 2002). A European bacterin
vaccine uses a combination of B. garinii and B. afzelii
cells (Biocan B, Bioveta, Czech Republic) (Rapuntean
et al., 2003; Nepereny et al., 2007). Recombinant OspAbased vaccines, administered either with (ProLyme,
Intervet, USA) or without (Recombitek Lyme, Merial,
USA) adjuvant (Levy et al., 1993; Conlon et al.,
2000; Wikle et al., 2006) are also available. All of the
veterinary vaccines employ a two-dose immunization
protocol with boosters recommended yearly. Very
limited data are available regarding adverse events
or efficacy. A comparison of the humoral immune
response to veterinary vaccine preparations demonstrated that while all elicit an antibody response that
is reactive with the vaccine strain from which the
bacterin or OspA was derived, there was only minor
reactivity with heterologous Borrelia species (Topfer
and Straubinger, 2007), a point that has also been demonstrated in several other studies (Johnson et al., 1988;
Ma et al., 1995; Gern et al., 1997; Shang et al., 2001).
This suggests that the currently available vaccines will
not convey broad protective coverage.

VACCINES IN DEVELOPMENT
Rationale for Second-Generation Vaccines
Pharmacoeconomic studies indicate that the benefit
of vaccination against Lyme disease will be greatest
when based on individual risk assessments, with
cost effectiveness occurring when used for persons
with an annual risk of contracting Lyme disease that
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exceeds 1% (Meltzer et al., 1999; Shadick et al., 2001).
Rates of infection between 1% and 3% occur in certain
focal areas of the United States and Europe (Hanrahan
et al., 1984; Fahrer et al., 1991; Orloski et al., 2000). In
the U.S., the reported incidence in 2005 ranged from
0.019% to 0.077% in the 10 states with the highest
reported levels of Lyme disease (McNabb et al., 2007).
As discussed above, the number of reported cases
underestimates the actual incidence, which in these
states may exceed 1% (Matteson et al., 1992; Coyle
et al., 1996; Meek et al., 1996; Campbell et al., 1998;
Young, 1998; Orloski et al., 2000; Naleway et al., 2002).
The calculations of the disease incidence at which
vaccination becomes cost-effective have been based
on assumptions that may be invalid for a secondgeneration vaccine. Specifically, models have assumed
a requirement for three successive vaccinations, with
yearly boosters, or projected a cost for vaccination
repeated on a yearly basis. While these assumptions
were reasonable for the first-generation vaccines
(discussed above), future vaccines may not have the
same requirements. Lyme vaccination could also have
other, less tangible, benefits that are not included in
typical cost/benefit analyses, including increased outdoor
recreation and reduced use of prophylactic antibiotic
treatment secondary to uncomplicated tick bite.

Discovery and Basic Science
Of critical importance in Lyme disease vaccine development is an understanding of the subset of proteins
or antigens that are expressed during each phase of
the enzootic cycle and specifically during mammalian
infection. Several studies have documented environmentally mediated changes in global gene expression profiles (Liang et al., 2002a; Revel et al., 2002;
Narasimhan et al., 2003; Ojaimi et al., 2005; Caimano
et al., 2007). Borrelia gene regulation is not completely
understood and the mechanisms that alter gene
expression during the infectious cycle are complex
and multifactorial. In an effort to develop growth
conditions that more closely mimic those encountered
by spirochetes in the mammalian environment, Akins
et al. (1998) developed a rat dialysis membrane chamber implant model. In this model, cultures of Borrelia
are placed in dialysis membranes and implanted into
the peritoneal cavity of host mammals (Akins et al.,
1998). After explanting the chambers several days later,
the spirochetes can be harvested and the transcriptome
and proteome assessed. Bacteria cultivated under
these conditions are referred to as “host-adapted.”
While this model has its limitations, it appears that
the expression patterns in host-adapted bacteria are
similar to that seen in infected mice. For example,
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OspA production, which has been demonstrated to
be downregulated with the onset of tick feeding, is
also downregulated in the host-adapted spirochete
model. As mentioned above, OspA is expressed
by spirochetes residing in the tick midgut, but it is
rapidly downregulated when the spirochetes enter
the mammalian host (Schwan et al., 1995). The production patterns of outer surface protein C (OspC) in
host-adapted bacteria, a potential vaccine candidate
discussed in detail below, also mimics that seen in
infected mammals. Spirochetes in unfed ticks do not
produce OspC. With the initiation of the blood meal,
OspC expression is upregulated and maintained
through the early stages of mammalian infection.
OspC is a dominant surface antigen and its expression is critical for the establishment of mammalian
infection (Tilly et al., 1997, 2006, 2007; Grimm et al.,
2004; Pal et al., 2004b; Stewart et al., 2006; Fingerle
et al., 2007; Gilbert et al., 2007). Transcriptional control of both OspA and OspC is dependent, at least
in part, on a complex regulatory network involving RpoS (Hubner et al., 2001; Alverson et al., 2003;
Caimano et al., 2004, 2005; Yang et al., 2005; Lybecker
and Samuels, 2007). The ideal Lyme disease vaccine
candidate(s) will be either constitutively expressed,
or upregulated by tick feeding and expressed during
infection in mammals. Antibody to vaccine candidates
with these properties have the potential to block transmission of spirochetes from the tick vector and/or kill
spirochetes that have been transmitted into vaccinated
mammals. In addition, the vaccine candidate should
display sufficient conservation, or at least manageable
diversity, within naturally exposed epitopes that are
presented by intact spirochetes. It should be genetically stable and be encoded by an essential plasmid or
be chromosomally encoded. Of those genes upregulated in the mammal, only a small subset will exhibit
these properties and thus be of utility in vaccine development. Some of the proteins that have been assessed
as potential vaccine candidates include OspC, DbpA,
OspE (p21), Elp (paralogous gene family 163), OspF
(bbk2.10, pG), Mlp proteins, p35 (BbK32), and p37
(BbK50) (Akins et al., 1995, 1998, 1999; Schwan et al.,
1995; Stevenson et al., 1995; Marconi et al., 1996; Fikrig
et al., 1997; Yang et al., 2000, 2003a, 2003b; Hefty
et al., 2001, 2002; McDowell et al., 2001b; Liang et al.,
2002a, 2002b; Brooks et al., 2003; Ojaimi et al., 2003).
OspA, OspB, OspC, OspF, DbpA, BBK32, and VraA
have been shown to provide some protection against
challenge in mice (Telford et al., 1993; Nguyen et al.,
1994; Probert and LeFebvre, 1994; Wallich et al., 1994;
de Silva et al., 1996; Fikrig et al., 1997; Feng et al., 1998;
Hanson et al., 1998; Liang et al., 2001; Labandeira-Rey
et al., 2001). Immunogenic, upregulated proteins that
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have not been shown to be protective include OspD,
OspE, BmpA, and VlsE (Nguyen et al., 1994; Probert
and LeFebvre, 1994; Gilmore et al., 1996; Liang et al.,
2001). In spite of the large number of potential vaccine candidates that have been investigated, OspA
and OspC remain the primary foci of subunit vaccine
development.
Nonprotein targets are also being assessed for
potential utility in Lyme disease vaccine development.
The Borrelia do not produce lipopolysaccharide, but
do produce glycolipids on their outer surface that may
be unique to the Borrelia. During infection, a strong
immune response is mounted against some of these
nonprotein antigens (Wheeler et al., 1993; Hossain
et al., 2001). One glycolipid in particular, acylated
cholesteryl galactoside (ACG), has been the focus of
investigation as a vaccinogen because of its immunogenicity during infection (Ben-Menachem et al.,
2003; Schroder et al., 2003). ACG induces an IgM
antibody response when administered to mice or rabbits in micellar form in PBS, or in DMSO, squalene,
or Freund’s adjuvants (Ben-Menachem et al., 2003).
A protein conjugate of ACG has been synthesized,
and is currently being tested for use as a Lyme disease
vaccine (Pozsgay and Kubler-Kielb, 2007).
Critical to the testing of Lyme disease vaccine
candidates is the recognition that the protein production profiles of the spirochetes can be significantly altered by cultivation and differ from that
of spirochetes present in fed ticks. Hence, the route
of infection can influence the outcome of challenge
experiments. The majority of challenge experiments
have been carried out using cultivated spirochetes
that are needle inoculated either subcutaneously or
intradermally. Decorin-binding protein A (DbpA), a
candidate vaccinogen that is expressed in the mammalian host, has been shown to be protective against
infection by needle inoculation, but not against
infection by tick bite (Cassatt et al., 1998; Feng et al.,
1998; Hagman et al., 1998, 2000; Hanson et al., 2000).
In contrast, mice immunized with OspA are protected
when challenge is administered by either the tick or
needle inoculation route (Fikrig et al., 1992; Telford
et al., 1993). The OspC protein has also been shown to
be protective against infection by either route (Gilmore
et al., 1996; Probert et al., 1997). In challenge experiments, consideration must also be given to potential
immunological changes at the site of infection that are
mediated by biologically active components of tick
saliva (Anguita et al., 2002; Brossard and Wikel, 2004;
Ramamoorthi et al., 2005; Titus et al., 2006). These
findings highlight the complexity of both bacterial
protein regulation and the environment surrounding
the bacterium during transit from the tick and early

infection, and the need to consider this complexity
in designing and interpreting vaccine challenge
experiments.

Second-Generation OspA Subunit Vaccines
Efforts are now underway to alter the composition of the original OspA-based vaccines to improve
theoretical coverage and reduce the potential for
adverse events. As described above, there was concern that the LYMErix vaccine formulation may
induce autoimmune responses in patients having an
HLA-DR4 MHC II allele. Within the OspA protein,
there is a predicted T-cell epitope that displays some
homology to a sequence in the human LFA-1 protein
(Fig. 52.5). It has been speculated that this specific
domain may be the basis of putative autoimmune
reactions (Gross et al., 1998a; Trollmo et al., 2001).
A modified recombinant B. burgdorferi OspA in which
this potentially cross-reactive epitope was altered has
been generated and tested in mice. This modified
OspA protein elicited protective antibodies in mice
at a level similar to that of the wild-type OspA protein, but did not stimulate HLA-DR4-positive T-cells
specific for the wild-type OspA molecule (Willett
et al., 2004). The elimination of reactivity with the
potentially autoimmune-inducing peptide may alleviate some concern about the safety of OspA-based
Lyme disease vaccines; however, there remains significant doubt about the mechanism of OspA-induced
autoimmune arthritis and the identity of potential
autoreactive proteins (Drouin et al., 2008).
Studies with monoclonal antibodies suggest that the
protective epitopes of OspA reside in the C-terminal
domain of the protein and are conformationally determined (e.g., the LA-2 epitope) (Fig. 52.5) (Sears et al.,
1991; Huang et al., 1998; Ding et al., 2000). Several
studies have attempted to use OspA truncations lacking the N-terminal domain of the protein to both
reduce vaccine size and eliminate peptides potentially
associated with autoimmune reactions. Recombinant
OspA truncations expressed with N-terminal polyhistidine fusions (but not with glutathione S-transferase
N-terminal tags) elicited protective antibody responses
(Bockenstedt et al., 1996). Immune responses to OspA
fragments could also be enhanced by targeted replacement of charged amino acids in a C-terminal domain
cavity with hydrophobic amino acids. The replacements increased the domain stability, and the resultant
protein had antigenic properties similar to wild-type
OspA (Koide et al., 2005).
Future efforts to exploit OspA in the development of a more broadly protective vaccine must
address issues pertaining to OspA sequence variation.
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There are at least seven serotypes of OspA. Serotype
1 is produced by B. burgdorferi, serotype 2 by B. afzelii,
and serotypes 3–7 by B. garinii (Wilske et al., 1993).
Multivalent-chimeric OspA proteins have been developed that incorporate the protective epitopes from
three or more OspA serotypes (Gern et al., 1997). A
trivalent vaccine that included OspA from each Lyme
disease genospecies provided broad protection for
mice challenged by tick infection (Gern et al., 1997).
Baxter Vaccines is currently planning clinical trials of
an OspA-based chimeric vaccine that incorporates the
protective regions of six predominant OspA serotypes
on three recombinant proteins (Anonymous, 2007).

OspC Subunit Vaccines
OspC Structure, Regulation, and Function
OspC has received considerable attention in the
effort to develop a broadly protective Lyme disease
vaccine. OspC possesses several features that render it
a desirable vaccine candidate. It is a 22 kDa immunodominant lipoprotein that is tethered to the spirochete
outer membrane by an N-terminal tripalmitoylS-glyceryl-cysteine (Brooks et al., 2006). It is encoded
on a ubiquitous and highly stable 26 kbp circular plasmid (cp26) (Marconi et al., 1993) and the sequence of
OspC does not undergo mutation during infection
(Stevenson and Barthold, 1994; Hodzic et al., 2000).
Crystal structures have been obtained for several
OspC variants. These analyses demonstrated OspC to
be largely helical in structure, with five alpha helices
connected by loops (Eicken et al., 2001; Kumaran et al.,
2001). Based on size exclusion, cross-linking, immunological, and structural analyses, OspC appears to form
homodimers, and based on the extensive buried interface of the dimer, it has been postulated that it is the
dimeric form of the protein that is biologically active
(Bunikis and Barbour, 1999; Huang et al., 1999; Eicken
et al., 2001; Kumaran et al., 2001; Zuckert et al., 2001;
Earnhart et al., 2005).
OspC is an essential virulence factor that is
critical for the establishment of early infection in mammals (Margolis and Rosa, 1993; Tilly et al., 1997, 2006,
2007; Byram et al., 2004; Grimm et al., 2004; Pal et al.,
2004b; Rosa, 2005; Stewart et al., 2006). ospC deletion
mutants in several Borrelia strains are not infectious
in mammals, either by subcutaneous injection or tick
transmission (Grimm et al., 2004; Pal et al., 2004b).
Although its precise role in the transmission process
has not yet been definitively demonstrated it has also
been postulated to be required for the passage of spirochetes from the midgut to the salivary glands in the
tick (Probert and LeFebvre, 1994; Gilmore et al., 1996;
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Pal et al., 2004b; Fingerle et al., 2007). Additionally,
OspC may bind and transport an immunomodulatory
tick salivary gland protein (Salp15) that interferes with
CD4⫹ T-lymphocyte function (Anguita et al., 2002;
Ramamoorthi et al., 2005). These analyses collectively
suggest that anti-OspC antibodies have the potential
to interfere with some of the critical early events in
transmission and in the establishment of infection in
mammals.
OspC Phylogenetics
A complicating factor in the exploitation of OspC
as a vaccine candidate is that it is highly variable in
sequence. However, recent analyses have shed important light on the nature of OspC variation. Molecular
phylogenetic analyses have revealed that OspC
sequences form at least 38 distinct OspC phyletic clusters or OspC types (Seinost et al., 1999a; Wang et al.,
1999c; Earnhart and Marconi, 2007c). Within OspC
phyletic clusters, amino acid sequences are ⬎95%
identical, whereas between types, identity ranges from
approximately 55–80% (Wang et al., 1999c; Attie et al.,
2007; Earnhart and Marconi, 2007c). Sequence variation within OspC occurs in distinct domains that are
surface-exposed and antigenic (Earnhart et al., 2005,
2007). While an individual strain expresses only a single OspC type, multiple OspC types have been demonstrated in spirochetes recovered form ticks, mammals,
or Lyme disease patients from small geographic
areas (Wang et al., 1999c; Lin et al., 2002; Alghaferi
et al., 2005; Earnhart et al., 2005; Anderson and Norris,
2006). The maintenance in nature of different OspC
types has been postulated to be driven by balancing
selection, where the maintenance of multiple relatively
stable alleles in a population is more advantageous
than the directional selection of a single, most fit allele
(Wang et al., 1999c; Rannala et al., 2000; Kreitman
and Di Rienzo, 2004). The maintenance of multiple
alleles in the population may aid in circumventing
the immune response in naturally immunologically
primed reservoir animals. Early studies hypothesized
strains producing OspC types A, B, I, and K were
primarily associated with invasive infections in
humans (Seinost et al., 1999a; Lagal et al., 2003); however, based on more recent studies it is now apparent
that strains producing several additional OspC types
can also cause invasive infection (Alghaferi et al., 2005;
Earnhart et al., 2005). OspC variation arises primarily
through genetic exchange and recombination and not
by hypermutation with concomitant immune selection
(Livey et al., 1995; Marti Ras et al., 1997; Wang et al.,
1999a; Dykhuizen and Baranton, 2001; Bunikis et al.,
2004; Attie et al., 2007; Earnhart and Marconi, 2007c).
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This is of importance in vaccine design, as it implies
potential natural restrictions on the extent to which
the OspC sequence can change. With the recent significant advances in our understanding of the sequence
diversity of OspC, it is now possible to devise strategies to exploit the variation within OspC in vaccine
development.

the immune response by presenting immunodominant but nonprotective epitopes. A potential approach
to solving this problem is to generate a recombinant
chimeric protein that consists entirely of protective
epitopes from those OspC types associated with disease
in humans.
OspC Epitope Mapping

Immune Response to OspC
While OspC is highly antigenic and can elicit
protective antibody responses, the protective range
is narrow (Probert and LeFebvre, 1994; Gilmore et
al., 1996; Bockenstedt et al., 1997; Probert et al., 1997;
Mathiesen et al., 1998; Rousselle et al., 1998; Gilmore
and Mbow, 1999; Mbow et al., 1999; Seinost et al.,
1999b; Wallich et al., 2001; Jobe et al., 2003; Scheiblhofer
et al., 2003; Brown et al., 2005). The basis for the limited protective range of OspC has been determined
to be due to the above described sequence variation.
In a recent study, clonal populations of B. burgdorferi
producing different OspC types were used to infect
mice, serum was harvested and then used to screen an
immunoblot consisting of a panel of OspC proteins of
different phyletic types (Earnhart et al., 2005). These
analyses demonstrated that the antibody response
elicited during early infection is OspC type-specific
suggesting that it is the type-specific domains of the
protein that are presented at the bacterial cell surface. As infection progresses, a broader array of OspC
epitopes in widely separated domains of the protein
become recognized by the antibody response (Earnhart
et al., 2005, 2007). This is most likely due to the antibody-mediated lysis of cells, release of OspC, and the
recognition of epitopes that are normally shielded in
viable intact spirochetes. Further analyses have demonstrated that antibody elicited to the variable domains
displays OspC type-specific bactericidal activity
(Buckles et al., 2006; Earnhart et al., 2007; Earnhart and
Marconi, 2007b). The identification of epitopes that
are presented by native OspC during the early stages
of infection and that elicit bactericidal antibody is an
important step towards the design of an effective and
broadly protective OspC-based vaccine.
In an effort to develop a polyvalent OspC vaccine,
Baxter Vaccines tested an OspC recombinant protein
cocktail consisting of up to 14 full-length OspC proteins
of different types. However, these formulations did not
elicit sufficient antibody titers against the essential
type-specific epitopes of each OspC variant included
in the vaccine. In addition, unacceptable reactigenicity
was reported (Hanson and Edelman, 2004). The inclusion of numerous full-length proteins in the vaccine
formulation may have resulted in the misdirection of

The successful development of a polyvalent chimeric vaccine requires the systematic identification
of protective epitopes from diverse OspC sequences.
Surprisingly few studies have sought to identify the
naturally presented epitopes in different OspC type
proteins. Initial studies of type A OspC suggested
at least one protective epitope may be conformationally defined (Gilmore et al., 1996; Gilmore and
Mbow, 1999; Mbow et al., 1999). While conformationally defined epitopes can be important in eliciting
protective immunity, linear epitopes are more easily
incorporated into chimeric constructs. The C-terminus of OspC harbors a linear epitope that is highly
conserved among OspC types and which has been
shown to induce antibodies in infected mammals and
in humans (Lovrich et al., 1991, 2005, 2007; Mathiesen
et al., 1998; Jobe et al., 2003). This highly conserved
C-terminal sequence has not, however, been demonstrated to elicit a broadly protective response and
hence it is not in and of itself sufficient to elicit broad
protection against strains expressing different OspC
types. OspC type-specific linear epitopes that may
be of utility in the construction of a chimeric, polyvalent vaccine have been identified by screening series
of OspC truncations and subfragments derived from
multiple OspC types with sera derived from mice
experimentally infected with clonal B. burgdorferi isolates (Earnhart et al., 2005, 2007). Two linear epitopes
have been identified: the “loop 5” and the “helix
5” epitopes. The loop 5 epitope is comprised of the
C-terminal portion of alpha helix 3 and loop 5 (Eicken
et al., 2001; Kumaran et al., 2001), while the helix 5
epitope encompasses the fifth alpha helix and a small
region C-terminal to this helix (Fig. 52.6) (Earnhart
et al., 2005, 2007; Yang et al., 2006). These epitopes
are recognized by antibody that develops during
experimental infection in mice and natural infection
in humans (Earnhart et al., 2005, 2007; Buckles et al.,
2006). Both epitopes map to surface-exposed domains
of OspC that are highly variable between OspC types
but conserved within each type. A recombinant protein containing the type A OspC loop 5 epitope elicited
antibodies in mice that demonstrate type-specific,
complement-dependent antibody-mediated killing
in vitro (Buckles et al., 2006). The ability to generate
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FIGURE 52.6

Crystal structure of outer surface protein C. The diagram is derived from the type A OspC crystal structure 1GGQ (Kumaran
et al., 2001). A surface representation of the OspC molecule is shown in three rotations. The locations of the two regions in which epitopes have
been mapped in multiple OspC types are denoted in red (loop 5 region) and blue (helix 5 region). The molecule is a homodimer; the component monomers are differentiated using darker and lighter color shades. A portion of both the N- and C-termini is omitted from the structure
(see color plate section).

a protective response using isolated linear epitopecontaining sequences further indicates the potential of
a polyvalent, epitope-based chimeric OspC vaccine.
Development of a Polyvalent OspC Vaccine Based
on Mapped Epitopes
Chimeric vaccines consisting of a series of immunodominant epitopes have been explored in the development of vaccines against malaria (Hanson and
Edelman, 2004; Caro-Aguilar et al., 2005), group A
streptococci (Dale, 1999; Hu et al., 2002; Kotloff et al.,
2004; Kotloff and Dale, 2004; Dale et al., 2005; McNeil
et al., 2005), and several viruses (Wang et al., 1999d;
Bouche et al., 2005; Fan et al., 2005; Apt et al., 2006).
Data suggest that a broadly protective OspC vaccine
will require the inclusion of epitopes from approximately 28 OspC types (Earnhart and Marconi, 2007c).
Such a construct is predicted to provide protection
against all major Lyme disease spirochete species
associated with human disease, and to be effective
in both Europe and North America. Possible crossprotection elicited by some epitopes may reduce the
total number of epitopes required to achieve this goal.
A prototype tetravalent chimeric recombinant
OspC-based vaccine has been produced that incorporates epitope-containing regions from types A, B,
K, and D. This “ABKD” vaccine elicited antibodies

in mice that bind OspC as presented on the surface
of intact and viable spirochetes and mediate bactericidal activity by a complement-dependent mechanism (Buckles et al., 2006; Earnhart et al., 2007). It is
noteworthy that a decrease in epitope-specific titer
was observed for epitopes progressing from the N- to
the C-terminus of the chimeric protein. The antibody
titer to the type D epitope was 1.7 logs lower than that
observed for the N-terminally located type A epitope
(Earnhart et al., 2007). This effect did not appear to be
due to C-terminal degradation of the construct since
the addition of C-terminal tags that have been reported
to stabilize recombinant proteins did not improve
antibody titer (Earnhart and Marconi, 2007a). This
observation suggests that the tertiary structure of the
chimeric protein influences antibody titer to specific
epitopes. The antibody titer to C-terminal epitopes of
the ABKD construct was improved by epitope reiteration and by increasing the solubility of the construct
(Earnhart and Marconi, 2007a). A similar observation
of decreasing antibody titer to C-terminal epitopes
had been reported for the streptococcal M protein vaccine (Dale et al., 1993, 1996).
The ABKD OspC construct has recently been
expanded to include four additional OspC types (E, N,
I, and C) that were predicted, based on phylogenetic
analysis, to provide broad protection (Earnhart and
Marconi, 2007c). This octavalent vaccine (OspC-A8.1)
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induced type-specific antibodies against all incorporated epitope-containing regions, though there was
decreased titer to the C-terminal epitope similar to
the tetravalent vaccine (Earnhart and Marconi, 2007b).
The OspC-A8.1 vaccine induced IgG2b and IgG2a
antibody isotypes, which have the ability to fix complement (Earnhart and Marconi, 2007b). In addition, the
OspC-A8.1 hyperimmune serum efficiently labeled
intact B. burgdorferi strains bearing each of the component OspC types (Earnhart and Marconi, 2007b).
These initial studies with OspC-based chimeric proteins represent the first attempts in the Lyme disease
field to construct a vaccine consisting exclusively of
epitopes that are recognized during early infection,
and that may protect against diverse strains from both
Europe and North America. Vaccines that provide
global coverage are essential in this era of frequent
and rapid world travel.
A theoretical concern with vaccination against a
subset of epitopes is the potential to drive selection in
nature toward OspC types not included in the vaccine.
This would tend to increase the proportion of the population bearing formerly rare OspC types. However, as
humans are incidental hosts, it is unlikely that vaccination of specific high-risk human populations
would significantly alter the population distribution
of strains expressing specific OspC types in nature.
Studies are currently underway to extend the breadth
of potential protection using additional constructs that
incorporate OspC types from the three Lyme disease
Borrelia species.

Combination Subunit Vaccines
The combination of two or more different recombinant
immunogens in a Lyme disease vaccine formulation has
been investigated in a limited number of studies. Studies
that assessed the efficacy of a cocktail of recombinant
OspC proteins derived from different Lyme disease
spirochete isolates are described above. Attempts have
also been made to enhance protective efficacy using
combinations of unrelated proteins. In one study, possible synergy in immune responses were assessed
using a combination of OspA and DbpA (Hanson
et al., 2000). Like OspA, DbpA is an established surfaceexposed lipoprotein (Hagman et al., 1998) that elicits some degree of protection as assessed using the
mouse infection model (Feng et al., 1998; Hanson et
al., 1998). When compared with the protection elicited
by each individual protein, the OspA/DbpA combination protected against a 100-fold greater challenge
dose and also conveyed a higher degree of protection
against challenge with heterologous strains. Tick challenge was not assessed in this study and subsequent

analyses suggest that immunization with DbpA does
not protect against tick challenge (Hagman et al., 2000).
In a different analysis, a combination of three different
antigens were tested: OspC, DbpA, and fibronectinbinding protein (BBK32) (Brown et al., 2005) were generated as recombinant proteins and administered as a
cocktail. BBK32 is a surface-exposed lipoprotein (Guo
et al., 1995; Probert and Johnson, 1998) that is thought
to contribute to adherence by the Lyme disease spirochetes (Seshu et al., 2006). The triple combination
vaccine was shown to be more effective than single or
paired vaccination. In these analyses, only the needle
challenge model was assessed.

DNA-Based Vaccines
The use of DNA vaccines encoding Borrelia outer
surface proteins has also been explored. Mice immunized with plasmid or vaccinia virus expressing
Borrelia OspA or OspC exhibited varying degrees
of protection against different B. burgdorferi strains
(Simon et al., 1996; Zhong et al., 1996; Luke et al.,
1997a; Scheiblhofer et al., 2003; Scheckelhoff et al.,
2006). A DNA vaccine encoding an OspA–OspC fusion
that was administered by intramuscular injection also
elicited a protective immune response (Wallich et al.,
2001). However, in the case of the OspA–OspC fusion
it was determined that protection was due solely to the
antibody response to OspA. In contrast, in a separate
study, ospC fused to the human tissue plasminogen
activator leader sequence in a pCMV vector elicited
protective responses. This construct was introduced
into mice by two routes: intradermal needle inoculation (Th1 response) and gene gun (Th2 response). Both
approaches were equally effective in eliciting protective responses, suggesting that a successful Lyme disease vaccine is not restricted to induction of a certain
Th type of immune response (Scheiblhofer et al., 2003).
It is important to note however that no studies employing DNA-based vaccines that have been published to
date have demonstrated broad protective capability.

Wildlife Vaccine Strategies
Additional approaches being considered in Lyme
disease prevention and control include reducing the
carriage rate of the Lyme disease spirochetes in ticks
through the vaccination of mammalian reservoirs
or the development of anti-tick vaccines that can be
used to control tick populations. Focusing first on
pathogen-specific control approaches, in one study
approximately 1000 wild Peromyscus mice in southern
Connecticut were immunized intraperitoneally with
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up to three doses of OspA or with a control protein
in Freund’s adjuvants. The reduction in Lyme disease
transmission efficiency was reported to be 48%, 92%,
and 99% for 1, 2, or 3 doses of OspA, compared with
control mice (Tsao et al., 2004). The mean decrease in
B. burgdorferi infection prevalence in the test area was
determined to be 16%. While the outcome was significant, the data also served to highlight the importance of other mammalian species in the Lyme disease
enzootic cycle. The ability to effectively reduce the carriage rate of the Lyme disease spirochetes in endemic
areas will require the development of vaccine delivery strategies that can be applied to a diverse range of
mammals (Tsao et al., 2004).
Parenteral vaccination wildlife strategies are, for
numerous reasons, not a practical approach for Lyme
disease control. Oral delivery is clearly the most
viable approach to wildlife vaccination, and could
theoretically be designed to reach a broad range of reservoir hosts. OspA has been the focus of most efforts
to develop an oral bait vaccine (Gomes-Solecki et al.,
2006; Scheckelhoff et al., 2006). Gomes-Solecki et al.
(2006) demonstrated that mice immunized by oral
gavage with E. coli expressing OspA developed a
IgG2a/2b systemic antibody response that led to 89%
protection against challenge by the tick route. In addition, an eightfold reduction in spirochetal numbers in
ticks fed on vaccinated mice was observed. Protective
responses have also been demonstrated using other
bacterial delivery platforms (Fikrig et al., 1990, 1991;
Dunne et al., 1995). Oral administration of purified lipidated OspA has been demonstrated to elicit a protective antibody response in mice (Luke et al., 1997b). An
orally delivered recombinant vaccinia virus expressing
ospA has also been demonstrated to evoke protective
responses (Scheckelhoff et al., 2006). The overall feasibility of oral delivery strategies in wildlife remains
unclear, and is complicated by the diversity of animals
that can serve as reservoirs and the variations in their
diets and feeding patterns. It remains to be determined
if a baiting strategy can be developed that will prove
all-encompassing. It is possible that species-specific baiting strategies will allow for the maintenance of Lyme
disease spirochete populations in a subset of animal
species and that once protective immunity wanes (or
bait vaccine is no longer distributed) Lyme disease spirochete populations will become rapidly re-established.
In addition, will it be economically feasible to distribute bait vaccines targeting multiple reservoir species
over the large and expanding endemic regions for
Lyme disease?
As discussed above, an alternative approach to prevent transmission of Lyme disease and other tick-borne
disease in humans is to control tick populations.
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Several studies have sought to identify tick proteins
that can be used to as vaccines. Two broad groups
of vaccine candidates have been defined: the “concealed” and “exposed” antigens. Concealed antigens
are those to which the mammalian immune cells are
not typically exposed, such as proteins on the surface of the tick gut. Exposed antigens, such as tick
salivary proteins, are those with the potential to elicit
responses within mammals during the feeding process (Nuttall et al., 2006). The Boophilus microplus Bm86
gut epithelium glycoprotein serves as one example
of a concealed tick antigen. B. microplus is a tick species associated with debilitating infestations of cattle
(Rand et al., 1989; Willadsen, 2004, 2006). Vaccination
with Bm86 elicits antibody that can enter the tick and
inhibit feeding, reduce tick burden and lower tick
reproductive efficiency (Jonsson et al., 2000; Trimnell
et al., 2005). Two examples of concealed antigens that
may be of utility in ultimately reducing Ixodes tick
populations (and possibly other ticks as well) are
subolesin (4D8) and 5⬘ nucleotidase (4F8). Vaccination
with these proteins has been demonstrated to significantly reduce tick infestation on sheep (Almazan et al.,
2003, 2005a, 2005b). Exposed tick antigens that are
being investigated for reducing tick populations
include a series of Ixodes salivary proteins. Ten potential candidate proteins of Ixodes scapularis have been
described (Xu et al., 2005). Some of these, such as the
tick-produced serine protease inhibitors, have known
functional roles (Mulenga et al., 2001, 2003; Sugino
et al., 2003; Imamura et al., 2005, 2006). Immunization
with the recombinant salivary serine protease inhibitor, Iris, partially protects against adult female and
nymphal ticks (Prevot et al., 2007). Other exposed
antigens of interest in vaccine development include
Salp14, Salp15, TROSPA, and 64P (Anguita et al.,
2002; Pal et al., 2004a; Ramamoorthi et al., 2005; Soares
et al., 2005; de la Fuente and Kocan, 2006; Pedra et al.,
2006).

POSTEXPOSURE
IMMUNOPROPHYLAXIS
Postexposure passive immunization as a treatment
modality for Lyme disease has been assessed in animal
models. Passive immunization with serum from mice
that were experimentally infected with B. burgdorferi
does provide some degree of protection but only
when administered prior to challenge (Barthold and
Bockenstedt, 1993). Once an active infection is established, passive immunization with “infection-derived
serum” reduces disease manifestations and decreases
spirochetal burden but does not eliminate infection

IV. BACTERIAL VACCINES

56_P369408_Ch52.indd 1047

11/5/2008 4:36:00 PM

1048

LYME DISEASE

(Barthold and Bockenstedt, 1993; Shih et al., 1995;
Barthold et al., 1996, 2006). Passive immunization with
hyperimmune serum generated against several recombinant Borrelia proteins including arthritis-related
protein and OspA has been reported to reduce specific clinical manifestations and overall disease severity but not to clear infection (Johnson et al., 1986;
Schaible et al., 1990; Fikrig et al., 1993; Zhong et al.,
1997; Feng et al., 2000; Barthold et al., 2006). Passive
immunization with hyperimmune serum to DbpA
has also been investigated (Barthold et al., 2006);
however, while it is clear that there is some improvement in disease there are conflicting reports regarding infection resolution (Feng et al., 1998; Hanson
et al., 1998; Barthold et al., 2006). In contrast to that
observed with OspA, DbpA, and Arp, passive immunization with anti-OspC immunization is protective
(Mbow et al., 1999) and can resolve established infection in mice (Zhong et al., 1997, 1999). The efficacy of
passive immunization has not been assessed in
humans as a means of immunoprophylaxis. The role
of immunoprophylaxis in the treatment of Lyme
disease is likely to be limited, particularly in light of
the effectiveness of antibiotic therapy.

PROSPECTS FOR THE FUTURE
It has been nearly 30 years since the recognition of
Lyme disease as a distinct clinical entity. This disease,
caused by a unique and highly complex group of
bacteria, remains a significant human health concern.
As the incidence of Lyme disease continues to increase
and its endemic regions spread, there is a pressing
need for the development of new preventive strategies. After years of intense research effort in which
there were major steps forward in our understanding
of the pathogenesis of the Lyme disease spirochetes, it
is somewhat ironic that some of the first proteins identified in these bacteria, OspA and OspC, remain at
the forefront of subunit vaccine development. When
the LYMErix vaccine was voluntarily pulled from the
market in 2002, the general consensus appeared to be
that the need for, and possibly the commercial viability of, a Lyme disease vaccine had passed. However,
in the past few years it has been increasingly clear
that the need remains. Efforts are underway to revive
OspA-based vaccines or to develop new polyvalent
OspC-based chimeric recombinant proteins. In addition, vaccination strategies that seek to interfere with
the maintenance of the Lyme disease spirochetes in
nature, either by decreasing their carriage by mammalian reservoirs or by reducing tick populations, are

also being actively pursued. With the dramatic steps
forward that have occurred in our understanding of
the enzootic cycle of Lyme disease and the immunological responses to the pathogen, there is reason to be
confident that new highly effective vaccines that are
commercially viable in North America and Europe
will be developed.

KEY ISSUES
●

●

●

●

●

●

●

●

●

Lyme disease is the leading vector-borne disease
in North America and Europe and, despite
underreporting and incomplete data, it is clear that
its incidence is increasing.
In view of the serious sequelae of Lyme disease,
and the possibility that early disease will go
unrecognized, immunoprophylaxis is highly
desirable, particularly in regions of high disease
endemicity.
Though the OspA-based LYMErix vaccine was
never conclusively associated with adverse vaccine
reactions, the negative publicity surrounding its
voluntary removal from the market has created a
potential barrier to the adoption of future Lyme
disease vaccines.
The use of OspA vaccines reformulated to
eliminate potentially autoimmune-inducing T-cell
epitopes may have poor acceptance because of the
limited duration of protection and requirement for
annual boosters.
Lyme disease vaccines based on OspA or
OspC must take into account protein sequence
heterogeneity among and within Borrelia species.
Using host-adaptation techniques and microarray
and immunoproteome analyses, new potential
vaccinogens have been identified that are
expressed and immunogenic in the mammalian
host.
OspC is a leading second-generation vaccine
candidate, but its development has been hampered
by significant sequence heterogeneity in the
population of Lyme disease Borrelia.
Epitope mapping studies and phylogenetic
analyses have enabled the creation of polyvalent,
epitope-based OspC vaccines with the potential
for broad protection, and the ability to rely on an
anamnestic response during infection.
Vaccination of wildlife involved in the enzootic
cycle is an attractive means by which the incidence
of Lyme disease could be reduced; however, due to
the complex array of potential carriers, the results
to date have not been encouraging.
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KEY ISSUES
●

Vaccination against tick vector proteins may be
an alternative approach to reduce the incidence of
Lyme disease by targeting the vector, particularly
if the anti-tick vaccine is efficacious at reducing or
eliminating pathogen transmission.
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ABSTRACT
Neisseria meningitidis causes epidemic and sporadic meningitis, and/or septicemia, resulting in significant
morbidity or death. Invasive meningococcal disease is the result of microbial factors influencing the virulence
of the organism, environmental conditions facilitating exposure and acquisition, and host susceptibility
factors favoring bacterial colonization, invasion, and survival. N. meningitidis colonizes 8–25% of human upper
respiratory tracts with the highest rates in adolescents. Fulminant meningococcemia is a dramatic presentation.
Within hours, otherwise healthy subjects may become severely ill, develop hypotension and organ failure, and
despite effective antibiotics and aggressive supportive care, 10–15% of patients die and up to 20% of survivors
have lifelong sequelae. Meningococci are classified according to their capsular polysaccharide into 13 serogroups
of which A, B, C, Y, X, and W-135 are responsible for most endemic and epidemic disease. N. meningitidis causes an
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estimated 1.2 million cases per year with an estimated death toll of 135,000. Disease rates, in particular meningitis
rates, are highest in the African “meningitis belt,” where serogroup A outbreaks are prevalent. Recently, serogroup
W-135 has caused outbreaks associated with the Muslim hajj pilgrimage, and serogroup Y emerged as a cause of
endemic disease in the United States, Israel, and South Africa. Chemoprophylaxis is effective in known contacts
and limited outbreak settings. Rapid emergence of resistance (e.g., rifampin) and access and availability of drugs
limit this approach in large epidemic outbreaks. Prevention of meningococcal disease by vaccination remains the
best control strategy. Polysaccharide vaccines against serogroups A, C, Y, and W-135, in use since the 1970s, are
safe and effective; however, they do not produce long-lasting immunity and are of limited effectiveness in children
under 2 years of age, and repeated doses may result in hyporesponsiveness. New meningococcal polysaccharide–
protein conjugate vaccines are now impacting incidence. In late 1999, the United Kingdom successfully introduced
conjugate serogroup C meningococcal vaccines, later introduced by other European countries and Canada. In
2005, a quadrivalent (A, C, Y, and W-135) meningococcal conjugate vaccine was licensed in the United States. Even
though the duration of protection is unknown, these conjugate vaccines induce herd immunity, memory responses,
antibody affinity maturation, and better immunogenicity in infants, young children, and adults. However, certain
infant strategies are associated with rapidly waning immunity, and memory responses alone do not appear to
protect because of the short incubation of the disease. A major hurdle in achieving control of meningococcal disease
is the development of an effective vaccine strategy for sub-Saharan Africa. Another challenge is the development
of safe and immunogenic serogroup B meningococcal vaccines due to the poor immunogenicity of the serogroup
B polysaccharide and the theoretical risk of inducing autoimmunity with serogroup B polysaccharide-containing
vaccines. Vaccines against serogroup B meningococcal disease have been developed based on outer-membrane
vesicles. These vaccines are effective against epidemic strains but usually do not confer cross-protection against
heterologous strains. Through the recent availability of the meningococcal genome sequences, new protein-based
vaccine candidates have been identified for serogroup B.

INTRODUCTION

HISTORY

Neisseria meningitidis is a leading worldwide cause
of sepsis and meningitis, with the highest increase in
infants, young children, and adolescents resulting in
significant morbidity and mortality. The pathogen has
a unique ability among the different etiologic agents
of bacterial meningitis to cause major epidemics, case
clusters, and hyperendemic as well as endemic disease.
Meningococcal epidemics in sub-Saharan Africa have
occurred for 100 years (Greenwood, 1999) as large outbreaks at a frequency of 5–10 years or smaller yearly
outbreaks in a region of over 18 countries described
as the meningitis belt (Lepeyssonnie, 1963). Other
regions of Africa also have high rates of meningococcal
disease. Thousands of cases occur in the United States,
Canada, Europe, parts of South America, Australia,
New Zealand, and China. Up to 70–85% of cases were
fatal in the pre-serum therapy and pre-antibiotic eras;
today, the overall mortality rate in meningococcemia
remains high, between 10% and 15% (Sharip et al.,
2006). Vaccination against meningococci is the most
effective means of disease prevention. Significant
advances have improved our understanding of meningococcal biology, pathogenesis, epidemiology, transmission and carriage, clinical presentation, diagnosis,
and treatment and led to progress in the development
of the next generation of meningococcal vaccines.

Weichselbaum (1887) was the first to identify the
meningococcus from the cerebrospinal fluid (CSF)
of a patient with meningitis. Epidemics of meningococcal meningitis were first described in 1805 in
Geneva, Switzerland, by Vieusseux (1805), and in
1806 in Medfield, Massachusetts, by Danielson and
Mann (1806). By the beginning of the 20th century,
the recognition of meningococcal carriage in healthy
individuals was made (Kiefer, 1896), especially in
crowded situations such as those seen in military
recruit camps (Glover, 1918). Treatment for meningococcal disease included serum therapy introduced in
1913 (Flexner, 1913) and sulfonamides first introduced
in 1937 (Schwentker et al., 1937). Sulfonamides were
used not only for treatment but also for chemoprophylaxis (Khuns et al., 1943). Emergence of resistance
to sulfonamides (Schoenback and Phair, 1948) in the
1960s prompted the development of the first vaccines
against meningococci (Artenstein et al., 1970).

ETIOLOGIC AGENT
N. meningitidis is a fastidious, encapsulated, aerobic
gram-negative diplococcus and an exclusive pathogen
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(A)

Cytoplasmic-membrane
Periplasmic space
Outer-membrane

Cytoplasmic-membrane
proteins

Lipooligosaccharide

Pilus

Capsule

Outer-membrane proteins

Phospholipid

(B)

FIGURE 53.1 (A) Cross-sectional view of the meningococcal cell membrane showing the cytoplasmic membrane, outer membrane,
and capsule. Phospholipid, lipooligosaccharide, outer-membrane proteins, and pili extending through the capsule are all part of the outer
membrane. [Adapted from Rosenstein et al. (2001) with permission from Massachusetts Medical Society.] (B) Neisseria meningitidis are intracellular gram-negative diplococci as seen in the CSF of patient with meningitis. [Adapted from Rosenstein et al. (2001) with permission from
Massachusetts Medical Society.]

of humans (Fig. 53.1). Meningococci are traditionally
classified according to serologic typing (Frasch et al.,
1985). This classification is based on structural differences in capsule (serogroup), major outer-membrane
protein (OMP) porins (serotype), other OMPs (serosubtype), and lipooligosaccharides (LOS) (immunotype). At least 13 serologically distinct meningococcal
groups have been defined on the basis of their capsule
(Branham, 1953). Meningococci are highly transformable, and the transformation can lead to a genetic
change in capsule structure and therefore in serogroup
(Swartley et al., 1997; Vogel et al., 2000). Molecular
and genetic techniques have been developed to identify related meningococcal strains. The molecular

techniques used (Caugant et al., 1986) include pulsedfield gel electrophoresis (PFGE) (Bevanger et al., 1998),
multilocus enzyme electrophoresis (MLEE) (Weis
and Lind, 1998), multilocus sequence typing (MLST)
(Maiden et al., 1998), and polymerase chain reaction
(PCR) (Mothershed et al., 2004).

PROTECTIVE IMMUNE RESPONSE
Bactericidal antibodies and complement are considered major mechanisms in the protection against
meningococcal disease. Opsonization and phagocyte
killing also appear important.
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The meningococcal carrier state is an immunizing
process with appearance of antibodies in serum 2 weeks
after nasopharyngeal colonization of pathogenic and
nonpathogenic meningococci. Goldschneider et al.
(1969a, 1969b) found that age-specific incidence of
meningococcal disease is inversely proportional to
the prevalence of serum bactericidal antibodies (SBA)
to the meningococcus. Up to 60–80% of young adults
will have detectable serum meningococcal bactericidal antibodies. Further, sera from susceptible hosts
lack antibodies to the causative meningococcal strains
during an epidemic. Finally, individuals with congenital or acquired deficiencies of immunoglobulins or
complement are at increased risk for invasive meningococcal disease (Castagliuolo et al., 1986). Although
specific immunity is generally protective, this immunity is not absolute; meningococcal disease can occur
in a rare number of individuals with preexisting antibody titers that are considered protective (Greenwood
et al., 1987; Kayhty et al., 1981).
Complement is required for both bactericidal activity and opsonophagocytosis (Nicholson and Lepow,
1979). Individuals deficient in both the early and late
components of the complement system are at increased
risk for the disease (Densen, 1991; Nielsen et al., 1989;
Alper et al., 1970; Ellison et al., 1983). Compared to
the general population, these patients usually experience less severe but more recurrent disease at an
older age with uncommon serogroups (Fijen et al.,
1989, 1999). Up to 10–20% of invasive meningococcal disease in adults is associated with a complement
defect. The mannose-binding lectin (MBL) pathway of
complement activation can be genetically variable and
has been associated with differences in susceptibility to meningococcal disease in one-third of all cases
(Hibberd et al., 1999; Bax et al., 1999). Other genetic
polymorphisms affecting the risk of acquiring meningococcal disease have also been described (including
polymorphisms in TNF, FcγRIIA, FcγRIII, PAI-1, ACE-1,
IL-1Ra, IL-1β, and TLR4) (Emonts et al., 2003).

PATHOGENESIS
Humans are the only known host for the meningococcus. Nasopharyngeal colonization is present
in 8–25% of adults (Greenfield et al., 1971; Stephens,
1999; Caugant et al., 1994), and the duration of carriage can vary from days to many months (Fig. 53.2).
Transmission among humans occurs through respiratory secretions, but the inoculum size needed for transmission is unknown. Acquisition of N. meningitidis in
the upper respiratory tract may be asymptomatic, result

in colonization, infrequently cause local inflammation
or disease (e.g., pneumonia), produce fulminant sepsis after access to the bloodstream, may produce fulminant sepsis or seed secondary sites such as CSF, joints
or pericardium. Disease usually occurs 1–14 days after
acquisition of the pathogen.
Invasive disease is dependent on environmental
factors, meningococcal virulence, and host factors
(refer to Protective Immune Response). Environmental
factors that impair the integrity of the human
nasopharyngeal mucosa such as tobacco (Fischer et al.,
1997), exposure to low humidity, dust, and coinfections (Moore et al., 1990) increase the incidence of
colonization, transmission, mucosal invasion, and
invasive meningococcal disease.
Major contributors to the virulence of N. meningitidis
include capsular polysaccharide, other surface structures [pili, OMPs (e.g., PorA, PorB, Opa, and Opc),
LOS], and virulence factors associated with the genotype. The capsule, composed of sialic acid derivatives
(with the exception of serogroup A), provides the
organism with antiphagocytic, antibactericidal, and
antiadherent properties enhancing its survival in the
bloodstream or in the central nervous system (CNS).
Meningococci that do not express capsular polysaccharides rarely cause invasive disease. LOS is in the family
of lipopolysaccharide (LPS) or endotoxin expressed
by many other gram-negative bacteria but lacks the
repeating O-side chain of LPS of enteric gram-negative

Nasopharyngeal
acquisition & colonization
Defects in bactericidal
antibodies, MBL,
complement,
opsonophagocytosis

Meningitis
55%

Bloodstream invasion
TNF, FcγRIIA, PAI-1,
ACE-1, IL-1Ra, IL-1 genes

Fulminant
meningococcemia
Meningitis
15%
&
meningococcemia
30%

FIGURE
53.2 Pathogenesis of meningococcal disease.
Acquisition of N. meningitidis in the upper respiratory tract may be
asymptomatic, result in colonization, infrequently cause local inflammation or local disease (e.g., pneumonia), produce fulminant sepsis
after access to the bloodstream, or seed secondary sites, particularly
the CSF. In individuals who lack bactericidal antibodies, terminal
or alternative pathway complement-deficiency states, and other
genetic polymorphisms may influence the severity of the ensuing
host response and the clinical presentation. Legend: MBL, mannosebinding lectin; TNF, tumor necrosis factor; FcγRIIA, FcγRIIA R131
allele; PAI-1, plasminogen activator inhibitor 1; ACE-1, angiotensionconverting enzyme 1; IL, interleukin. [Adapted from Kasper et al.
(2005) with permission of the McGraw-Hill Companies.]

IV. BACTERIAL VACCINES

57_P369408_Ch53.indd 1064

11/5/2008 4:36:45 PM

1065

EPIDEMIOLOGY

up to 1000 per 100,000 depending on the year and
the presence or absence of epidemics. Meningococcal
disease peak coincides with respiratory viral illnesses
(Artenstein et al., 1967; Young et al., 1972) during winter months; in Africa, meningococcal disease occurs in
the dry season (Greenwood et al., 1985).
Since the remarkable decline in disease due
to the Haemophilus influenzae and pneumococcal
polysaccharide–protein conjugate vaccines, the meningococcus is now the most common cause of bacterial
meningitis in children and young adults in the United
States (Harrison et al., 1999), mostly affecting children
less than 2 years of age (Kaplan et al., 2006; Rosenstein
et al., 1999). However, even though peak incidence
occurs among infants and adolescents; one-third
to one-half of the cases are seen in adults older than
18 years.
The epidemiology of meningococcal disease differs
depending on the serogroup (Tzeng and Stephens,
2000). Six serogroups (A, B, C, Y, W-135, and recently X)
(Boisier et al., 2007; Gagneux et al., 2002) constitute
most of the cases of meningococcal disease worldwide. Serogroup A was the cause of most meningococcal disease in the first part of the 20th century and
is now responsible for recurring epidemics in developing countries, particularly in sub-Saharan Africa
(Hart and Cuevas, 1997). In the largest meningococcal
epidemic outbreak recorded, an estimated 300,000
cases and 30,000 deaths occurred in sub-Saharan Africa
during 1996–1997 due to serogroup A N. meningitidis.
From 2000 to 2002, epidemics of serogroup W-135
occurred, related to spread during the hajj pilgrimage, affecting the health of these travelers and their
contacts in countries throughout the world (Lingappa
et al., 2003; Wilder-Smith et al., 2003; Hahne et al.,
2002). In 2002, a large outbreak of W-135 occurred
in Burkina Faso (Koumare et al., 2007; Traore et al.,

bacilli. It plays a role in the adherence of the meningococcus (Kahler and Stephens, 1998) and activation
of the innate immune system. The severity of meningococcal sepsis has been correlated with circulating
levels of meningococcal LOS (Brandtzaeg et al., 1992).
Other important virulence factors are pili (Stephens
et al., 1985) and other OMPs (Virji et al., 1993) facilitating the adherence of the meningococcus to epithelial
and endothelial surfaces. Importantly, meningococcal
virulence is influenced by genetic mechanisms [transformation, slip-strand mispairing, insertion sequence
(IS) element movement] that produce phase and antigenic variation and allow for genomic plasticity and
adaptation (Stephens and Zimmer, 2002). The pathogen has also developed sophisticated pathways for
iron acquisition, essential for colonization and infection, including an array of iron transport mechanisms
(Schryvers and Stojiljkovic, 1999).

EPIDEMIOLOGY
Meningococcal infection is a global but nonuniform problem occurring as sporadic, hypersporadic,
and epidemic disease. Disease patterns vary widely
among regions, age groups, and serogroups, and in
developing as well as developed countries (Fig. 53.3).
In the last 60 years, large serogroup A epidemics
have not occurred in industrialized countries for reasons not understood, but serogroup C and prolonged
serogroup B outbreaks do occur. In the United States,
the attack rate is less than 1 case per 100,000 per year
while it is higher in Europe (Cartwright et al., 2001);
in the United Kingdom, the attack rate was 5 cases
per 100,000 per year prior to the introduction of the
meningococcal C (MenC) conjugate vaccines. In the
meningitis belt, rates vary between 20 and 600 and

B, C

A, B, C

B, C, Y
A, B, C
A, W-135, C, X

B, C

B, C
B

FIGURE 53.3 Serogroup distribution of invasive meningococcal disease worldwide. [Adapted from Stephens et al. (2007) with permission
from Elsevier and from Caugant (1998) with permission from Wiley-Blackwell Publishing.]
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2006; Decosas and Koama, 2002; Ouedraogo-Traore
et al., 2002). Serogroup B is the most important cause
of endemic disease in developed countries (30–40%
and 80% of disease in the United States and European
countries, respectively), and serogroup C has variable
rates of endemic disease (currently around 30%) in
industrialized countries (Jackson et al., 1995). Serogroup
Y has emerged in the last decade in the United States
and caused one-third of the disease related to meningococci in the country (Rosenstein et al., 1999), usually
affecting older age groups. Interestingly, meningococcal
pneumonia is usually due to serogroups Y and W-135.

CLINICAL DISEASE
The clinical spectrum of meningococcal disease can
vary from transient bacteremia (Sullivan and LaScolea,
1987) to fulminant disease (Rosenstein et al., 2001).
The predominant clinical syndrome is one of acute
bacterial meningitis (Stephens et al., 1995; Thompson
et al., 2006). Patients present with fever, headache,
photophobia, neck stiffness, occasional seizures,
altered mental status, nausea, vomiting, myalgia,
and petechial or purpuric rash (28–77%) (Rosenstein
et al., 2001). However, the rash may be absent or difficult to detect, and signs of sepsis (hypotension,
organ failure, confusion) may be the presenting
features. Approximately 30% of patients with meningococcal disease present with both meningitis and
signs of meningococcemia. Up to 10–20% of patients
will present with fulminant meningococcemia with
severe sepsis leading to organ failure, disseminated
intravascular coagulation (DIC), and death in up to
50% of these cases. The Waterhouse-Friderichsen
syndrome, including adrenal hemorrhage in the setting of meningococcemia, is a dramatic example of
microthrombosis from DIC, bleeding, and tissue
injury. Up to 10–20% of patients with meningitis and
meningococcemia will develop permanent sequelae (Erickson et al., 2001; Edwards and Baker, 1981).
Complications are seen in meningitis in the form of
different neurological deficits, especially hearing loss.
In fulminant meningococcemia, loss of limb or digits
from ischemia and necrosis can be observed.
Fifteen percent of patients present with pneumonia,
frequently at an older age and more commonly in
association with serogroup Y (Winstead et al., 2000).
Other manifestations of meningococcal disease
include conjunctivitis (Moraga et al., 1990; Newton
and Wilson, 1977), pharyngitis (Mattila and Carlson,
1998; Pether et al., 1994; Wiesner et al., 1973), pericarditis (El Bashir et al., 2004; Morgan et al., 2002;

Baevsky, 1999; Blaser et al., 1984; Chow et al., 1975),
endocarditis (Benes et al., 2003; Joao et al., 2001),
myocarditis (Garcia et al., 1999; Hardman and Earle,
1969), arthritis (Schaad, 1980; Bilavsky et al., 2006),
urethritis (D’Antuono et al., 1999; Karolus et al., 1980;
Miller et al., 1979), or cervicitis (Hagman et al., 1991;
Odegaard and Gundersen, 1977). Rarely, chronic meningococcemia syndrome is reported. It is characterized
by recurrent fever, skin rash, and headache (Nielsen,
1970) and may have a rheumatological presentation
of weeks to months. Diagnosis is made by isolation of
the meningococcus in sterile sites such as the blood or
the CSF. Antigen detection assays can be used when
cultures are negative and in developing settings where
cultures are not available. PCR has rapidly gained
acceptance in the diagnosis of meningococcal infection
since it is capable of serogroup and strain typing, and
its sensitivity is not affected by prior antibiotics (Ni
et al., 1992; Newcombe et al., 1996; Bryant et al., 2004).

TREATMENT
Respiratory isolation of the patient is recommended
for the first 24 h of hospital stay. For treatment, a thirdgeneration cephalosporin (e.g., ceftriaxone) is recommended. Penicillin can also be given if susceptibility
is confirmed. In patients with severe allergic reaction
to beta-lactam drugs, fluoroquinolones or chloramphenicols are alternatives (McCrumb et al., 1951;
Blondeau and Yaschuk, 1995). Several prognostic studies (Barquet et al., 1997; Niklasson et al., 1971) indicated that early administration of antibiotics results
in decrease in mortality and morbidity (Cartwright
et al., 1992), and prehospital antibiotic treatment is
advocated in many countries. In meningococcal meningitis, steroid use is controversial (Weisfelt et al.,
2006; Casella et al., 2004; Gupta and Tuladhar, 2004),
but some experts recommend that they be given prior
to, or simultaneously with, the first dose of antibiotics
(van de Beek et al., 2004). For fulminant meningococcemia, often seen with serogroup C N. meningitidis, intensive care is required. The role of activated
protein C for patients with meningococcemia is not
clearly defined, with some studies showing promising
results in subgroups (White et al., 2000; de Kleijn et al.,
2003) while others did not show benefit (Nadel et al.,
2007) and may suggest increase risks for side effects
in patients with meningococcal disease (Vincent et al.,
2005). Overall mortality from invasive meningococcal
disease ranges from 10% to 15%; however, if purpura
fulminans is present, mortality is increased to up to
50%. In the United Kingdom, the case-fatality rate of
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meningococcal infections was unchanged from 1963 to
1998 (Goldacre et al., 2003), but use of aggressive supportive therapy has reduced mortality. In the United
States, between 1994 and 2002, the case-fatality rate
was increased during outbreaks compared to sporadic
disease (Brooks et al., 2006).

POSTEXPOSURE
IMMUNOPROPHYLAXIS
Chemoprophylaxis eradicates nasopharyngeal
carriage and prevents secondary cases in close contacts. Chemoprophylaxis consists of rifampin twice
daily for a total of four doses or a single dose of ciprofloxacin. Ceftriaxone as a single intramuscular dose
can also be offered. Azithromycin has also shown
efficacy (Girgis et al., 1998) among children but is not
routinely recommended. Knowing that the attack rate
among household or other close contacts of meningococcal cases is more than 400-fold greater than the
general population (De Wals et al., 1981), chemoprophylaxis for individuals at risk should be offered
(Fraser et al., 2006; Bilukha and Rosenstein, 2005).
Close contacts include those living in the same household, day-care center contacts, and anyone directly
exposed to oral secretions of the patient with meningococcal disease. Prophylaxis is not indicated if the
exposure to the index case was brief (Gilmore et al.,
2000). Chemoprophylaxis should be administered
as soon as the index case is identified and up to 7 days
following exposure; after 14 days, chemoprophylaxis
is ineffective. Since treatment with penicillin alone
is not reliable in eradicating nasopharyngeal carriage
(Abramson and Spika, 1985), terminal prophylaxis
should be given to index patients at hospital discharge. Vaccination rather than chemoprophylaxis
is usually offered during outbreaks in large populations because of cost of chemoprophylaxis and the
increased likelihood of antimicrobial resistance.

VACCINES
History
Early in the 20th century, attempts were made to
develop meningococcal vaccines using killed whole
cells (Sophian and Black, 1912; Gates, 1918). Those
attempts failed due to uncertainty in the ability of
the vaccines to confer protective immunity and high
rates of observed side effects. In the 1930s, “inactivated
toxin” was used as potential vaccine candidate (Ferry
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and Steele, 1935; Khuns et al., 1938). Though immunogenic, those vaccines carried the risk of side effects
with other components of the meningococcal outer
membrane. The successful introduction of sulfonamides in 1937 in both the treatment and the prevention of meningococcal disease somewhat dampened
the enthusiasm for vaccine development. However, the
emergence of antimicrobial resistance to sulfonamides
in the 1960s led to renewed efforts in the development of a vaccine to prevent meningococcal disease. In
1969–1971, the purification of meningococcal capsular
polysaccharides by Gotschlich et al. (1969a, 1969b) at
the Walter Reed Army Institute of Research led to the
discovery of meningococcal A and C polysaccharide
vaccines. These vaccines were used to control serogroup C outbreaks in the U.S. military and serogroup A
epidemics in Africa. In 1978, the quadrivalent (A, C, Y,
and W-135) polysaccharide vaccine was approved. The
main limitations of polysaccharide vaccines are their
inability to induce a T-cell-dependent response limiting effectiveness in children and failure to induce longterm immunologic memory. The chemical conjugation
to protein carriers converts the polysaccharide to a
T-cell-mediated response. The successful introduction of the conjugate H. influenzae serotype b vaccine
(Heath, 1998) preceded the first human trial with a
MenA–MenC conjugate vaccine developed by Salvo
Vaccines (Sienna) in 1991 (Costantino et al., 1992). In
late 1999, the United Kingdom was the first country to
introduce the conjugate serogroup C vaccines. In 2005,
a tetravalent conjugate vaccine including serogroups
A, C, Y, and W-135 was licensed in the United States.
Since 1980, researchers have been working on a
vaccine for serogroup B, and to date, none of the vaccines has been shown to be broadly protective. Since
the serogroup B polysaccharide is poorly immunogenic due to its identity with human glycoproteins
[e.g., neural cell adhesion molecule (NCAM)] and
carries a theoretical risk of inducing autoimmunity
through molecular mimicry, other antigens are used as
targets in vaccine development for serogroup B. The
currently available serogroup B outer-membrane vesicle (OMV) vaccines protect against particular strains
and have been used with success in outbreak settings.
Since the sequencing of the serogroup B genome in
2000, recent advances in reverse vaccinology have
revealed new molecules as potential serogroup B vaccine candidates.

Polysaccharide Vaccines
Polysaccharide vaccines are either monovalent or
multivalent, containing one to four of the serogroup
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Meningococcal vaccines for serogroups A, C, Y,
W-135, and B

Meningococcal polysaccharide vaccines
Menomune® (Sanofi Pasteur)
ACWY Vax (GlaxoSmithKline)
Trivalent ACW vaccine (GlaxoSmithKline)
AC Vax® (GlaxoSmithKline)
Mengiva A⫹C® (Sanofi Pasteur)

A, C, Y, and W-135
A, C, Y, and W-135
A, C, and W-135
A and C
A and C

Meningococcal polysaccharide–protein conjugate vaccines
Meningitec® (Wyeth)
C with CRM197
Menjugate® (Novartis)
C with CRM197
NeisVac-C® (Baxter)
C with tetanus toxoid
Menactra® (Sanofi Pasteur)
A, C, Y, and W-135
with CRM197
Serogroup B meningococcal vaccines (in development)
MonoMen®, HexaMen®, NonaMen®
(Netherlands Vaccine Institute)
Finlay Institute vaccine/VAMENGOC-BC (Havana, Cuba)
National Institute of Public Health vaccine
(Oslo, Norway)
B⫹OMV (Walter Reed Army Institute
of Research, Washington, D.C., USA)
MeNZB® (New Zealand)

in hyporesponsiveness, especially in the C component,
among children and young adults (MacLennan et al.,
1999). Polysaccharide vaccines do not confer longterm herd immunity. In a study from Gambia, immunization with the bivalent serogroup A/C vaccine had
little effect on nasopharyngeal carriage of serogroup
A meningococcus 6 months after vaccine administration (Hassan-King et al., 1988). Polysaccharide meningococcal vaccine is not recommended for routine use
in the general population. It can be used in outbreak
settings (Masterton et al., 1988) and high-risk populations. Since the introduction of meningococcal capsular polysaccharide vaccination for all recruits in the
United States in 1972, epidemics in the military have
not occurred (Brundage et al., 2002).

Conjugate Vaccines

A, C, Y, and W-135 capsular polysaccharides (Table
53.1). A single subcutaneous injection of quadrivalent
meningococcal polysaccharide vaccine containing
50 μg of purified bacterial polysaccharide for serogroups A, C, Y, and W-135 [meningococcal polysaccharide vaccine (MPSV-4), Menomune®, Sanofi
Pasteur, PA, USA] has been licensed in the United
States since 1981. The vaccine is both safe and effective, inducing serum bactericidal immunity in 80–95%
of adults (Bilukha and Rosenstein, 2005). Side effects
are usually mild, with local reactions (4–46%) lasting 1–2 days. Severe side effects [systemic allergic
reactions (0–0.1/100,000), infrequent neurological reactions] are rare (Lepow et al., 1986). The immunologic
response to each of the four polysaccharides contained
in the vaccine is serogroup specific and independent.
In particular, the serogroup C capsular polysaccharide
is poorly immunogenic in children less than 2 years of
age (Gold et al., 1979), and SBA titers in adults decline
markedly within 2 years of immunization (Zangwill
et al., 1994). Serogroup A polysaccharide is capable of
offering protection in children as young as 3 months
(Gold et al., 1979); however, this protection is of short
duration, and additional doses are required for longer
protection. The duration of protection of the quadrivalent polysaccharide vaccine is therefore less than
5 years, and repeated doses of the vaccine may result

The limitations of the polysaccharide vaccines,
including lack of herd immunity and poor immunogenicity in young children, were the driving forces
behind the development of protein–polysaccharide
conjugate meningococcal vaccines (Zimmer and
Stephens, 2004). The polysaccharide is covalently
linked to a carrier protein and therefore converted to
a thymus-dependent antigen enhancing memory B
cells (Kelly et al., 2006) and IgG anticapsular antibody
production in infants. In 1999, in an attempt to control
hyperendemic serogroup C meningococcal disease,
a campaign to vaccinate adolescents, children, and
infants was launched in the United Kingdom, using
serogroup C meningococcal polysaccharide–protein
conjugate vaccines (MenC). The vaccination campaign
was begun on the basis of safety and immunogenicity data, without prior studies demonstrating clinical efficacy. The vaccine program was a success, with
dramatic reduction in invasive meningococcal serogroup C disease, and was replicated in other countries
(Snape and Pollard, 2005). Major advantages to this
vaccine over polysaccharide vaccines are the induction of herd immunity, memory responses, and better
immunogenicity in infants and young children.
The vaccines used are conjugated either to CRM197
(a nontoxic mutant of diphtheria toxin) or to tetanus
toxoid. The vaccines were developed from isolates
containing O-acetyl group in their polysaccharides
(OAC⫹ve). However, 12% (Borrow et al., 2000) of
meningococcal serogroup C disease is caused by
strains that lack the O-acetyl group (OAC⫺ve).
Therefore, an alternative version of the monovalent MenC vaccine was developed conjugating an
OAC⫺ve polysaccharide to tetanus toxoid (MenC-TT).
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Currently, three vaccines are licensed: two OAC⫹ve–
CRM197 conjugate vaccines (Meningitec® Wyeth, NJ,
USA, and Menjugate® Novartis, Siena, Italy) and
one OAC⫺ve–tetanus toxoid conjugate (NeisVac-C®
Baxter Bioscience, MD, USA). All three vaccines are
safe and immunogenic. Local (0.15%) and systemic
reactions (seizure 1/60,000, anaphylaxis 1/500,000) are
rare (2000). The efficacy of the vaccines is around 90%
among all age groups (Snape and Pollard, 2005). In the
United Kingdom, incidence of serogroup C disease
declined by 81–87% among vaccinees (Balmer et al.,
2002; Miller et al., 2001). In addition to the reduction
in meningococcal disease, significant differences were
seen in meningococcal carriage with a 66% reduction
in serogroup C nasopharyngeal carriage in students
15–17 years of age (Maiden and Stuart, 2002). A herd
immunity effect was noted with a 67% reduction in
meningococcal disease reported for unvaccinated
children (Ramsay et al., 2003). The use of the MenC
conjugate vaccine was also effective in an outbreak
setting (De Wals et al., 2004). Surveillance data after
vaccine introduction have not demonstrated (Alonso
et al., 2007), as of yet, significant capsule switching
(Alcala et al., 2002; Diggle and Clarke, 2005) or serogroup replacement (Trotter et al., 2006). Although
the duration of immunity is unknown, SBA titers
wane rapidly after primary immunization (Trotter
et al., 2004) but memory response persists (Richmond
et al., 1999). However, in confirmed cases of vaccine
failure (Auckland et al., 2006), this memory response
alone did not provide protection against invasive disease. For this reason, a booster dose at 12–14 months
should be considered after routine infant vaccination, and this change was made in the U.K. schedule.
Other countries followed the successful U.K. example—Ireland (Dell et al., 2001) (2000), Spain (Salleras
et al., 2003) (2000), Canada (De Wals et al., 2004)
(Quebec) (2001), the Netherlands (Welte et al., 2004)
(2002), Belgium (De Schrijver and Maes, 2003) (2002),
Iceland (Bergthornorsson et al., 2004) (2002), Australia
(Booy et al., 2007) (2003), Portugal (De Queiros et al.,
2004) (2006), and Germany (Wiese-Posselt et al., 2006)
(2006)—and a 54–96% reduction in invasive serogroup C meningococcal disease was noted (Snape and
Pollard, 2005). Meningococcal conjugate vaccines are
given as part of a routine childhood immunization
program, but scheduling, dosing, and catch-up campaigns have varied among the countries (Trotter and
Ramsay, 2007). The vaccine has been given as a twoor three-dose series in infancy or as one dose for toddlers at 12–14 months. Recent data suggest that while
there is no clear difference if the immunization was
given during infancy or in toddlers (Vu et al., 2006), a
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booster dose after 12 months is needed. In the United
Kingdom, for instance, a booster dose is now given
at 12 months after the two doses given in infancy. In
addition to the childhood immunization program, all
persons in the United Kingdom under 24 years of age
were included in the initial catch-up campaign.
A new meningococcal quadrivalent conjugate vaccine (A, C, Y, and W-135 conjugated with diphtheria
toxoid) [meningococcal conjugate vaccine (MCV-4),
Menactra®, Aventis Pasteur, PA, USA] has been
licensed in the United States since 2005 (Maiden and
Spratt, 1999). Data comparing the immunogenicity
and overall safety of Menactra to Menomune showed
noninferiority (Bilukha and Rosenstein, 2005). Local
reactions were more common in Menactra, likely due
to the diphtheria toxoid component of the vaccine.
Post licensure, a slight increase in cases of GuillainBarré syndrome (GBS) was reported among Menactra
recipients (2006), especially those over 15 years old.
However, compared to the number of doses given
and the impact on meningococcal disease incidence,
those reports have not resulted in any change in vaccine recommendations. Duration of immunity to the
vaccine is still unknown. A single intramuscular dose
of vaccine is recommended as part of routine immunization for children aged 11–12 years, other adolescents, and groups at increased risk (2005). Vaccination
is recommended in high-risk groups such as military
recruits, microbiologists routinely exposed to meningococci (Sejvar et al., 2005), college freshmen living
in dormitories, pilgrims to the hajj, travelers to subSaharan Africa during the dry months or to countries
with known epidemics, and persons with increased
susceptibility to meningococcal disease (terminal
complement deficiency or anatomic/functional asplenia). MCV-4 has been recently licensed for children
2–11 years of age with risk factors (e.g., complement
or antibody deficiency) for meningococcal disease.
Recent data comparing MCV-4 to MPSV-4 in 2- to
10-year-olds showed a similar safety profile and elicited significantly higher and more persistent SBA
responses (Pichichero et al., 2005). MCV-4 is contraindicated in persons with a history of GBS or an allergy
to any component of the vaccine.

Serogroup B Vaccines
Development of a vaccine that can elicit broad
protection against diverse serogroup B meningococcal
strains presents several challenges (Zimmer and
Stephens, 2006). The poor immunogenicity of the serogroup B polysaccharide is attributable to the fact that
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this polysaccharide resembles host antigens (Finne
et al., 1983). The capsule is of identical structure to
polysialic structures expressed in fetal neural tissue.
The development of a polysaccharide vaccine for
serogroup B has been limited by the theoretical risk
of inducing autoimmunity (Stein et al., 2006). Even
though IgM against serogroup B polysaccharide can
contribute to serum bactericidal activity, IgG antibodies to serogroup B polysaccharide are nonspecific and
poorly protective in animal models (Granoff et al.,
1995; Mandrell et al., 1995) as well as humans (Bruge
et al., 2004). Recent data suggest that the meningococcal serogroup B capsular polysaccharide may be
engineered to express unique bactericidal epitopes
suitable as vaccine targets (Moe et al., 2006; Granoff
et al., 1998).
Other noncapsular antigens such as OMVs, containing OMPs and LOS, are therefore important
vaccine candidates for serogroup B. The challenge of
developing an effective vaccine against meningococcal serogroup B disease is of regional importance.
In the late 1980s and in the 1990s, several trials of
serogroup B OMV vaccines were undertaken in Cuba,
Brazil, Chile, and Norway, which showed efficacy
between 50% and 80%. Similar to the polysaccharide
vaccines, serogroup B OMV vaccines have limited
efficacy in infants and very young children, and the
single-strain OMV vaccines may not provide crossprotection against a variety of heterologous meningococcal isolates. Usually, the protection is of short
duration, and nasopharyngeal carriage is not affected.
Norway has had high rates of meningococcal
disease, up to 80%, due to serogroup B. Between 1988
and 1991, the Norwegian Institute of Public Health
(NIPH) enrolled 171,800 students in a double-blind,
placebo-controlled, efficacy trial to evaluate the
effect of OMV vaccine against serogroup B meningococci (MenBvac) (Bjune et al., 1991). Efficacy was
around 50%. The Finlay Institute in collaboration with
GlaxoSmithKline produced a purified OMP vaccine
(VA-MENGOC-BC™) that was tested in Cuba (106,000
vaccinees) with great success (Sierra et al., 1991). The
vaccine has been licensed in many Latin American
countries. However, the high efficacy observed in the
original Cuban trial was not replicated in case control
studies in Brazil including 4 million vaccinees from
Sao Paolo and Rio de Janeiro (Noronha et al., 1995; de
Moraes et al., 1992). Two other OMV vaccines developed by the Walter Reed Army Institute of Research
(Boslego et al., 1995) and the NIPH/Chiron (Tappero
et al., 1999) (VA-MENGOC-BC) were tested in Chile.
Because of the geographical and temporal diversity of
OMPs, the OMP-based approach may be best suited
for the development of vaccines for specific outbreaks

and is best illustrated by the New Zealand experience. In New Zealand, in 1997, the rate of meningococcal disease rose to 16.9 cases per 100,000 with more
than 90% of the disease due to serogroup B (Baker et
al., 2001). As this is typical of serogroup B outbreaks,
this epidemic has persisted for a decade. The stability of OMVs from serogroup B isolates during this
meningococcal outbreak supported the use of a strainspecific OMV vaccine to control the epidemic (Dyet
and Martin, 2005; Devoy et al., 2005). MeNZB™
was produced as a result of collaboration between
the New Zealand government, the University of
Auckland, and Chiron (now Novartis) (O’Hallahan
et al., 2004). A three-dose regimen of the vaccine containing PorA, PorB, and LOS was safe and immunogenic in 75 healthy adults (Thornton et al., 2006) and
children (Wong et al., 2007) (16–24 months). New
Zealand’s regulatory authority granted licensure to
deliver MeNZB™, and 1 million individuals under
age 20 received the vaccine (Sexton et al., 2004), which
has diminished the outbreak.
An estimation of potential coverage by current
OMP vaccines to European serogroup B strains was
performed (Trotter and Ramsay, 2007). The Cuban,
Norwegian, and New Zealand vaccines cover less
than one-third of the strains circulating in Europe
between 1999 and 2004, and multivalent OMP vaccines such as those used in the Netherlands can cover
more than 70% of the strains. Both a hexavalent OMV
vaccine (HexaMen™) containing two OMVs with
three PorA subtypes each and a monovalent OMV
vaccine (MonoMen™) have been studied in infants,
toddlers, and children. These vaccines showed promise but limited cross-protection to other serosubtypes
not contained in the vaccine (de Kleijn et al., 2000a,
2000b). Three additional vesicles have been added
to a new nonavalent formulation (NonaMen™), and
trials are underway. In the United States, it has been
estimated that 20 different PorA proteins need to be
incorporated in the serogroup B vaccine to cover 80%
of circulating strains (Tondella et al., 2000).

Vaccines in Development
Other Serogroup B Vaccines
The lack of broad efficacy provided by PorA-based
serogroup B vaccines suggests that other vaccine strategies should be further investigated. The challenge is
to identify proteins that are exposed at the surface,
conserved across various strains, and consistently
expressed. Those proteins should be immunogenic
and capable of inducing bactericidal antibodies and
long-lasting immunity (Ruggeberg and Pollard, 2004).
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Proteins involved in the meningococcal iron metabolism have been evaluated as potential vaccine candidates (Johnson et al., 1999; Gomez et al., 1998; Thompson
et al., 2003; West et al., 2001; Lehmann et al., 1999).
Among these proteins are the transferrin-binding
proteins. Opsonins are recovered in humans during the convalescence (Lehmann et al., 1999) period,
and there is protection in animal models (West et al.,
2001). However, phase I human trials led to disappointing results (Ruggeberg and Pollard, 2004). Neisserial
surface protein A (NspA) is highly conserved among
meningococcal strains, although the function of the
protein is unknown. Active and passive immunizations
confer protection in mice (Martin et al., 1997). However,
focusing on meningococcal serogroup B vaccines, other
researchers were not able to fully replicate these results
(Moe et al., 2001). A vaccine based on purified NspA has
been developed by Shire Pharmaceuticals and evaluated
in phase I trials. Though protective in the mouse model
and safe in humans, the vaccine did not induce SBA in
a phase I trial (Halperin et al., 2007). Other OMVs have
also been considered as vaccine candidates (e.g., Opa,
Opc, App, pilin, Rmp, PorB, and NadA) (Stephens et al.,
1985; Wright et al., 2002; Hadi et al., 2001; de Jonge
et al., 2003, 2004; Rosenqvist et al., 1999; Comanducci
et al., 2002; Bowe et al., 2004) (Table 53.2).

TABLE 53.2
OMP

The range of novel antigens is not restricted to proteins. Lipoprotein LP2086, displayed on the surface of
91% meningococcal strains, has been shown to induce
serum bactericidal activity against a broad variety of
meningococcal strains and prevent colonization in
animal models (Pillai et al., 2005; Zhu et al., 2005, 2006).
LPS is a key player in pathogenesis and may be useful
as vaccine adjuvant. Even though it is highly conserved
among meningococci, complete lack of protection among
certain strains has been shown (Plested et al., 2003).
Other approaches such as use of commensal neisserial species or a genomic approach are being
considered in the quest for a broader vaccine against
serogroup B meningococcal disease. Neisseria lactamica
is a commensal of the upper respiratory tract, is
often carried by infants and young children, and
shares many common antigens with N. meningitidis.
Epidemiologic data suggest that colonization with
N. lactamica confers some protection against invasive
meningococcal disease (Olsen et al., 1991). Vaccines
based of the OMVs of N. lactamica have been tested
in animals and were found to induce cross-protection
(Gorringe, 2005; Li et al., 2006).
Finally, in recent years, with the completion of
meningococcal genomes, the use of reverse vaccinology has led to the discovery of new meningococcal

Selected outer-membrane protein meningococcal vaccine candidates
References

Comments

Transferrin-binding protein (TbpA/TbpB)

Dyet et al., 2005

TbpB is better exposed and more immunogenic, but TbpA
is more conserved, providing better protection in an
animal model

Ferric enterobactin receptor (FetA)

Baker et al., 2001

Protein diversity and poor expression of cross-reactive
epitopes limit the use as vaccine candidate

Lactoferrin-binding protein (LbpA/LbpB)

Boslego et al., 1995

Poorly immunogenic

Ferric-binding protein (FbpA)

Tappero et al., 1999

Well-conserved and -exposed protein but induces low
bactericidal activity

Adhesion penetration protein (App)

De Kleijn et al., 2000

Conserved protein with presence of antibodies during
human convalescence as well as bactericidal rabbit anti-App

Opacity-associated protein (Opa/Opc)

De Kleijn et al., 2000
Tondella et al., 2000

Anti-Opa interference with colonization and intranasal
vaccine in mice induce IgA and IgG responses

Pilin

Kahler et al., 1998

High degree of variability but potential for antibodies to
block pathogen adhesion

Porin B (PorB)

Sexton et al., 2004

Antibody to PorB mediates serotype-specific complementmediated killing

Neisserial surface protein (NspA)

O’Hallahon et al., 2004
Wong et al., 2007

Highly conserved protein. Passive and active immunization
conferring protection in mice. Vaccines in phase I trial show
safety and immunogenicity but absence of bactericidal
antibodies

NadA

Thompson et al., 2003

Intranasal vaccine provides protection in rats

Reduction-modifiable protein (Rmp)

Ruggeberg et al., 2004

No bactericidal or opsonic activity

Source: Adapted from Ruggeberg and Pollard (2004) with permission from the publisher.
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serogroup B vaccine candidates (Pizza et al., 2000).
Five antigens with aluminum hydroxide adjuvants
induced SBA in mice against 78% of a large panel of
meningococcal serogroup B isolates representative of
global strains (Giuliani et al., 2006). Coverage could
reach 90% if additional antigens or different adjuvants
are used. Another promising vaccine candidate based
on genome-derived neisserial antigen 1870 (recently
renamed factor H-binding protein, FHBP) provides
protection in rats and induces SBA in mice (Beernink
et al., 2006).
Vaccines for Africa
The current approach in controlling meningococcal epidemics in sub-Saharan Africa is based on
early detection of disease and mass vaccination with
meningococcal polysaccharide vaccine once a weekly
incidence threshold has been crossed (Lewis et al.,
2001). A conjugate A/C vaccine has been studied
in the African “meningitis belt” in the Gambia and
Niger, and the safety and the immunogenicity of the
vaccine were demonstrated (Campagne et al., 2000;
Leach et al., 1997; Twumasi et al., 1995). However, the
response of the serogroup A conjugate component
was not as robust as the response to the serogroup C
conjugate component. Currently, efforts are underway
to develop conjugate vaccines against serogroup A
since it is the most prevalent serogroup in the African
meningitis belt.
In 2001, a partnership between the Program for
Appropriate Technology in Health (PATH) and the
World Health Organization (WHO) resulted in the creation of the Meningitis Vaccine Project (MVP) (Laforce
et al., 2007) with the goal of eliminating meningococcal
epidemics in Africa, through the development, licensure, introduction, and widespread use of an affordable (US$0.40 per dose) MenA conjugate vaccine. The
MVP has identified a European manufacturer (SynCo
Bio Partners, Amsterdam, Netherlands) for polysaccharide serogroup A, a developing-country manufacturer of high-quality tetanus toxoid used as a carrier
(Serum Institute of India), and a U.S. public biological research center (CBER/FDA) to provide expertise
in the design of conjugate vaccines. A phase I study of
the vaccine in India has shown that the vaccine is both
safe and immunogenic. Phase II studies have begun
in Gambia and Mali, and a large demonstration study
of the conjugate vaccine is envisioned for 2008–2009.
After consultations with African public health officials,
a vaccine introduction plan will aim at including the
MenA conjugate vaccine into standard immunization
schedules. Emphasis should be put on vaccination of
1- to 29-year-olds to induce herd immunity, a strategy

shown to be highly effective when the MenC conjugate
vaccine was introduced in several European countries.
Correlates of Protection
The standardization of the laboratory evaluation
of meningococcal vaccines remains a challenge. The
definition and harmonization of surrogate endpoints
of efficacy, the reference strains, and the reagents to be
utilized in assays and the applicability of such methodologies across all classes of vaccines and meningococcal subtypes responsible for widespread epidemic
outbreaks must be established.
The currently accepted serological correlate of protection is SBA using either a rabbit or human as source
of complement (Borrow et al., 2005). SBA titers greater
than four using human complement and greater than
eight using rabbit complement are current standards
of protection. Also, data suggest that the absence of
serum bactericidal activity is not necessarily associated with susceptibility to meningococcal disease. A
different approach consists of assessment of a greater
than fourfold rise in antibody titer after immunization.
Other correlates of protection, such as a whole-blood
assay that may be more sensitive than the SBA but is
difficult to standardize, can be used. The serological
correlates of long-term protection are not well defined.
Standardization of assays to assess immunologic
memory is also needed. Memory alone may be insufficient for protection since it takes at least 4–7 days for a
vaccinated primed adult to mount a memory anticapsular response, and the time between acquisition of
the meningococcus and development of invasive
disease can be less. Memory can be assessed by the
immune response to polysaccharide challenge or an
increase in antibody avidity over time (Snape and
Pollard, 2005). The important herd immunity features of
conjugate vaccines are not easily predicted or quantified.

PROSPECTS FOR THE FUTURE
Global elimination of meningococcal disease could
be an achievable target when potent and affordable
vaccines against meningococcal A, C, Y, and W-135
conjugate vaccines and a broadly effective serogroup
B vaccine are available. The introduction of conjugate vaccines for encapsulated organisms such as H.
influenzae, Streptococcus pneumoniae, and N. meningitidis offer protection to the pediatric populations
and herd immunity to the overall population, drastically decreasing the number of bacterial meningitis
cases worldwide. Because of the rapid increase in the
number of vaccines given during infancy, there is a
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need to develop combination vaccines that will protect
against meningococcal disease without creating immunological interference (Southern et al., 2006; Tejedor
et al., 2007; Buttery et al., 2005). Standardization of
correlates of protection is important for the comparison among the different future vaccine candidates.

KEY ISSUES
●

●

●

●

●

Meningococci cause meningitis/septicemia with
worldwide epidemic and endemic disease, leading
to high morbidity and morbidity.
Vaccination remains the mainstay for disease
prevention.
Polysaccharide vaccines to serogroups A, C, Y, and
W-135 are safe and effective; however, they do not
produce herd immunity, memory responses, or
immunogenicity in infants and young children.
Now, available conjugate vaccines are able to
overcome these limitations.
No serogroup B polysaccharide vaccine is available
due to the lack of immunogenicity and the
theoretical risk of inducing autoantibodies to the
polysaccharide. Serogroup B vaccines based on
OMV can be used in epidemic settings but do not
provide cross-protection in some age groups.
Control of meningococcal disease relies on the
development of an affordable conjugate vaccine
for Africa and a broadly effective vaccine against
serogroup B, using new vaccine candidates.
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ABSTRACT
Killed whole cell vaccines for plague were first produced as long ago as the late 1890s and modified versions of
these are still used, with evidence that they are efficacious against bubonic plague. Renewed efforts with modern
technology have yielded new candidate vaccines that are less reactogenic, can be produced in a conventional
pharmaceutical manufacturing plant, and are protective against the life-threatening pneumonic form of the
disease. This chapter reviews the threat still posed by plague in the world today, the rationale for the research and
development of new vaccine formulations and assesses the likely impact of a prophylactic vaccine for pneumonic
plague.

INTRODUCTION
Plague is an ancient disease which has not been
eradicated from the modern world. During the last
two millennia, the causative bacterium Yersinia pestis
has been responsible for social and economic devastation on a scale unmatched by other infectious diseases
or armed conflicts. In the modern era, bubonic plague
is primarily a disease of small rodents and mammals
that is spread by fleas in endemic areas, establishing
enzootic foci which occasionally erupt as an epizootic outbreak. Humans can be infected either by flea
bite or by inhalational exposure through a secondary
host, e.g., wild rabbit or prairie dog, or domestic cat.
Endemic areas for the disease include China, southern Africa, vast areas of Asia and South America and
the southwest portion of the United States (Perry and
Fetherston, 1997) while an antibiotic-resistant strain of
plague emerged in Madagascar in 1995 (Guiyoule et
al., 1997, 2001).
Each year there are several thousand reported cases
of the disease worldwide (Dennis et al., 1999) with a
fatality rate between 5 and 15% (Anon, 1996, 2000),
and plague has been classified as a re-emerging disease by the World Health Organization. In the United
States, an average of 18 cases is reported each year
with a death rate of 1 in 7. In 2003, two individuals
infected in New Mexico, traveled to New York where
they developed feverish symptoms, later diagnosed as
plague (reported in the Sunday Telegraph, London, UK,
11 May 2003). Antibiotic therapy was started in time
to save their lives, but this case history indicates the
insidious threat that the infection causes to individuals and to the wider population. Additional threats to
modern human life posed by plague include the emergence of strains resistant to multiple drugs (Gallimand
et al., 1997) and the potential use of plague as an agent
of biological warfare.
The consequences of infection with plague in humans
are serious and the infection needs to be detected and
treated promptly to prevent serious morbidity leading to death. Transmission to humans by feeding fleas
leads to the swelling of the draining lymph nodes, followed by a septicemic illness, characteristic of bubonic

plague (Perry and Fetherston, 1997). However, animalto-human or human-to-human transmission can occur
via droplet nuclei spread by the coughing of individuals
with bubonic or septicemic plague who have developed
pulmonary lesions (Meyer, 1961; Poland and Barnes,
1979). Protection against pneumonic plague is the paramount requirement to prevent epidemic spread.
In the long term, comprehensive vaccination
against this disease holds the brightest prospect for
prevention and control. Killed whole cell (KWC) vaccines for plague have been used in humans since the
late 1890s and although evidence from the 20th century indicates that these formulations have reduced
the incidence of bubonic plague (Cavanaugh et al.,
1974), there is no evidence to suggest that they are
effective against pneumonic plague (Anderson et al.,
1996; Andrews et al., 1996; Reisman, 1970; Williamson
et al., 1995, 2001). In the late 1990s renewed efforts led
to recombinant vaccine candidates with potential to
protect against the virulent pneumonic form of plague
and progress toward the development and licensing of
these formulations for human use is reported below.

SHORT HISTORY OF THE DISEASE
The first major epidemic of plague probably
occurred in China around 224 BC. Credible sources
suggest that the Justinian plague (AD 541–750) killed
an estimated 100 million people. This originated in
central Africa and rapidly spread along the trading
routes from Egypt’s main port, Alexandria, to Central
and South Asia, Arabia, North Africa, and much of
Southern Europe. By the end of 544, it is estimated that
20–25% of the population of Europe south of the Alps
had been killed by the plague (Sodeinde et al., 1992).
The most well-known epidemic of the plague, the
Black Death, occurred during the 14th century (Table
54.1). This epidemic probably began in China about
AD 1338 and 1351, killing an estimated 60% of the
population (Dols, 1977) and may have been associated
with natural disasters such as floods and earthquakes
which destroyed the habitats of the plague-bearing
rodents, forcing them into contact with other rodent

IV. BACTERIAL VACCINES

58_P369408_Ch54.indd 1082

11/4/2008 6:34:23 PM

1083

ETIOLOGIC AGENT

TABLE 54.1 Transmission of the Black Death along trading
routes during the second plague pandemic
Major trading region

Year of first arrival

Central Asia

1338

Volga River

1345

Anatolia

1347

Lower Egypt
Southern Italy
Palestine

1348

Arabia
Tunisia
Northern Italy
Iberia
France
England

1348

Northern Germany

London. This started in London in the summer of 1665
killing more than 30,000 people in the city and spread
to many parts of England, and was curtailed by the
killing of the infected fleas with the arrival of winter.
The third plague pandemic started in China in the
middle of the 19th century, and spread east and west,
causing 10 million deaths in India alone. In the 1890s,
plague finally made its way to North America. Rats
infected with the disease arrived in San Francisco in
1900 aboard ships which had sailed from Asia. In the
20th century, outbreaks of plague in Asia, prevalent
during the 1960s and 1970s, were attributed to the
ecological disruption caused by the Vietnam War and
consequently increased contact between the animal
reservoir of the disease and humans. Credible estimates indicate that in total almost 200 million deaths
can be attributed to plague, which swept across Europe
in the three major epidemics (Duplaix, 1998; Perry and
Fetherston, 1997).

Source: Reprinted from www.american.edu/TED/bubonic.html.

populations and thus spreading their fleas (Gottfried,
1983). From China, the plague spread along the trade
route known as the Silk Road into Central Asia and
throughout the Caucasus. The northern and eastern
shores of the Black Sea became ridden with plague,
from where infected rats and fleas were picked up
in merchant ships on the spice-trading sea routes
and carried south (Gottfried, 1983). Thus, the plague
eventually reached the Mediterranean and Southern
Europe. By 1350, the plague had run its course
through the Mediterranean Basin, killing 35–40% of
the population in the region. However, following the
sea lanes and rivers, the disease had moved north,
into France, reaching Paris in 1348, where the population was decimated (Gottfried, 1983). The plague continued northward, killing an estimated 45–55% of the
Scandinavian population, and along the trade routes
to Iceland, where it killed 60% of the population, and
then onto Greenland, reaching there probably in the
winter of 1350 and annihilating the small population
(Gottfried, 1983).
The Black Death is best documented in Britain,
where it is believed to have arrived on Gascon ships
to the port of Melcombe Regis, in 1348. Other outbreaks followed across southwest England. It reached
London in September 1348 and Ireland the following
year. The plague ravaged London until the spring of
1350, killing an estimated 20,000 people. There is evidence that the port of Bristol and city of Winchester
were also severely affected (Gottfried, 1983).
Plague persisted on the European continental land
mass for several centuries, and culminated in an epidemic of bubonic plague, known as the Great Plague of

ETIOLOGIC AGENT
Classification
The etiological agent of plague is Y. pestis, a
gram-negative bacterium which is a member of the
Enterobacteriacae family. Y. pestis is closely related
to the other human pathogenic Yersiniae. However,
unlike Yersinia enterocolitica and Yersinia pseudotuberculosis, Y. pestis does not infect the host by the enteric
route. Some of the genes that are required for invasion
by this route in Y. pseudotuberculosis and Y. enterocolitica, such as the inv and yadA, are present in Y. pestis
but are not expressed as a consequence of mutations
(Brubaker, 1991; Perry and Fetherston, 1997). Another
major difference is that Y. pestis is unable to survive outside an animal host, whereas Y. enterocolitica
and Y. pseudotuberculosis can survive in the environment. These findings suggest that Y. pestis might have
evolved from the other human pathogenic Yersiniae.
This suggestion is supported by a comparison of the
genetic diversity of several housekeeping genes in
Y. pestis and Y. pseudotuberculosis which indicates
that Y. pestis likely evolved from Y. pseudotuberculosis
1500–20,000 years ago (Achtman et al., 1999).
The recent genome sequencing of the CO92 strain
of Y. pestis (Parkhill et al., 2001) has allowed comparison with the genome sequence of Y. pseudotuberculosis
and has revealed numerous genetic differences reflecting changes in virulence and niche (Wren, 2003). In the
transition from an enteropathogen to an arthropodvectored systemic pathogen, Y. pestis has acquired,
inactivated, and rearranged genes (Parkhill et al., 2001;
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Wren, 2003). In addition to the 70 kb virulence plasmid
(pYV/pCD1) common to all the pathogenic yersiniae,
Y. pestis possesses two unique plasmids, a 100–110 kb
plasmid denoted pFra/pMT1 and a small pPST/
pPCP1 plasmid of 9.5 kb. These plasmids encode a
number of virulence determinants, described below.
A total of 149 pseudogenes has been identified in
the genome of the fully virulent Y. pestis strain CO92
(Parkhill et al., 2001) indicating the genetic evolution
undertaken by the organism to adapt from being an
enteropathogen to a flea-vectored pathogen (Oyston
and Isherwood, 2005), with genome reduction.
Because of its evolution to a flea-vectored lifecycle,
environmental temperature would be expected to be
influential in the regulation of virulence in Y. pestis. In
the flea where the temperature does not exceed 28°C,
the caf1 and the pCD1 Type three secretion TTS operons are repressed so that the bacterium does not have
a capsule or secrete yersinia outer proteins (YOPs).
The evidence that the two-component response regulatory system, PhoPQ, may have a role in the survival
of Y. pestis in the flea, comes from a study where inactivation of the phoP gene allowed the expression of a
number of Pho-regulated proteins, usually at 28°C,
to occur at 37°C (Oyston et al., 2000). The PhoP⫺ Y.
pestis was more susceptible to macrophage killing
and less virulent in the mouse model (Oyston et al.,
2000). However, the mutation of a high temperature
response gene, HtrA, did not significantly attenuate Y.
pestis in the mouse model, although the mutant could
not grow in vitro at 39°C (Williams et al., 2000).

ANTIGENS
The three plasmids borne by Y. pestis encode an
array of virulence factors which are active at different
stages in the life cycle of the bacterium. These virulence factors are also potential antigens for isolation,
toxoiding if necessary and inclusion in a potential
new vaccine for plague. To have protective potential,
the antigens must be secreted from the bacterium in
a niche accessible to the host immune system which
could then be primed by vaccination to neutralize
them. In this context, therefore, it is helpful to review
the virulence factors associated with the stages in the
life cycle of the plague bacterium.
Y. pestis, present in a blood meal ingested by the
flea from an infected mammal, is protected by an
intracellular phospholipase D, encoded by pFra/
pMT1 (Hinnebusch et al., 2000), from lysis by plasma
components. The ability of the bacteria to aggregate
in the flea and block the midgut is now known to be

due to their ability to form a biofilm which in turn is
dependent on the hms locus (Hinnebusch et al, 1996).
Y. pestis uses additional complex regulatory mechanisms to survive within the flea, which are influenced
by environmental temperature and which include
changes to the surface structure of the bacteria. The
small pPST/pPCP1 plasmid encodes plasminogen
activator (Pla), a surface protease, which is required
for dissemination of the bacteria from the initial site
of infection by promoting the cleavage of fibrin clots
(Sodeinde et al., 1992) through the activation of plasminogen to plasmin and by facilitating adhesion to
extracellular matrices and the invasion of mammalian
endothelial cells (Lahteenmaki et al., 1998, 2001).
Once in the mammalian host, the bacteria are
phagocytosed in macrophages and likely transported
to a draining lymph node. There is controversial evidence that phagocytosis may be facilitated by the
chemokine receptor CCR5 (Elvin et al., 2004; Mecsas
et al., 2004; Stephens et al., 1998), prevalent on macrophages and dendritic cells, but not on neutrophils.
Y. pestis can survive and multiply in the phagolysosome (Straley and Harmon, 1984a, 1984b), eventually
killing the macrophage (Straley and Harmon, 1984b).
While intracellular and at 37°C, additional temperature and calcium-regulated virulence factors are
expressed. One of these is the Fraction 1 antigen (F1)
which becomes surface expressed in the capsule surrounding the bacterium, preventing further phagocytosis and aiding the eventual establishment of an
extracellular infection (Titball et al., 2003). Also important in this process is the pCD1/pYV-encoded type III
secretion system, the function of which is to secrete
an array of YOPs with cytotoxic or anti-phagocytic
activity into the host cell in a highly regulated manner (Cornelis, 2002). A key regulatory antigen in this
system is the low calcium response virulence or lcrV
antigen (Burrows, 1963) which has been visualized on
the bacterial cell surface (Petterson et al., 1999) and is
important in establishing host cell contact and initiating TTS. In addition, the psa operon of Y. pestis encodes
the pH6 antigen adhesin which appears as surface fimbriae on the bacteria on release from the macrophage
and which may be involved in adhesion (Payne et al.,
1998) to secondary targets in vivo. Although, Y. pestis
has a rough LPS phenotype, with lipid A and core
components, it has no O antigen (Prior et al., 2001a,
2001b; Skurnik et al., 2000) to confer resistance to complement. It may be that surface proteases such as Pla
are able to confer serum resistance by cleaving complement components (Sodeinde et al., 1992).
Many of the Y. pestis virulence factors have been
isolated in native or recombinant forms and screened
as immunogens, including LPS (Prior et al., 2001a),
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TABLE 54.2 Immunogenicity and protective efficacy of subunit antigens of Yersinia pestis in the mouse model
Subunit

Description

Immunogenic

Protective (references)

Pla

Surface plasminogen activator protease

Y

Not tested

PH6 antigen

Putative surface adhesin

Y

Bubonic—not protective (Unpublished data, Payne
et al., 1998)

LPS

Lipopolysaccharide

Y

Bubonic—not protective (Prior et al., 2001a)

F1 antigen

Surface capsule

Y

Bubonic & pneumonic—protective (Andrews et al.,
1996; Lawton et al., 1963; Miller et al., 1998; Simpson
et al., 1990; Williamson et al., 1995)

YopD

Type III system—translocation Yop

Y

Bubonic—partially protective (Andrews et al., 1999;
Leary et al., 1999)

YopH

Type III system—PTPase effector Yop

Y

Bubonic—minimally protective (Andrews et al., 1999)

YopE

Type III system—cytotoxin effector Yop

Y

Bubonic—not protective (Leary et al., 1999)

YopN

Type III system—regulates Yop release?

Y

Bubonic—not protective (Andrews et al., 1999; Leary
et al., 1999)

YopK

Type III system—regulates Yop release?

Y

Bubonic—not protective (Andrews et al., 1999; Leary
et al., 1999)

YopM

Type III system—effector Yop

Y

Bubonic—not protective (Andrews et al., 1999; Leary
et al., 1999)

Ypk A

Type III system—Ser/Thr kinase effector Yop

Y

Bubonic—delayed time to death (Andrews et al.,
1999)

YscF

Type III system—part of injection needle
structure

Y

Bubonic—protective (Matson et al., 2005)

V antigen

Type III system—part of the injectosome

Y

Bubonic & pneumonic—protective (Anderson
et al., 1996; Lawton et al., 1963; Leary et al., 1995;
Williamson et al., 1995)

YOPs (Andrews et al., 1999; Leary et al., 1999; Matson
et al., 2005), pH6 antigen (unpublished data), Pla
(unpublished data) and F1 and V (Heath et al., 1998;
Lawton et al., 1963; Williamson et al., 1995), (Table
54.2). Only the F1 and V proteins have been demonstrated to have significant protective efficacy in
animal models as either individual proteins, or
when coadministered or fused (Heath et al., 1998;
Lawton et al., 1963; Simpson et al., 1990; Williamson
et al., 1995).

PROTECTIVE IMMUNE RESPONSE
Much effort has been made in understanding the
mechanism of protective immunity in plague, with
early work identifying the F1 and V (VW) proteins
as protective antigens (Burrows, 1963; Lawton et al.,
1963). A significant amount of work has been carried out in the mouse (Williamson, 2001), guinea pig
(Jones et al., 2003), and in nonhuman primate models (Williamson, 2004) from which immune correlates
have been proposed. Although a titer of neutralizing
antibody provides protection against exposure, it is

clear that the development of cell-mediated immunity (CMI) is also critical to full protection and eventual clearance of the bacterial challenge from the host
(Elvin et al., 2004).

ANTIBODY
Mice immunized with antigens derived from
Y. pestis or in recombinant form have been observed
to develop specific antibody titers to the YOPs
(Leary et al., 1999; Matson et al., 2005) and to recombinant F1 (rF1) and rV (Heath et al., 1998; Williamson
et al., 1995). The major research effort in recent years
has focused on the rF1 and rV antigens and these
have been found to be immunogenic individually
(Anderson et al., 1996; Andrews et al., 1996; Lawton
et al., 1963; Leary et al., 1995; Miller et al., 1998;
Simpson et al., 1990; Williamson et al., 1995) in different strains of mice (Elvin and Williamson, 2000, 2004;
Heath et al., 1998; Williamson et al., 2001) and when
tested in different laboratories (Heath et al., 1998;
Lawton et al., 1963; Williamson et al., 1995). A systematic study in which mice of four different haplotypes
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and each gender was used, showed that all responded
to immunization with the rF1 and rV antigens with
high antibody titers (Jones et al., 2001). The response
to either antigen is affected by the conformation of
the protein (Williamson et al., 1999) and an optimum
combination of rF1 to rV was found to be when rF1
was in a twofold molar excess to rV. However, mice
can also mount an antibody response to these antigens when the C-terminal of the F1 antigen is genetically fused to the N-terminus of the V antigen (Heath
et al., 1998). In immunized Balb/c mice, the titer of
IgG1 directed toward the combined antigens correlated significantly (P ⬍ 0.005) with protection against
challenge (Williamson et al., 1999). Antibody titer to
rF1 ⫹ rV in guinea pigs also correlated with protection and passive transfer of specific antibody (IgG)
from the guinea pig into naïve mice, protecting the latter against challenge (Jones et al., 2003). Cynomolgus
macaques immunized with rF1 and rV antigens produced high titers of specific antibody which also passively protected naïve mice against challenge, when
used as a reference serum (Williamson et al., 2005).
A murine monoclonal antibody (Mab7.3) specific for
the V antigen, has been identified to passively protect
naïve mice against live organism challenge (Hill et al.,
1997) and also to compete with mouse, macaque, and
human serum, derived from rF1 ⫹ rV immunized
subjects, for binding to V antigen in vitro (Williamson
et al., 2005) indicating the existence of a B-cell epitope
in the V antigen which is highly conserved and protective. In addition, a monoclonal antibody to F1 is
synergistic in effect with Mab 7.3 in conferring protection by passive transfer in the mouse against plague
challenge (Hill et al., 2003).
However, the protection conferred by passive
transfer is not infinite and as the mass of delivered
antibody decays with time, breakthrough can occur in
protection (Green et al., 1999), indicating the importance of inducing a CMI response by immunization.

CMI
CMI has traditionally been much more difficult
than antibody to evaluate satisfactorily. However, the
induction of CMI has been detected in mice immunized with a combination of rF1 and rV antigens by
measurement of the recall response of lymphocytes
isolated from the vaccinees to the antigens in vitro
(Williamson et al., 1996, 1999). Moreover, mice immunized with the rF1 ⫹ rV antigens by the nasal or
transdermal routes have been found to have splenic
recall responses, when splenocytes have been isolated

and restimulated in vitro (Eyles et al., 2004). Attempts
to measure changes in cellular activation by flow
cytometry following immunization of individuals in
a Phase I clinical trial of the rF1 ⫹ rV vaccine, failed
to discern measurable trends (Williamson et al., 2005),
possibly due to the inherent variation present in a
genetically diverse target population. A simplified
in vitro assay in which peripheral blood mononuclear
cells (PBMCs) from clinical trial vaccinees are restimulated with rF1 and rV has also not been sufficiently
sensitive to detect a significant activation signal for
these cells over background noise.
However, CMI is clearly of importance in the survival of immunized animals following live organism challenge. This conclusion has been reached by
the testing of the vaccine in mice with targeted gene
deletions which impair either the antibody or cellmediated axes of the immune response. IL4 was
found not to be essential for protective efficacy, in that
IL4 knockout mice were able to respond to the vaccine
with measurable antibody and were protected against
challenge (Elvin and Williamson, 2000). However,
a targeted gene deletion in the Stat4 signaling pathway (preventing the ligation of the Stat4 receptor
with IL12 signaling) and abrogating a Th1 response,
resulted in reduced protection, whereas mice with a
targeted gene deletion in the Stat 6 pathway and no
Th2 activity, were fully protected against challenge
(Elvin and Williamson, 2004). In general terms, antibody is highly protective against this predominantly
extracellular infection. Supplementation of the specific
antibody responses with a balanced Th1/Th2 activity
(Elvin and Williamson, 2004) appears to provide an
optimum strategy for protection.

EPIDEMIOLOGY
In the modern world, plague is maintained in
endemic areas by enzootic foci which occasionally
erupt in an epizootic outbreak (Fig. 54.1). In these
areas, Y. pestis cycles through populations of rodents
and is transmitted to and between mammals by the
bite of infected fleas. Infected fleas can survive for
long periods in close association with infected animals (Engelthaler and Gage, 2000; Kir’iakova, 1973)
and periodically there is an epizootic outbreak, sometimes associated with major environmental change,
e.g., an earthquake, but often unattributable (Oyston
and Isherwood, 2005). In this complex life cycle maintained by the bacterium, human is an accidental host,
either through close contact with infected rodents and
their fleas or following exposure to an infected wild
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POTENTIAL AS BIOTHREAT AGENT
Due to its propensity to cause epidemic disease,
plague is a potential biothreat agent. The development
of vaccines with comprehensive efficacy against both
the bubonic and pneumonic forms of plague provides
a robust defense against the risk of the deliberate use
of this serious pathogen as a biothreat agent.

CLINICAL DISEASE

Countries reporting plague (1970–1995)
Probable foci

FIGURE 54.1 Occurrence of plague in the modern world. The
map depicts the probable foci of plague in red, with countries
reporting plague (1975–1995) in ocher.

animal or to an aerosol of bacteria from an infected
domestic cat (Doll et al., 1994). In these instances, subsequent spread of plague bacilli to the lungs leads to
the development of the pneumonic form of the disease; person-to-person transmission by respiratory
droplets (Poland and Barnes, 1979) can result in rapid
epidemic spread of the disease (Meyer, 1961). It is the
pneumonic form of the disease that is most feared and
associated with a mortality rate approaching 100%
when untreated (Christie and Corbel, 1990; Parkhill
et al., 2001; Poland and Barnes, 1979).

SIGNIFICANCE AS PUBLIC HEALTH
PROBLEM
Plague continues to affect people all over the
world. Plague returned to Madagascar in 1997, having been absent from the country since the 1930s. The
recurrence has been attributed mainly to a reduction
in rat control measures and control over the disease is
still trying to be regained, complicated by the identification of a multi-drug-resistant isolate (Gallimand
et al., 1997; Guiyoule et al., 1997, 2001). An outbreak of
plague in the Surat region of India in 1994 caused 876
presumptive cases of plague and 54 fatalities (Anon,
1995). In 2005, an outbreak of pneumonic plague
at a diamond mine in Northern Congo in January–
February 2005, caused 114 confirmed infections
among the miners, 54 of whom died. The outbreak
was limited only by the dispersal of miners fleeing in
panic from the area (WHO, 2005).

There are three recognized forms of plague in
human. Bubonic plague is the most common form
of disease and arises following a bite from a flea that
has previously fed on an infected animal (Poland and
Barnes, 1979). The bacteria are disseminated from the
initial site of infection to the draining lymph nodes,
which become swollen and tender, forming a bubo.
The bubo can reach the size of a hen’s egg and is the
classical feature of bubonic plague. A bacteremia
may develop with blood culture counts in the range
⬍10–4 ⫻ 107 cfu/ml (Perry and Fetherston, 1997).
Symptoms usually begin within a week of a person’s exposure to the bacteria. The typical presentation involves fever of sudden onset, chills, and acutely
swollen and extremely tender lymph nodes, or buboes,
usually in the groin or axilla. As the disease progresses,
sepsis may develop along with disseminated intravascular coagulation (DIC) and purpuric skin lesions,
eventually producing necrosis of the digits or nose
(hence the name Black Death).
In a small percentage of patients, a septicemic form
of plague will develop, in which the buboes are not
noticeable but which is characterized by an elevated
temperature, chills, headache, malaise, and gastrointestinal disturbances (Poland and Barnes, 1979).
Septicemic plague can be primary or secondary to
pneumonic or bubonic plague and can result in DIC,
purpura, meningitis, and pneumonia. Thrombosis
of acral blood vessels can result in gangrene of the
fingers and nose. Survival rates are good if plague
is diagnosed and treatment is started promptly but
because of the generalized nature of these symptoms
a diagnosis is often delayed, and if this is the case,
even with medical intervention, 50% of patients may
die, probably as a result of the induction of the systemic inflammatory response syndrome (Perry and
Fetherston, 1997). Some patients may also have secondary pneumonia caused by hematogenous spreading of bacteria to the lungs (Poland and Barnes, 1979).
Pneumonic plague results in the production of highly
infectious bloody sputum. Coughing results in the

IV. BACTERIAL VACCINES

58_P369408_Ch54.indd 1087

11/4/2008 6:34:23 PM

1088

PLAGUE

FIGURE 54.2 Pneumonic plague. This Giemsa stain reveals
pneumonia and many Yersinia pestis bacteria in the lung. Image
(PHIL ID NO. 741) courtesy of Dr. Marshall Fox/CDC; available at
http://phil.cdc.gov/phil/ (see color plate section).

production of airborne droplets containing bacteria,
which can be inhaled by susceptible individuals, causing a primary pneumonic plague (Meyer, 1961; Poland
and Barnes, 1979). The infectious dose by inhalation
is estimated to be 100–500 organisms (Franz et al.,
1997). The pneumonic form of the disease is feared
because of the rapidity with which the disease develops (1–3 days), infected persons having fever, cough,
and dyspnea. Respiratory symptoms include pleuritic chest pain, dyspnea, cyanosis, and a productive
cough (hemoptysis). Gastrointestinal symptoms (nausea, vomiting, abdominal pain, and diarrhea) may
be present. Meningitis, septicemia, and DIC can also
occur. There is a high mortality rate in infected individuals (approximately 100%) and potential for rapid
spread of disease from human to human (Poland and
Barnes, 1979). The clinical course follows that of a
severe and rapidly progressive pneumonia. Marked
intra-alveolar edema and congestion of the lungs are
common (Centers for Disease Control; Bioterrorism
preparedness website) (Fig. 54.2). Pulmonary lesions
include areas of central exudate with peripheral congestion. This pattern initially is lobular, but usually
progresses to lobar consolidation (Dennis and Meier,
1997). Distinguishing primary pneumonic plague
from secondary hematogenous spread to the lungs
can be difficult. Features that occur more commonly
with primary pneumonic plague include the following: tracheal and bronchial mucosal hemorrhages,
fibrinous pleuritis and subpleural hemorrhages overlying areas of exudative pneumonia, less inflammation and necrosis and more exudation in lobular foci
of the parenchyma, foci of pneumonia along medium
and large bronchi, and more involvement of hilar
lymph nodes (Dennis and Meier, 1997) (Fig. 54.3).

FIGURE 54.3 Evidence of plague in the lymph nodes. In this
image, medullary necrosis with fluid and Yersinia pestis bacteria
are evident. Image (PHIL ID NO. 731) courtesy of Dr. Marshall
Fox/CDC; available at http://phil.cdc.gov/phil/ (see color plate
section).

There is less evidence of severe disease in organs other
than the lungs, if such evidence is present. Symptoms
may progress rapidly to respiratory failure and fullblown sepsis with DIC. Chest films commonly show
bilateral infiltrates or consolidation. The results of laboratory studies of seriously ill patients usually reveal
what would be expected to accompany sepsis and end
organ failure—leukocytosis, coagulation abnormalities,
elevated transaminase levels, and azotemia.

DIAGNOSIS
Plague would probably be detected through the usual
microbiologic investigations performed for patients
with severe pneumonia, and DIC. A Gram’s stain of
blood, sputum, or node aspirate may reveal gramnegative coccobacilli. A Wright, Giemsa, or Wayson
stain may show a characteristic bipolar pattern. Cultures
of sputum, blood, or node aspirate will show growth in
about 24–48 h. Where available, specialist assays may
be deployed to identify plague antigens by ELISA for
IgM, or fluorescent antibody staining of sputum or
blood specimens, or polymerase chain reaction. Chest
radiograph findings in pneumonic plague are nonspecific and include infiltrates and consolidation.

TREATMENT
Although study data are very limited regarding the
success of treatment targeted against plague, Y. pestis
is susceptible to a number of antibiotics. Historically,
streptomycin has been the preferred treatment,
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although it is not commonly used now and its availability is limited. Other options include gentamicin,
doxycycline, ciprofloxacin, levofloxacin, and chloramphenicol (Centers for Disease Control; Bioterrorism
preparedness website). The same antibiotics are
administered to adults and children alike, with dosage
scaled down for body weight for children. Intravenous
therapy is usually recommended for seriously ill
patients. In the case of an epidemic, during which
resources may be limited, oral therapy with ciprofloxacin or doxycycline could be effective. Once exposure to plague has been established, prompt antibiotic
therapy should be administered to any patient who
presents with fever or cough, because to delay such
treatment before confirmatory test results are obtained
would threaten a patient’s chance of survival.
While the mortality of untreated bubonic plague is
estimated to be 60%, antibiotic therapy should reduce
this to less than 5%. In pneumonic plague, the disease
progresses rapidly to shock and death if not treated
with antibiotics within 24 h of onset. In septicemic
plague the overall case-fatality rate is 30–50% but
approaches 100% without therapy.

PROPHYLACTIC VACCINATION
Prophylactic vaccination should hold the best prospect for disease prevention. The availability of vaccines is reviewed below. Primarily, these have been
suspensions of killed whole organisms and there is
evidence that their use, e.g., during the Vietnam War,
did reduce the incidence of bubonic plague in military personnel in this endemic region of the world.
However, there is also evidence that these formulations are ineffective against the life-threatening pneumonic plague, a fact that has accelerated the search in
the last 20 years for improved vaccine(s).
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aqueous medium incorporating a preservative such
as phenol. The plague bacilli were killed by formaldehyde exposure. These vaccines were generally rather
reactogenic, inducing local and systemic side effects,
which although transient, could be incapacitating.
Despite these limitations, there is evidence to suggest
that the KWC vaccines did provide some protection
against bubonic plague, principally from KWCvaccinated U.S. servicemen in Vietnam in whom the
incidence of disease was 1 case/106 people whereas
the incidence in unvaccinated Vietnamese was 333
cases/106 people (Anon, 1996; Cavanaugh et al., 1974).
There is, however, experimental evidence that protection against the pneumonic form of the disease was
negligible (Williamson et al., 2001).
A series of live attenuated vaccines, the EV series,
has also been used, mainly in the former Soviet Union
and French colonies, e.g., Madagascar. EV76 (in use
since 1908), EV Saigon, and EV Madagascar have
questionable efficacy in evoking an immune response
in humans and some severe side effects (Meyer et al.,
1974; Naumov et al., 1992). It was reported that 12/12
human volunteers administered EV76 developed
severe systemic reactions including febrile responses
with headache, weakness, and malaise of sufficient
severity to warrant the hospitalization of some vaccinees (Meyer, 1970). Moreover, there is experimental evidence that EV76 protects mice against bubonic
and pneumonic plague (Russell et al., 1995). However,
the EV vaccines are not licensed for clinical use in
Europe/United States, possibly for reasons of reactogenicity and instability. EV76 is a pigmentation
mutant of Y. pestis in which the pgm locus, affecting
not only pigmentation but also iron aquisition and
siderophore production, was spontaneously deleted
but in which there is also evidence for the insertional
activation of some genes.

Current Vaccine
VACCINES
History
KWC vaccines for plague have been used in humans
since 1897, when Waldemar Haffkine introduced a
KWC vaccine, following an outbreak of plague in
Bombay in 1896. Subsequently a number of iterations
of the Haffkine vaccine were produced including the
Army Vaccine in 1946, the Cutter USP vaccine in 1994,
and the Greer vaccine (1994–1999). These KWC vaccine formulations were sterile suspensions of killed Y.
pestis (1.8–2.2 ⫻ 109 organisms per ml), suspended in

The only currently available vaccine for plague is
a KWC formulation, made by the Commonwealth
Serum Laboratories (CSL) in Australia and comprises
heat-killed agar-grown Y. pestis organisms (3 ⫻ 109
organisms per ml) in a saline suspension containing
0.5% w/v phenol. The strains used in the preparation
of the vaccine were derived from the Haffkine Institute,
India. This vaccine is a prescription medicine. The primary immunization schedule comprises an initial subcutaneous 0.5 ml dose, followed by a 0.5 ml booster
dose at 1–4 weeks and every 6 months thereafter. The
recommended dosage for children is scaled down from
the adult dose, depending on age (Table 54.3).
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TABLE 54.3 Recommended dosage (ml) for CSL plague
vaccine
Age

1st dose

2nd dose

3rd dose

Booster dose

6 months–
2 years

0.1

0.1

0.1

0.1

3–6 years

0.2

0.2

0.2

0.2

7–11 years

0.3

0.3

0.3

0.3

Over 12 years

0.5

0.5

–

0.5

Source: Derived from Data sheet issued by CSL Ltd, Parkville
3052, Victoria, Australia.

TABLE 54.4

Asia, and Africa. Routine vaccination is not necessary
however for persons residing in plague enzootic areas
(such as those living in the Western United States)
nor for travelers in countries where cases have been
reported, particularly if travel is limited to urban
areas. It is generally believed that the use of plague
vaccine greatly increases the chances of recovery in
those vaccinated individuals who may develop the
bubonic form of infection. The degree of protection
afforded against the pneumonic form is unknown and
vaccinated persons exposed to the pneumonic form
should be given daily, adequate doses of a suitable
antibiotic over a 7–10-day period (Centers for Disease
Control; Bioterrorism preparedness website).

Recommendations for the use of plague
vaccines

Contraindications of Vaccination

Situation
Vaccination recommended
1.
Following natural disaster and/or at times when
regular sanitary practices are disrupted
2.
All laboratory and field personnel who are working
with Y. pestis organisms resistant to antibiotics
3.
Persons engaged in aerosol experiments with Y. pestis
4.
Persons engaged in field operations in plague enzootic
areas where prevention of exposure is not possible
(e.g., some disaster areas)
Selective vaccination recommended
1.
Laboratory personnel regularly working with Y. pestis
or plague-infected rodents
2.
Workers (e.g., Peace Corps volunteers or agricultural
advisers) who reside in plague enzootic areas or
plague epidemic rural areas where avoidance of
rodents or fleas is impossible
3.
Persons whose vocation brings them into regular
contact with wild rodents or rabbits in plague
enzootic areas

Booster doses every 6 months are recommended
for persons living in areas where plague is prevalent.
If booster doses are required for people who have had
reactions to this vaccine previously, it is recommended
to give a reduced dose (0.1 ml) by intradermal injection.

Indications for Vaccination and
Target Populations
The indication for the current licensed vaccine is to
protect against risk of exposure to plague (Table 54.4).
Currently such a risk could arise from environmental
exposure of individuals in high-risk areas in countries in which the disease is endemic, including the
rural mountains or upland areas of South America,

There are no particular contraindications to the use
of the vaccine. It is advisable not to give any injections
during upper respiratory tract infections, because more
severe reactions may ensue. In general, inactivated
vaccines can be administered simultaneously at different sites. It should be noted however that when vaccines commonly associated with local or systemic side
effects (such as cholera, typhoid, and plague vaccines)
are given simultaneously, it is possible that the side
effects may be accentuated. When practical, therefore,
it is recommended that these vaccines should be given
on separate occasions.

Duration of Immunity
The duration of protection against infection following administration of the primary series of injections of
plague vaccine is thought to be brief (i.e., 6–12 months)
and booster doses in approximately 6 monthly
intervals are required for continued protection.

Adverse Events
Local and general reactions to the plague vaccine
are usually mild and infrequent. They will generally
become more frequent with increasing numbers of
booster injections. The adverse events reported include
injection site reaction, rigors, fever, increased sweating,
neuropathy, paresthesia, paresis, dizziness, syncope,
abnormal coordination, speech disorder, muscle atrophy, and anorexia. As with other injectable vaccines,
appropriate medical treatment and supervision should
always be available in case of anaphylactic reactions.
Adrenalin should always be readily available whenever the injection is given.
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IMPROVED VACCINES
Rationale for Second-Generation Vaccines
The limitations of the live attenuated and KWC
vaccines detailed above have prompted significant
efforts in recent years to devise improved vaccines
against plague.
Evidence that the existing KWC vaccines provided
some protection against bubonic plague and the predominant protective immunogen in these vaccines
was the F1-antigen (Williams et al., 1986) provided
a rationale for inclusion of this antigen in nextgeneration vaccines. In addition, KWC-vaccinated
animals had serum antibody to F1-antigen which
appeared to correlate with the level of protection
against a subcutaneous challenge with Y. pestis
(Meyer, 1970). Although the EV series of live attenuated vaccines have some disadvantages, they have
been observed to be protective in animal models and
this was attributed partly to their content of both F1
and V antigens (Williamson et al., 1995). Subsequently,
it was observed that immunization of mice with
either the F1-capsular antigen or the LcrV (V-antigen)
component of the TTS alone provides protection
against plague (Anderson et al., 1996; Leary et al.,
1995; Miller et al., 1998). Combining these subunits
together significantly enhanced the protective efficacy
of the vaccine (Williamson et al., 1995). The use of the
F1 antigen alone in a subunit vaccine is not desirable
since, as noted above, virulent but F1-negative strains
of Y. pestis have been reported (Friedlander et al.,
1995).
The production of the F1 and V antigens has been
greatly facilitated by the development of recombinant
systems for the over-expression of the encoding genes
in Escherichia coli (Leary et al., 1995; Titball et al., 1997).
Formulations incorporating the individual subunits
or a recombinant F1/V-antigen fusion protein have
been reported (Heath et al., 1998); the use of individual subunits allows the optimal molar ratio of rF1:
rV of 2:1 to be achieved in the final vaccine formulation (Williamson et al., 1999). In addition, the use of
the rF1-antigen subunit may allow oligomerization
which appears to enhance the immunogenicity of the
protein (Miller et al., 1998). A vaccine based on rF1
and rV antigens, and formulated with an alhydrogel
adjuvant, has been shown to be efficacious in a range
of animal models (Anderson et al., 1996; Andrews
et al., 1996; Jones et al., 2001, 2003). Importantly,
unlike the KWC vaccines, in mice this vaccine provides good protection against an airborne challenge
with Y. pestis (Heath et al., 1998; Williamson et al.,
2001) suggesting that it can be developed as a new
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prophylactic for pneumonic as well as bubonic plague
in humans. Although a single dose of this vaccine has
been shown to induce good protective responses in
animals (Williamson et al., 2001), the immunization
schedule trial in humans for safety and immunogenicity entailed two doses of the rF1 ⫹ rV vaccine given
on days 1 and 21 (Williamson et al., 2005).
The basis of protection afforded by the rF1 ⫹ rV
vaccine is not fully elucidated. However, the passive
transfer of immune sera into naive mice provides
protection against a subsequent challenge (Green et
al., 1999), and it has been shown that IgG1 subclass
antibody correlates with protection (Williamson et al.,
1999). Therefore, it seems likely that the antibody
plays a significant role in protection. However,
CMI is also important in the development of protective immunity and evidence for induction of a
CMI response has been derived from animal studies (Williamson et al., 1995). The concerted immune
response to the rF1 ⫹ rV vaccine has been shown to
be protective in animal species tested and has led to
the clearance of Y. pestis from the spleens, livers, and
lungs of immunized animals 14 days after challenge
(Jones et al., 2001).
In addition, the observation that Mab7.3, previously shown to protect mice by passive immunization against plague (Hill et al., 1997) competes with
rV-immune macaque and human serum for binding
to rV in vitro, indicates that this B cell epitope in rV is
conserved across the species (Williamson et al., 2005).
Work is also in progress to map murine T-cell epitopes
in rF1 and rV in order to estimate the degree of conservation of CMI responses between animal species
and man (Parent et al., 2005; Williamson, 2004).

ALTERNATIVE VACCINE APPROACHES:
RATIONALLY ATTENUATED MUTANTS
AND DNA VACCINES
There are several reports that immunization with
naked DNA vaccines encoding either the F1 or V
antigens is able to provide protection against plague
(Garmory et al., 2004; Grosfield et al., 2003; Williamson
et al., 2002). Multiple vaccinations with naked DNA
are required and, at least in the case of a naked
DNA construct expressing rF1, protection appears
to be antibody mediated (Grosfield et al., 2003). In
some studies a prime-boost strategy, where naked
DNA-immunized mice were boosted with purified
protein, was necessary to provide good protection
(Garmory et al., 2004; Williamson et al., 2002), while
gene gun–mediated vaccination was significantly

IV. BACTERIAL VACCINES

58_P369408_Ch54.indd 1091

11/4/2008 6:34:25 PM

1092

PLAGUE

more efficient than manual immunization with a DNA
vaccine (Bennett et al., 2000).
Rationally attenuated mutants of Y. pestis have also
been derived and tested as candidate vaccines. The
findings that immunization with Y. pestis mutants,
such as strain EV76, results in protection against subcutaneous and inhalation challenges indicate the feasibility of a live attenuated vaccine. The main limitations
of the EV76 vaccine are the lack of detailed knowledge on the basis of attenuation and a partial retention of virulence. In other bacterial pathogens, such as
Salmonella enterica, rationally attenuated mutants have
proven to be highly effective vaccines. Therefore, some
workers have applied the technologies developed
with S. enterica to Y. pestis. In general, the results of
this work have been disappointing. Mutations in the
aroA, phoP, and htrA genes, which markedly attenuate
other pathogens, have only a limited effect on the virulence of Y. pestis (Oyston et al., 1996, 2000; Williams
et al., 2000). However, the exposure of mice to sublethal doses of these mutants can result in the induction
of protective immunity (Oyston et al., 1996, 2000).
An alternative approach is to use a live attenuated
salmonella as a vaccine vector from which to express
plague antigens. Both the F1 and V antigens have
been expressed from S. enterica serovar typhimurium
(Garmory et al., 2005; Morton et al., 2004; Titball et al.,
1997) which has then been used to dose mice orally or
intranasally. The salmonella F1 construct, derived by
cloning the entire caf operon from Y. pestis in plasmid
form into Salmonella typhimurium, induced full protective immunity in Balb/c mice after two oral doses
(Titball et al., 1997) while a similar construct conferred
some protection against aerosol challenge with plague
after only a single oral dose (Garmory et al., 2005).
Unusually for an attenuated live vaccine, the recombinant plasmid in this S. typhimurium did not incorporate any antibiotic resistance markers (Garmory et al.,
2005). Stable maintenance of the recombinant plasmid
in the salmonella vector was achieved alternatively by
means of Ortho-repressor titration (Cranenburgh et al.,
2001) in which a gene product from the plasmid was
essential for growth and survival of the attenuated
salmonella vector (Garmory et al., 2005).

VACCINES IN DEVELOPMENT
A fully recombinant subunit vaccine for plague
has been identified (Williamson et al., 1995), which in
animal models of both bubonic and pneumonic infections, provides enhanced protection and which represents a new candidate human vaccine (Williamson
et al., 2005).

Much effort is being expended in the development of the combination of rF1 and rV as a secondgeneration plague vaccine (Williamson, 2001).

DISCOVERY/BASIC SCIENCE
Preclinical Development, Including Relevant
Animal Models
Mouse
The immunogenicity and efficacy of the rF1 and
rV immunogens have been extensively studied in the
mouse in which the synergistic effect of these proteins was first reported (Heath et al., 1998; Williamson
et al., 1995). Subsequently, regions of the V antigen
associated with protection were identified in the
mouse model and Mab 7.3, derived against V135275, was found to passively protect mice against
live plague organism challenge (Hill et al., 1997).
Recombinant F1 antigen protected Balb/c mice optimally when allowed to naturally aggregate, although
attempts to denature this protein reduced, but did
not abolish, efficacy (Miller et al., 1998). The development of an IgG1 titer to the rF1 ⫹ rV antigens in the
Balb/c mouse correlated with protection against challenge (Williamson et al., 1999), although evidence for
the existence of CMI responses has also been found
(Williamson et al., 1995, 1996). Mouse haplotype and
gender did not significantly influence the response
to the F1 ⫹ V vaccine so that CBA(H-2k), C57Bl6
(H-2b), Balb/c (H-2d), and the CB57Bl6 x Balb/c strain
(CB6F1) all responded and were protected to a similar
high level against either subcutaneous or aerosol challenge with plague (Jones et al., 2001). Similar levels of
immunogenicity and efficacy have been observed in
outbred mouse strains immunized with the rF1 and
rV proteins, either in combination (Williamson et al.,
2001) or as a genetic fusion (Heath et al., 1998). Passive
transfer of antiserum to rF1 ⫹ rV from the Balb/c
mouse into the servere combined immunodeficient
with Beige mutation (Scid/Bge) mouse fully protected
the latter against plague challenge, again indicating
the importance of high titer-specific antibody in protection (Green et al., 1999).
Guinea Pig
Although the guinea pig is susceptible to plague, it
has been much less used to evaluate subunit vaccines
incorporating the rF1 and rV antigens. However, in
a single study Jones et al. (2003) reported that guinea
pigs responded with specific antibody to each antigen,
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although the response to rF1 was more variable than
the response to rV. Actively immunized guinea pigs
were also fully protected against subcutaneous challenge with 105 colony-forming units (cfu) of Y. pestis
(equivalent to at least 10 lethal doses). Moreover, antiserum raised in the guinea pig and specific for rF1 ⫹ rV
passively protected naive Balb/c mice from challenge
with plague, indicating a conservation of B cell epitopes
in F1 and V between the two species.
Macaque
Cynomolgus macaques, immunized with the
rF1 ⫹ rV vaccine in alhydrogel have responded with
high titer antibody to each subunit antigen (Williamson,
2004). The positive reference macaque antiserum
raised (Williamson et al., 2005) has been demonstrated
to protect mice in a dose-related manner against challenge by passive transfer and to compete in vitro with
murine Mab7.3 for binding to rV antigen on a solid
phase, in a competitive ELISA (Williamson et al.,
2005). These data indicate that cynomolgus macaques
immunized with rF1 ⫹ rV in alhydrogel, responded
with protective antibody and again indicates the conservation of B-cell epitopes between the macaque and
the mouse.

CLINICAL TRIALS
Phase I
The human immune response to the recombinant
plague vaccine, comprising rF1 and rV antigens in
alhydrogel, has been assessed during a Phase 1 safety
and immunogenicity trial in 32 healthy male volunteers in Europe in 2001 (Williamson et al., 2005). The
vaccine was found to be safe with no vaccine-related
serious adverse events reported. All the subjects
produced specific IgG in serum after the priming
dose, which peaked in value after the booster dose
(day 21), with the exception of one individual in
the lowest dose-level group, who responded to rF1
only. Three subjects, found to have an anti-rV titer at
screening, were excluded from the overall analysis.
Human antibody functionality was assessed by quantification of antibody competing for binding to rV
in vitro and also by the transfer of protective immunity in human serum into the naïve mouse. Human
and macaque IgG competed for binding to rV
in vitro with Mab7.3, previously shown to protect mice
against challenge with plague, suggesting that this
protective B-cell epitope on rV is conserved between
these three species. Total IgG to rV in individuals and
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the titer of IgG competing for binding to rV, correlated
significantly at days 21 (r ⫽ 0.72; p ⬍ 0.001) and 28
(r ⫽ 0.82; p ⬍ 0.001). Passive transfer of protective
immunity into mice also correlated significantly with
total IgG titer to rF1 plus rV at days 21 (r2 ⫽ 98.6%;
p ⬍ 0.001) and 28 (r2 ⫽ 76.8%; p ⬍ 0.03). However, no
significant vaccination-related change in the activation
of PBMC was detected at any point of time. Potential
serological immune correlates of protection were identified, but no trends specific to vaccination could be
detected in cellular markers.

Phase II
Expanded clinical trials have been conducted to
further address issues of safety and immunogenicity
in male and female volunteers together with vaccine
dose ranging studies. The ultimate aim of these studies is to arrive at a final formulation and regimen for
licensure of the vaccine.

Phase III
In Europe, Phase III post-marketing safety studies
may be conducted after marketing authorization has
been received for the vaccine, in a sufficient number of
individuals to provide a statistically sound evaluation
of vaccine safety. In North America, Phase III studies
to evaluate vaccine safety in an expanded population are normally required prior to the application for
Biologic Licensing Authorization (BLA).

Postexposure Immunoprophylaxis
It is possible that a recombinant subunit vaccine
with enhanced immunogenicity could provide some
benefit in conjunction with antibiotic, in a postexposure scenario. In mouse studies, the earliest protective
response against aerosol challenge, induced to a single high dose vaccination with rF1 ⫹ rV was observed
at approximately day 6 (Fig. 54.4) and so by extrapolation, postexposure vaccination in man with an
enhanced formulation could be beneficial.

Third-Generation Vaccines
Third-generation vaccines comprising rF1 ⫹ rV
delivered in association with different adjuvants
and/or by a non-parenteral route, or alternative
physical formulations or rF1 ⫹ rV and rF1-V are also
being researched. For this first option, rF1 ⫹ rV simply coadministered with a mucosal adjuvant such as
cholera toxin B subunit (CTB), induced a high level of
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FIGURE 54.4 Time to immunity against pneumonic plague
in the Balb/c mouse model; groups of five mice received a single
immunizing dose of the rF1 ⫹ rV vaccine on day zero at escalating
dose-levels of each subunit, followed by inhalational challenge with
⬎300 MLD (3 ⫻ 105 cfu) Y. pestis strain GB on days 1–7. The figure
shows percent protection at 14 days post-challenge (see color plate
section).

protective immunity in Balb/c mice when delivered
intranasally (i.n.) or intradermally (i.d.) (Fig. 54.5).
Interestingly, the primary immune response induced
by this formulation given i.d. could be boosted by
i.n. dosing and the primary response induced to i.n.
dosing, could be boosted i.d., either of these combinations leading to full protective immunity, and
indicating that there is significant cross talk between
the nasal-associated lymphoid tissue and the skin.
Moreover, transcutaneous (t.c.) priming and boosting with this formulation did not induce protective
immunity although 40% protection was achieved
when t.c.-primed mice were boosted i.n. However,
the substitution of cholera holotoxin (CT) for CTB
in the formulation and the use of three t.c. immunizations, did lead to protective immunity in Balb/c
mice against 102 median lethal doses of Y. pestis and
t.c. priming with this formulation could be effectively
boosted i.n. or i.d (Eyles et al., 2004). T.c. immunization with this formulation induced CMI responses in
the spleens of immunized mice.
Significant progress has also been made using formulations in which the rF1 and rV proteins are encapsulated in polymeric microspheres which further
enhances their immunogenicity and facilitates their
delivery by mucosal routes such as nasal (Eyles et al.,
1998), or inhalational (Eyles et al., 2000). Some of these

F1⫹V⫹nCTB t.c.⫹i.n.
F1⫹V⫹nCTB i.n.⫹t.c.
F1⫹V⫹nCTB i.d.⫹i.n.
F1⫹V
i.d.⫹i.d.
F1⫹V⫹nCTB i.n.⫹t.c.
nCTB i.d.⫹i.d.

F1⫹V⫹nCTB t.c.⫹t.c.
F1⫹V⫹nCTB i.n.⫹i.n.
F1⫹V⫹nCTB i.d.⫹i.d.
F1⫹V⫹nCTB i.n.⫹i.d.
nCTB i.n.⫹i.n.
nCTB t.c.⫹t.c.

FIGURE 54.5 The protective efficacy of rF1 ⫹ rV coadministered with CTB by the transcutaneous, intradermal, or intranasal
routes, or combinations of these. The figure shows the percentage
survival for groups of 5 Balb/c mice immunized by the routes indicated (1 bar per group) on two occasions (days 1 and 21) with 10 μg
rF1 ⫹ 40 μg rV, with or without 10 μg CTB (Sigma, Poole, United
Kingdom) in 50 μl phosphate-buffered saline per mouse. All groups
were challenged subcutaneously at day 90 with 5 ⫻ 106 MLD Y.
pestis (GB strain) (Somavarapu et al., 2001) (see color plate section).

formulations are in early stage of development and
represent potential vaccine formulations for the future.
These formulation types have the advantage that they
are generally more stable than liquid formulations, do
not require cold chain storage, and in vivo act as effective depot release systems, so that they are expected to
need less boosting. These are particularly ideal qualities for a biodefense vaccine which may be required
for use in the field or on an intermittent basis, depending on an assessment of risk. Microencapsulated formulations of rF1 ⫹ rV have been extensively studied
(Williamson et al., 1996) and optimized (Eyles et al.,
2003) so that in the mouse model a single dose provides slow release sufficient to prime and boost the
immune system (Elvin and Williamson, 2006), to
induce substantial antibody titers and CMI which confers protection against virulent plague challenge (Eyles
et al., 2000; Williamson et al., 2001).

PROSPECTS FOR THE FUTURE
For a number of reasons it is clear that the existing
KWC or live attenuated vaccines are not suitable for
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the immunization of populations to protect against
pneumonic plague. However, until improved vaccines become available the KWC vaccine has a role to
play in the immunization of individuals who might
contract bubonic plague.
A number of approaches to the development of an
improved vaccine have been reported. Live attenuated
vaccines offer some advantages but a suitable candidate has yet to be identified and the licensing of such
a vaccine could be difficult. Naked DNA vaccines do
not appear to offer any significant benefits over subunit vaccines, especially since there is no evidence of the
need for cytotoxic T cell responses to control infection.
The most likely candidate vaccine, which could provide protection against bubonic and pneumonic
plague, is an injected subunit vaccine. Most effort to
date has focused on recombinant Y. pestis proteins,
which are produced in E. coli, and this seems to be the
simplest strategy for the development of an improved
vaccine. A work has already shown that a vaccine
based on rF1 and rV is effective and this vaccine is currently undergoing clinical trials in humans. Such a vaccine could therefore be licensed for use within the next
few years. However, the identification of additional
protective subunits could be used to provide alternative vaccine formulations for the future.
In the long term, the licensing of a recombinant
subunit vaccine would support ongoing studies to
devise plague vaccine formulations which could be
given noninvasively. Such vaccines would be ideally
suited to the large-scale immunization of populations.
Licensed vaccines based on attenuated S. enterica (or
other vaccine vectors), which can be given orally and
in which the maintenance of recombinant plasmids
in vivo does not require antibiotic resistance, or microencapsulated subunit protein vaccines which may be
delivered by a mucosal or parenteral route, appear to
be a realizable prospect within the next decade.

KEY ISSUES
●

●

●

Plague is an ancient life-threatening disease which
still exists in some parts of the modern world, with
the potential for epidemic spread.
The only vaccine available for human use in
the Western world is a KWC formulation which
provides some protection against the bubonic form
of the disease, but probably provides little or no
protection against the more serious pneumonic
plague syndrome.
A live attenuated mutant strain of plague, EV76,
has been used in human but can cause serious side
effects.

●

●

●

●

●

A number of alternative vaccines have been
researched to include live rationally attenuated
strains, a live vaccine vector expressing plague
subunit proteins, DNA vaccines, and a fully
recombinant subunit vaccine.
The subunit proteins F1 and V, which occur
naturally in the causative organism, are protective
immunogens which are synergistic in effect
and protective against pneumonic plague in an
experimental model.
Fully recombinant subunit vaccines, comprising
the F1 and V antigens in an alhydrogel vehicle,
are in development and have been shown to be
immunogenic in a range of species as well as in
human.
A Phase I clinical trial has shown that the vaccine
is safe and well tolerated and Phase II trials are
ongoing.
The future application of the rF1 ⫹ rV vaccine is
expected to provide the capability to protect people
against pneumonic plague.
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ABSTRACT
Ricin is a plant cytotoxin that poses a significant risk as a biothreat, primarily as a toxin that could be delivered
by aerosolization in acts of bioterrorism and biological warfare. Ricin is a type II ribotoxin that is closely related
in the mechanism of action to other plant toxins and several bacterial toxins, including the family of Shiga toxins,
a cause of diarrhea-associated hemolytic uremia syndrome. There has been a huge amount of research directed
at understanding the molecular basis of toxicity of ricin and related toxins and the use of those toxins in targeted
immunotoxins for therapeutics. Lately, because of the interest in developing countermeasures and vaccines for
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category A and B biothreats, this research has culminated in the development of subunit vaccines for ricin that
are now in advanced preclinical and clinical studies. Depending on dose and route, ricin exposure results in three
separately identifiable pathways of toxicity: direct cytotoxicity through the inhibition of protein synthesis resulting
in necrosis, yet-unresolved signaling of programmed cell death (apoptosis), and upregulation of inflammatory
cascades regulated by a variety of mitogen-activated protein kinases (MAPK) and transcription factors. Both tissue
damage and organ damage are a result of direct cytotoxicity, highest in those mucosal regions directly exposed
to toxin, and inflammation. Antibodies to ricin holotoxin have historically been shown to confer protection to
naive animals by passive transfer. Antibodies to ricin can rescue exposed animals, but only if given shortly after
exposure. Several recombinant vaccine immunogens have been developed in the past several years, the most
promising ones being derived by mutation or deletion from the ricin toxin A (RTA) chain. The RTA mutant
vaccines induce protection from systemic toxin exposure in animal models and neutralizing antibodies that are
correlated to protection. RTA vaccines also induce protection from oral and aerosol toxin exposure and largely
protect against mucosal damage. The role of local and systemic antibodies in animal models is being studied as
part of the program to correlate human immune responses to protective efficacy in animal models.

INTRODUCTION
Protein toxins are principal determinants of pathogenicity for a large number of bacterial diseases of animals and humans. In many cases, toxins are logical targets
for vaccine development since inactivation of the toxins
by specific circulating antibodies that participate in toxin
neutralization or clearance prevents the toxins from
reaching intracellular targets. For several bacteria that
manifest toxins as their principal virulence determinants,
passive immunization with antitoxins had been a means
to treat or prevent human disease before the availability
of vaccines. It is well known that several of the most successful vaccines used, since the first quarter of the 20th
century, as public health tools are based on the chemical
inactivation of bacterial toxins secreted into culture
supernatants and the fact that such toxoids induce antibodies that recognize and neutralize the native toxins.
The most notable examples of antitoxin vaccines are
diphtheria and tetanus toxoids that are usually given
as a pediatric series in combination with whole-cell
pertussis (DTP) or acellular pertussis components
(DTaP), and the principal component of anthrax vaccines. Although antitoxic immunity would not be
expected to inhibit initial infections, induction of antitoxic antibodies by vaccination can control morbidity
and mortality due to downstream elaboration of toxins
from these infections. Just as the development of effective and safe toxoids had been successful for controlling diphtheria and tetanus epidemics, new vaccines
can be generated from toxin targets of bacterial pathogens that are emerging as public health threats and
toxins of plant and fungal origin that could be used in
biowarfare or bioterrorism.
Over the last several decades, elucidation of the molecular mechanisms of toxin action across the spectrum of
potential pathogens has led to the greater understanding
of how toxins interact with animal and human hosts.

This fundamental knowledge has been crucial to the
development of new vaccine candidates and therapies for emerging pathogens that express toxins that
determine pathogenicity.
This chapter focuses on the progress of vaccine development against ricin toxin as a paradigm for vaccines
against other ribosome-inactivating toxins. Although
this subject has been recently reviewed (Marsden et al.,
2005; Mantis, 2005), an update is warranted as there has
been significant progress over the past 3 years in both
the advancement of several vaccine candidates and
knowledge of toxin pathogenesis. In this chapter, we
will highlight the recent advances in our understanding of ricin toxicity, pathology, and immunity and relate
these to vaccines. Ordinarily, the subject of ricin intoxication and vaccine development would not be the subject
of discussion in the context of emerging infectious diseases. However, ricin bears striking similarities to bacterial toxins, notably the Shiga family of toxins (Stx1 and
Stx2, formerly called verotoxins), which cause human
and animal diseases of public health significance. It is
becoming increasingly apparent that the lessons learned
with respect to ricin will have direct implication for
countermeasures against these related bacterial toxins.
Considering that ricin intoxication is relatively
rare [e.g., there have been less than 1000 cases of
known ricin intoxication documented during the
1900s (Rauber and Heard, 1985], one is tempted to
ask whether efforts to develop vaccines against ricin
are truly necessary. Historically, efforts to understand immunity to ricin have been associated with
the potential use of ricin, or more specifically the ricin
enzymatic subunit, to create engineered immunotoxins for targeted therapy of cancers and select infectious diseases (Olsnes et al., 1989; Vitetta and Thorpe,
1991; Thrush et al., 1996). While these efforts are ongoing, the resurgence in ricin-related research has been
driven by the proven potential of the toxin to be used
as an agent of bioterrorism.
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RICIN AS A CATEGORY B BIOTHREAT
Ricin toxin is a natural product of the castor bean
plant, Ricinis communis, which is cultivated on industrial levels around the world for the production of
castor oil. Recent economic surveys have shown that
over 1 million tons of castor beans are produced in the
world annually, with approximately 800,000 tons originating from India and around 100,000 tons from Brazil.
Ricin toxin can constitute up to 5% of the total protein
of castor bean and can be extracted from the mash produced as a by-product of castor oil production by several simple enrichment steps (Franz and Jaax, 1997).
Because of the copious amounts of processed castor
beans and the high content of ricin, a rough calculation
indicates that, in any single year, it may be possible to
purify over 50,000 tons of pure ricin.
In addition to its relative ease of preparation, ricin
in semi-purified or purified form is extremely toxic.
Only botulinum toxin is more potent than ricin (Arnon
et al., 2001; Schechter and Arnon, 2000). Whereas botulinum toxin is an endoprotease that selectively targets
peripheral neurons, resulting in descending paralysis
of peripheral nerve function, ricin’s potency is due to
its promiscuity (it can intoxicate all known cell types)
and extremely efficient enzymatic activity. Ricin was
developed, but never used, as a weapon by the United
States during World War II, under the code name of
“Compound W.” Since World War II, there has been
little need to produce castor oil in the United States.
Before the First Gulf War in 1990, the Iraqi military
had attempted to devise ways to disseminate ricin
as an explosive bomb (Shea and Groton, 2004; Stone,
2002), attempts that were forestalled by the war and
ensuing events. Ricin has also been detected in a powder form sent in a letter addressed to Senator Frist in
2004 and several other similar but less publicized
incidents.
For the reasons mentioned above, ricin has been
classified by the Centers for Disease Control and
Prevention (CDC) as a category B select agent. The
CDC classification system categorizes biological agents
based upon their risks for causing mass casualties in
the event of a bioterrorist attack (Khan et al., 2000; Rotz
et al., 2002). The highest priority agents (category A)
are organisms or toxins that can be easily disseminated
or transmitted person to person, cause high mortality
with potential for major public health impact, might
cause public panic and social disruption, and require
special action for public health preparedness. Category
A agents include variola major (smallpox), Bacillus
anthracis, Yersinia pestis, Clostridium botulinum toxin,
Francisella tularensis, Ebola virus, Lassa fever virus,
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and several other related viruses. Category B includes
biothreats that are relatively easy to disseminate and
cause moderate morbidity and low mortality. In addition to ricin, the category B list includes Coxiella burnetti
(Q fever), Brucella species (brucellosis), Burkholderia
mallei (glanders), alphaviruses, Venezuelan equine
encephalomyelitis (VEE), eastern and western equine
encephalomyelitis, epsilon toxin of Clostridium perfringens, Staphylococcus enterotoxin B, and select foodborne
or waterborne pathogens, including Salmonella species
and Vibrio cholerae. Although Shiga toxin itself is not
considered a biothreat agent, Shiga toxin-producing
bacteria notably Shigella dysenteriae and Escherichia coli
O157:H7, are classified as category B agents and represent a significant threat to public health. Finally, category C agents include emerging pathogens that could
be engineered for mass dissemination in the future
because of availability, ease of production and dissemination, and potential for high morbidity and mortality
and major health impact. They include Nipah virus,
hantaviruses, tick-borne hemorrhagic fever viruses,
tick-borne encephalitis viruses, yellow fever, and
multidrug-resistant tuberculosis.
Thus, the toxicity and availability of purified and
semi-purified ricin has been the greatest impetus for
development of vaccines and therapeutics. Although it
would be technically difficult to achieve mass dissemination of ricin, it is clear that localized dissemination
via aerosol or adulteration of food chains could disrupt
public health and the perceived safety of the United
States from bioterrorists. The development of vaccines
and therapeutics will absolutely depend on the correct
interpretation of the correlates of protection, which can
be obtained only through evaluation of efficacy in relevant animal models. Additionally, a vaccine must be
designed to protect against the circulating toxin as well
as the local effects on mucosal tissues in the lung or the
gastrointestinal (GI) tract. Further, a postexposure therapeutic may have to address the temporal nature of
the rapidity of toxin action and the downstream effects
of the toxins that cannot be addressed by neutralizing
antibodies or molecules that inactivate the toxins per se.
It is becoming increasingly apparent that the host’s
response to intoxication (i.e., inflammation) may actually amplify the damage elicited by the toxin and be
more detrimental than the toxin itself.

SIMILARITIES BETWEEN RICIN
AND SHIGA TOXINS
Ricin and Shiga toxins are similar in a number of
respects, including enzymatic activity, intracellular
trafficking, and activation of cellular stress pathways.
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The family of Shiga toxins consists of several antigenically related toxins (e.g., Stx1 and Stx2) that are
expressed by certain strains of Shigella and E. coli,
most notably E. coli O157:H7, that are increasingly
associated with foodborne outbreaks of hemorrhagic
colitis and hemolytic uremia syndrome (HUS). HUS
is the major cause of acute renal failure in infants and
young children. Enzymatically, ricin and Shiga toxins
are identical. These toxins are RNA N-glycosidases,
whose sole substrate is a highly conserved adenine
residue within ribosomal RNA (Endo and Tsurugi,
1987; Endo et al., 1987). Both ricin and Shiga toxins
are members of the A–B family of toxins in which the
A subunit confers enzymatic (i.e., cytotoxic) activity, whereas the B subunit mediates toxin attachment
to cell surfaces. Shiga toxin is an A1:B5 toxin, meaning that five B subunits assemble as a donut-shaped
pentamer in which a single A subunit sits within its
center. In the case of ricin, the A–B subunits associate in a 1:1 stoichiometry and are linked by a single
disulfide bond. By definition, ricin and Shiga toxins are categorized as type II ribosome-inactivating
proteins (RIPs) (i.e., an A and B subunit). Type I RIPs,
on the other hand, consist solely of a single catalytic
subunit analogous to the A chain and are invariably
derived from plant sources. Although ricin and Shiga
toxins bind to different cellular receptors (see below),
both toxins reach their ribosomal targets by retrograde
transport through the Golgi apparatus and the endoplasmic reticulum (ER). Finally, both ricin and Shiga
toxins activate the so-called ribotoxic stress response,
which triggers the initiation of events that lead to
apoptotic cell death, as opposed to necrosis, and the
activation of multiple pathways that lead to secretion
of proinflammatory cytokines and chemokines.

RICIN TOXIN STRUCTURE
AND FUNCTION
Ricin Toxin A (RTA) and B (RTB)
Chain Function
As mentioned above, ricin is a prototypic A–B toxin.
It exists as a 64-kilodalton (kDa) globular glycoprotein
heterodimer consisting of a 32-kDa RTA chain linked
via a single disulfide bond to the 32-kDa RTB chain
(Montfort et al., 1987). The RTA chain is enzymatically
active and is responsible for the induction of the toxicity (Olsnes and Pihl, 1973). RTA enters the cytosol by
at least two distinct pathways, as will be discussed
below (Fig. 55.1). Once in the cytoplasm, RTA depurinates a single adenine residue (A4324) near the 3-end
of 28S RNA in ribosomes, the identical site for Shiga
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FIGURE 55.1 Pathways of ricin uptake into host cells. There are
two known (and one postulated) pathways (I–III) by which ricin
is internalized into host cells. In Pathway I, RTB binds to galactosecontaining glycoproteins and glycolipids on host cell surfaces.
The toxin is internalized by all known endocytic processes. A fraction of the internalized toxin is transported retrograde to the Golgi
apparatus, and eventually to the ER. The toxin subunits dissociate,
and RTA is translocated into the cytoplasm via a Sec61-dependent
process. RTA exerts its cytotoxic properties once within the cytoplasm. In Pathway II, ricin is recognized by the mannose receptor
(MR), which is expressed on macrophages and hepatic endothelial
cells. Uptake by the MR is approximately 100 times more efficient
than the Pathway I, although virtually nothing is known about the
details of how this occurs. It is postulated that ricin initially resides
within an acidic endosome, but it is unclear whether the RTA gains
access to the cytoplasm by merging with Pathway I (i.e., via retrograde transport) or is translocated across the endocytic membrane
(see question marks). Pathway III remains speculative but proposes
that ricin may utilize other mannose-specific lectins (e.g., DC-SIGN)
to gain access to the inside of host cells.

toxins (Yamasaki et al., 2004), blocking protein synthesis
(Barbieri et al., 1993). The X-ray crystal structure of RTA
has been determined, and the residues responsible
for depurination of 28S RNA have been identified
(Ready et al., 1991; Lamb et al., 1985; Montfort et al.,
1987; Mlsna et al., 1993; Weston et al., 1994). Residues
Y80, Y123, E177, R180, N209, and W211 constitute
RTA’s enzymatically active site (Lebeda and Olson,
1999; Olson, 1997). Mutations in some of these amino
acid residues have yielded RTA mutants with negligible toxicity as determined by the inhibition of protein
synthesis (Kim and Robertus, 1992). The latest vaccine
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candidates have been developed with the purpose of
reducing the enzymatic activity of the A chain to levels
below detection of activity.
RTB is a bivalent lectin specific for β1,3-linked
galactose and N-acetylgalactosamine and is capable
of binding to both glycolipids and glycoproteins on
host cell membranes (Baenziger and Fiete, 1979; Wu
et al., 2006). The primary function of RTB is to mediate attachment of ricin to cell surfaces (Fig. 55.1). RTB
consists of two globular domains with identical folding topologies (Montfort et al., 1987). Each of the two
domains (1 and 2) themselves comprise three homologous sub-domains (α, β, γ) that probably arose by
gene duplication from a “primordial” carbohydrate
recognition domain (CRD) (Rutenber et al., 1987).
Only domains 1α and 2β retain functional carbohydrate binding activity, as inferred by the crystal structure of ricin in the presence of lactose (Rutenber and
Robertus, 1991), as well as binding studies with RTB
mutants (Swimmer et al., 1992). The two galactoside
pockets are separated by 70 Å, suggesting that each
pocket binds a different galactoside-containing side
chain when attached to the surface of a cell (Rutenber
and Robertus, 1991).
It is important to note that both RTA and RTB carry
N-linked mannose side chains (Foxwell et al., 1985c;
Kimura et al., 1988). RTA has a single side chain composed of GlcNAc2Man4 at position N10, while RTB
has two side chains: GlcNAc2Man6 at position N95
and GlcNAc2Man7 at position N135 (Kimura et al.,
1988). The significance of the mannose side chains is
revealed by the fact that deglycosylated ricin (dgRicin)
is ~90% less toxic than unmodified holotoxin in standard in vitro cytotoxicity assays and in mouse models
of systemic intoxication (Foxwell et al., 1987; Simeral
et al., 1980; Simmons et al., 1986; Thorpe et al., 1985).
Discerning the basis of this attenuation has relied on
the use of hybrid toxins in which only one of the two
subunits is deglycosylated. Removal of RTA mannose side chains has no effect on the RTA’s ability to
inactivate ribosomes or the capacity of the holotoxin
to kill host cells (Simmons et al., 1986; Thorpe et al.,
1985). In contrast, holotoxins consisting of deglycosylated RTB are highly attenuated (Simeral et al., 1980;
Simmons et al., 1986). Because deglycosylation had no
effect on RTB’s lectin activity, it has been postulated
that the mannose side chains function to either interact with mannose-binding proteins during intracellular transport or stabilize RTB intracellularly (Simeral
et al., 1980; Simmons et al., 1986). It has recently been
shown that ricin interacts with a α-mannosidase
during retrotranslocation, although it is unclear if this
enzyme interacts with the mannose side chains on
RTB (Slominska-Wojewodzka et al., 2006).
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Ricin Uptake into Host Cells via RTB and
Retrograde Transport: Pathway I
Although there are specific differences between
Shiga and ricin toxins, both toxins enter cells and traffick intracellularly through common pathways. The
intracellular trafficking pathways followed by both
toxins have been well reviewed recently (Sandvig
and van Deurs, 2005; Sandvig et al., 2004). The salient
features of toxin trafficking that relate to the pathogenesis of these toxins are the steps in which the
toxins bind to surface receptors and are taken up
through clathrin and clathrin-independent endocytosis, with possible release of some toxin directly from
the endosomes into the cytosol, fusion of endosomes
with the trans-Golgi network (TGN), translocation
into the ER, and retrotranslocation into the cytosol.
Currently, there is little controversy that ricin and
Shiga toxins enter the cytosol through retrograde
transport through the ER, although the precise molecular steps are not well defined. As the first part in
the uptake process, receptor-bound toxins are slowly
endocytosed (Sandvig et al., 1976) and a portion of the
internalized ricin is transported back to the cell surface; another portion is delivered to lysosomes and
degraded, and a part is transported to the TGN (van
Deurs et al., 1986). Subsequently, RTA is translocated
to the cytosol from the ER (Wales et al., 1992, 1993;
Tagge et al., 1996). The first convincing evidence of
the involvement of the ER in this was demonstrated
in experiments that documented the N-glycosylation
of nonglycosylated recombinant RTA that was reconstituted with RTB, since glycosylation occurred only
within the ER (Llorente et al., 2003; Rapak et al., 1997).
Intimate association of RTA with ER-located Sec61 by
cross-linking (Wesche et al., 1999) demonstrated the
presence of RTA in the ER. Although ricin itself has
not been visualized in the ER by electron microscopy,
Shiga toxin has been directly detected, suggesting
that perhaps a greater portion of Shiga toxin actually
enters the ER pathway than ricin toxin (Sandvig et al.,
1993). It is possible that only a small portion of endocytosed ricin (~5%) productively reaches the TGN
(van Deurs et al., 1988). Hence, the precise fate of all of
endocytosed ricin is still unclear, and there is also evidence that ricin can completely avoid Golgi processing (Llorente et al., 2003). The TGN and Golgi steps
involved are partly clarified. For example, ricin can
intoxicate cells inhibited in both the classical constitutive photomorphogenesis 1 (COP1)-dependent and
the less-well-defined COP1-independent pathways
(Chen et al., 2003). Nonetheless, intracellular routing
of ricin and Shiga toxins differs somewhat from that of
several other bacterial toxins (e.g., cholera toxin) that
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have C-terminal Lys-Asp-Glu-Leu (KDEL) sequences
that are thought to act as retrieval signals (Chaudhary
et al., 1990). Ricin does not contain such a sequence,
but there is some experimental evidence that RTB interacts with the chaperone calreticulin, which possesses a
KDEL retrieval signal (Day et al., 2001). The fact that
calreticulin-deficient cells are sensitive to ricin suggests that ricin exploits additional pathways to enter
the ER. Addition of the KDEL signal to RTA by genetic
fusion enhanced the toxicity of both a reconstituted
AB holotoxin and the A chain alone (Wesche et al.,
1999; Wales et al., 1992, 1993).
Ricin travels from the Golgi complex to the ER,
where it likely subverts the ER-associated degradation
(ERAD) pathway and unfolds and refolds through
the Sec61 protein, a translocating conserved heterotrimeric membrane protein (Sandvig et al., 2002, 2004;
Rapak et al., 1997; Lord and Roberts, 1998; Wesche
et al., 1999). The Sec61 pathway is normally used to
redirect misfolded and incorrectly assembled proteins to
the cytosol for ubiquitination and proteasomal degradation (Plemper and Wolf, 1999). This is thought to hold
true for the A chains not only of ricin (Rapak et al.,
1997) but also of Pseudomonas exotoxin (Kreitman and
Pastan, 1995), cholera toxin (Jackson et al., 1999), and
Shiga toxin (Sandvig et al., 2004). For RTA to act,
the disulfide bonds between RTA and RTB must be
reduced to expose the active site. Protein disulfide
isomerase (PDI) is thought to be involved with the
reduction of RTB (Bellisola et al., 2004) and other toxins (Di Cola et al., 2001). RTA appears to be unfolded
for retrotranslocation (Beaumelle et al., 1997) and may
be refolded in the cytoplasm in contact with substrate
ribosomes (Argent et al., 2000). RTA is low in available
lysine sites for ubiquitination (Deeks et al., 2002) and
avoids substantial proteasome-mediated degradation.

Ricin Uptake into Host Cells via
the Mannose Receptor: Pathway II
It has been recognized for more than two decades
that ricin exploits the mannose receptor (MR) as a second pathway (independent of RTB’s galactose-binding
activity) by which to deliver RTA into the cytoplasm
of host cells (Simeral et al., 1980; Simmons et al.,
1986; Thorpe et al., 1985; Frankel et al., 1997). The MR
(CD206) is a 175-kDa transmembrane endocytic receptor that recognizes complex oligosaccharides terminating in mannose, fucose, or N-acetylglucosamine
(East and Isacke, 2002; Taylor et al., 2005). It was first
identified on alveolar macrophages (Largent et al.,
1984; Shepherd et al., 1981) and later discovered to be
expressed on a variety of cell types, including hepatic

sinusoidal endothelial cells (HSECs) and Kupffer
cells. Skilleter et al. (1981) noted that 125I-labelled
ricin accumulated in rat liver non-parenchymal cells
to a much greater extent than parenchymal cells and
showed that this accumulation could be inhibited by
D-mannose, fucose, or ovalbumin. Magnusson and
colleagues in a series of papers demonstrated ex vivo
that ricin uptake by Kupffer cells and HSECs was in
fact MR mediated in the sense that the process was
inhibited by mannan (Magnusson and Berg, 1993;
Magnusson et al., 1991, 1993). Intravenous injection
of plant-derived RTA could selectively deplete mouse
Kupffer cells associated with uptake through the MR
(Zenilman et al., 1988). Macrophage cell cultures that
expressed the MR were shown to be sensitive to mannosylated plant-derived RTA but not to E. coli-derived
RTA, and the toxicity of plant-derived RTA could be
blocked by mannan. These lines of evidence strongly
suggest that there are two pathways operable in vivo
for the uptake of ricin, some of it occurring through
the RTB galactosyl pathway and a portion not entirely
dependent upon the RTB subunit and mediated by
mannosyl residues on RTB and RTA.
Despite the fact that MR-mediated uptake is
an important route by which ricin is internalized
into cells in vivo, virtually nothing is known about
the underlying mechanism by which this occurs.
Simmons et al. (1986), using rat bone marrow-derived
macrophages, demonstrated that RTB-mediated and
MR-mediated uptake pathways are biochemically
distinct from each other. For example, MR-mediated
uptake results in ricin passing through an acidic vesicle prior to translocation of RTA into the cytoplasm,
whereas RTB-mediated uptake does not (see above).
This is consistent with the MR’s role as an endocytic
receptor that continuously cycles between the plasma
membrane and the endosomal compartment (East
and Isacke, 2002). However, it is completely unknown
how RTA escapes acidic endosomes and translocates
into the cytosol. The fact that RTA itself (without RTB)
is toxic to cells following uptake by the MR indicates
that the mechanism of RTA translocation is distinct
from the well-studied retrograde transport/ER translocation that occurs following RTB-mediated uptake
(Rapak et al., 1997; Simmons et al., 1986) (see below).
However, the relative contributions of uptake through
galactosyl-mediated RTB receptors and the MR may
be dependent on the cell type. The realization over
the past decade that the MR is only one member of a
large family of mannose-specific lectins expressed on
lymphoid and non-lymphoid cells suggests that much
remains to be explored with respect to how RTA gains
access to the cytosol of host cells (van Kooyk and
Geijtenbeek, 2003).
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Vascular Leak Syndrome
An additional site and residues involved in the
binding of RTA to endothelial cells have also been
identified, which occur extracellularly and do not
require toxin entry into host cells (Baluna et al., 2000;
Baluna and Vitetta, 1999; Smallshaw et al., 2003). The
endothelial binding site on RTA is implicated in the
damage to isolated human umbilical vein endothelial cells (HUVECs) and to the induction of vascular
leak syndrome (VLS), which has been determined to
be a dose-limiting toxicity in the use of RTA-containing immunotoxins (Smallshaw et al., 2003). VLS has
been a side effect of the intravenous administration of
monoclonal antibody conjugates constructed using
enzymatically deglycosylated RTA (dgRTA) during
Phase I and II trials in cancer (Sauseville and Vitetta,
1997). In VLA, fluids leak from blood vessels leading to
hypoalbinemia, weight gain, and pulmonary edema.
The portion of RTA involved in both pulmonary vascular leak, vascular leak in human skin xenografts
in severe combined immunodeficient (SCID) mice,
and HUVECs appears to involve amino acid residues
L74, D75, and V76 (Baluna et al., 1999). The residues
involved in vascular leak were predicted from comparison of motifs in other toxins and interleukin-2
(IL-2). In one of the vaccine candidates under development (RiVax™), residue V76 has been modified by
mutagenesis (i.e., V76M) to abrogate the VLS activity
and minimize any possible endothelial cell damage.

TOXICITY OF RICIN
Little human data are available for the toxicity of
ricin, although it is predicted from animal models that
pure ricin will be toxic to humans by inhalation, oral,
and systemic exposure. Essentially all of the data on
the toxicity comes from studies in animals, with the
exception of the single well-known human case of
Georgi Markov, who was assassinated from an injection of sub-milligram quantities of ricin (Crompton
and Gall, 1980). Although ricin toxin acts quickly on
cells in vitro, clinical signs after ingestion, injection,
or inhalation appear within 24 h of exposure. In the
Markov incident, symptoms over the 4 days preceding his death were well characterized. In essence,
intramuscular (i.m.) or subcutaneous (s.c.) administration induced local lymphoid necrosis, hemorrhages in
the GI tract, liver necrosis, nephritis, pulmonary failure,
and cardiac arrest. Data concerning oral exposure to
ricin come from 750 reported cases of castor bean or ricin
ingestion and a single study of oral administration of
a crude castor bean extract in animals (Balint, 1974).

The toxicity of ricin in animals depends on the route
of exposure (Franz and Jaax, 1997). Inhalation induces
death in 60 h with an LD50 of 3–5 μg/kg (Franz and
Jaax, 1997; Bradberry et al., 2003). By intraveneous (i.v.)
injection, the LD50 is 5 μg/kg and death occurs in 90 h.
Following s.c. injection, the LD50 is 24 μg/kg and death
occurs at 100 h. Because of the rapid internalization of
ricin by endocytosis and the catalytic amounts of ricin
needed to inhibit protein synthesis, the toxic action of
ricin is irreversible (Lord et al., 1994). Ricin is toxic in
many animal species, and there is no evidence that there
is a species-specific toxicity (Table 55.1). Thus, for vaccine
development, there is every reason that no specific animal model is preferred as a model of pathogenesis and
immune response. That is, protection data generated in
mice can be generally translated to what can be expected
in humans to the extent that if antibodies generated in a
mouse protect a mouse, then it is expected that antibodies generated in a human will protect a human.
TABLE 55.1 Published lethal doses for ricin
Species/route

Toxic dose

References

BALB/c mouse/
inhalationa

12 μg/kg LD50

Roy et al. (2003)

CD-1 mice/
inhalation

3 μg/kg
3 μg/kg, 80% death
10 μg/kg, 100%
lethality

Doebler et al. (1995)

Rhesus monkey/
inhalation

21–42 μg/kg LD100
in 48 h

Wilhelmsen and Pitt
(1996)

Rat/oral

30 mg/kg LD100
in 36 h

Ishiguro et al. (1992d)

Mouse/intragastric
(oral gavage)

20 mg/kg

Franz and Jaax (1997)

Swiss Websterd
mouse/oral

10 μg/kg

Smallshav et al.
(2007)

Swiss albino mouse/
i.p.b

25 μg/kg

Kumar et al. (2003)

CD-1 mouse/i.p.

20–60 μg/kgc

Pincus et al. (2002)

B6D2 mice/i.v.

2 μg/kg

Fodstad et al. (1976)

Mice/i.v.

5 μg/kg

Franz and Jaax (1997)

Rats/i.v.

0.35–5 μg/kg

Fodstad et al. (1976)

Rabbits/i.v.

LD50 0.54 μg/kg;
minimum lethal
dose of 0.44 μg/kg

Christiansen et al.
(1994)

Note: Published LD50 data from parenteral, aerosol, and
gastrointestinal exposure in several animal species.
a
1-μm MMAD particle. MMAD = mass median aerosol diameter.
b
Mice sacrificed at 24 h, therefore an estimate of LD50. Significant
increases in serum enzymes indicative of liver and kidney injury
were observed at this dose.
c
Significant decreases in blood glucose occurred at 60 μg/kg, but
not 20 μg/kg, suggesting an LD50 between the two doses.
d
Mice fasted 24 hr prior to oral ricin garage.
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Respiratory Toxicity
The effect of aerosolized ricin on the respiratory
tract has been studied in rodents (Brown and White,
1997; DaSilva et al., 2003; Doebler et al., 1995; Griffiths
et al., 1999) and rhesus monkeys (Wilhelmsen and Pitt,
1996). In laboratory animals, ricin inhalation results
in respiratory distress and airway and pulmonary
lesions. Inhalation of ricin in rats leads to rapid apoptotic changes in alveolar macrophages within 6 h after
exposure, finally culminating in interalveolar edema at
12 and 15 h after exposure, mixed inflammatory cell
infiltrates, and alveolar flooding followed by tissue
necrosis (Brown and White, 1997). Similar pathological
and histological changes have been seen in nonhuman
primate studies, where death from ricin inhalation
occurs 48 h after the challenge in a dose-dependent
fashion. Aerosol administration to primates results
in the sudden onset of congestion, itchiness of the
eyes, tightness of the chest, wheezing, and asthma
(Franz and Jaax, 1997). This rapidly progresses to diffuse necrotizing pneumonia, interstitial and alveolar
inflammation, edema, and alveolar flooding (Franz
and Jaax, 1997).
When administered as an aerosol to mice, 125I-labled
ricin accumulated in both the respiratory and GI
tracts, with a small fraction detected in other organs
(Doebler et al., 1995). Monkeys exposed to lethal
doses of ricin (⬃20–40 μg/kg) died (or were sacrificed
upon onset of respiratory distress) roughly 36–48 h
postexposure (Wilhelmsen and Pitt, 1996). Death
was preceded by widespread necrosis in the airways
and alveoli, peribronchovascular edema, and mixed
inflammatory cell infiltrates. Similar results were
observed in rats (Brown and White, 1997). Similarly,
rodents exposed to lethal doses of aerosolized ricin
develop necrotizing airway lesions, interstitial edema,
and pulmonary inflammation, including massive neutrophil influx, and die 2–4 days later (Griffiths et al.,
1997, 1999; Hewetson et al., 1993; Poli et al., 1996). In
both monkeys and rodents, death was attributed to
massive pulmonary alveolar flooding. There are no
case reports of inhalation ricin exposure in humans.

Gastrointestinal Toxicity
Compared to aerosol exposure, ricin administered orally is considerably less toxic. The literature
indicates that the oral LD50 is 20 mg/kg (Table 55.1),
approximately 1000-fold higher than the aerosol or
systemic LD50 values. Ingestion of whole castor beans
results in severe abdominal pain, vomiting, diarrhea,
and (depending on the number of beans and degree
of mastication) death (Audi et al., 2005; Bradberry

et al., 2003; Mantis, 2005; Olsnes, 2004). As there are
no known reported cases of intentional ricin intoxication by the oral route in humans, our understanding
of both the pathogenesis and mechanisms of intestinal immunity to ricin relies exclusively on experimental animal models, namely, rodents (Sekine et al.,
1986; Smallshaw et al., 2007; Yoder et al., 2007) and, in
some instances, rabbits (Hazen, 1927). Ishiguro and
colleagues reported, in a series of short and highly
descriptive papers, the histologic and physiologic
changes that occur in the rat jejunum following ricin
intoxication (Ishiguro et al., 1983, 1984, 1992a, 1992b,
1992c, 1992d; Sekine et al., 1986). Rats challenged
with ricin by gavage (1–30 mg/kg) developed dosedependent lesions in the stomach and the proximal
small intestine (Sekine et al., 1986). In the latter tissue,
there was widespread villus atrophy, crypt elongation,
sloughing of the epithelium, and infiltration of inflammatory cells, including eosinophils and neutrophils.
Similar histopathologic changes have been observed
in mice challenged intragastrically with ricin (Yoder
et al., 2007). It is postulated that following intestinal exposure, ricin ultimately disseminates from the
mucosa into circulation (Ishiguro et al., 1992d). Indeed,
ricin has been shown to cross polarized epithelial cell
monolayers in vitro, although how much toxin crosses
the intestinal barrier in vivo remains unknown (Mantis
et al., 2006; van Deurs et al., 1990).
The inherent resistance of the GI tract to ricin is
likely due to a number of factors that impede toxin
absorption, including intestinal proteases, digestive
enzymes, mucus, and secretory IgA, whose galactoserich oligosaccharide can competitively inhibit ricin
attachment to the apical surfaces of intestinal epithelial cells (Mantis et al., 2004). It should be mentioned
that Smallshaw et al. (2007) have recently challenged
the accepted LD50 based on results from a mouse
model in which animals are fasted 20 h prior to gavage to ensure that food particles in the stomach do not
interfere with toxin absorption. Under these circumstances, doses of ricin equal to or exceeding 100 μg/kg
were consistently lethal. Although intestinal histology appeared largely normal in animals exposed to
this fasting/challenging regimen, it should be kept in
mind that food deprivation of this duration is known
to have dramatic effects on the intestinal physiology
of mice (Lenaerts et al., 2006).

Cellular Basis for Downstream Effects
of Ricin and Shiga Toxins
While tissue damage is a hallmark of intestinal and
pulmonary ricin intoxication, it remains unclear how
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much of the damage is a result of the direct effects of
the toxin (i.e., protein synthesis arrest and apoptosis) and how much is a consequence inflammation.
There are now many studies documenting that epithelial cells, for example, exposed to Shiga or ricin toxin
elicit a number of proinflammatory chemokines and
cytokines, including IL-8, growth-regulated oncogenealpha (GRO-alpha), GRO-beta, GRO-gamma, epithelial cell-derived neutrophil-activating protein-78
(ENA-78), and monocyte chemotactic protein 1 (MCP-1),
also known as CCL2 (O’Loughlin and Robins-Browne,
2001; Thorpe et al., 1999, 2001; Yamasaki et al., 2004).
Some of these observations have been performed in
animal models of disease. These studies have essentially been iterated in a number of cell lines of human
and murine origin, including endothelial, epithelial,
and macrophagic cell lines (Table 55.2). Generally, the
effects of ricin and Shiga toxins constitute the activation of inflammatory pathways and pathways acting
through nuclear factor kappa B (NF-κB) and mitogenactivated protein (MAP) kinase p38 (p38 MAPK),
extracellular regulated kinase (ERK), and c-jun
N-terminal kinase (JNK) (Fig. 55.2). This results in the
secretion of numerous proinflammatory cytokines and
chemokines. Chemokines of the CXC subfamily, such

as IL-8, can recruit neutrophils into areas of infection
(Baggiolini et al., 1995; Baggiolini and Loetscher, 2000;
Baggiolini, 2001). IL-8 can also stimulate neutrophil
granule content release and the respiratory burst.
The release of granule contents, such as proteases,
toxic oxygen products, and other proinflammatory
substances, can subsequently damage the intestinal
mucosa (Grisham and Granger, 1988).
To determine whether ricin intoxication is accompanied by a local increase in proinflammatory
cytokines in vivo, Yoder et al. (2007) challenged mice
intragastrically (i.g.) with ricin at a range of doses
(1–10 mg/kg) for various time periods (0, 5, 12, and
24 h) and then measured cytokine/chemokine levels
in intestinal homogenates. There was no detectable
increase in local IFN-γ, IL-1, IL-6, IL-12p70, or TNF-α
levels following ricin challenge. In contrast, there was
a dose- and time-dependent increase in MCP-1. MCP1 has been previously implicated in mediating intestinal inflammation (Reinecker et al., 1995) and could
possibly be involved in ricin-mediated tissue damage. MCP-1 is a chemoattractant for lymphocytes,
monocytes, and macrophages, and can stimulate macrophages to undergo respiratory burst resulting in
release of oxidative intermediates (Carr et al., 1994;

TABLE 55.2 Mediators of inflammation and apoptosis induced by ricin or Shiga toxin in cell cultures
Toxin

Cell type(s)

Pathway

Mediators/factors
upregulated

Results

References

Primary mouse bone marrow
macrophages alveolar
macrophages

p38 MAPK, JNK

IL-1β, TNF-α,
CXCL1/
GRO-α

Activation of p38, JNK,
TNF-α secretion

Korcheva et al. (2007)

Human primary airway cell
cultures

NF-κB, p38 MAPK,
JNK

CXCL1, CCL2,
IL-8, IL-1β,
IL-6, TNF-α

Increased chemokines,
transcription factors,
cytokines, chemokines,
inflammatory gene
families by microarray

Wong et al. (2007b)

Human monocytes/
macrophages 28SC, U937

p38 MAPK

IL-8

p38 inhibitor SB202190
suppressed IL-8

Gonzalez et al. (2006)

Human PMN

Activation

TNF-α, IL-1β

Induction of cytokines by
ricin

Licastro et al. (1993)

U937

Apoptosis

Caspase-3

Induction of apoptosis/
correspondence of caspase-3

Kageyama et al. (2002)

Stx2

HMEC-1 human endothelial
cells

Platelet stimulation/
thrombosis

Rantes (CCL5),
IL-8, SDF-1α
(CXCL12)

Platelet aggregation by Stx/
LPS-stimulated HMEC cells

Guessous et al. (2005)

Stx1/Stx2

Hct-8 human colonic
carcinoma cells

c-jun

IL-8, CXCL1/
GRO-α

Induction of chemokines,
p38 inhibitor diminished
IL-8

Thorpe et al. (1999,
2001)

Stx1/Stx2

Primary murine peritoneal
macrophages; THP-1
monocytes

Macrophage
activation; apoptosis

TNF-α, IL-6,
E1fFe
transcription
factor

Stimulations by LPSStx,
inhibition of IL-8/IIL-1β
by p38, ERK, and JNK
inhibitors

Tesh et al. (1994),
Cherla et al. (2006),
Harrison et al. (2004)

Ricin

IV. BACTERIAL VACCINES

59_P369408_Ch55.indd 1107

11/5/2008 4:39:28 PM

1108

RICIN: A TYPE II RIBOSOME-INACTIVATING PROTEIN

Ricin
Stx
∗
Mannose
receptor

Gb3

Galactosyl
glycoprotein/glycolipid

Extracellular
Intracellular

Endosome
uptake

Protein
synthesis
arrest

Cell death/necrosis

TGN

Apoptosis
Ribotoxic
stress
response

IKKβ

28S RNA cleavage

Blc-2;Bax

ER
NF-κBp

MAP KKK

A subunit translocation

MAP KK

MAPK: p38, JUNK

AP-1p;transcription factorsp

Neutrophil influx (lungs/GI)
Platelet activation (kidneys)

Activation repression
derepression

Cytokines (TNF-α, IL-1β)
Chemokines (MCP-1, IL-8)
Selectins (E-selectin)

FIGURE 55.2 Pathways of intoxication implicated in the cellular actions of ricin and Shiga toxins. Ricin is a 64-kDa dimer of RTA and RTB.
Ricin binds, via specific recognition sites, on RTB to galactosyl moieties on glycoproteins and glycolipids present virtually on all mammalian
cell types and alternatively to the MR through N-linked mannosyl residues on either RTA or RTB. Shiga toxin is an A-B5 toxin of 64 kDa that
binds exclusively to globotriaosylceramide receptors that are primarily located in kidney and microglial cells. Through clatharin-dependent
and -independent endocytosis, both Shiga and ricin toxins are taken up by endosomes and traffick through the TGN to the ER, where reductive cleavage of the subunit occurs, and the A subunits of each toxin translocate to the cytoplasm by subversion of the ERAD pathway. Once in
the cytosol, the A subunits cleave specific sites in 28S rRNA, resulting in cessation of protein chain elongation. Through a series of unknown
signaling steps, p38 MAPKs, ERK, and JNK are activated, resulting in the upregulation of cytokines, chemokines, and other gene families. The
events culminate in recruitment of neutrophils to the sites, and separately to apoptosis.

Bischoff et al., 1992; Connor et al., 2004; Lu et al., 1998;
Rollins et al., 1991). Moreover, MCP-1 is released by
intestinal epithelial cell lines following bacterial infection (Hu and Hickey, 2005; Jung et al., 1995) and exposure to microbial toxins, including Bacteroides fragilis
enterotoxin (Kim et al., 2005) and Clostridium difficile A
toxin (Kim et al., 2002). MCP-1 expression is regulated
in part by the p38 MAPK (Waterhouse et al., 2001).
The availability of MCP-1 knockout mice permits one
to examine the contribution of the chemokine-driven
inflammation in toxin-induced tissue damage and
the potential of p38 MAPK inhibitors to serve as
postexposure therapeutics.
The inflammation associated with Shiga toxininduced HUS is also indicated by the release of
cytokines and chemokines, and experiments conducted

in isolated cell cultures and animals also indicate the
expression of proinflammatory mediators. The levels
of IL-8 and MCP-1 are significantly increased in urine
samples collected from HUS patients, suggesting the
local action of cytokine on glomerular endothelium
(van Setten et al., 1998). As with ricin, treatment of
intestinal epithelial cell types with Stx1 or Stx2 leads
to increased expression of CXC chemokines (Thorpe
et al., 2001). The expression of inflammatory cytokines,
such as IL-6 and IL-8, in macrophages in response to
Shiga toxin and lipopolysaccharides (LPS) was reported
more than 10 years ago (Tesh et al., 1994) and in other
monocytic cells more recently (THP-1 monocytic
cells) (Harrison et al., 2005; Table 55.2). These studies
have also been extended to a variety of endothelial
and epithelial cell lines. Stx2-treated HUVECs have

IV. BACTERIAL VACCINES

59_P369408_Ch55.indd 1108

11/5/2008 4:39:28 PM

1109

IMMUNITY TO RICIN

been shown to release IL-8 and MCP-1, which stimulated adhesion and transmigration of leukocytes
(Zoja et al., 2002). Development of HUS may also
depend on other proinflammatory stimuli, such as
LPS, TNF-α, or IL-1β (van de Kar et al., 1992), that are
associated with increased Gb3 levels in human brain
and kidney endothelial cells (Stricklett et al., 2002),
which increase sensitivity to the toxins by upregulating Gb3 receptor (van de Kar et al., 1992). Consistent
with this, LPS and TNF-α increase the direct cytotoxic
effect of Shiga toxin on HUVECs in vitro (Louise and
Obrig, 1991, 1992).
Shiga toxins gain access to the systemic vasculature
from the gut lumen, possibly by direct transcytosis or
intracellular replication of E. coli cells, and circulate
to target organs and cause damage to microvascular
endothelial cells. There are no comparable data that
ricin is also capable of gaining access to target organs
escaping from the GI lumen, but recently acquired
indirect data have indicated that lethal amounts of
ricin given to mice by oral gavage act in the absence
of obvious lesions, although inflammatory responses
were not measured (Smallshaw et al., 2007). These
results suggest that some ricin enters through
undetected lesions or there is a minor mechanism
for uptake of ricin directly through transcytosis.
By the same token, some detailed studies exploring
the intratracheal instillation of ricin at high doses,
twofold above the LD50, indicated induction of inflammatory responses not only in the lungs but also in
kidney tissues (Wong et al., 2007a). This was accompanied by deposition of fibrin/fibrinogen in lung tissue of mice after 48 h, plus influx of neutrophils, focal
areas of hemorrhage, necrosis and apoptosis of the
airway epithelium and alveolae, increased expression of proinflammatory transcripts (TNFα, IL-1β,
IL-6, CXCL1 and CXCL2, and transcription factors
c-jun and c-fos), and activation of ERK and JNK.
Interestingly, at lethal doses, elevated transcripts were
seen in kidney tissue and other organ tissues, which
was associated with lesions in 28S rRNA in the tissue samples examined, indicating presence of ricin
in those tissues. At sublethal doses (0.2 LD50), JNK
and ERK activation was accompanied by increased
expression of NK-κB and neutrophil infiltrates, and
differed from the lethal dose as there was no evidence
of hemorrhage or fibrin/fibrinogen deposition in
lung or airway tissue. There was no evidence of distal
organ damage. This suggests a situation in which local
necrosis of tissue may allow the penetration of ricin,
as suggested for Shiga toxin, and the effects may be
dose related. These results are important for consideration of the types of endpoints that may be examined

in vaccine studies since protection against high- and
low-dose exposures may be indicative of significantly
different processes.

IMMUNITY TO RICIN
For more than a century, ricin has served as a
powerful model to understand the fundamental interactions between toxins and the adaptive arm of the
immune system. In the late 1800s, for example, Paul
Ehrlich demonstrated that feeding mice or rabbits
castor bean “cakes” induced immunity in the animals
to subsequent challenges with normally lethal doses
of castor bean extract, demonstrating for the first time
the possibility of adaptive immunization against a
biological toxin. We now appreciate that immunity
to ricin is in fact mediated by antibodies, although
the underlying mechanisms by which this occurs
remain largely unknown (Chanh and Hewetson, 1993;
Foxwell et al., 1985a; Godal et al., 1983; Griffiths et al.,
1995; Hewetson et al., 1995; Houston, 1982; Lemley
et al., 1994; Smallshaw et al., 2002). All of the published
vaccine protection data are obtained from challenge
studies and passive transfer studies performed in
rodents. There are, however, unpublished studies performed by the U.S. Army that indicate nonhuman
primates are protected against ricin challenge in an
antibody-mediated fashion (Chad Roy and Charles
Millard, personal communication). Mice immunized with sublethal doses of ricin (Godal et al., 1983;
Hewetson et al., 1993) or formalin-inactivated ricin toxoid (Yan et al., 1995, 1996; Kende et al., 2002; Foxwell
et al., 1985b) produce high-titer anti-ricin IgG antibodies in serum and are protected from lethal doses of ricin
given i.v., s.c., and intraperitoneally. Protection can also
be imparted to mice by passive transfer of polyclonal
or certain monoclonal anti-ricin antibodies (Chanh and
Hewetson, 1993; Colombatti et al., 1987; Foxwell et al.,
1985a; Houston, 1982; Lemley et al., 1994). Polyclonal
antibodies against either RTA or RTB are protective
(Foxwell et al., 1985b). However, protection does not
necessarily correlate with total antitoxin serum antibody titers, suggesting that a specific subset of antitoxin
antibodies is responsible for neutralizing ricin in vivo
(Smallshaw et al., 2002). It should be noted that the utility of postexposure passive antibody therapy to rescue
an animal from the toxic effects of ricin is questionable,
as the therapeutic window is likely to be very narrow. For example, rabbit antitoxin polyclonal antisera
against ricin toxoid, RTA, or RTB could only rescue mice
from ricin intoxication, if given intravenously within
20–40 min of toxin exposure (Foxwell et al., 1985a).
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Similarly, results were obtained using a neutralizing
murine monoclonal antibody (Chanh et al., 1993).

Monoclonal Antibodies
A number of investigators have produced antiricin monoclonal antibodies (MAbs) with the goal of
identifying the subpopulation of antibodies involved
in neutralization of ricin in vivo (Colombatti et al.,
1986; Dertzbaugh et al., 2005; Lebeda and Olson, 1999;
Maddaloni et al., 2004; Mantis et al., 2006; McGuinness
and Mantis, 2006) (Table 55.3). The most potent MAb
identified to date is UNIVAX 70/138, also referred to
as R70, which is a mouse IgG1 directed against RTA.
R70 was produced from mice immunized with ricin
toxoid and identified as being capable of protecting mouse leukemia cells from the cytotoxic effects
of ricin in vitro. The in vitro neutralization activity
of R70 proved to be consistent with its in vivo activity.
When administered intravenously to mice before or
concurrently with a lethal dose of ricin (18 μg/kg),
R70 fully protected animals from death. It was estimated that protection was achieved when antibodyto-antigen ratios were greater than 80 (w/w) (Lemley
et al., 1994). In a subsequent study, Lebeda and Olson
(1999) suggest that R70 recognizes an epitope within
residues Y91-F108, a solvent alpha helix that borders
the toxin’s active site. Using peptide array, the epitope
specificity has been further confined to residues
N97-F108 (C. McGuinness and Mantis, unpublished
data) was determined. R70’s equilibrium dissociation
constant (KD) to be 3.2  109 M (McGuinness and
Mantis, 2006).

TABLE 55.3
Specificity

MAb

Isotype and
subclass

Two other anti-RTA-neutralizing IgG MAbs,
referred to as RAC17 and RAC18, have been described
by Maddaloni et al. (2004). RAC17 is postulated to
recognize amino acids H65–L68 within “domain 1”
of the protein (Katzin et al., 1991), whereas RAC18
is proposed to bind a discontinuous epitope consisting of residues A178, Q177, and W211 (Maddaloni
et al., 2004). Residue A178 is immediately adjacent to
two residues that are part of the toxin’s active site,
suggesting RAC18 interferes with RTA’s enzymatic
activity. Indeed, this is supported by in vitro protein
synthesis inhibition assays in which RAC18 prevented
ricin from ribosome inactivation (Maddaloni et al.,
2004). Additional anti-RTA IgG MAbs with complete
or partial neutralization activity have been described
(Chanh and Hewetson, 1993; Colombatti et al., 1986;
Gao et al., 2002; Lemley et al., 1994), but the epitopes
recognized by these antibodies have not been identified, nor have they been characterized in vivo. It should
also be noted that two reports have identified anti-RTA
MAbs that enhance ricin cytotoxicity in vitro and in
vivo (Colombatti et al., 1986; Maddaloni et al., 2004).
It remains largely unknown how antibodies against
RTA neutralize ricin. R70, for example, reduces
ricin attachment to cell surfaces but not to an extent
that can account for its potent neutralizing activity
(McGuinness and Mantis, 2006). RAC18 interferes
with RTA’s capacity to arrest protein synthesis in
vitro, yet it has not been investigated if toxin–MAb
immunocomplexes can be internalized, trafficked, and
translocated across the ER membrane into the host
cell cytoplasm without disassociating. It is more likely
that anti-RTA MAbs interfere with steps involved in
intracellular trafficking or retrotranslocation, possibly

Characterized anti-ricin MAbs

Epitope

Neutralizing
in vitro

Neutralizing
in vivo

References

Ricin

BG11-G2

IgG1

n.d.





Chanh et al. (1993)

RTA

UNIVAX
70/138 (R70)
RAC17
RAC18
RAC23
23D7
25A4

IgG1

N97-F108





IgG1
IgG2a
IgG1
IgA
IgA

H66-L69
Discontinuous
GTXS
n.d.
N97-F108










n.d.
n.d.

Lemley et al., (1994), Lebeda and
Olson, (1999)
Maddaloni et al. (2004)
Maddaloni et al. (2004)
Maddaloni et al. (2004)
Mantis et al. (2006)
Mantis et al. (2006)

75/3B12
24B11
TFTB-1
33G2
35H6

IgG2a
IgG1
IgG1
IgA
IgA

n.d.
P38-T43
P249-H251
n.d.
R235-S241








n.d.

n.d.
n.d.

(Colombatti et al. (1987)
McGuinness and Mantis (2006)
Fulton et al. (1986)
Mantis et al. (2006)
Mantis et al. (2006)

RTB

Note: The properties and epitope specificities of monoclonal antibodies to RTA and RTB.

IV. BACTERIAL VACCINES

59_P369408_Ch55.indd 1110

11/5/2008 4:39:29 PM

IMMUNITY TO RICIN

by blocking ricin’s association with host molecules
involved in these processes (Slominska-Wojewodzka
et al., 2006; Utskarpen et al., 2006). In support of this
model, there are some preliminary results using Vero
cells that toxin–MAb immunocomplexes formed
extracellularly are internalized and accumulate within
the Golgi apparatus (C. McGuinness and Mantis,
unpublished data).
Numerous MAbs against RTB have been described,
although only two have been characterized in detail
(Colombatti et al., 1986; Maddaloni et al., 2004;
Mantis et al., 2006; McGuinness and Mantis, 2006).
The MAb 75/3B12 is a murine IgG1 that blocks ricin
attachment to cell surfaces in vitro (Colombatti et al.,
1987). Antibody recognition of RTB was competitively
inhibited by the addition of lactose, but not sucrose
or glucose, suggesting 75/3B12 recognizes one or
both of RTB’s galactose-binding domains. 75/3B12
protected mice against a lethal injection with ricin
(270 ng of toxin/per animal given i.v.), although it
was not as protective as R70 (Colombatti and Dosio,
2001; Lemley et al., 1994). The second well-characterized anti-RTB MAb is 24B11 (McGuinness and Mantis,
2006). In vitro, 24B11 is approximately twice as
effective at neutralizing ricin as R70. The equilibrium
dissociation constants of 24B11 (KD  4.2  109 M)
is virtually identical to that of R70, indicating the
relative differences in neutralizing activity are not due
to differences in affinity for ricin. Like 75/3B12, 24B11
blocks ricin attachment to galactoside receptors on
primary mouse splenocytes and on the apical surfaces
of human mucosal epithelial cell monolayers. Unlike
75/3B12, however, the binding of 24B11 to RTB is not
affected by galactose or galactose-containing glycoproteins. Using a phage-displayed peptide library, it
was determined that 24B11 binds an epitope on RTB
adjacent to, but not within, one of the two galactosebinding domains, which has led us to propose that
24B11 neutralizes ricin by steric hindrance (i.e., physically obstructing RTB from attaching to galactose
residues on cell surfaces). It should be noted that the
association of any MAb with RTB is not sufficient
to interfere with toxin attachment. This is exemplified by TFTB-1, a murine IgG1 MAb directed against
RTB, which binds ricin as well as 24B11 but shows
no detectable neutralizing activity (McGuinness and
Mantis, 2006).

Mucosal Immunity to Ricin
The mucosal epithelia of the respiratory and GI
tracts are vulnerable to ricin intoxication, and protecting these tissues is an important consideration
when developing a ricin vaccine (Mantis et al., 2006).
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There is a general consensus that protection against
lung injury requires antibodies in respiratory secretions to effectively intercept ricin before it can
adversely affect the respiratory epithelium (Griffiths
et al., 1997, 1998, 1999; Poli et al., 1996; Yan et al.,
1996). For example, animals immunized parenterally
(i.e., subcutaneously) with ricin toxoid were protected
against a lethal aerosol challenge but suffered significant lung damage (Hewetson et al., 1995; Poli et al.,
1996). Similar experiments conducted in rats immunized with ricin toxoid revealed little lung damage in
immunized animals 28 days after challenge, although
rats developed some symptoms during the first week
after challenge (Griffiths et al., 1995). Protection
against lethal challenge was associated with high titers of serum anti-ricin antibodies. Protection against
lung lesions was accomplished by passively pretreating animals with an aerosolized goat IgG cocktail
enriched with anti-ricin antibodies (Poli et al., 1996).
Active vaccination of rats intratracheally with liposomal formulations of ricin toxoid or plant-derived
RTA was associated with increased antitoxin secretory
immunoglobulin A (SIgA) in lungs and protection
against intratracheal challenge with ricin that was correlated with decrees in neutrophil influx into the lungs
(Griffiths et al., 1997, 1998, 1999). Similar studies with
ricin toxoid encapsulated in poly-lactide co-glycolide
microspheres in mice vaccinated orally or intranasally
have also suggested an association of more effective
protection against aerosol challenge by stimulation of
local SIgA (Yan et al., 1996; Kende et al., 2002).
The concept that antitoxin serum antibodies protect against death but not damage to the respiratory
mucosa is reinforced by a recent paper by Smallshaw
et al. (2007) in which mice were immunized intramuscularly with an attenuated RTA vaccine (RiVax)
and then challenged with 10LD50s of ricin by aerosol.
All animals in groups receiving the two highest doses
of vaccine (10 or 3 μg three times at 4-week intervals)
survived challenge, whereas other groups suffered
20–80% death rate. However, even animals immunized with the highest dose of vaccine suffered
some lung damage, as assessed by plethysmography
(a measure of lung function) and histological examination. Survival and lung function were correlated
to total serum anti-RTA antibodies. Lung function in
mice vaccinated with high-dose vaccines and having the highest anti-RTA titers returned to baseline
values 3 days following aerosol exposure, although
there was evidence, 21 days following exposure of
mild epithelial hyperplasia, suggestive of ongoing
lung repair. The actual contribution of SIgA in protecting the respiratory epithelium will not be known
until similar vaccination studies are performed in
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available IgA- and polymeric immunoglobulin receptor
(pIgR)-deficient mice (Mbawuike et al., 1999).
In the intestinal tract, mucosal immunity to ricin in
mice correlates with antitoxin IgG and IgA levels in
serum as well as elevated antitoxin IgA antibodies
in intestinal secretions (Yoder et al., 2007). Intragastric
immunization with ricin toxoid elicits IgA antibodies against RTA and RTB that are capable of protecting polarized epithelial cell monolayers from ricin
in vitro. In tissue section overlay assays, IgA MAbs
against RTB blocked ricin attachment to the luminal
surfaces of human duodenum, suggesting that if these
antibodies were present in mucosal secretions, they
would be capable of interfering with the earliest
steps in the intoxication process (Mantis et al., 2006).
IgA MAbs directed against RTA are equally effective at neutralizing ricin in vitro, although they have
little effect on toxin attachment to epithelial cell
surfaces. The availability of anti-ricin IgG and IgA
MAbs (Mantis et al., 2006), in combination with a
well-characterized mouse model (Yoder et al., 2007),
now permits us to identify the isotypes and epitope
specificities of antibodies involved in intestinal
immunity to ricin in vivo.

VACCINE IMMUNOGEN CANDIDATES
The molecular immunogens proposed and studied in animal models as vaccine candidates over the
last decade have progressed from plant-derived
toxoid, ricin holotoxin, to isolated plant-derived
subunits, such as chemically deglycosylated RTA,
to recombinant derivatives of RTA and RTB. A variety of formulation approaches have been advocated
with the intent of delivering as either a conventional
injected vaccine with a conventional approach to
immunological adjuvants, or more exploratory delivery approaches that are intended to alter the route
of administration, principally for the stimulation of
mucosal immunity in the lungs and the GI tract or to
generate more long-lasting and robust immunity in
fewer doses. In addition, the formulation approach to
subunit vaccine development is aimed at providing
chemical and conformational stability to the candidate immunogens. To date, the immunogens that are
candidates for more advanced development have centered on the biophysical, biochemical, and immunological properties of RTA derivatives that lack either
enzymatic or VLS activity (Vitetta et al., 2006; Carra
et al., 2007). The focus on RTA derivatives is supported
by a number of studies that indicate that protection,
associated with the induction of serum neutralizing

antibodies and perhaps neutralizing antibodies in
mucosal secretions, can be generated by active vaccination with the A chain and supported by some of
the studies described above with the high neutralizing activity of several MAbs to RTA. There are few
published studies that directly compare the protection induced by RTA and RTB, but one recent study
(Maddaloni et al., 2004) demonstrates a more robust
protective immune response to RTA in comparison
to RTB. It is intuitive that antibodies to RTB may be
more efficient at the inhibition of ricin binding to
galactosyl cellular receptors. However, it is surprising
that RTA antibodies protect animals and neutralize in
vitro unless one considers that uptake through the MR
is mediated through RTA and takes into account
that antibodies to the A chain may modulate the
intracellular trafficking of RTA.

Ricin Toxoid and dgRTA
Treatment of ricin toxin with formalin results in a
toxoid that induces protective immunity in rodents
and primates (Hewetson, 1996; Franz and Jaax,
1997). Although active immunization with the toxoid vaccine protects against lethal inhalation of ricin
toxin in mice, the vaccine may only partially protect against lung damage (Hewetson et al., 1995; Poli
et al., 1996). Data regarding the toxoid vaccine made by
the U.S. Army Medical Research Institute of Infectious
Diseases (USAMRIID) were submitted to the Food
and Drug Administration (FDA) in 1995. However,
clinical trials were not done with this vaccine due
to concern over residual toxicity. The vaccine may not be
completely inactivated, and it was difficult to obtain
reproducibly inactivated batches of ricin. Published
data have suggested that long-term treatment with
formaldehyde may be necessary to substantially
inactivate ricin (Griffiths et al., 1997). Plant-derived
ricin holotoxin is extensively glycosylated, and it is
well established that chemically deglycosylated native
RTA (dgRTA) is effective at protecting mice against
systemically administered and aerosolized ricin,
although surviving mice expressed some lung damage
as evidenced by elevations of albumin in bronchial
fluids. Immunized mice had high levels of anti-RTA
antibody in their sera (Hewetson, 1996). Bronchial
fluids were not evaluated for antibody levels. dgRTA
is stable as a lyophilized formulation for 22 months
and after reconstitution is stable for 24 h at 4°C. Safety
testing in rodents showed that female mice lost more
weight than male mice, but that weight loss was not
dose related and resulted from decreased food and
water intakes. A single i.m. injection was associated
with a local inflammatory response and degenerative
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changes in the muscle that continued beyond 15 days.
These changes could be related to direct muscle damage since similar symptoms have been observed in
patients treated with dgRTA-containing immunotoxins (Sauseville and Vitetta, 1997). There was mild but
reversible neutropenia and limited single cell necrosis in the intestinal crypt epithelium that resolved in
15 days. Hence, although this vaccine had efficacy, it
also had some toxicity. In addition, it is expensive and
dangerous to make, and commercial sources of dgRTA
are no longer available.

Recombinant Vaccines
There are several recombinant vaccines that are in
various stages of development by different groups.
Three of these candidates have been recently described
in the literature, and all of them are derived from RTA
(McHugh et al., 2004; Smallshaw et al., 2002; Marsden
et al., 2004) The isolated A and B subunits of ricin can
be produced in E. coli and other recombinant hosts.
RTB is also a candidate for inclusion in a vaccine,
especially when protection is focused on mucosal
compartments (Maddaloni et al., 2004). Although RTA
in the absence of RTB is at least 1000-fold less toxic
than the native ricin, it still retains residual enzymatic
activity that may result in toxicity when used as a
vaccine (Thorpe et al., 1985).
One approach to making an RTA vaccine has
involved creating a double mutant of RTA containing both a single mutation in its enzymatic site (Y80A)
and mutations in the vascular leak site (V76M).
Several variants have been initially characterized,
of which one has been studied in great detail and
produced for clinical trials (Smallshaw et al., 2002).
This vaccine has been given the trade name RiVax,
has progressed through preliminary mouse protection
studies and rabbit good laboratory practice (GLP) toxicology, and has been evaluated in a Phase I safety and
immunogenicity trial in a “trial” formulation.
Another RTA-based vaccine candidate has been
produced by inserting a peptide into a surfaceexposed loop of RTA distal from the active site. This
mutant has substantially reduced catalytic activity,
resistance to proteolysis, and virtually no cytotoxicity. It induced immunity to systemic ricin challenge in
mice (Marsden et al., 2004).
A third approach to an RTA vaccine has involved
a structural approach to eliminate parts of the A
chain that are implicated in low thermostability of
RTA (McHugh et al., 2004). This particular candidate
contains an internal deletion that improves solubility
and an extensive deletion in the carboxy-terminal
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region, resulting in stability in aqueous solutions
under a variety of conditions. This vaccine candidate
is more stable to thermal denaturation than the parental native RTA and protects mice against ricin lethality
(Olson et al., 2004).
Each of these candidates protects mice from ricin
exposure and appears to contain the epitopes that
have been characterized from the study of the human
response of cancer patients given multiple doses of
RTA-antibody conjugate immunotoxin to which antibodies to the A chain had developed. These studies
have determined that there is a single, major linear B
cell determinant in the A chain that is associated with
ricin neutralization in cell-based assays (L161-E185)
(Tommasi et al., 2001; Castelletti et al., 2004). This
epitope is contained in a single helical loop that
impinges upon the active site. A second epitope
described by the peptides that bound to a neutralizing
MAb, located in an exposed loop (residues 95–110)
(Lebeda and Olson, 1999), is also present in each of
the vaccine candidates. These two epitopes have been
characterized as being involved in ricin neutralization.
The neutralizing antibody that has been described
by Pincus (MAb 18) (Maddaloni et al., 2004) and
discussed above is thought to overlap the active site
but has not been mapped to a linear peptide. It may
be a conformationally dependent neutralizing epitope.
There may be additional conformationally dependent epitopes or other linear B and T cell epitopes that
have not yet been characterized in animal or human
studies. The introduction of mutations in or near the
active site has the possibility of disrupting nearby
B cell epitopes, which raises the concern that vaccine immunogenicity can be affected in some of the
candidates (Marsden et al., 2005).

PRECLINICAL AND CLINICAL
STUDIES
There are several key factors in manufacture and
formulation that impinge upon the development of
any of the ricin vaccine candidates mentioned above.
The success of vaccine studies in the research stage
can reveal that a vaccine has the appropriate characteristics to induce protective immunity in a relevant
animal model and later in development considerations of manufacture and formulation with adjuvants,
and delivery systems become extremely important as
the vaccine progresses toward Phase I and II human
testing (and pivotal animal trials). RTA is known to be
extremely thermally unstable in aqueous buffers, but
conditions that allow for retention of maximal conformational stability can be identified (Peek et al., 2007)
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for molecules closely related in structure to RTA,
such as RiVax immunogen (Smallshaw et al., 2005).
This vaccine candidate induces rabbit and human antibodies that are neutralizing in an in vitro cell-based
assay, which indicates the total functionality of the
antibodies (Vitetta et al., 2006; Smallshaw et al., 2005)
and is likely to predict the capacity of a serum to
protect an animal. Furthermore, those antibodies, purified and passively transferred to naive mice, protect
against parenteral challenge.
A high-yield current good manufacturing practice
(cGMP) fermentation and purification process for RiVax
has been developed and implemented at a scale anticipated to be in the range for commercial production
(Brey et al., unpublished data). It is now known, based
on crystal structure data, that this protein is identical in
structure to native RTA (Charles Millard, unpublished
data), indicating that the point mutations contained
in the molecule do not disrupt any potential tertiary
structure (or potential conformationally dependent
epitopes). At the same time, this molecule is known to
induce antibodies that compete with known neutralizing MAbs, suggesting that the important complement
of structural epitopes is still contained within the molecule. The aqueous stability of RiVax can be improved
by the addition of excipients and the optimization of
pH and salt conditions, which among other things can
modify water structure, and the drug substance (the
protein per se) can be maintained in solution in the
presence of glycerol for up to 2 years or longer without loss of conformation and physical properties. The
physical properties of the protein are associated with
the ability of the protein to induce protective immunity
in animal models and protective antibodies in humans.
The presence of glycerol results in a 10°C increase
in the melting temperature of RTA, the point at which the
protein begins to unfold and aggregate irreversibly. The
relevance of stability in solution is thought to relate to
long-term stability that would be required if the vaccine were produced for a stockpile that would be used
only under emergency conditions or in very limited
target populations. The real stability issue concerns the
final formulation of the vaccine rather than the solution
stability per se, and the stability concerns the endpoints
that are not necessarily totally related to conformation,
that is, the ability to induce protective immunity or correlates of protective immunity. The ideal vaccine would
have high thermal stability that would be predictive of
long-term storage under ambient conditions or under
refrigeration, but those conditions must be evaluated
with the final clinical or marketable formulations.
The RTA1-33/44-198 vaccine candidate has elements
of built-in solution stability resulting from the deletion
of regions and residues that otherwise are obscured by

RTB in the holotoxin (McHugh et al., 2004; Carra et al.,
2007). This vaccine has also been formulated with aluminum salt adjuvants, and recent evidence suggests
that it contains long-term stability while bound to
aluminum adjuvants in terms of potency in a mouse
model of protection against ricin challenge.
A recent study of RiVax was conducted with an
investigational formulation that did not contain an
immunological adjuvant and was stabilized against
gross aggregation by the inclusion of sucrose and
Tween detergent (Vitetta et al., 2006). A safety and
immunogenicity trial was performed with this formulation with the motive of addressing the potential
toxicity of the subunit in the absence of any potential interference from an adjuvant. The vaccine was
safely tolerated at doses up to 100 μg given three
times at monthly intervals, with little evidence of
local side effects attributable to the immunogen. More
importantly, the vaccine stimulated seroconversion
in a dose-dependent manner, and antibodies purified from seroconverters mixed with ricin toxin were
protective upon transfer to mice. The fact that human
serum also contained antibodies that neutralized
ricin in a cell-based assay (Daudi cells, a human B
cell line) indicates that humans, rabbits, and mice are
capable of generating protective and functional antibodies elicited by a totally inactive RTA. More recent
unpublished studies have indicated that RiVax, similarly to RTA1-33/44-198, maintains potency in a dosedependent manner for long periods of time when
adsorbed to aluminum hydroxide (Alhydrogel®),
suggesting that adsorption of a relatively unstable
protein immunogen to the crystalline surface may
aid in the long-term stability of the vaccine. This aluminum adjuvant version of this vaccine is currently
being evaluated in nonhuman primate trials to examine the potential of this vaccine to protect against
lethality and lung damage after parenteral vaccination. Concurrently, human trials are underway to
establish an optimized dosage regimen and dose
level that can be correlated to protection in the most
relevant animal model.
The most relevant animal model is a nonhuman
primate model, and Rhesus macaque and African
green monkey models have been developed (Chad
Roy, Tulane University, personal communication), but
other mammalian species, such as the rabbit, develop
neutralizing antibodies in response to RTA vaccines
(Smallshaw et al., 2005) and are susceptible to ricin.
In developing the correlates of immunity and pathology during vaccine development, there is no way to
know the actual dose of ricin to which a human might
become exposed, but there is a way of examining
extreme situations of high-dose exposure in animal
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models and beginning to correlate the outcomes of
those extremes with immune responses in humans.
For example, if a certain vaccine dosage regimen is
shown to protect against a high-dose aerosol challenge that induces significant pathology in unvaccinated animals, the levels and duration of antibodies
in serum and secretions can be determined and used
in functional assays of antibody activity, including
avidity, neutralization, and passive transfer to naive
animals. However, the actual measure of pathology, such as inflammatory markers, local cytokines,
chemokines, influx of neutrophils, and microarray
analysis of upregulated genes, can be performed only
in a challenged animal.
Further development of these vaccine candidates
in human clinical trials is dependent on establishing
the relevant correlates of immunity in animal models that will include endpoints of lung pathology,
inflammation markers, as well as the determination of functional antibodies in serum and mucosal
secretions.

for production is key to several key objectives: first,
to provide a deterrent to further development of the
toxin weapon and, second, to provide a vaccine that
can actually be used in emergency situations prior
to marketing authorization by the FDA and other
regulatory authorities while the vaccine is proceeding through pivotal animal and human safety/
immunogenicity trials. A vaccine for ricin may provide the best approach since postexposure therapy
must be instituted within a very narrow window after
exposure, and once the toxin has stimulated an inflammatory cascade, it cannot be counteracted by antitoxin
antibodies. The similarities of the action of ricin and
Shiga toxins and the connections to the induction of
inflammatory cascades provide additional leads into
areas of therapeutics development for ricin poisoning
per se and for HUS.

KEY ISSUES
●

PROSPECTS FOR THE FUTURE
Recombinant subunit vaccines for ricin based on
RTA have been shown to induce antibodies that are
protective in rodent models and correlated with protection against ricin exposure by aerosol and oral
exposure in rabbits and humans. That is, the antibodies present in the serum are neutralizing in vitro and
can passively convey protection to naive animals. The
role of secretory antibodies and possibly other effector mechanisms may implicate compartmentalization of responses and suggest that these antibodies
can function to prevent binding of toxin to luminal
cell surfaces. Thus, the role of secretory antibodies in
preventive vaccination may be important in protecting epithelial surfaces against toxin exposure. Equally,
the possible transudation of antitoxin IgG across
luminal surfaces may aid to inactivate toxin prior to
binding. Therefore, it may be possible to induce protective immunity to mucosal tissue damage, primarily through stimulation of humoral antibodies. This
remains to be thoroughly tested in animal models.
The current data indicate that RTA subunit vaccines,
in common with prior vaccine candidates, can induce
protection against lethal toxin exposure but may not
completely prevent all morbidity; this, of course, is
related to toxin dose exposure.
A vaccine for ricin toxin will have utility solely as
a biodefense countermeasure, as there is no burden of
human or animal disease. The existence of vaccines
in an advanced state of development and readiness

●

●

●

Long-term stability of vaccine formulations. A
stockpile of vaccine that is not intended to be used
in routine immunization must have long-term
stability, possibly at storage temperatures that
avoid the cold chain.
Determination of the correlates of immunity in
appropriate animal models. The U.S. FDA has
mandated development of well-understood
animal models that are to be used as correlates of
protection in human vaccine studies. The correlates
of immunity involve most likely antibodies that
can be evaluated for functionality in vitro and
in vivo by passive transfer. A vaccine for ricin
would probably have an indication that involves
the description of a respiratory exposure endpoint.
The major question in human studies is the
magnitude as duration of protective antibodies and
how to induce them most effectively
A parenterally administered vaccine, for instance,
by i.m. injection, is expected to induce primarily
serum antibodies to the subunit and little secretory
IgA. The role of antibodies present at the mucosal
surface arising from parenteral vaccination is not
clear and may be critical to the degree of protection
to aerosolized toxin.
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ABSTRACT
Among the 17 named species of the Rickettsiaceae that have been documented to cause human illness, 5 are
significant threats of a fatal outcome, namely Rickettsia rickettsii, Rickettsia prowazekii, Orientia tsutsugamushi, Rickettsia
typhi, and Rickettsia conorii. These Rickettsia can be obtained in nature, propagated by available methods, and prepared
in a stable state of infectivity by a low dose. Thus, they could be used by terrorists. After a series of attacks, the public
would seek to receive a protective vaccine. Rocky Mountain spotted fever, louse-borne typhus, and scrub typhus are
currently reemerging infectious diseases with increasing incidence. Epidemic louse-borne typhus requires a vaccine
to control large epidemics that occur in association with natural and manmade disasters including wars. The vast
majority of emerging rickettsial diseases have existed for eons, are seldom life threatening, and were only discovered
recently: African tick bite fever (Rickettsia africae), Flinders Island spotted fever (Rickettsia honei), Japanese spotted
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fever (Rickettsia japonica), tick-borne lymphadenopathy (Rickettsia slovaca), maculatum spotted fever (Rickettsia parkeri),
flea-borne spotted fever (Rickettsia felis), the unnamed eschar-associated infections (Rickettsia aeschlimannii and
Rickettsia massiliae), and the unnamed infection caused by Rickettsia monacensis. Other rickettsioses (North Asian tick
typhus, Rickettsia sibirica; Queensland tick typhus, Rickettsia australis; rickettsialpox, Rickettsia akari) are rarely severe
illnesses. A vaccine should be developed against R. prowazekii and would likely provide good crossprotection against
R. typhi. Because R. rickettsii is the most virulent Rickettsia and genetic engineering to complete antibiotic resistance
is highly feasible, development of a vaccine against Rocky Mountain spotted fever would be a very wise biodefense
strategy. Such a vaccine would very likely provide crossprotection against other spotted fever group rickettsiae. The
preparation of a vaccine that protects against all Rickettsia species is a genuine possibility. Such a vaccine would have
a commercial value for use in travelers, especially those going on safari in southern Africa, where more hunters and
tourists suffer from African tick bite fever than malaria.
Development of a vaccine that is protective against scrub typhus poses tremendous challenges owing to
transient active immunity and vast antigenic diversity of the agent.

HISTORY OF RICKETTSIAL DISEASES
Records of the recognition of diseases that are
now known to be caused by rickettsiae were clearly
described by Ge Hong (scrub typhus) in 313,
Hieronymus Fracastorius (epidemic typhus) in 1546,
E.E. Maxey (Rocky Mountain spotted fever) in 1899,
and Conor (boutonneuse fever) in 1910. Two pathologists, Louis Wilson of the Minnesota State Board of
Health and William Chowning of the University of
Minnesota, described the geographic and seasonal
distribution, the clinical features of the severe form of
Rocky Mountain spotted fever, age- and gender-specific
incidence and case fatality rate, and pathologic lesions.
They determined the absence of a conventional bacterial agent and predicted an infectious etiology and tick
vector. Their erroneous identification of intraerythrocytic protozoa as the cause led to the investigations of
Howard Ricketts, who between 1906 and 1910 proved
that Rocky Mountain spotted fever was an infectious
disease transmitted by tick bite that resulted in solid
protective immunity. Experimental retention of infectivity by Berkefeld filters led to his prediction that the
agent would be visible microscopically, which was supported by his visualization of small diplobacilli in blood
and ticks. That the agent was in fact a novel type of
obligately intracellular bacterium was established by its
histochemical detection in endothelial cells of infected
humans and in ticks by S. Burt Wolbach between 1916
and 1919, propagation in embryonated chicken eggs
by Herald Cox in 1938, recognition of the therapeutic
efficacy of tetracycline and chloramphenicol in the late
1940s and early 1950s, visualization in living cell culture
by Mosielo Schaechter in 1957, and electron microscopic
characterization as gram-negative cytosolic organisms
by Anderson in 1965.
The clinical similarities of typhus and Rocky
Mountain spotted fever were recognized by physicians
prior to the discovery of the causative agents. A patient

diagnosed as having typhus by the world’s foremost
physician William Osler died and was examined postmortem by the father of American academic pathology,
William Welch, at Johns Hopkins University in 1903.
Later reexamination of the tissues by immunohistochemistry revealed that the patient had actually died of Rocky
Mountain spotted fever, which was not recognized to
occur in the eastern US until more than 25 years later.
The early discoveries relied upon experimental
transmission of infectivity from human blood or vector arthropods to guinea pigs and nonhuman primates. The vector-association of these diseases was
also discovered in early studies such as that of Charles
Nicolle, who demonstrated experimentally in 1909
that typhus was transmitted by human body lice. The
recognition that Rickettsia prowazekii is the etiology of
typhus relied upon observations of Ricketts and von
Prowazek, who both died of typhus, da Rocha-Lima,
and Wolbach, who visualized the bacteria in humans,
experimental lesions and lice, which were used as a
means of cultivation by xenodiagnosis.
Recrudescent typhus fever was described clinically by
Nathan Brill in 1896 and 1910, and was shown by Hans
Zinsser in 1934 to be caused by reactivation of latent
R. prowazekii infection. A similar illness, now known as
murine typhus, was differentiated clinically and epidemiologically from other typhus fevers by Maxey in 1926,
and Dyer isolated the agent, Rickettsia typhi, from rats
and fleas, the natural zoonotic cycle, in 1931.
Other spotted fevers and their agents continue to be
discovered around the globe. An illustrative example
is African tick bite fever, which was described clinically by MacNaughton in southern Africa in 1911, and
was distinguished from boutonneuse fever by Pijper
in 1936. Not until 1996 was the agent rediscovered and
designated taxonomically as Rickettsia africae. Other
spotted fever group (SFG) rickettsioses and rickettsiae were identified by Mill (North Asian tick typhus)
in 1936 and Krontovskaya (Rickettsia sibirica) in 1938;
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rickettsialpox by Shankman and Rickettsia akari by
Huebner in 1945; Queensland tick typhus and Rickettsia
australis by Andrew reported in 1946; Japanese spotted fever by Mahara in 1984 and its causative agent,
Rickettsia japonica, by Uchida in 1992; Flinders Island
spotted fever by Stewart in 1991 and its etiologic
agent, Rickettsia honei, by Stenos in 1998; Rickettsia slovaca in 1976 and the disease that it causes, tick-borne
lymphadenopathy, by Lakos in 1997; Rickettsia parkeri
by Lackman in 1949 and the first human infection by
Paddock in 2004; Rickettsia felis and its human infection
first reported by Azad in 1994.
Pioneering studies of these organisms included
investigations of metabolic activities of the bacteria
separated from their host cells by Bovarnick in 1949,
of rickettsial antigens by Shepard in 1945, of rickettsial proteins by Anacker in 1983, and the genome of R.
prowazekii by Andersson in 1998.
Orientia tsutsugamushi were visualized as intracellular organisms in smears from animals by Nagayo in
1924. In 1929 Ogata passaged the organism 80 times in
rabbit testis and also observed them in stained macrophages. Three years later he developed the method for
isolation of O. tsutsugamushi by intraperitoneal inoculation of mice. In 1995 Tamura separated Orientia into
its own genus on the basis of significant genetic divergence and phenotypic differences from Rickettsia.
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lipopolysaccharide (LPS): the typhus group (TG) and
the SFG as well as an ancestral group and transitional
group.
TG rickettsiae include two species: R. prowazekii,
the agent of epidemic typhus, and R. typhi, the agent
of murine typhus. SFG rickettsiae include 16 validated
species and numerous unvalidated rickettsial species.
However, most of these named SFG rickettsiae are so
closely related that they could be considered strains
of a single species. There is less than 0.5% divergence
of the 16S rRNA gene among the core species of SFG
rickettsiae including Rickettsia rickettsii, Rickettsia
conorii, R. sibirica, R. africae, R. parkeri, R. slovaca, and
many others. The tick-borne SFG rickettsiae range
from avirulent to highly virulent. Studies of rickettsial phylogeny have led to a proposal to consider
R. akari, R. australis, and R. felis as the transitional
group branching between the TG and SFG and an
ancestral group that includes Rickettsia bellii and
Rickettsia canadensis (Vitorino et al., 2007).
Multiplication of R. rickettsii occurs primarily in
the cytoplasm, but intranuclear growth is sufficiently
prominent to have stimulated early investigators to use
it as a criterion for the classification of SFG. Because of
cell-to-cell spread via actin-based mobility and greater
cytopathogenicity, plaques on monolayers occur earlier
and are larger than in the case of TG rickettsiae.
Orientia

ETIOLOGIC AGENTS

The family Rickettsiaceae includes the genera
Rickettsia and Orientia, which are small gram-negative,
obligately intracellular bacteria that reside in the
cytosol of host cells. Rickettsia (0.3–0.5 ⫻ 0.8–1.0 μm) are
smaller than Orientia (0.5–0.8 ⫻ 1.2–3.0 μm). Rickettsia
organisms have undergone genome reduction resulting
in a smaller genome (approximately 1 Mb) than Orienta
(2.4–2.7 Mb), and has lost genes encoding enzymes for
sugar metabolism, lipid biosynthesis, nucleotide synthesis, and amino acid synthesis. Although Rickettsia
can synthesize adenosine triphosphate (ATP), Rickettsia
are also energy parasites. They transport ATP into the
rickettsiae from the host cell cytoplasm using the ATP/
ADP translocase, which is unique to Rickettsia and
another intracellular bacterium Chlamydia (Andersson
et al., 1998; Plano and Winkler 1991).

Genus Orientia contains a single species, O. tsutsugamushi, which was formerly called Rickettsia tsutsugamushi. Orientia possess an unusual gram-negative
cell wall that lacks LPS and peptidoglycan (Amano,
et al., 1987). The outer leaflet of the cell wall is considerably thicker than the inner leaflet, while the opposite is
true of Rickettsia (Silverman and Wisseman, 1978). The
diversity among strains of O. tsutsugamushi is greater
than the diversity among the species of Rickettsia as
determined by the 16S rRNA gene. Phylogenetic analyses based on homologies of 56-kDa type-specific antigen genes classify Orientia isolates from China, Korea,
Japan, and Southeast Asia into seven genotypes. All
isolates originating in southeast Asia, including the prototype Gilliam and Karp strains isolated in Burma and
New Guinea, respectively, are distantly located in the
phylogenetic tree from those isolates in Japan, Korea,
and China, indicating that strains of O. tsutsugamushi
distributed in northeastern and southeastern Asia have
diverged evolutionarily (Enatsu et al., 1999).

Rickettsia

Rickettsial Antigens

Organisms in the genus Rickettsia are divided
into two antigenically distinct groups based on their

The major antigens of Rickettsia that are recognized
by the humoral immune response are LPS, lipoprotein,

Classification
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outer membrane proteins (OMPs), and heat shock
proteins. The Weil–Felix reaction was used as a presumptive diagnostic test for rickettsial diseases. It is
based on the crossreaction of antibodies to rickettsial
antigens from primary rickettsial infections, apparently
owing to IgM, with the antigens of two bacteria: Proteus
vulgaris (OX19 or OX2) and Proteus mirabilis (OXK).
They do not elicit an anamnestic antibody response in
recrudescent typhus. The antibodies of Japanese spotted fever patients are reactive with the LPS of OX2 as
well as OX19. The antibodies of scrub typhus patients
recognize OXK LPS only (Amano et al., 1996). Thus, the
crossreactive antigens between rickettsiae and Proteus are
most likely present in the LPS. The O-polysaccharides
of typhus rickettsial LPS are composed of glucose,
glucosamine, quinovosamine, and phosphorylated hexosamine, which are also found in the O-polysaccharide
of the LPS from P. vulgaris OX19 used in the Weil–Felix
test, suggesting that they may represent the antigens
common to LPS from TG rickettsiae and P. vulgaris
OX19 (Amano et al., 1998). O. tsutsugamushi lacks LPS.
A 17-kDa-protein is a genus-common protein of
rickettsiae and has been identified in all Rickettsia species examined (Anderson, 1990). The sequences of the
17-kDa-protein gene are conserved among rickettsial species, indicating the importance of it to the survival of the
rickettsiae. The protein is predicted to be a lipoprotein, and
part of the protein is surface exposed. Thus, it has been
speculated that the 17-kDa protein may play a scaffolding
and protective role in the rickettsiae (Anderson, 1990).
All rickettsiae have a 135-kDa outer membrane
protein B (OmpB) that has been identified as an
S-layer protein of rickettsiae (Ching et al., 1990). OmpB
is the most abundant rickettsial surface protein, and it
contains species-, group-, and genus-specific epitopes
(Anacker et al., 1987a, 1987b). OmpB consists of
10–15% of the total cellular protein and is released as a
soluble fraction, when the cells are suspended in hypotonic solution lacking Mg2⫹ and are incubated at 45 °C
for 20 min (Dasch, 1981). The amino acid sequence of
OmpB is very conserved among Rickettsia species.
Spotted fever and transitional group rickettsiae have
an additional outer membrane protein, OmpA, which
contains a hydrophilic region of tandem repeat units,
that comprises over 40% of the amino acid sequences
(Anderson, 1990). The repeat units are not identical and
thus are divided into three types with type I of 75 amino
acids, type II of 72 amino acids, and type III of 85 amino
acids. The type II repeats are less conserved and are further divided into two subtypes (IIa and IIb) (Anderson,
1990). The ompA sequences upstream and downstream
of the repeat region are conserved among SFG rickettsial species. Although the sequences of the repeat units
are conserved among R. rickettsii, R. conorii, and R. akari,

the number and the order of arrangement of the repeat
units are varied among SFG rickettsiae (Gilmore, 1993);
however, the type III of repeat unit that is found in
R. australis differs greatly from other SFG rickettsial
repeat units. R. australis contains only type III repeat
units, which have only 21% identity to the type I repeat
of R. rickettsii (Stenos and Walker, 2000). The antigenic
diversity of SFG rickettsiae is determined in large part
by the number, order, and type of repeat units.
OmpA of R. felis is truncated by a premature stop
codon at one-third of the sequence from the N-terminus
of the protein. Rickettsia peacockii, a tick symbiont, does not
express OmpA, and the ompA of R. peacockii contains a
deletion of G at 403 bp and insertions of GT and A following 4872 and 5828 bp, respectively, resulting in premature
stop codons (Baldridge et al., 2004). The ompA of avirulent
R. rickettsii Iowa strain was also interrupted by a nucleotide deletion that introduces a stop codon truncating
ompA at 660 bp from the start codon (Ellison et al., 2008).
O. tsutsugamushi Antigens
SDS-polyacrimide gel analysis reveals as many as 30
proteins of O. tsutsugamushi, and it is difficult to correlate
the molecular sizes of the proteins in different studies
(Tamura et al., 1985; Hanson, 1985; Stover, et al., 1990).
The most abundant antigen of O. tsutsugamushi is the
56 kDa surface protein (Tamura et al., 1985). It comprises
10–15% of the total bacterial cellular protein content,
and it is the most immunodominant protein (Hanson,
1985; Ohashi, et al., 1989, 1988). The 56-kDa protein varies among geographic isolates of O. tsutsugamushi and
thus is designated the type-specific protein (Ohashi
et al., 1992). The 56-kDa protein has the feature of transmembrane proteins with alternating hydrophobic and
hydrophilic regions. Analysis of the 56-kDa protein of
Orientia variants revealed four variable domains with
spans of 16–40 amino acids. The variable domains are
located in the hydrophilic regions of the molecule that
are likely surface exposed and have different amino acid
sequences among the strains (Ohashi et al., 1992).
Another major immunodominant protein is the
60-kDa protein, which is the homolog of the GroEL
(heat shock) protein family (Ohashi et al., 1988) (Stover
et al., 1990). Genetic analysis of the DNA sequences of
groESL of several geographic foci revealed a limited
number of variants within each focus and diversity of
strains from focus to focus.

CLINICAL DISEASE
Rickettsial diseases are characterized by systemic
symptoms at onset: fever, severe headache, and muscle
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aches. The characteristic maculopapular rash typically
appears 3–5 days later. In severe disease, petechiae
subsequently appear in the center of the maculopapules. The rickettsioses that are usually less severe
such as African tick bite fever and murine typhus have
a lower incidence of rash. However, a small portion of
patients with fatal Rocky Mountain spotted fever have
no rash but suffer lethal damage to vital organs such
as the brain and lungs. Erythematous maculopapules
are difficult to see in darkly pigmented skin. The rash
in Rocky Mountain spotted fever is described as centripetal, beginning on the wrists and ankles and later
appearing on the trunk and vice versa for epidemic
typhus, a centrifugal rash. However, this generalization is not a constant observation. Great emphasis is
placed on the involvement of the palms and soles in
SFG rickettsioses, but a significant fraction do not
have this manifestation, and in others it appears late
in the course. Early in the course of Rocky Mountain
spotted fever, nausea, vomiting, and abdominal pain
occur more often than rash. Focal skin necrosis with a
dark scab (an eschar) at the site of tick or mite feeding is a common feature of boutonneuse fever, African
tick bite fever, rickettsialpox, North Asian tick typhus,
Queensland tick typhus, Japanese spotted fever,
Flinders Island spotted fever, and tick-borne lymphadenopathy, but is rare in Rocky Mountain spotted fever,
and nonexistent in epidemic and murine typhus.
Systemic vascular infection in Rocky Mountain spotted fever results in encephalitis, leading to stupor (25%),
coma (10%), and seizures (8%), as well as interstitial
pneumonia and noncardiogenic pulmonary edema
causing cough (33%), pneumonitis (15%), and even
adult respiratory distress syndrome. Hypovolemia and
hypotensive shock lead to acute renal failure. In the preantibiotic era the case fatality rates were 23% for Rocky
Mountain spotted fever and 15% for epidemic louseborne typhus. Currently case fatality rates are still significant: approximately 4% for Rocky Mountain spotted
fever, boutonneuse fever, and epidemic typhus and 1%
for murine typhus, largely owing to misdiagnosis or late
diagnosis leading to treatment with ineffective antibiotics or delayed effective antirickettsial treatment.
Scrub typhus frequently manifests an eschar at the
site of chigger (larval mite) feeding during the incubation period. Regional lymphadenopathy, fever, headache, and myalgias begin abruptly. Hearing loss is
present in a third of cases. Conjunctival redness and
generalized lymphadenopathy are frequently present.
The occurrence of rash is variable. Cough, tachypnea, and radiologic pulmonary infiltrates are frequent presenting findings as are confusion and mild
personality changes. Severe cases may manifest adult
respiratory distress syndrome, acute renal failure, and

1125

hypotensive shock. In the preantibiotic era, case fatality rates varied drastically from less than 1 to 30%.

Animal Models
Guinea Pig
Guinea pigs are the standard animal model for Rocky
Mountain spotted fever and epidemic typhus. After
infection with rickettsiae, guinea pigs develop fever and
scrotal swelling. A fatal outcome may occur in R. rickettsii
infection. Guinea pigs also develop humoral and cellular immune responses. Rickettsiae can be isolated from
blood, liver, spleen, and testes. Development of illness
depends on the strain of guinea pigs, route of inoculation,
and dose. Rocky Mountain spotted fever can be induced
experimentally in Hartley strain guinea pigs by the subcutaneous, intraperitoneal, intranasal, aerosol, or conjunctival route. Aerosol, intranasal, and subcutaneous routes
are the most sensitive, and guinea pigs can be infected by
as low a dose as one organism via these routes. The conjunctival route is less sensitive; 106 organisms are required
to infect guinea pigs (Kenyon, et al., 1979).
Nonhuman Primates
A rhesus monkey (Macaca mulatta) model has been
used for both Rocky Mountain spotted fever and epidemic typhus (Saslaw et al., 1966). Due to the limited availability of the rhesus monkey, a cynomolgus
(Macaca fascicularis) monkey model was developed for
further vaccine testing for both Rocky Mountain spotted fever and epidemic typhus. Both monkey species
develop clinical signs similar to epidemic typhus and
Rocky Mountain spotted fever in humans.
For Rocky Mountain spotted fever, the severity of
the disease in the monkey depends on the route and
dose of the rickettsial inoculation. When 100 organisms are inoculated into monkeys via the intravenous
route, 100% of monkeys develop fever, and 85% of
them die. Subcutaneous inoculation requires a higher
dose than intravenous inoculation and yields inconsistent results. Aerosol inoculation is the most sensitive means of transmission, causing 100% of monkeys
to develop fever and 75% die with as small a dose as
one organism. The incubation period is 3–9 days, and
is not dependent on the inoculation route or the dose.
The most frequently observed microscopic lesions are
vasculitis and thrombosis of the capillaries, arterioles,
and venules of in numerous tissues. The lesions are
characterized primarily by perivascular infiltration of
lymphocytes and plasma cells. Coagulopathy occurs
in some monkeys. Blood chemistry changes include
mildly increased leukocyte counts due to an absolute
neutrophilia during the febrile period. Skin rashes are
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less frequently observed in cynomolgus than in rhesus
monkeys due to the darker cutaneous pigmentation of
the cynomolgus monkey (Gonder, et al., 1979).
Monkeys are susceptible to R. prowazekii infection
and develop clinical signs of illness and pathological
changes characteristic of epidemic typhus infection in
humans. Monkeys can be infected with 103 organisms
when rickettsiae are injected intravenously. However,
intravenous inoculation of 107 plaque-forming units of
R. prowazekii are required for the monkeys to develop
clinical signs of illness and pathological changes characteristic of epidemic typhus infection in humans.
The incubation period is 1–9 days, and is longer for
the low dose inoculum. Typical typhus nodules are
observed in the brain (Gonder et al., 1980).
Monkeys are not a good disease model for scrub
typhus although they have been used for scrub
typhus studies since 1918. The early studies used
wild silver leaf monkeys, and difficulty in maintaining the silver leaf monkeys in captivity prompted
investigators to use cynomolgus monkeys. The only
detectable signs of infection in monkeys are an eschar
at the site of intradermal inoculation of O. tsutsugamushi and rickettsemia. Rickettsemia lasts 1–2 weeks
(Chattopadhyay et al., 2005).
Mice
The C3H/HeN mouse inoculated intravenously
with R. conorii provides an excellent model for boutonneuse fever, and intravenous inoculation of
R. typhi is an excellent model of epidemic typhus or
murine typhus. These intravenous infection mouse
models faithfully represent the human infections in
the aspects of disseminated endothelial infection and
injury, cellular immune response, histopathology of
the vascular lesions, critical target organs with characteristic life-threatening lesions such as meningoencephalitis and interstitial pneumonia (Feng et al.,
1994; Walker et al., 1994, 2000). Some mouse strains
intravenously inoculated with other SFG rickettsiae
also develop rickettsial disease associated with disseminated endothelial infection by rickettsiae, e.g.,
R. australis in Balb/c mice and R. sibirica in C3H/HeN,
Balb/c, or Swiss-Webster mice.

PROTECTIVE IMMUNE RESPONSE
Although most natural infections with Rickettsia
enter via the skin, most animal models characterizing
immune responses to this pathogen employ intravenous inoculation to initiate infection. Thus, most studies
of infection with SFG or TG rickettsiae focus on immune

responses to systemic Rickettsia infection. In contrast,
dermal immune responses to infection with Rickettsia are
less well characterized but are increasingly the focus of
investigation. Most of our understanding of the immune
response against Rickettsia is derived from in vitro studies as well as the murine models of rickettsioses.

Innate Response
Following infection with Rickettsia, innate immune
responses are rapidly triggered and contribute to host
survival, as indicated by the impact of infection on
mice that lack various molecules with important innate
immune functions such as IFN-γ, tumor necrosis factoralpha (TNF-α), and NK cells. IFN-γ and TNF-α are
essential for primary defense against infection with
Rickettsia, and mice that lack these cytokines rapidly
succumb to infection (Walker et al., 2000; Billings et al.,
2001; Feng et al., 1994; Feng and Walker, 1993). IFN-γ
and TNF-α mediated resistance is partly attributed to
the production of microbicidal effector molecules such
as nitric oxide (NO) (Feng et al., 1994; Feng and Walker,
1993; Walker et al., 1993; Feng and Walker, 2000). Mice
that lack these cytokines have decreased NO production and an overwhelming rickettsial infection
(Feng et al., 1994). Similarly immunocompetent mice
treated with NO synthesis inhibitor NG-monomethyll-arginine (NGMMLA) fail to control rickettsial growth
(Feng et al., 1994). Mouse endothelial cells activated in
vitro with IFN-γ and TNF-α trigger the expression of
inducible NO synthase (iNOS), an enzyme involved in
NO production, and control rickettsial infection (Feng
and Walker, 1993, 2000; Walker et al., 1993).
IFN-γ is essential for resistance to Rickettsia infection, and multiple cell types have the ability to rapidly secrete IFN-γ (Yeaman et al., 1998; Ohteki et al.,
1999; Munder et al., 1998; Fultz et al., 1993). NK cells
are a major source of IFN-γ early in rickettsial infection (Billings et al., 2001). The activity of NK cells is
increased early during the course of murine infection with R. typhi and R. conorii. Depletion of NK cells
results in increased rickettsial infectivity titers in the
spleen of infected mice (2). NK cells secrete IFN-γ in
response to IL-12 (Pillarisetty et al., 2005; Gerosa et al.,
2005). IL-12 is a cytokine produced mainly by activated
monocytes, macrophages, and B cells and has immunoregulatory effects on NK cells and T cells (Gately
et al., 1998). IL-12 and IFN-γ are both important components of the Th1 immune response that effectively
controls intracellular pathogens including Rickettsia
(Walker et al., 2000; Biron and Gazzinelli, 1995).
Several lines of evidence point to the protective role
of proinflammatory cytokines such as IL-1 and TNF-α
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in host defense against Rickettsia (Sporn and Marder,
1996; Vitale et al., 1999). In vitro activated macrophages and endothelial cells infected by R. conorii or
R. rickettsii synthesize proinflammatory cytokines such
as TNF-α and IL-6 (Manor and Sarov, 1990; Kaplanski
et al., 1995). Production of bactericidal NO by LPSactivated endothelial cells is dependent on endogeneous production of IL-1α and TNF-α. In an animal
model of SFG rickettsiosis employing a sublethal
dose of R. conorii, depletion of TNF-α results in fatal
infection, with high rickettsial burden in endothelial cells, macrophages, and hepatocytes (Feng et al.,
1994; Feng and Walker, 1993), suggesting a protective
role of TNF-α in host response against Rickettsia. The
biologic activities of TNF are mediated by two structurally related, but functionally distinct, tumor necrosis factor receptors (TNFR), p55 and p75 (Locksley
et al., 2001; Mauri et al., 1998; Monastra et al., 1996).
TNFRp55 is the primary signaling receptor on most
cell types through which the majority of inflammatory responses and antimicrobial host defenses classically attributed to TNF occur. High plasma levels of
soluble TNF-receptors, mainly TNFRp55, are present
in patients with severe Mediterranean spotted fever
(MSF) (Vitale et al., 2001). These data suggest that
soluble TNFR released into the circulation of patients
with severe rickettsiosis binds to the secreted or membrane form of TNF-α, thus preventing its binding to
membrane TNFRp55, and results in impaired TNF-α
mediated activation of intracellular bactericidal effector killing mechanisms.
Consistent with the above studies, we found that
eschar lesions from patients with mild-to-moderate MSF
express high mRNA levels of TNF, IFN-γ, and IL-10.
Interestingly, very high levels of intralesional IL-10
were inversely correlated with lower levels of IFN-γ
and TNF. This mixed proinflammatory and antiinflammatory response in skin lesions from patients with
MSF was also associated with significantly increased
mRNA of RANTES, indoleamine-2,3-dioxygenase (IDO;
an enzyme involved in limiting rickettsial growth by
tryptophan degradation), and (iNOS: a source of microbicidal nitric oxide). Thus, humans with rickettsial infections express many of the effector mechanisms that have
been identified in experimental animals and in vitro.
Skin lesions from patients with severe MSF have significantly higher RANTES expression than those with mild
or moderate disease. RANTES is a chemokine that mediates recruitment of T cells to the site of infection. In addition, RANTES activates Rickettsia-infected target cells,
which results in intracellular killing of rickettsiae by an
NO-mediated mechanism. However, very high concentration of RANTES in vivo can lead to T cell apoptosis,
and subsequent disease progression. Further studies
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are needed to determine whether these cytokines and
chemokines responses in patients with MSF are simply
a correlate of mild and severe disease or contribute to
antirickettsial immunity and pathogenesis.
At the cellular level, human hepatocytes and human
umbilical vein endothelial cells (HUVECs) stimulated
in vitro by IFN-γ, TNF-α, IL-1β, and RANTES (regulated by activation, normal T cell-expressed and secreted chemokine; CCL5) kill intracellular rickettsiae by a
NO-dependent mechanism (Feng and Walker, 2000).
Neither primary human monocytes nor the monocytic
cell line THP-1 produces NO with the same stimuli;
however, an antirickettsial effect is elicited in these
cells by the combination of cytokines (without CCL5)
(Feng and Walker, 2000). This activity is mediated by
production of hydrogen peroxide and tryptophan starvation of intracellular bacteria due to degradation of
tryptophan by the enzyme IDO. Hydrogen peroxidedependent intracellular killing of Rickettsia also occurs
in HUVECs, but not in the human hepatocytes. Thus,
Rickettsia-infected nonprofessional phagocytic host
cells, such as endothelial cells and hepatocytes, possess
intracellular microbicidal effector mechanisms similar
to those mounted by professional phagocytic cells such
as macrophages.
Since the primary target cell for Rickettsia is the endothelium, examination of factors that control the interaction between endothelial cells and T lymphocytes is
important. Among these factors are chemokines, particularly inflammatory chemokines that specifically
target activated T cells through the CXCR3 receptor
such as CXCL9 (Mig) and CXCL10 (IP-10). CXCL9
and CXCL10 are inflammatory chemokines that are
expressed in vascular lesions in the brain of patients
with fatal Rocky Mountain spotted fever (Valbuena
and Walker, 2004; Valbuena et al., 2003). In animal
models of SFG rickettsiosis, CXCL9 and CXCL10
(CXCR3 ligands) are expressed early in the liver
and lungs of mice infected with a sublethal dose of
R. conorii (Valbuena et al., 2003; Valbuena and Walker,
2005). The mouse endothelial cell line SVEC4-10
expresses CXCL9 and CXCL10 when stimulated with
IL-1, IFN-γ, and TNF-α (Kaplanski et al., 1995; Sporn
and Marder, 1996; Dignat-George et al., 1997). In
infections with other intracellular pathogens, CXCL10
is expressed in inflamed tissues in which the Th1type cytokine IFN-γ is upregulated (Qin et al., 1998;
Kim et al., 2001; Sallusto et al., 1998; Bonecchi et al.,
1998). Similarly, CXCR3 is expressed predominantly
on Th1 clones and on a significant fraction of circulating memory T cells and is required for migration of
in vivo activated T cells, particularly effector CD8⫹
T cells to dermal sites of inflammation (Nishimura
et al., 2002; Ng et al., 1985). Therefore, it is possible
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that the early rise in the expression of CXCL9 and
CXCL10 may participate in the Th1 polarization and
effector cell generation that are so important in the
clearance of rickettsiae from infected hosts. However,
antibody-mediated neutralization of CXCL9 and
CXCL10 and absence of CXCR3 expression in knockout mice did not affect survival or bacterial loads of
these mice infected with rickettsiae (Valbuena and
Walker, 2004), suggesting a possible compensatory or
alternative mechanism that circumvents the need for
these chemokines in triggering antirickettsial effector
mechanisms.
Many studies have examined the interaction between
Rickettsia and their main target, endothelial cells.
However, endothelial cells are not professional antigen
presenting cells and lack the required costimulatory
molecules necessary for the induction of T cell
responses. In addition, the fact that rickettsiae are
transmitted via the dermis suggests that resident
dendritic cells could play a more important role than
endothelial cells in innate immunity as well as in
induction of specific T cell responses in vivo. Analysis
of the in vitro interaction of rickettsiae with bone marrow-derived DCs (BMDCs) from mice that are resistant (C57BL/6) and susceptible (C3H/HeN) to lethal
R. conorii infection suggests that dendritic cells not
only contribute to the initial clearance of rickettsiae
during the innate response but also determine the
type of acquired immune response against Rickettsia.
Compared to the immediate and exclusive cytoplasmic localization within endothelial cells, rickettsiae
efficiently enter and localize in both phagosomes and
cytosol of BMDCs from both mouse strains (Fang et al.,
2007). This dual intracellular localization of rickettsiae
within dendritic cells would enable efficient priming
of antigen-specific CD4⫹ and CD8⫹ T cells via major
histocompatibility complex (MHC) class II and I pathways, respectively. R. conorii infection induces maturation of BMDCs from both mouse strains as evidenced
by increased expression of MHC and costimulatory
molecules. However, compared to susceptible mice,
BMDCs from resistant mice exhibit higher expression
levels of MHC class II and Th-1 promoting cytokines
such as interleukin-12p40 (IL-12p40) upon rickettsial
infection. Importantly, BMDC from resistant C57BL/6
background are very efficient in activation of naive
CD4⫹ T cells, and promotion of their differentiation
into Th1 cells producing IFN-γ production is indispensable for activation of intracellular microbicidal
functions of infected target cells and, thus, killing of
intracellular rickettsiae. In contrast, in vitro coculture
of naive CD4⫹ T cells from susceptible C3H mice with
Rickettsia-infected syngeneic BMDC reveals delayed
CD4⫹ T cell activation and suppressed expansion of

CD4⫹ Th1 and Th2 cells compared to unstimulated
naive T cells (Fang et al., 2007). The suppressive CD4⫹
T cell phenotypes or responses detected in vitro upon
coculture of T cells and BMDC from susceptible C3H
mice are associated with expansion of Foxp3⫹ natural
T regulatory cells. Analysis of T cell priming functions
of DC compared to macrophages indicates that DC are
more efficient inducers of T cell activation, as characterized by the production of significant quantities of
the prototypical Th1 cytokines, IFN-γ and IL-2 (Jordan
et al., 2007). In addition, R. conorii-infected DCs are able
to activate naive CD8⫹ T lymphocytes in vitro in the
absence of T cell help (Jordan et al., 2007). However,
further investigation of the CD8⫹ T cell priming function of DC is necessary to determine whether a similar
phenomenon occurs in vivo. Interestingly, transfer of
R. conorii-infected DCs protect C3H/HeN mice against
lethal rickettsial infection. This protection is associated
with significant expansion of splenic lymphocytes
and NK cells in vivo. Together, these data suggest that
differential interactions of rickettsiae with BMDCs
might contribute greatly to different host susceptibilities to rickettsial diseases. IL-12p40-producing mature
DC could drive the differentiation of CD4⫹ T cells
toward a protective Th1 phenotype in the resistant host,
while decreased MHC class II expression and lack of
IL-12p40 production by DC in the susceptible host
stimulate T regulatory cells and suppress effector Th1
or Th2 cells. Whether suppression of effector CD4⫹
T cell responses by DC from the susceptible host is
mediated indirectly by T regulatory cells or directly by
Rickettsia-stimulated DC remains to be investigated.
The immune response to O. tsutsugamushi has been
studied in laboratory mice. This bacterium infects
a variety of host cells in vitro and in vivo, including macrophages and endothelial cells, where it replicates in the cytoplasm without being surrounded
by a phagosomal membrane (Ng et al., 1985; Chi
et al., 1997). Analysis of early immune responses
to O. tsutsugamushi infection in mice showed that
macrophage-mediated cellular immunity is essential
for resolution of this infection (Nacy and Groves, 1981).
The pathogenesis of scrub typhus and protection of
O. tsutsugamushi-infected animals are influenced by at
least three factors: (1) route of inoculation, (2) Orientia
strain, and (3) natural resistance of the host. Natural
resistance of mice to lethal infections of O. tsutsugamushi is controlled by a single, autosomal, dominant gene, which is designated Ric, with “r” and “s”
representing the resistant and susceptible alleles,
respectively (Nacy and Groves, 1981; Groves et al.,
1980; Jerrells and Osterman, 1981). The expression of
the early T lymphocyte activation (Eta-1)/Osteopontin
(op) gene, which maps to the natural resistance gene
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(Ric), correlates with resistance to O. tsutsugamushi
infections in mice (Patarca et al., 1989). The expression of Eta-1a allele represents an essential early step
in the pathway that leads to Th1 immunity, an effective arm of immune response against Orientia, by
balancing IL-12/IL-10 production. In addition to its
immunomodulatory effect, Eta-1a/op enhances resistance to rickettsial infection by affecting the ability of
macrophages to migrate to the site of infection and/
or to exert bactericidal activity (Singh et al., 1990).
Replication of O. tsutsugamushi is controlled by a cellular immune response dominated by type 1 cytokines,
in particular IFN-γ. In a mouse model of scrub typhus,
IFN-γ production was closely associated with the
development of immunity against O. tsutsugamushi
(Koh et al., 2004; Yun et al., 2005), and elevated levels
of circulating IFN-γ have been observed in a limited
number of patients with scrub typhus (Chierakul et al.,
2004; de Fost et al., 2005; Watt and Parola, 2003). In
addition, the plasma concentrations of the IFN-γinducing cytokines IL-12p40, IL-18, IL-15, and TNF-α
are also elevated in patients with scrub typhus (Yun
et al., 2005). Although data obtained from patients
with scrub typhus must be evaluated carefully since
cytokine levels vary on a daily basis and the levels
of these cytokines/chemokines can be influenced by
several confounding factors in humans, these data
suggest that a cell-mediated immune response is
critical in host defense against O. tsutsugamushi.

Adaptive Immunity
The generation of protective T cell responses
to infectious agents is a complex process in which
cytokines and costimulatory molecules provide signals that direct the development of adaptive immunity. Understanding the events that influence the
initial generation and expansion of effector cells and
the maintenance of memory is critical for the rational
design of vaccines. Similar to other intracellular
pathogens, cell-mediated immunity characterized by
substantial generation of IFN-γ producing Th1 and
CD8 type-1 cells plays a critical role in host defenses
against rickettsial infections (Feng et al., 1997; Walker
et al., 2000, 2001). CD8⫹ T cells provide a greater contribution to long-term protective immunity against
rickettsiae than CD4⫹ T cells. MHC-class I knockout
mice that lack CD8⫹ T cells are highly susceptible to
R. australis rickettsial infection (Walker et al., 2001). All
MHC-I gene knockout mice succumb to infection with
R. australis and develop severe subcutaneous edema
and pleural and peritoneal effusions. Furthermore
an ordinarily sublethal dose of R. conorii is lethal or
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causes persistent infection in mice depleted of CD8⫹
T lymphocytes (Feng et al., 1997; Walker et al., 2000,
2001). In contrast, mice depleted of CD4⫹ T cells
clear the infection in a similar time frame as normal
mice (Feng et al., 1997). Adoptive transfer of immune
CD4⫹ or CD8⫹ T lymphocytes before infection with
R. conorii protects immunocompetent naive mice
(Feng et al., 1997). However, the immunity provided
by the transferred cells is dose-dependent, as neither
CD4 nor CD8⫹ T cells protect mice against a higher
dose of rickettsiae. CD4⫹ T cell-mediated protective
immunity requires T cell production of IFN-γ, whereas
CD8⫹ T cells mediate protection via IFN-γ production
and cytotoxic killing (Feng et al., 1997; Walker et al.,
2001). The importance of IFN-γ in immunity to rickettsiae is emphasized by the observation that the IFN-γ
gene knockout mice with the C57BL/6 background
are 100 times more susceptible to a lethal outcome of
R. australis infection than wild-type C57BL/6 mice
(Walker et al., 2001). Despite the increased susceptibility of IFN-γ knockout mice, these mice survived
lower doses of rickettsiae infection. This observation together with the finding that mice do not survive the lowest dose of rickettsial infection without
CD8⫹ T cells suggests that an IFN-γ-independent
CD8 T cell-mediated cytotoxic effector function plays
a major role in host defense against Rickettsia. MHCclass-I-restricted CD8⫹ T cell responses to Rickettsia
determined by CTL activity against Rickettsia-infected,
MHC-matched target cells reach peak frequencies
approximately 10 days after intravenous infection.
Several cytotoxic cell death-mediating effector molecules including Fas/Fas ligand, TNF/TNFR, perforin,
and granulysin may contribute to function of CD8⫹ T
cells (Shresta et al., 1998; Doherty et al., 1997). Perforin
gene knockout mice are much more susceptible than
wild-type mice indicating that perforin-mediated
activity accounts for a large component, but not all, of
the CTL-mediated antirickettsial effect (Walker et al.,
2001). A recent study in Thai patients with scrub
typhus caused by O. tsutsugamushi displayed elevated
plasma concentrations of granzymes A and B together
with IFNγ and IFN-γ-inducible protein 10 (IP-10)
(de Fost et al., 2005). These data suggest that activation of cytotoxic lymphocytes is part of the early host
response to scrub typhus.
Taken together, these data strongly suggest that there
are two important effector components of acquired
immune response against Rickettsia, namely IFN-γ production by CD4⫹ and CD8⫹ type-1 cells, which activates
intracellular bactericidal mechanisms of endothelial
cells and macrophages, and the generation of Rickettsiaspecific cytotoxic CD8⫹ T cells that lyse infected target
cells via pathways involving perforin and/or granzymes.
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Humoral Response
The concept that only cell-mediated immunity plays
a role in resistance to intracellular pathogens in large
part stems from work initially begun in the 1960s by
George Mackaness examining Listeria infection in mice
(Mackaness, 1962, 1969). These experiments demonstrated that immune splenocytes could transfer protection via the activation of macrophages. Earlier studies
of correlates of protection of patients with SFG rickettsiosis (Ricketts, 1908; Topping, 1940, 1943) or in guinea
pigs (Murphy et al., 1980; Sumner et al., 1995) passively immunized with immune sera against Rickettsia
also provided little evidence of a role for antibodies in
primary host defense against Rickettsia. On the other
hand, pretreatment of rickettsiae with immune serum
before infection prevents lethal disease. Because the latter situation mimics a secondary rather than primary
immune response against Rickettsia, investigations
have focused on cellular immunity as the main mechanism of protection against primary infection with these
intracellular pathogens. However, it should be noted
that some monoclonal antibodies (MAbs) of a defined
specificity and isotype can provide protection. Natural
infection does not result in the production of protective
antibodies prior to clearance of rickettsiae. These observations indicate that humoral immunity may be more
important in preventing reinfection than in clearance of
primary infection. In the past few recent years, provocative studies have shown the role of antibody in protection against certain intracellular pathogens (Edelson
et al., 1999; Edelson and Unanue, 2000a, 2000b).
In the animal model of SFG rickettsiosis, C3H/SCID
mice that receive MAbs against Rickettsia OmpA or
OmpB or polyclonal antisera specific to Rickettsia 48 h
prior to intravenous infection with 10 LD50 of R. conorii
are completely protected, while anti-LPS antibodies or Fab fragment of the polyclonal antibodies are
not protective (Feng et al., 2004a). Polyclonal antibodies or MAbs against OmpA or OmpB given after the
establishment of infection are effective in killing rickettsiae, presumably interacting with rickettsiae that exist
extracellularly as they spread from one cell to another.
Kinetic analysis of antibody development against
R. conorii reveals that antibodies to LPS appear on day
6 during the illness, while antibodies to OmpA and
OmpB appear on day 12 after recovery from the infection. The T cell response against Rickettsia reaches a peak
at 9–12 days postinfection (Feng et al., 1997; Walker et al.,
2001), which suggests that antibodies to OmpA and
OmpB are T cell dependent, while antibodies against
LPS are T cell independent. Since antibodies to OmpA
and OmpB were detected on day 12, after recovery
from the illness had occurred, it seems more likely that

an antibody response would play an important role in
protective immunity against reinfection than in clearance of the primary infection in an immunocompetent
host. Recently, the potential mechanism(s) of antibodymediated protection against Rickettsia has been examined
(Feng et al., 2004b). The observation that Fab fragments
of polyclonal antiserum do not provide protection in
vivo indicates that antibodies mediate protection most
likely via enhancement of opsonization and phagocytosis of organisms. In vitro cultured mouse endothelial and macrophage-like cell lines incubated with
R. conorii-coated with different types of antibodies reveal
that the Fc portion of the antibodies enhances adherence
of opsonized rickettsiae and subsequent internalization. Binding of polyclonal antibodies or MAbs against
OmpA or OmpB to Rickettsia enhances eventual intracellular killing. In addition, polyclonal antibodies and
anti-OmpB MAb inhibit the escape of R. conorii from the
phagosome, resulting in intraphagolysosomal rickettsial
death mediated by NO, reactive oxygen intermediates,
and L-tryptophan starvation (Feng et al., 2004b).

Persistence of Rickettsial Infection, Latent
Infection, and Reactivation
Although rickettsiosis has been identified as an acute
infectious disease, several lines of evidence suggest
that Rickettsia can cause chronic infection. R. rickettsii
organisms were isolated from lymph nodes of patients
1 year after recovery from RMSF (Parker et al., 1954).
Persistence of Rickettsia-specific antibodies in patients
recovered from RMSF suggests a latent infection.
Similarly, in naturally infected dogs, antibody titers
can be detected at least 12 months after R. rickettsii
infection, suggesting a persistent infection (Tesouro
et al., 1998). O. tsutsugamushi also persist in tissues of
patients recovered from scrub typhus (Smadel et al.,
1952). R. prowazekii, the etiologic agent of epidemic
typhus and recrudescent typhus (Brill–Zinsser disease), causes latent infection (Zinsser and Castaneda,
1933; Walker et al., 2003).
The long-term persistence of pathogens in a host
that is also able to maintain strong resistance to reinfection is a characteristic of certain infectious diseases.
The ability of certain intracellular pathogens to establish latency in immune individuals is often associated
with a suppressed immune response or antigenic variation (Salgame, 2005; McCulloch, 2004). To the best
of our knowledge, antigenic variation does not occur
in Rickettsia. Sterile immunity in resistant R. conoriiinfected mice maintained by CD4⫹ T cells, IL-12, IFN-γ,
and inducible iNOS suggests that impairment of
these responses may result in rickettsial persistence
and possible reactivation. The explanation as to why
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these control mechanisms fail to completely eliminate the Rickettsia is not known. Transient immunosuppression occurs in vivo during chronic infection
of mice with O. tsutsugamushi administered subcutaneously (Jerrells, 1985). Spleen cells from subcutaneously infected mice do not proliferate in vitro
in response to a polyclonal T cell stimulator such as
ConA. Additionally, mice infected subcutaneously
with O. tsutsugamushi develop chronic infection and
are unable to mount an antibody response to either T
cell dependent antigens such as SRBC or T cell independent antigens such as TNP-ficoll (Jerrells, 1985).
However the suppressed antibody response to the Tindependent antigen TNP-ficoll was not as severely
affected as antigens requiring T cell help to produce
antibodies, suggesting that the transient immune suppression following O. tsutsugamushi infection is due to
suppression of T cells. Nevertheless, the mechanism(s)
of the observed immunosuppression is not completely
understood, and it is controversial as to whether or
not T suppressor cells play a role in this mechanism.
More importantly, if such transient immunosuppression occurs following natural rickettisal infection and
whether this could be a mechanism of persistence of
rickettsiae remain to be determined. In support of
the concept of immunosuppression is the observation that O. tsutsugamushi infection suppresses the
production of proinflammatory cytokines (e.g., TNFα) in murine macrophages cocultured in vitro with
the rickettsiae or conditioned medium from O. tsutsugamushi-infected macrophages (Kim and Kang,
2001). Further study revealed that Orientia-mediated
suppression of macrophage activation is due to production of immunosuppressive cytokine IL-10 (Kim
et al., 2005). In humans, elevated serum levels of
IL-10 are also present in patients with boutonneuse
fever (Cillari et al., 1996). Nevertheless, the source of
IL-10 in murine or human rickettsiosis has not been
determined. Consistent with the hypothesis of immunosuppression in severe rickettsial disease, infection of
C3H/HeN mice with R. conorii that closely mimics
severe human rickettsioses with similar disseminated
vascular injury is associated with inability to control
bacterial replication resulting in an overwhelming
infection (Walker et al., 1994). Splenocytes from these
lethally infected mice exhibit suppressed proliferation
to in vitro polyclonal stimulation (Feng et al., 1994).
Rickettsia-infected DC stimulate significant expansion of Foxp3T regulatory cells, which correlates with
suppressive adaptive immune responses (Fang et
al., 2007). A similar immunosuppressive mechanism
appears to occur in vivo following lethal R. conorii
infection in susceptible C3H/HeN mice. Higher bacterial burden and fatal disease in mice infected with

lethal dose of R. conorii are associated with unresponsiveness of CD4⫹ T cells as evidenced by suppressed
nonantigen-specific proliferation and IL-2 production,
which are strongly associated with significant expansion of inducible antigen-specific T regulatory cells
producing IL-10 and IFN-γ.
Another mechanism of persistence is derived
from studies with virulent and attenuated strains of
R. prowazekii. Resistance to IFN-γ-mediated intracellular killing has been observed in vitro following
culture of avirulent Madrid E strain of R. prowazeki in
IFN-γ-treated fibroblast L929 cells (Turco and Winkler,
1989). Since the passage of rickettsiae in culture selects
IFN-γ resistant strains, it is possible that this avirulent
phenotype could emerge in vivo after recovery from
primary infection, and acquire the ability to persist
due to their IFN-γ resistance (Turco and Winkler, 1989,
1990; Turco et al., 1989). The ability of avirulent Madrid
E strain to revert to the virulent phenotype may
explain, to some extent, reactivation of R. prowazekii
infection and development of recrudescent typhus.

EPIDEMIOLOGY
Natural rickettsial infections are all transmitted by
arthropods. The four Rickettsia species that are threats for
use by bioterrorists are all highly infectious by inhalation of a low dose of rickettsiae by aerosol. TG rickettsiae
have an insect vector, the human body louse (Pediculus
humanus corporis) for R. prowazekii and fleas (particularly
Xenopsylla cheopis, the Oriental rat flea, worldwide and
currently Ctenocephalides felis cat flea in the US).
TG rickettsiae are transmitted mainly in their
vectors’ feces, which contains a stable infectious form
of the bacterium that is scratched into the skin, rubbed
into mucous membranes such as the conjunctiva, or
inhaled. R. prowazekii is highly lethal for its louse host;
100% die. Thus, the louse is not a reservoir host of
R. prowazekii. Humans who survive acute louse-borne
typhus maintain a latent infection and serve as reservoir host of the rickettsiae. Years later some latently
infected persons fail to maintain effective immune
control of the rickettsiae, allowing for reactivation
of rickettsial growth, recrudescent typhus fever, and
bacteremia that infects 5% of lice that are feeding on
them. Human body lice live in the clothing of the person, where the temperature is suitable for them, and
they leave a febrile person because of their aversion
to the higher temperature. This departure seeking
another host accomplishes transfer of the rickettsiae
to a susceptible person. After 5–7 days the growth of
R. prowazekii in louse gut epithelium results in rickettsial shedding in the feces onto the skin of the new
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host. Successive cycles of these events in nonimmune,
louse-infested persons under crowded conditions
result in an outbreak. Travel of persons during the
incubation period (e.g., displaced by warfare) spreads
the infection leading to a widespread epidemic such as
occurred among 100,000 persons during the civil war
that occurred in the mid-1990s in Burundi.
R. prowazekii is also maintained in a zoonotic cycle
involving flying squirrels (Glaucomys volans) and their
specific flea and louse. Humans become infected from
this cycle, presumably when contacting the infected fleas
or infected feces from the lice and fleas. R. prowazekii also
resides in some ticks.
The first biologic weapon developed by the Soviets
was R. prowazekii. The history of Japanese biologic
weapon development during World War II also
includes typhus.
Murine typhus occurs in persons who contact the
feces of the infected fleas and less often by flea bite.
Globally murine typhus has a very high incidence
although typically neither diagnosed nor treated effectively. Analyses such as disability adjusted days of life
lost are blind to the importance of murine typhus and
other unreported rickettsioses. The most common
natural reservoir of R. typhi is a zoonotic cycle involving the Oriental rat flea and Rattus species. Infected
fleas maintain R. typhi throughout a normal lifespan,
and via transovarian transmission to a small portion
of their eggs. Rats are easily infected, develop a sufficient concentration of R. typhi in their blood to infect
fleas that feed on their blood, and do not become ill.
SFG and transitional group rickettsiae are maintained in nature largely via transovarian transmission
in ticks, mites (R. akari only), or fleas (R. felis only).
Some Rickettsia species are pathogenic for the vector tick
(e.g., R. rickettsii causes reduced survival of Dermacentor
ticks). Thus, infection of new ticks is required to establish new lines of transovarian rickettsial maintenance
(e.g., Dermacentor variabilis ticks acquire R. rickettsii
while feeding on rickettsemic cotton rats). The pathologic effects of R. rickettsii on ticks apparently account
for their extremely low (less than 0.1%) prevalence in
their tick hosts. The vectors of Rocky Mountain spotted
fever are D. variabilis (American dog tick) in the eastern two-thirds of the US and regions of the Pacific coast
states, Dermacentor andersoni (wood tick) in the Rocky
Mountain states, Rhipicephalus sanguineus (brown dog
tick) in the southwestern US and northern Mexico, and
Amblyomma cajennense and Amblyomma aureolatum in
South America.
Each Rickettsia has its particular vector(s), e.g.,
R. conorii (R. sanguineus tick), R. africae (Amblyomma
variegatum and Amblyomma hebraeum ticks), R. felis
(C. felis flea), and R. akari (Liponyssoides sanguineus

mite). In some cases, there is a known amplifying vertebrate host, e.g., the domestic mouse (Mus musculus)
for R. akari during outbreaks of rickettsialpox.
Some rickettsiae are apparently not significantly
pathogenic for their vectors in which their prevalence
is high (e.g., R. africae in A. variegatum ticks). The most
prevalent rickettsiae are of no known pathogenicity and are apparently maintained purely by vertical
transovarian transmission (e.g., R. peacockii).
The low dose infectivity of rickettsiae is well illustrated by R. rickettsii, which is 1000-fold more infectious
by aerosol than the spores of Bacillus anthracis, an indication of their danger as a potential biologic weapon.
SFG rickettsioses such as Rocky Mountain spotted
fever, boutonneuse fever (MSF), and African tick bite
fever are transmitted by ticks during their feeding.
Ticks attach to the skin and inject saliva that contains
pharmacologically active substances that prevent
pain, modulate host defenses, and inhibit coagulation.
Sharp tick mouth parts cut dermal blood vessels creating a blood-filled cavity from which blood is ingested
and into which Rickettsia-infected saliva is injected as
soon as 6 h after attachment and later during feeding
that typically lasts for a week or longer.
The seasonal and geographic distribution of each
rickettsiosis reflects the months of activity of the vector and its contact with humans. Rocky Mountain
spotted fever occurs between May and September in
the southeastern, mid-Atlantic, and south-central US.
O. tsutsugamushi is maintained entirely by transovarial transmission in trombiculid mites. Humans are
thus accidental hosts who become infected by feeding
of the larval stage of mite for 2–10 days on the skin.
The other life stages of the mites are free living, feed
in the soil, and therefore do not transmit orientiae.
The seasonal occurrence is determined by the feeding
activity of the vector, e.g., Leptotrombidium pallidum in
autumn-to-winter and late spring-to-early summer;
Leptotrombidium scutellare in autumn and winter; and
Leptotrombidium deliense year-round in tropical areas.

PATHOGENESIS
Rickettsia interact with their eukaryote hosts by way
of parasitism or mutualism. Rickettsiae are arthropod-borne intracellular bacteria that in vertebrates
primarily infect endothelial cells and cause acute diseases. Natural infection with Rickettsia involves intradermal inoculation of the organisms together with
saliva during tick feeding or with the feces of a louse
or flea. Therefore, analysis of the interactions among
Rickettsia, their initial target cells including potentially
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dermal microvessel endothelial cells, dendritic cells,
and macrophages and infiltrating T cells in the skin
is of paramount importance in understanding the
pathogenesis of the disease and design of a rational
vaccination strategy.
Because of experimental limitations imposed by
the obligate intracellular nature of rickettsiae, little is
known about specific virulence determinants utilized
by these organisms that mediate initial rickettsiae–
host interaction. SFG Rickettsia attach via its OmpA
and OmpB, the latter of which binds to a transmembrane protein Ku70 in the endothelial cell membrane
(Li and Walker, 1998; Uchiyama, 1999; Martinez et al.,
2005). Binding of Rickettsia to Ku70 induces focal
host cell cytoskeletal actin rearrangements at the site
of attachment, resulting in induced phagocytosis
(Uchiyama, 1999; Li and Walker, 1992; Martinez, 2004).
Interestingly, Rickettsia bind to Ku70 via OmpB, and
this binding results in activation of Ku70. Activation
of Ku70 is postulated to lead to the activation of a cascade of signaling events, including the small GTPase,
Cdc42, phosphoinositidyl-3-kinase, src-family tyrosine kinases, and the tyrosine phosphorylation of focal
adhesion kinase (Martinez and Cossart, 2004). These
signaling events are known to be strongly associated
with activation of β1-integrin (Parsons, 2003) and bacterial entry (Martinez and Cossart, 2004). R. conorii
infection also stimulates the ubiquitination of Ku70
that is mediated by recruitment of the ubiquitin ligase
c-Cbl to R. conorii entry foci. The role of Ku70 ubiquitination in rickettsial entry is evident by data showing that down regulation of endogenous c-Cbl blocks
Ku70 ubiquitination and bacterial entry. However,
further studies are essential to dissect whether Ku70 is
utilized directly by R. conorii or that indirectly through
other host cell receptors or adhesion molecules that
facilitate bacterial entry into host cells.
Internalized rickettsiae are initially bound within a
phagosome (Teysseire et al., 1995). An increase in rickettsial membranolytic activity (phospholipase D and
tlyC) occurs concomitantly with rickettsial entry, and
facilitates rickettsial escape from the phagosome into the
cytoplasm prior to phagolysosomal fusion, thus avoiding exposure to the lysosomal enzymes (Whitworth,
et al., 2005; Walker et al., 2001; Renesto et al., 2003;
Martinez et al., 2004). Once in the cytosol, rickettsiae
are free to exploit the nutrient-rich environment and
interact with host structural components (Austin and
Winkler, 1988; Winkler and Turco, 1988). In the cytosol,
they replicate by binary fission. The spread of TG rickettsiae occurs via bursting of the massively infected host
cell. In contrast, spotted fever rickettsiae are released
from the infected cells via long thin cell projections
either extracellularly or into the adjacent cell. These
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projections from which they are released are caused by
propulsion by the host cell’s actin filaments (Heinzen
et al., 1993; Nath, 2004; Teysseire et al., 1992). The nucleation of actin polymerization is activated by Arp2/3,
which induces the continuous formation of a network
of short and highly branched filaments of actin that
appears as tails that propel the rickettsiae (Gouin et al.,
2004). In Rickettsia-infected cells, Arp2/3 is detected
on the rickettsial surface but not in actin tails (Nath,
2004; Gouin et al., 2004). Arp2/3 is normally inactive and has to be activated by proteins of the WASP/
N-WASP/Scar/Wave-family proteins in eukaryotic cells (Pollard and Borisy, 2003; Frischknecht and
Way, 2001; Gouin et al., 1999). Comparison of genome
sequences of R. prowazekii and R. conorii has identified a
2-kb region that is present in the R. conorii genome and
is absent from that of R. prowazekii (Gouin et al., 2004).
This locus encodes a 517-amino acid protein, RickA,
which recruits Arp2/3, activates it, and induces actin
polymerization. Thus, RickA is a rickettsial actin nucleator that is most closely related to the WASP/N-WASPfamily proteins, which are involved in actin-based motility (Gouin et al., 1999; Welch et al., 1998; Machesky et al.,
1999; Boujemaa-Paterski et al., 2001). RickA is expressed
on the surface of most SFG rickettsiae in infected cells
(Gouin et al., 1999, 2004). However, it is unknown how
RickA is expressed on the bacterial surface and whether
the type IV secretion system predicted by the genome
sequence is involved in targeting RickA to the surface. It
is possible that posttranslational modification of RickA
such as phosphorylation might control its activity.
Whether another Rickettsia protein also participates in
the actin-based motility has to be addressed.
Nevertheless, the mechanism of SFG rickettsial
cell-to-cell spread in the microcirculation results in
disseminated infection of contiguous networks of
endothelial cells, which coincides with lesion development (e.g., maculopapular rash). R. rickettsii is more
invasive than other rickettsiae, routinely spreading to
infect adjacent vascular smooth muscle cells. Because
SFG rickettsiae are adapted for both intracellular
survival and direct cell-to-cell spread, they are protected, to a large degree, against antibody-mediated
complement activation that plays a major role in
elimination of extracellular bacteria.

Pathophysiology of Rickettsial Diseases
The fundamental pathology of both spotted fever
and TG rickettsioses is vasculitis caused by proliferation
of organisms in the endothelial lining of small arteries,
veins, and capillaries. This Rickettsia-induced vascular
injury accounts for most or all of the clinicopathologic
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abnormalities including the presence of an eschar at
the site of the tick bite followed by a hemorrhagic rash,
which extends over the entire body, including the palms
and soles of the feet. The vascular lesions that underlie
the rash lead to increased vascular permeability, with
resulting edema due to leakage of fluid from the bloodstream, and its accumulation in the surrounding tissues
(Davidson et al., 1990). The interstitial edema in certain
organs such as lung and brain can pose a life-threatening
situation. Generalized leakage of fluid from the
circulation results in hypovolemia and ischemia. In
severe cases, rickettsiae cause noncardiogenic pulmonary
edema, interstitial pneumonia, and adult respiratory
distress syndrome associated with hypoxemia, interstitial myocarditis, perivascular glial nodules of the
central nervous system, and similar vascular lesions in
the skin, gastrointestinal tract, pancreas, liver, skeletal
muscles, and kidneys (Walker et al., 1980; Walker and
Mattern, 1980; Randall and Walker, 1984; Adams and
Walker, 1981). However, focal lesions or injury in some
organs such as the kidneys are not sufficiently extensive to result in organ failure. Rocky Mountain spotted
fever and boutonneuse fever induce a procoagulant
state including release of procoagulant components,
activation of the coagulation cascade with thrombin
generation, platelet activation, increased antifibrinolytic
factors, consumption of natural anticoagulants, and
secretion of coagulation-promoting cytokines (George
et al., 1993; Sporn et al., 1991; Shi et al., 1996, 2000;
Elghetany and Walker, 1999). It has been speculated that
thrombus-mediated vascular occlusion, including disseminated intravascular coagulation (DIC), might be an
important pathogenic mechanism in severe rickettsioses.
However, DIC rarely occurs, and postmortem studies
of fatal cases reveal that thrombi are few and do not
constitute an important general pathogenic mechanism.
Increased adherence of platelets to infected endothelial cells has been demonstrated in vitro. Consumption
of platelets results in thrombocytopenia in 32–52% of
patients with Rocky Mountain spotted fever. Analysis
of the sequential changes in many hematologic and
biochemical parameters in 108 patients with travelassociated African tick bite fever during the first 2 weeks
of illness and prior to the institution of antirickettsial
therapy revealed several changes that, although less
pronounced, mimic those of potentially more severe
SFG rickettsioses (Jensenius et al., 2003). For example,
there are significant decreases in mean total leukocyte
count (leucopenia), mean absolute lymphocyte count
(lymphopenia), and mean platelet count (thrombocytopenia), and significant increases in mean serum levels of
C-reactive protein (CRP) and serum level of liver
enzymes (ALT and AST) (Jensenius et al., 2003).
Interestingly, an increased serum level of CRP and

lymphopenia are the two most consistent findings.
These observations are consistent with sharp decreases
in serum IFN-γ in Sicilian patients with acute boutonneuse fever in whom IFN-γ levels dropped sharply
during the second week after infection (Cillari et al.,
1996). The fall in IFN-γ in boutonneuse fever patients
coincides with reduction in the levels of CD4⫹ T cells
in peripheral blood and decreased serum levels of IL-6,
IL-10, and TNF (Cillari et al., 1996), indications of a
return toward homeostasis.
In scrub typhus, infections with O. tsutsugamushi
cause local inflammation accompanying eschars at
the site of infection, and then spread systemically.
Inflammation is initiated by infected macrophages and
endothelial cells in the dermis. In the murine model of
mild and severe rickettsiosis caused by infection with
low and high virulence strains of O. tsutsugamushi, an
early strong PMN response, followed by mononuclear
cell influx is associated with enhanced susceptibility of C3H/HeN mice to O. tsutsugamushi infection
and coincides with a high mortality rate (Cho et al.,
2000; Rikihisa and Ito, 1979). The prominent cellular influx in susceptible mice correlates with delayed
but sustained increase in the production of chemokines including MIP-1α, MIP-2, and MCP-1, which
are important chemokines for activating neutrophils
and monocytes, respectively, recruiting these circulating immune cells to the sites of inflammation. These
data suggest that increased PMNs and macrophages
infiltration in susceptible hosts may be an indicator of
more severe local tissue injury or even mediate tissue
damage via secretion of oxidative molecules, rather
than providing antirickettsial immunity.

Mechanisms of Cell Injury by Rickettsia
Several pathophysiologic mechanisms have been
proposed to explain the tissue and organ injury in severe
rickettsiosis. These include: (i) reduced delivery of
nutrients and oxygen to tissues owing to hypoperfusion
and hypoxemia due to decreased blood volume, pulmonary edema, and in severe focal lesions, thrombusmediated vascular occlusion and (ii) increased vascular
permeability associated with intra-endothelial infection (Valbuena et al., 2002). Rickettsia-induced increase
in vascular permeability is considered to be the result
of interplay between host and microbial factors,
particularly in the heavily parasitized vasculature.
A critical host factor that plays a dominant role in
influencing vascular permeability in rickettsial infections is TNF-α. TNF-α increases endothelial permeability with subsequent vascular leakage contributing
to severe organ dysfunction. Significant increases in
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plasma levels of TNF-α in patients with severe MSF
suggest that TNF-α could be a causal contributor to
pathogenesis (Kern et al., 1996; Oristrell et al., 1994).
Another pathogenic mechanism is production of high
levels of reactive oxygen species (ROS) by Rickettsiainfected endothelial and phagocytic host cells, causing tissue damage via lipid perioxidation of host cell
membranes (Silverman and Santucci, 1988, 1990;
Santucci et al., 1992; Eremeeva and Silverman, 1998a;
Eremeeva et al., 2001). The oxidative stress-mediated
injury of cultured endothelial cells is associated with
depletion of defenses against oxidative stress. These
components include enzymes such as glucose-6phosphate dehydrogenase, glutathione reductase, heme
oxygenase, and catalase (Silverman and Santucci, 1990;
Santucci et al., 1992; Eremeeva and Silverman, 1998a;
Eremeeva et al., 2001; Hong et al., 1998; Rydkina et al.,
2002). The ameliorating effect of antioxidant molecules
such as α-lipoic acid in an in vitro infected endothelial cell model supports a significant role of Rickettsiainduced oxidative stress as a pathogenic mechanism
of cell injury (Eremeeva and Silverman, 1998a, 1998b;
Eremeeva et al., 2001). However, the role and importance of ROS-mediated endothelial cell injury has not
been established in vivo although there is evidence of
oxidative stress in R. conorii-infected mice. It is important to bear in mind that ROS together with NO exert
microbicidal functions that contribute to the control
of intracellular pathogens (Hong et al., 1998; Rydkina
et al., 2002, 2004; Eremeeva and Silverman, 1998b).
The paradox of ROS acting as a host defense and a
pathologic mechanism is unresolved, but presumably is due to localization in different cellular compartments and an imbalance between the formation
of ROS and their removal by endogenous antioxidant
scavenging compounds (Eremeeva et al., 2001; Hong
et al., 1998; Rydkina et al., 2002, 2004; Eremeeva and
Silverman, 1998b). Oxidative stress and endothelial
cell damage occur when there is an excessive generation of ROS. The latter could be due to failure of the
innate immune response to control intracellular bacterial replication. Rickettsiae may induce persistent
and substantial endothelial cell activation, resulting in
excess generation of proinflammatory cytokines and
oxidative molecules, both of which could play a role in
tissue injury by inducing the activation of transcription
factors of the NF-κB family. NF-κB regulates the expression of cytokines, chemokines, adhesion molecules,
and other early response genes. These transcription
factors remain in the cytoplasm bound to the inhibitor IκB, which upon phosphorylation is targeted to the
proteasome for degradation, resulting in exposure of
the nuclear translocation signals of NF-κB. R. rickettsii
directly activates NF-κB, causing upregulation of

antiapoptotic factors that protect against host cell
death and support cell cycle progression (Joshi et al.,
2003, 2004; Clifton et al., 2005a). When R. rickettsiiinduced activation of NF-κB is inhibited, apoptosis of
infected but not uninfected endothelial cells rapidly
ensues. Therefore, the antiapoptotic effect of Rickettsia
via NF-κB activation is considered as an immune evasion mechanism that potentially allows the host cell to
remain as a site of infection, thus supporting rickettsial
survival and replication. Thus, continuous activation of
host cells by persistently replicating rickettsiae could
contribute to pathology and tissue damage in rickettsial infection. Finally, rickettsial phospholipase(s) or
protease(s) may also play a role in cell injury (Walker
et al., 1983, 1984; Silverman et al., 1992). It is most likely
that tissue injury by Rickettsia is a multifactorial process,
in which proinflammatory cytokines, oxidative molecules, procoagulant factors, rickettsial phospholipase(s)
and proteases act in damaging host cells and tissues.

Role of Chemokines in Pathogenesis of
Rickettsiosis
Studies of two major pathogenic species of SFG
rickettsiae, namely R. rickettsii and R. conorii, have
established the occurrence of significant changes in
the expression of important adhesion molecules and
regulatory chemokines during in vitro and in vivo
infection of host endothelial cells (Eremeeva et al., 2000;
Valbuena et al., 2003; Clifton et al., 2005b; Valbuena and
Walker, 2005). In vitro R. conorii-infected endothelial cells
express higher levels of E-selectin, intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion
molecule-1 (VCAM-1) than uninfected cells (DignatGeorge et al., 1997). The activation mechanism involves
autocrine/paracrine stimulation with IL-1α. Patients
with severe boutonneuse fever have significantly higher
plasma levels of soluble E-selectin and soluble VCAM-1
than patients with mild disease, who also have increased
levels of soluble ICAM-1 (Dignat-George et al., 1999).
Thus the soluble forms of adhesion molecules may
play a pathogenic role in rickettsiosis as they enhance
endothelial adhesiveness and leukocyte accumulation.
Another study in Sicilian patients with boutonneuse
fever suggested that soluble forms of adhesion molecules may produce an immunomodulatory, antiinflammatory effect by blocking adhesion between
leukocytes and endothelial cells (Vitale et al., 1999).

TREATMENT
Early treatment of the spotted fever rickettsiosis is
the most important factor in speeding convalescence
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and reducing mortality. Antibiotic therapy that is
begun early in the course results in rapid resolution of
clinical abnormalities. Empiric treatment of rickettsioses should be started before laboratory confirmation
of the diagnosis.
The preferred treatment for RMSF, boutonneuse
fever, Japanese spotted fever, African tick bite fever,
and other spotted fever rickettsioses is doxycycline
(Vibramycin), 100 mg intravenously or orally every 12 h
for adults and children who weigh more than 45 kg
(Holman et al., 2001; Masters et al., 2003; Purvis and
Edwards, 2000). The dose for children who weigh less
than 45 kg and for children less than 8 years of age is
3 mg/kg body weight in two divided doses (maximum
dose 200 mg/day). Adjunctive measures such as oxygen
therapy, blood transfusion, anticonvulsants, mechanical
ventilation, and hemodialysis are sometimes needed in
severe cases. Although there are no published studies
on the optimal duration of therapy for Rocky Mountain
spotted fever, doxycycline therapy is usually continued
for 5–10 days or until the patient has been afebrile for
at least 48 h. Doxycycline is also the treatment of choice
for children with Rocky Mountain spotted fever as the
risk of dental staining is minimal when short doses of
therapy are given. In patients with severe hypersensitivity to tetracyclines, 50–75 mg/kg of body weight/
day of chloramphenicol can be considered as an alternative therapy, but it is less effective and its use is limited by side effects. Doxycycline should not be used in
pregnant women (who should be treated with chloramphenicol [Chloromycetin] 500 mg intravenously every
6 h). Although both doxycycline and chloramphenicol
are effective, neither drug is rickettsicidal. The antibiotics inhibit rickettsial growth until an adequate immune
response by the patient eradicates the infection. Several
quinolones have also been documented to be effective for treatment of patients with boutonneuse fever.
Newer macrolides, such as clarithromycin and azithromycin have been proposed as alternatives to doxycycline and chloramphenicol in treatment of children and
pregnant women with boutonneuse fever (Segura and
Anton, 2002; Cascio et al., 2002, 2001). Azithromycin
seems to be a better treatment option as it is administered once a day and has proven effective after a shorter
duration of therapy (3 days) compared to clarithromycin (7 days). Because boutonneuse fever is a less severe
disease and the macrolides were used to treat only
children with mild illness, neither fluoroquinolones
nor macrolides are recommended for treating severe
rickettsioses such as Rocky Mountain spotted fever.
Many classes of broad-spectrum antibiotics, including
penicillins, cephalosporins, and aminoglycosides, are
ineffective as therapy for rickettsial diseases (Rolain
et al., 1998). Sulfa-containing antimicrobials are not

only ineffective but also exacerbate rickettsioses (Ruiz
Beltran and Herrero Herrero, 1992).
The treatment of choice for murine and epidemic
typhus is oral doxycycline; even a single 200 mg dose
usually leads to defervescence within 48–72 h.
The treatment of choice for scrub typhus is doxycycline. Scrub typhus cases from northern Thailand with
a diminished response to doxycycline and chloramphenicol have been described (Watt et al., 2000), but
neither the geographic distribution of resistance nor
its mechanism have been defined. Limited data suggest that rifampicin is effective in areas where scrub
typhus responds poorly to standard antirickettsial
drugs (Watt et al., 2000). Roxithromycin, a macrolid
antibiotic, was as effective as doxycycline and chloramphenicol in a trial of 39 Korean children (Lee et al.,
2003), and azithromycin and clarithromycin have
been used in pregnancy and where doxycycline and
chloramphenicol resistance is a problem.

VACCINES
History
The history of development of vaccines against
rickettsial diseases contains numerous failures and
limited success in preventing or ameliorating disease. Technologic approaches to the preparation of
vaccine materials have reflected advances in knowledge and methods. The three vaccines that have been
developed to prevent Rocky Mountain spotted fever
illustrate these advances. When it had been established that R. rickettsii not only survived but also
replicated in ticks, a killed rickettsial preparation
from infected ticks was developed by Spencer and
Parker in 1924. Because preparation of this vaccine
was cumbersome and dangerous to workers dealing
with live infected ticks, the method of propagating
R. rickettsii in yolk sac of embryonated chicken eggs
was adapted soon after its development by Cox in
1938. A third killed rickettsial vaccine that was free
of yolk sac antigens was prepared from cell culturepropagated organisms by the US Army in the 1970s.
The original tick rickettsial vaccine produced severe
local inoculation site reactions. Evaluation of its protective effect in field use was impressive by the standards of the day. The fatality rate from Rocky Mountain
spotted fever among vaccine recipients was reduced
dramatically. Annual booster vaccinations were recommended. Vaccinated persons continued to get infected,
but generally appeared to suffer less severe disease.
The killed yolk sac rickettsial vaccine was never
field tested. Like recipients of the tick vaccine, some
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vaccine recipients became ill with Rocky Mountain
spotted fever. A challenge trial in human volunteers
was conducted in 1973. Neither the yolk sac vaccine
nor the tick vaccine prevented the illness, which, of
course, was treated to prevent severe illness or death.
The yolk sac vaccine was withdrawn from the market
in 1978. Subsequent challenge trial of the cell culture
killed-R. rickettsii vaccine yielded protection of 25%
of the volunteers who received it. Evaluation of the
recipients’ immune responses revealed failure to stimulate sustained cellular immunity.
Attempts to develop a vaccine against epidemic
typhus fever used living organisms as well as killed rickettsiae. A low dose of R. prowazekii from human blood or
guinea pig brain or crossreactive less pathogenic R. typhi
suspended in ox bile or in egg yolk and olive oil was
reported to have protected some persons and to have
caused severe illness, even death, in other vaccinees.
Propagation of R. prowazekii for preparation of killed
rickettsial vaccines employed intrarectal inoculation of
lice, infected louse nymphs, tunica vaginalis of intraperitoneally inoculated animals, and lungs of intranasally inoculated animals. Weigl’s louse-derived vaccine
required intrarectal infection of 30 lice, dissection of
the lice’s intestines, and phenol-inactivation for a single person’s vaccination. Cox’s chicken embryo yolk
sac-propagated, killed-R. prowazekii vaccine was massively produced during World War II to protect US military personnel. Epidemic typhus caused many deaths
in civilians, Axis military personnel, and concentration camp prisoners in North Africa, western Asia, and
Europe, particularly on the Eastern Front during this
period. Not a single death was caused by louse-borne
typhus in US soldiers in North Africa and the Middle
East between 1942 and 1945. Use of this vaccine was continued until 1968 when great variability in the potency of
different vaccine batches was discovered. The FDA vaccine potency testing method was the level of stimulation
of antibodies that neutralized the mouse toxicity phenomenon. This surrogate test depends on the presence
of antibodies to conformational epitopes on OmpA and
OmpB for spotted fever rickettsiae and to OmpB for TG
rickettsiae. Antibodies to these rickettsial antigens may
indeed play a role in prevention of infection or clearance
of rickettsiae early in the infection before onset of illness.
Development of a vaccine against scrub typhus has
proven extremely difficult. The approaches that have
been attempted include vaccine containing killed organisms, live putatively attenuated O. tsutsugamushi, viable
gamma irradiated orientiae unable to replicate, and a
regimen of induced infection and prophylactic anti,
rickettsial treatment. Immunity to neither homologous
nor heterologous strains of O. tsutsugamushi has been
achieved. Attenuation was not successful.
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Rickettsial Antigens and Protective
T Cell Epitopes
Crossprotection between SFG and TG rickettsiae,
which are genetically related but antigenically different,
in intravenously infected animal models is mediated by
T cells, which recognize crossreacting antigens between
the two rickettsial groups. Human T lymphocytes also
are stimulated by shared antigens. The SFG rickettsiae
differ from the TG rickettsiae not only in their capacity
to stimulate host cell actin polymerization for cell-tocell movement, but also in their larger genome size, the
presence of species-specific LPS antigen, and rickettsial
OmpA. The nature of the rickettsial antigens triggering acquired immune responses has been the subject
of much research directed toward the development of
a vaccine that may offer solid protection comparable to
that acquired by natural infection. However, the immunodominant rickettsial antigens responsible for CD4⫹
and CD8⫹ T cell stimulation are only partially known.
OmpA and OmpB are two major OMPs that were the
first candidates identified based on their reactivity to
immune sera, protection of guinea pigs by immunization with recombinant R. rickettsii or R. conorii OmpA,
and protection of mice against lethal R. typhi challenge
by immunization with native R. typhi OmpB. These
proteins possess not only B cell epitopes but also T cell
epitopes.
Attempts to identify the immunodominant
epitopes of these OMPs was addressed by subcloning
small fragments and assaying their stimulatory and
protective effect by DNA immunization with different fragments from OmpA and OmpB (ompA2176–3933,
ompA4999–6710, ompB1550–2738, and ompB2459–4123) and subsequent booster immunization with the homologous
recombinant protein. These immunizations stimulate
T lymphocyte proliferation and IFN-γ secretion in
mice. All immunized mice are protected from lethal
challenge by immunization with a combination of the
four fragments. Immunization of mice with recombinant Mycobacterium vaccae expressing ompA3006–3960
and subsequent boosting with the homologous protein
produces partial protection against lethal challenge
with R. conorii, as does DNA priming with ompA2331–
3976 with booster immunizations with the homologous
protein. Despite the protection mediated by immunization with the OmpA and OmpB fragments, all
mice exhibit signs of disease compared to no illness in
rechallenged mice that have recovered from sublethal
infection with R. conorii.
Similar observations have been made with the
Karp strain of O. tsutsugamushi, where 56-kDa Omp
and other proteins of this strain employed as vaccine
candidates for prevention of scrub typhus are not as
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efficient as infection with live organisms in preventing reinfection, despite the ability to induce strong
humoral and cellular immune responses. These observations suggest that memory T cell responses to other
unidentified rickettsial antigens or subdominant
epitopes that are expressed upon infection with the
whole organism are critical for controlling rickettsial
replication and long-term protection.
The number of epitopes involved in the effector
CD8⫹ CTL response to microbial infection is small
relative to the total number of epitopes potentially
available because effector CTL responses to dominant
epitopes tend to suppress responses to subdominant
epitopes on the same protein from which immunodominant epitopes are derived. This phenomenon is
referred to as immunodominance. However, CTL
responses to subdominant epitopes readily compensate for the loss of an effector CTL response to the
dominant epitope. Thus, the failure of rickettsial fragment derived from OMPs to establish solid immunity
and complete protection compared to natural infection could be due to absence of memory CD8 CTL
precursors that are specific to subdominant epitopes
on OmpA or OmpB, which could compensate for
defective or inadequate generation of effector CTL to
immunodominant epitopes. A genome-wide approach
is thus essential to identify both immunodominant
and subdominant epitopes.

VACCINES IN DEVELOPMENT
Rationale for New Generation Vaccine
Vaccines are required for two rickettsial diseases:
epidemic typhus and Rocky Mountain spotted fever.
The requirement of vaccines for these diseases is determined by the fact that both diseases can be fatal even
with the availability of antibiotic treatment that is effective when given sufficiently early in the course, and
antibiotic resistant strains have been obtained by natural selection in the laboratory for R. prowazekii and can
be genetically engineered for both R. prowazekii and
R. rickettsii. These agents are genuine threats for bioterrorism. The previously developed vaccines are either
ineffective (e.g., killed R. rickettsii) or easily revert to the
virulent state (e.g., attenuated R. prowazekii E strain).

Vaccine Candidates
Vaccine candidates for rickettsiae include an
attenuated strain of R. prowazekii and subunit vaccines
for both spotted fever and typhus rickettsiae.

Attenuated E Strain Vaccine
E strain was evaluated as a vaccine on a large scale in
South America in the 1950s and in Burundi in the 1960s;
94% (170/181) of immunized persons were protected
from natural infection by epidemic typhus compared
to the unvaccinated controls in a 14-month period after
vaccination (Kenyon et al., 1979). In another study, Fox
and colleagues evaluated the duration of immunity
stimulated by E strain vaccine in volunteers (Fox et al.,
1957). Ninety-six percent (Gonder et al., 1979, 1980) of
volunteers who were vaccinated with E strain and challenged with Breinl strain at intervals from 2 months to 36
months remained healthy following challenge, and 83%
(5/6) of the volunteers who were challenged at 48–66
months were protected. However, the E strain vaccine
caused a late reaction in up to 14% of vaccinated persons
9–14 days after inoculation. The late reaction varied from
simple malaise and mild headache to modified typhus
characterized by fever, headache, malaise, and occasionally a rash in a small proportion of subjects (Kenyon
et al., 1979). One possible explanation for this reaction in
some persons immunized with E strain is that E strain
might have reverted to virulence in these vaccinated
persons after initiating stimulation of immunity. In the
early 1970s, Russian scientists reported that one or a few
passages of E strain in guinea pigs resulted in the stable
enhancement of virulence, and they isolated the virulent revertant Evir strain from animals (Balayeva and
Nikolskaya, 1971).
Since the avirulent E strain reverts to virulence when
passaged in animals, the mutation that affects the virulence of E strain must be reversible. Comparison of the
genomes of R. prowazekii E strain with the genomes of R.
conorii, R. typhi, R. rickettsii, and R. sibirica, identified one
gene (Rp028/Rp027) that is inactivated by a frameshift
mutation in E strain, but the mutation is not present in
virulent revertant Evir strain and wild-type virulent
Breinl strain (Zhang et al., 2007). This situation suggests
that the mutation reverted to wild-type in the virulent
revertant. Rp028/Rp027 shares homology with the
regulatory domain of an S-adenosylmethionine (SAM)dependent methyltransferase. The patterns of methylation of lysine in the surface antigens of E, Evir, and Breinl
strains are different. The surface antigen of the virulent
Breinl and Evir strains contains more Nε-Me3-lysine and
less Nε-Me-lysine than to the avirulent E strain. OmpB,
the major OMP of rickettsiae from the virulent strains,
is heavily methylated while the OmpB from the attenuated strain is hypomethylated. Western blot analysis of
partially digested OmpB revealed that one of the reactive fragments was located at the N-terminus (aa 33272), in which the lysine residues were either mono-,
di-, or tri-methylated (Ching et al., 1992, 1993). However,
neither the significance of the difference in methylation

IV. BACTERIAL VACCINES

60_P369408_Ch56.indd 1138

11/4/2008 6:36:09 PM

VACCINES IN DEVELOPMENT

between the avirulent E strain and virulent strains of
R. prowazekii nor the mechanism of the difference in
methylation has been determined. The difference in
OmpB methylation is most likely not caused by amino
acid differences because there is only one amino acid
difference in OmpB between the avirulent E strain and
virulent Breinl strain. Thus, it seems that the deficiency
in lysine methylation in E strain is caused by a mutation
in the lysine methyltransferase rather than the mutation
in OmpB. The correlation between the SAM-dependent
methyltransferase mutation and the virulence of
R. prowazekii needs to be investigated by genetic complementation of the avirulent E strain or gene knockout in
virulent revertant Evir strain of R. prowazekii. With the
progress in transforming rickettsiae that has been made
in recent years, the R. prowazekii methyltransferase gene
may be inactivated in the future to evaluate whether it
is the determinant that attenuates E strain. A substantial
knockout in the mutated gene of a virulence factor may
prevent the reversion of E strain to the virulent state,
thus creating an irreversibly attenuated vaccine against
R. prowazekii.
Subunit Vaccine for Rickettsia
Two surface protein antigens of R. rickettsii, OmpA
and OmpB, have been identified as major protective antigens and are candidates for use as subunit vaccines. The
first evidence that OmpA and OmpB contain protective
epitopes came from the studies of MAbs to heat sensitive epitopes of OmpA and OmpB, which neutralized
R. rickettsii toxicity in mice and infection in guinea pigs
(Anacker et al., 1987b; Li et al., 1988). The E. coli-expressed
OmpA N-terminal fragment that includes the domain II
repetitive peptide and a shorter nonrepetitive region after
the repetitive region partially protects guinea pigs against
a lethal challenge dose of R. rickettsii (McDonald et al.,
1987, 1988). A fragment from the N-terminus of R. conorii
OmpA protects guinea pigs against experimental infection with R. conorii and partially protects guinea pigs from
challenge with the heterologous R. rickettsii (Vishwanath
et al., 1990). The full length recombinant OmpA using the
baculovirus-eukaryotic cell expression system confers
complete protection in guinea pigs against homologous
R. rickettsii challenge (Sumner et al., 1995). Fragments of
the ompA and ompB genes have been tested as DNA vaccines. In a regime of DNA immunization followed by
boosters of the corresponding peptide, mice immunized
with one of the following R. rickettsii ompA or ompB fragments: ompA2176⫺3933, ompA4999⫺6710, ompB1550⫺2739, or
ompB2459⫺4123 are partially protected against a lethal challenge with heterologous R. conorii (Crocquet-Valdes et al.,
2002; Diaz-Montero et al., 2001). The recombinant
protein alone from each DNA fragment above also
provides partial protection to mice against heterologous
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R. conorii challenge, albeit less protection. However, DNA
vaccination alone failed to stimulate protection to mice. It
is not known whether the incomplete protection of OmpA
and OmpB to the heterologous Rickettsia species challenge
in these experiments is caused by the antigenic differences
between the rickettsial species, the immunization regime,
or the antigen composition. Immunization with a combination of all four fragments protected completely against
death, but not against illness.
Broad Range Vaccine for Rickettsial Diseases
C3H/HeN mice infected with a sublethal dose of
R. conorii are completely protected from lethal dose challenge of heterologous R. australis or vice versa. In contrast, heterologous immune sera did not protect mice
against a lethal dose (2 LD50) of rickettsiae in the mouse
toxicity neutralization assay, the standard method for
evaluation of rickettsial vaccine potency. These observations suggest that development of a broadly protective vaccine against SFG rickettsiae is feasible, and the
results indicate that mouse toxicity neutralization is an
inappropriate method for evaluation of candidate vaccines (Feng and Walker, 2002). T cell-mediated crossprotection of mice against challenge with a lethal dose of R.
conorii or R. typhi suggests that a broadly crossprotective
vaccine is feasible (Valbuena and Walker, 2004).
Subunit vaccine for O. tsutsugamushi
The antigenic variability of Orientia poses a challenge for vaccine design. Immunization with Orientia
confers relatively strong protection that lasts only
1–3 years against challenge by the homologous strain,
whereas protection is very weak and short-lived against
heterologous strains (Seong et al., 2001; Choi et al.,
2006). Despite the antigenic variation, most studies on
subunit vaccine are focused on the 56-kDa protein of
O. tsutsugamushi. Immunization with the recombinant
56-kDa protein results in potent lymphocyte proliferation and IFN-γ production, but the immunized mice are
only partially protected from lethal dose challenge with
O. tsutsugamushi (Seong et al., 1997). Immunization
of monkeys with truncated 56-kDa protein of Karp
strain of O. tsutsugamushi results in T cell proliferation and IFN-γ production, but does not provide sterile immunity to the monkeys (Chattopadhyay et al.,
2005). Subsequent studies with conserved antigens of
O. tsutsugamushi have demonstrated either partial or
no protection. Elucidation of the immune mechanisms
of protective immunity, mechanisms of immune avoidance, fate of anti-O. tsutsugamushi memory T lymphocytes, and discovery of the antigens that stimulate
protective immunity may be required before an effective scrub typhus vaccine is developed.
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CONCLUSIONS/FUTURE PROSPECTIVE
The protective immune response to infection with
Rickettsia spp. is highly dynamic and involves both
innate and adaptive immune responses. In SFG rickettsiosis, infection of mice with R. conorii has shown
that CD8⫹ T cells, and CD4⫹ T cells, producing IFN-γ,
as well as antibodies and B cells, are required to clear
infection and to prevent reinfection.
The search for a vaccine against infection with
Rickettsia continues to be a complex task. Nevertheless,
progress has been achieved in the past few years and
has led to the identification of various protective rickettsial antigens as potential vaccine candidates. Although
immunization regimens involving priming with DNA
vaccines and boosting with protein-based vaccines have
been found to be protective, to some extent, in mice,
their practical application in humans remains unclear.
Given that multisubunit protein vaccines seem to be
more effective than vaccines based on single antigens,
in the future, rickettsial vaccine candidates are likely to
include several antigens.
Rickettsial vaccine research will continue to focus on
the identification of additional rickettsial antigens that
induce protective T cell responses and on the mechanisms that promote protective immunity against these
obligate intracellular pathogens that are transmitted
mainly via skin. The gaps in our knowledge include the
role of dendritic cells in vivo, and the role of proinflammatory cytokines in influencing the Th1/Th2 response
bias. Further data are required to understand the
mechanisms that allow evasion or down regulation of
the immune responses in cases of latent infection with
R. prowazekii, which would result in persistence of
rickettsiae with possible reactivation. Potential immunomodulatory mechanisms in rickettsial infections
could include the effects of tick saliva-containing immunosuppressive factors, anti-inflammatory cytokines as
IL-10 and TGF-β, and the possible regulatory effect of
particular T cell populations. Finally, a better definition of human immune response correlates with protective immunity against different rickettsial species
and disease pathogenesis needs to remain an important research priority if we are to develop a protective
vaccine against rickettsial infection.

KEY ISSUES
●

R. prowazekii, a category US B bioterror threat, and
R. rickettsii, a US category C organism, are Select
Agents that because of potentially engineered

●

●

●

●

●

antibiotic resistance and high fatality rate after
aerosol infection need vaccines for strategic
deterrence.
Subunit vaccines that stimulate antibodies to
OmpB of TG rickettsiae and outer membrane
proteins A and B of SFG rickettsiae confer
protection, presumably by opsonization, and
enhancing intracellular killing.
Recovery from rickettsial infection is mediated
by cytokine-activated endothelial cell killing
of rickettsiae and CD8 cytotoxic T lymphocyte
elimination of infected cells.
An effective live attenuated vaccine against typhus,
R. prowazekii Madrid E strain, which reverts to
virulence because it depends on a single point
mutation, is an excellent candidate for further
development by a permanently inactivating
mutation of the methyltransferase gene.
The existence of broadly crossprotective T
lymphocyte immunity suggests that development
of a pan-Rickettsia vaccine is feasible.
Knowledge of the mechanisms of protective
immunity in scrub typhus, reasons for its
transience, and poor crossprotection among strains
of O. tsutsugamushi are severely lacking and very
likely hold the key to future progress in vaccine
development.
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ABSTRACT
Typhoid fever, caused by Salmonella enterica serotype Typhi, is an infection of global importance with an estimated
21.5 million infections and 200,000 deaths per year (estimated in the year 2000). S. Typhi is a potential bioterrorist
agent that could be disseminated in untreated water supplies and food, resulting in moderate morbidity and
low mortality. Resistance to chloramphenicol, ampicillin and trimethoprim/sulfamethoxazole is widespread and
resistance to the fluoroquinolones is currently spreading throughout Asia. Typhoid has been a target for vaccine
development for decades and whole cell, live oral and subunit vaccines have been developed and proved both safe
and efficacious. Two currently licensed vaccines are available but are not commonly used in endemic areas and the
need for extensive vaccination programmes are of critical importance.

INTRODUCTION
Typhoid fever is the clinical syndrome caused
by the enteric bacterial pathogen Salmonella enterica

Vaccines for Biodefense and Emerging and Neglected Diseases
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serotype Typhi (S. Typhi). An English physician
Thomas Willis (1621–1675) made perhaps the first clinical descriptions of the syndrome in 1659. A clinically
similar syndrome called paratyphoid is caused by
antigenically and phylogenetically distinct serotypes
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of S. enterica, namely S. Paratyphi A, S. Paratyphi B,
and S. Paratyphi C. Initially, discrimination between
typhoid and typhus fever was not routinely made and
this continued to be the case until 1837 when William
Wood Gerhard defined these as distinct syndromes.
Identification of the typhoid bacillus in 1880 by
Carl Joseph Eberth and development of the Widal
agglutination test by Georges Widal in 1896 resulted in
considerable progress in the diagnosis of typhoid
fever. Typhoid was endemic in most countries of
Europe and North America in the late 19th and early
20th centuries at least in part due to urbanization of
populations during the industrial revolution and
poorly planned public water systems. At that time
the disease burden was estimated to be 200–800 cases
per 100,000 population and an associated 10–20%
mortality (JAMA, 1920), rates that are similar to the
current estimates for disease burden in some regions
of Asia where typhoid remains endemic. Introduction
of sanitation in the form of water chlorination and
sand filtration drastically reduced the incidence of
typhoid fever in the first half of the 20th century in the
Western world.
Typhoid fever is still endemic in many areas of Asia,
Africa, and South America, where sanitation of water
supply and waste treatment is inadequate. In developed countries the risk of contracting typhoid fever is
limited to travel in areas with endemic typhoid and
for laboratory workers, where vaccination and regular
boosting or revaccination is recommended. The severity
of typhoid fever is underlined by the fact that up to
32% mortality is reported in some regions of the world
(Hoffman et al., 1984).
The potential use of S. Typhi in bioterrorist attacks
is generally considered to be minimal. Since S. Typhi
is normally transmitted through water supplies and
sewerage, large-scale attacks in the Western world
would likely be limited due to water treatment
and sanitation procedures that are in place in these
countries. Smaller scale attacks on the other hand are
possible and this has been underlined by events that
took place in The Dalles, OR, USA in 1984. In this
case a local commune, called the Rajneeshee, attacked
diners at “Shakey’s Pizza” by sprinkling a nontyphoidal S. enterica serotype into the salad bar. Although no
deaths were recorded, the resulting outbreak was the
largest in Oregon history with 751 confirmed cases
of Salmonella gastroenteritis. The attack could have
been considerably worse if S. Typhi had been used
as the bioterrorist agent in which case several deaths
would have been expected. Disturbingly, Federal
investigators found an invoice at the commune’s ranch
headquarters indicating that the Rajneeshee had
ordered and received several pathogenic bacterial

strains from the American-type culture collection
(ATCC) including S. Typhi. Similar attacks in the
future cannot be discounted.

ETIOLOGIC AGENT
The genus Salmonella contains a diverse group
of Gram-negative rod-shaped bacilli in the same
proteobacterial group as Escherichia coli. Variants
within the genus, called serovars, are traditionally distinguished on the basis of their major antigens; lipopolysaccharide (LPS), flagella, and in the case of S. Typhi,
the polysaccharide capsule. S. Typhi most commonly
have the antigenic formula 9,12, (Vi):d:-. That is, they
express the immune-dominant somatic antigen O9,
and also the O12 somatic antigen, associated with LPS
and are monophasic with respect to flagella, expressing
the d variant. S. Typhi also characteristically express
the Vi polysaccharide capsule that is genetically
unstable during passage in the laboratory. Serovar
variants are further distinguished by phage typing,
a powerful epidemiological tool based on the differential susceptibility of isolates to a panel of lytic
bacteriophage.

EPIDEMIOLOGY
The true incidence of typhoid fever is difficult to
ascertain since active surveillance and microbiological
facilities are expensive and not widely available in
areas where the disease is endemic. The best sources of
data are large-scale field trials of vaccine candidates in
which blood samples from placebo control groups are
analyzed definitively. The most recent estimate indicates a global burden of 21.6 million cases of typhoid
resulting in 216,500 deaths in the year 2000 (Crump
et al., 2004). The incidence is greatest in south-central
Asia, south-east Asia, and Southern Africa (⬎100 per
100,000), with fewer cases in the rest of Asia, Africa,
Latin America, and Oceania (10–100 per 100,000).
The highest incidence is in India in the age-group
0–40 years in which 980 cases per 100,000 population
was estimated (Sinha et al., 1999), and similarly high
incidence was reported in Southern Africa and
Indonesia (Klugman et al., 1987). Typhoid is normally
transmitted by consumption of contaminated food or
water and specific risk factors include drinking contaminated water supply, ice cream, iced drinks, and
fruit and vegetables grown in fields fertilized with
sewage. Furthermore, a history of certain clinical
conditions, including infection with Helicobacter pylori
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is a risk factor probably due to the reduced gastric
acidity associated with H. pylori infection (Bhan et al.,
2002; Black et al., 1985; Levine et al., 1982; Luby et al.,
1998; Mermin et al., 1999).

CLINICAL DISEASE
Following ingestion of S. Typhi an asymptomatic
period is observed, usually lasting 7–14 days, but
ranging from 3 to 60 days. Patients frequently present
to the hospital with fever, flu-like symptoms, dull
frontal headache, malaise, anorexia, abdominal discomfort, a dry cough, and myalgia (Bhan et al., 2005;
Parry et al., 2002; WHO, 2003). The fever frequently
rises in a stepwise fashion becoming persistent and
high-grade by the second week and, without treatment, lasts for up to 4 weeks. Following this there
is a return to normal temperature but malaise and
lethargy may remain for several weeks. Other physical
features that may be present include relative bradycardia, coated tongue, hepatomegaly, splenomegaly,
and the patient may experience altered bowel movements that may manifest as diarrhea or constipation.
Characteristic erythematous maculopapular lesions,
also referred to as rose spots, are sometimes observed
on the back of arms, legs, and the back during the first
week of illness. Liver involvement is common and is
accompanied by elevated levels of serum bilirubin
and alanine transferase.
Up to 10–15% of untreated patients develop severe
disease that is typified by a range of complications
including gastrointestinal hemorrhage, gastrointestinal perforation, and a variety of neuropsychiatric
manifestations. Gastrointestinal hemorrhage occurs
during the latter stages of infection and is heralded
by a rapid drop in body temperature and then subsequent increase at the onset of peritonitis. Hemorrhage
is most common in the terminal ileum where erosion of Peyer’s patch results in rupture of blood vessels. Colonoscopy reveals variable sized punched-out
ulcers with slightly raised margins (Lee et al., 2004).
Blood loss is most often limited to occult blood in stool
or malaena, although breach of large blood vessels
occurs occasionally and is rapidly fatal if untreated.
Gastrointestinal perforation occurs in 1–3% of hospitalized cases and has an overall mortality rate of 40%.
This complication most frequently affects the terminal
ileum and requires rapid surgical intervention (van
Basten and Stockenbrugger, 1994). Some typhoid fever
patients exhibit neuropsychiatric manifestations, which
have been described as muttering delirium or coma
vigil but curiously these symptoms appear subject to

geographical variation (Parry et al., 2002). Less frequent
complications include disseminated intravascular coagulation or hemorrhages, severe pneumonia, granulomas
(hepatic, splenic, or bone marrow) (Mert et al., 2004),
abscesses (hepatic or splenic) (Chaudhry et al., 2003),
multiple organ dysfunction syndrome (Snyder et al.,
2004), hemolytic uremic syndrome (Albaqali et al.,
2003), endocarditis (Wani et al., 2004), and pericarditis
(Baysal et al., 1998).
Relapse occurs in 5–10% of cases, generally within
a month of resolution of fever. The symptoms are
generally milder than the original infection and in cases
where molecular typing of S. Typhi has been applied
the relapse is generally due to the same strain as the
original isolate. Reinfection with a distinct strain may
also occur (Wain et al., 1999).
One of the distinctive features of typhoid fever
is the carrier state that has been popularized due in
part to the “Typhoid Mary” episode. Mary Mallor, a
resident of New York City and a domestic servant in a
number of households during the early 20th century,
was responsible for a number of typhoid fever outbreaks. Her unwillingness to accept that an apparently healthy person can spread disease contributed
to a series of outbreaks that followed Mary from job
to job. Following detective work by local health officials Mary was found to be an asymptomatic carrier
of the bacillus and she was eventually removed form
the city to a secluded location. Approximately 10% of
convalescent patients excrete S. Typhi in their stool for
at least 3 months and 1–5% go on to become chronic
carriers (defined as isolation from stool for more than
1 year). Detection and treatment of chronic carriers is especially problematic since they are generally
asymptomatic and one in four have no history of
typhoid fever. It has been speculated that carrier status
is a major factor for persistence of S. Typhi in human
populations during interepidemic periods since unlike
nontyphoidal Salmonellosis, S. Typhi has no known
animal reservoir (Kingsley and Bäumler, 2000).

TREATMENT
The most important contributing factor to a poor
outcome for typhoid fever patients is a delay in
initiating effective antibiotic treatment. It is important
to assure eradication of the S. Typhi from the patient
in order to reduce the likelihood of relapse or carrier
status. The more severe cases that present to hospital with abdominal distension, persistent vomiting,
or severe diarrhea require admission to hospital and
parenteral antibiotic treatment. However, the majority
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of cases (up to 90%) are managed at home with oral
antibiotic therapy and close medical follow-up (Bhan
et al., 2005).
Introduction of chloramphenicol treatment of
typhoid fever transformed what was frequently fatal
to a readily treatable disease, often without need
for admission to hospital. Currently the most effective group of antimicrobial drugs for the treatment
of typhoid fever are the fluoroquinolones (Akalin,
1999). In randomized, controlled trials these drugs
were more rapidly effective and associated with lower
levels of carriage than the previous first-line drugs
chloramphenicol and trimethriprim-sulfamoxazole.
Cases involving quinolone-resistant S. Typhi that are
generally also multidrug resistant can be treated with
third generation cephalosporins (ceftriaxone, cefixime,
cefotaxime, and cefoperazone) that achieve only marginally poorer results than the fluoroquinolones. The
major drawback of these drugs is there relative expense
and lack of availability. Chloramphenicol, amoxicillin,
and trimethoprim remain excellent treatments if the
infecting strain is fully susceptible. Although widely
available and relatively inexpensive these drugs have
significant drawbacks. In addition to the widespread
resistance to chloramphenicol, amoxicillin, and trimethoprim, these drugs also require extended treatment for 2–3 weeks with four times a day oral regimen
for full effectiveness. Consequently, noncompliance
is a significant problem resulting in increased relapse
and carrier rates.

ANTIBIOTIC RESISTANCE
S. Typhi isolates with resistance to chloramphenicol
were first reported in a typhoid outbreak in Mexico in
1972 (Olarte and Galindo, 1973). A similar outbreak
with a chloramphenicol resistant strain occurred in
the late 1970s in Lima, Peru (Goldstein et al., 1986).
In each case, following an initial large increase in
incidence of resistant strains, within a few years
resistance was markedly reduced. This may have been
influenced by the shift to an alternative therapy, using
amoxicillin and trimethoprim, thereby removing the
selective pressure for maintenance of the plasmid
encoded chloramphenicol resistance. Chloramphenicol
resistance associated with an R factor also emerged
in Vietnam in the early 1970s (Butler et al., 1973).
On the whole, the incidence of chloramphenicol
resistant strains was low during the 1980s and even
when sporadic outbreaks occurred these strains were
generally fully sensitive to amoxicillin and trimethoprim. However, in the early 1990s isolates which were

resistant to amoxicillin and trimethoprim in addition
to chloramphenicol were reported and termed multidrug resistance (MDR) (Anand et al., 1990; Gupta,
1994). MDR is associated with incH1 plasmids which
are related to the R27 plasmid first reported in S. enterica
in the 1960s (Parry et al., 2002; Taylor et al., 1985).
MDR strains require therapy with quinolones or third
generation cephalosporins, and perhaps due to the
use of these alternative drugs, a trend toward a lower
incidence of MDR strains has since been observed. For
example, in one study the incidence of MDR in blood
isolates in Bangladesh indicated a peak of 3.2% in 1994
that reduced to 1.0% by 1996 (Rahman et al., 2002) and
similarly fluctuations in incidence of MDR S. Typhi
strains were reported in Vietnam (Parry, 2004). The
current emerging problem in treating typhoid fever
is the emergence of partial or full resistance to fluoroquinolones in several areas of Asia (Mehta et al.,
2001; Mermin et al., 1999; Wain et al., 1997). Low-level
resistance to ciprofloxacin, which is invariably linked
to complete resistance to nalidixic acid, is frequently
not picked up in clinical microbiology labs but is of
clinical significance.

PATHOGENESIS
Since S. Typhi is host restricted to man and higher
primates, investigations of pathogenesis of S. Typhi
infections are limited to a handful of studies with chimpanzees, biopsies of typhoid fever patients, volunteer
trials, and autopsy reports. The first primate experiments were carried out as early as 1904 (Grenbaum,
1904) with further more comprehensive studies in
the middle of the 20th century (Edsall et al., 1960;
Gaines et al., 1968; Hornick et al., 1970a, 1970b).
Monetary expense and ethical considerations has
since limited the use of this model for studies of
pathogenesis and vaccine development. Commonly, a
surrogate murine model is used as an alternative. In
1892 Loeffler described the causative agent of murine
typhoid, now called S. enterica serotype Typhimurium
(S. Typhimurium) using current nomenclature. The
pathology of internal organs and the distribution of
the S. Typhimurium in the host superficially resembled that of S. Typhi in typhoid fever patients and
experimentally infected primates. These early reports
thereby established S. Typhimurium infections of mice
as a surrogate model for typhoid fever (Santos et al.,
2001). Consequently much of our understanding of
typhoid fever pathogenesis results from extrapolating
data from experimental infections of S. Typhimurium
infections of mice.
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Typhoid fever is initiated following ingestion of
between 103 and 106 organisms depending on many
factors, but likely dominated by the buffering effects
of certain foods (Hornick et al., 1970a). A significant
barrier to the progression of infection is the low pH
of the stomach, hence the association of achlorhydria
with increased susceptibility (Bhan et al., 2005).
Following passage through the stomach, bacteria
adhere to and invade mucosal cells most likely at the
Peyer’s patch—lymphoid aggregates associated with
the intestinal wall. M-cells, which are specialized
epithelial cells involved in internalizing lumen contents for antigen presentation to the immune system,
likely represent a significant portal of entry. Binding
to the cystic fibrosis transmembrane receptor (CFTR)
mediated by the S. Typhi type IV pilus may be important in the process that culminates in colonization of
the gut-associated lymphoid tissue (Pier et al., 1998).
Significantly, the early interactions of S. Typhi with the
intestinal mucosa does not normally result in a polymorphonuclear infiltrate, a characteristic of infections
by nontyphoidal serotypes that cause gastroenteritis.
Instead, S. Typhi induces a predominantly mononuclear response that is not associated with diarrheagenesis. Evidence is now beginning to emerge that Vi
polysaccharide capsule expressed by S. Typhi may be
involved in modulation of the immune response that
would otherwise lead to PMN influx during early
stages of infection (Raffatellu et al., 2005; Sharma and
Qadri, 2004).
Following invasion of the intestinal mucosa
S. Typhi next translocate to mesenteric lymph nodes
and cells of the reticuloendothelial cells of the liver
and spleen during a period of transient bacteremia.
Part of this dissemination may involve trafficking
of infected dendritic cells (Vazquez-Torres et al.,
1999). S. Typhi are known to survive and multiply in
mononuclear phagocytic cells in vitro and likely do
so at this stage within similar cells of the lymphoid
follicles, liver, and spleen. After a period of intracellular replication, viable S. Typhi become detectable
in the blood stream initiating fever in the patient, a
progression in disease for which the stimuli are not
currently known. Following this second episode of
bacteremia, the organism is widely disseminated to
secondary sites of colonization including the liver,
spleen, gallbladder, bone marrow, and Peyer’s patches
of the terminal ileum. It has been suggested that
necrosis of the Peyer’s patches observed in typhoid
fever patients in the third week of infection may result
from the interaction of host immunological mediators
and bacterial factors by a mechanism similar to the
Shwartzman and Koch reactions during secondary
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exposure of these lymphoid tissue to high concentrations of pathogen antigens (Everest et al., 2001).

ANTIGENS ENCODED BY S. TYPHI
The major antigenic determinants of intact S.
Typhi are LPS, the Vi polysaccharide capsule, and
the flagella. The two dominant antigenic components of S. Typhi LPS are the repeating sugar backbone composed of 2-α-mannose-1,4-α-Rhamnose-1,
3-α-galactose-1 (O12 somatic antigen) and the
immune-dominant antigen tyvelose, a sugar side chain
(O9 somatic antigen) (Reeves, 1993). Vi is a polymer
of α-1,4-galacturonic acid with an N-acetyl at position
C-2 and variable O-acetylation at C-3 (Mai et al., 2003).
The presence of this polysaccharide capsule correlates
with virulence since just 1 of 2222 clinical S. Typhi isolates tested, was negative for Vi as indicated by serology
or multiplex PCR to assay for the presence of the
biosynthetic genes in a survey in Pakistan (Wain
et al., 2005). S. Typhi lacking Vi had a 10,000-fold
greater lethal dose 50% in the mouse mucin model of
infection following intraperitoneal inoculation (Hone
et al., 1988). Furthermore, human volunteers inoculated with Vi expressing S. Typhi isolates had a higher
incidence of typhoid fever than those inoculated with
isolates not expressing Vi (Hornick et al., 1970a, 1970b).
S. Typhi are monophasic with respect to flagella and
generally express the H:d or H:j antigen. However,
some isolates from Indonesia express an alternative
flagellin termed the H:z66 antigen (Huang et al., 2004;
Tamura et al., 1988). S. Typhi also expresses ironregulated outer-membrane proteins (IROMPs) and
porins that are targets for the immune system during
infection (Blanco et al., 1993; Sood et al., 2005).
S. Typhi encodes a number of pili (fimbriae), proteinaceous hair-like appendages commonly encoded
by enteric bacteria and involved in interactions with
the host or self association. A type IV pilus, encoded
by the pil locus on the S. Typhi Salmonella pathogenicityisland 7 (SPI-7), may be important during initial
phases of infection in the intestine where it mediates
interaction with the CFTR receptor on epithelial cells
(Zhang et al., 2000). S. Typhi also encodes an ortholog
of the agf fimbriae of the curli family, and 12 putative
fimbriae of the usher-chaperone-family (Townsend
et al., 2001). Six of the usher-chaperone-family fimbrial
operons contain pseudogenes resulting from the presence of frame shift and/or a stop codon in the coding
sequence and therefore may not be expressed. The
genomic degradation of fimbrial operons may in part
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be responsible for the reduced intestinal involvement
in typhoid fever compared to nontyphoidal serotypes.

PROTECTIVE IMMUNE RESPONSE
Experimental infections of mice with attenuated
S. Typhimurium or S. enteritidis results in antibody
responses to a diverse set of antigens including LPS,
Vi polysaccharide, porins, outer membrane proteins,
lipoproteins, heat shock proteins, flagella, and fimbriae
(Brown and Hormaeche, 1989; Harrison et al., 1997;
Kuusi et al., 1979; Matsui and Arai, 1989; Ogunniyi
et al., 1994). Antibody response to somatic LPS,
flagella, and Vi antigen are generally monitored in
human volunteer studies with live attenuated vaccine
candidate S. Typhi strains. Vaccinees inoculated with
live oral vaccine exhibit a humoral immune response
to LPS or flagella with the immune response varying from low to relatively high titer, depending on
the nature of attenuation of the vaccine strain and
design of the trial (Dilts et al., 2000; Hindle et al., 2002;
Hohmann et al., 1996; Levine et al., 1987a; Tacket et al.,
2000). Killed vaccine preparations and subunit vaccines
are considered by some experts to be potentially
inferior to live oral vaccines because dead vaccines predominantly generate a humoral immune response.
In contrast some live vaccines generate a potent cellmediated immune (CMI) response in addition to a
humoral immune response. Although killed vaccines of S.
Typhimurium are able to generate a protective immunity against challenge with virulent live S. Typhimurium
in genetically resistant mice, these vaccines provide poor
protection in genetically susceptible mice (Eisenstein
et al., 1984; Hormaeche et al., 1995). Live vaccines generate protective immunity in both genetically resistant and susceptible strains of mice. Furthermore, live
vaccines are administered orally, and are therefore
capable of generating a mucosal immune response
that may be important in immunity during the early
stages of infection (Hormaeche et al., 1995). However,
the success of the Vi subunit vaccine shows that dead
vaccines can offer considerable efficacy.
Robust CMI responses to attenuated S. Typhimurium
and S. Typhi following immunization of mice or
volunteers have been described. The responses are predominantly of the Th1 type, as indicated by delayed
type hypersensitivity (DTH) and by production of
IL-2 and IFN-γ cytokines on stimulation of sensitized
T-cells in vitro (Harrison et al., 1997; Sztein et al., 1994).
The antigens involved in cell-mediated responses
in experimental infections of mice include unspecified proteinaceous antigens, porins, flagellin, and
pilin (Cao et al., 1992; Cookson and Bevan, 1997).

Cell-mediated response has been monitored by various assays including tracking proliferation of sensitized lymphocytes in vitro, detection of cytokine
production by in vitro stimulated T-cells, cytolytic
assays, ELISPOT assays, and monitoring the DTH
response following stimulation.
The protective antigens of live vaccine strains
are not well defined currently. Attempts to answer
this question are frustrated by the complexity of live
oral S. Typhi vaccines in which multiple antigens are
expressed in the context of a sublethal infection. It
seems likely that a combination of antibody and cellmediated responses to immune-dominant LPS antigens as well as protein antigens are required for high
levels of protection against virulent S. Typhi following
a single dose of live oral vaccine (Hormaeche et al.,
1991, 1996; Kuusi et al., 1979; Matsui and Arai, 1989).

VACCINES
History
There is a long history of typhoid vaccine development, production, and marketing. The first typhoid
vaccine, a parentally administered heat-killed preparation of S. Typhi, was introduced in 1896 and has
been variably attributed to the British pathologist
Almroth Write and the German bacteriologist Richard
Pfeiffer (Groschel and Hornick, 1981). It was first
demonstrated that specific antibody against S. Typhi
was able to protect guinea pigs against test challenge
with virulent S. Typhi. Write tested his vaccine in two
officers in the Indian Army Corps, demonstrating general safety. A larger scale test of efficacy in 2835 army
volunteers then revealed significant side effects that
were nevertheless deemed acceptable in the light of
the encouraging level of protection against typhoid.
This vaccine was subsequently employed on a large
scale in soldiers during the Boer War in South Africa
(1899) and for decades to follow. However, due to
a high frequency of systemic and localized reactions
associated with the heat-killed parental vaccine new
vaccines have subsequently been developed and
are now licensed for use in many countries in recent
years. A summary of currently licensed vaccines is
presented in Table 57.1.

Current Licensed Vaccines
Heat-Killed Whole Cell Vaccine
Although rarely used today a whole cell killed
vaccine, essentially the same as that developed by
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TABLE 57.1 S. Typhi currently licensed vaccines
Vaccine
Killed whole cell

Primary course

Booster/revaccination

Adults: 0.5 ml sc or im

Adverse reactions

Protective efficacya

Adults and children
every 3 years

Local reactions; persistent
redness, swelling, pain and
tenderness
Systemic; malaise, nausea,
headache, pyrexia

51–67%

Children (1–10 years): 0.25 ml sc
or im
Children ⬍1 year: not
recommended
Vi poly-saccharide

Adults and children ⬎18 months:
0.5 ml im or deep sc
Children ⬍18 months: not
recommended

Adults and children
every 3 years

Mild and transient local
reactions and less frequent
systemic reactions than the
whole cell vaccine

55–75%

Live attenuated Ty21a

Adults and children ⬎6 years:
1 capsule on alternate days ⫻
3 doses
Children ⬍6 years: not
recommended

Adults and children
every 1–3 years

Infrequent transient mild
nausea, vomiting, abdominal
cramps, diarrhea and urticarian
rash

62–79%

a

Reported by WHO (http://www.who.int/en/).

Alroth Write in 1896, is available and is relatively inexpensive. Various methods of preparation have been
described including treatment with heat, alcohol, and
acetone, and protective efficacy rates ranging from
40 to 89% in field trials have been reported (Engels
et al., 1998). The major drawbacks are that these formulations are associated with systemic reactions in
9–34% of recipients and variability in production quality can affect efficacy.

than with the killed whole cell vaccine but may include
fever (⬍1% recipients), headache (1.5–3% of recipients),
and erythema or induration at the site of injection (7%
or recipients). In common with other polysaccharide
vaccines there is no booster effect suggesting a lack of
immune memory. New Vi–protein conjugate vaccines
that are currently under development may overcome
this drawback of the Vi vaccine (Canh do et al., 2004;
Kossaczka et al., 1999; Szu et al., 1994).

Vi Polysaccharide Capsular Vaccine

Attenuated Live Oral Vaccine Strain Ty21a

The current subunit vaccine is a preparation of
Vi polysaccharide from S. Typhi currently produced
under the commercial names Typhim® and Typherix®.
Vaccine is administered deep subcutaneously or
intramuscularly as a single dose of 25 μg in 0.5 ml of
preparation. Protection against typhoid fever begins
days after injection and revaccination by a single dose
is recommended every 3 years to maintain protection. In a trial in Nepal with individuals aged 5–44, a
level of 75% protection during a 20-month period of
surveillance was reported (Acharya et al., 1987). In a
second study in South Africa involving children aged
5–16 years, a 55% efficacy was reported 3 years after
vaccination and the serological correlate of protection
was estimated to be 1 μg/ml of Vi-specific antibody
(Klugman et al., 1996). The vaccine is not effective
in children less than 2 years of age and due to poor
immunological responses may not be cost effective
in children 2–5 years of age. The Vi polysaccharide
vaccine can be given with other vaccines suggested for
travelers and has no contraindications other than previous severe reaction. Adverse reactions are less frequent

S. Typhi strain Ty21a that is currently manufactured
under the commercial name Vivotif®, was derived
from the wild-type strain Ty2 by two rounds of nitrosoguanidine (NTG) chemical mutagenesis. Ty21a is
normally administered orally as an enteric-coated
capsule but liquid formulations have also been tested.
When three doses are administered 2 days apart, protection may be established within days following
the last dose and lasts for several years. However, a
booster is recommended every 1–3 years depending on whether the recipient is visiting or living in
an endemic area. A protective efficacy of 67% over
7 years has been demonstrated for the standard entericcoated capsules. In a second trial involving 36,000 vaccinees aged 5–19 years, using a liquid formulation, a
protective efficacy of 79% was reported after 5 years.
Generally Ty21a is extremely well tolerated but may
cause transient mild nausea, vomiting, abdominal
cramps, diarrhea, and urticarian rash. Ty21a may be
taken together with other vaccines, including live vaccines. As Ty21a is a live vaccine it should not therefore
be used if the recipient is taking antimicrobial agents,
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or if mefloquine is being taken as malaria prophylaxis.
The vaccine is safe for use by HIV⫹ individuals with Tcell count (CD4) above 200/mm3.
The mechanism of attenuation for Ty21a is not
known, and this is a major drawback of this vaccine.
However, it is known that Ty21a does not express
the Vi polysaccharide capsule and carries a null
mutation in the galE gene. The galE gene encodes
galactose epimerase that catalyses the synthesis of
diphosphate–galactose from uridine diphosphate–
galactose. Galactose is an important component of LPS
core, the major component of the outer membrane.
In the absence of exogenous galactose this LPS deficiency gives rise to a rough colony-morphology
that in S. Typhimurium, is associated with attenuation with respect to murine pathogenesis. Indeed,
S. Typhimurium galE mutants are attenuated and effective as live oral vaccines in mice (Hone et al., 1987).
However, a defined galE mutant of S. Typhi Ty2, that
also lacked the Vi polysaccharide, retained virulence
in human volunteers (Hone et al., 1988) indicating
that these mutations alone do not account for the full
attenuation of Ty21a.

Vaccines in Development
Currently available typhoid vaccines have a
number of drawbacks. Neither the Vi polysaccharide capsular vaccine nor the Ty21a live oral vaccine
confer complete protective efficacy, although this is a
goal not readily attainable by any vaccine. Although
the Vi vaccine is effective following a single parenteral
inoculum, it is relatively expensive as it requires
skilled personnel to administer the vaccine using a
syringe and needle. The available live oral vaccine is
only weakly immunogenic and requires three doses to
provide maximal protective efficacy. Two approaches
are being used to develop improved vaccines. First,
Vi–protein conjugates are being developed that induce
a memory component to the immune response to the
subunit. Second, a series of live oral vaccines have
been constructed (summarized in Table 57.2) with
the aim to develop a vaccine that is safe, immunogenic,
and efficacious following a single dose.

Subunit Vaccines in Development
To improve the immunogenicity of Vi polysaccharide
various proteins have been conjugated including the
B-subunit of the heat-labile toxin of E. coli or the recombinant exoprotein A of Pseudomonas aeruginosa (Vi-rEPA).
In guinea pigs and mice the antibody response to Vi
was four- to fivefold greater in conjugates compared to

unconjugated Vi 26 weeks after vaccination. Furthermore,
a second immunization with the conjugates resulted
in a booster response not seen in the Vi vaccine (Szu
et al., 1994). In human volunteer trials of Vi-rEPA the
vaccine conjugate elicited no adverse reactions and
was impressively immunogenic (Kossaczka et al.,
1999; Lin et al., 2001). The vaccine was safe and had
a protective efficacy of 89% in a double-blind, randomized, and placebo-controlled field trial with 2–5
year old children in Vietnam (Mai et al., 2003). This
compares favorably with the 55% protective efficacy
of the currently licensed vaccine (Klugman et al.,
1996). A second Vi–porin conjugate vaccine has also
been developed that in mice, induced a systemic and
mucosal immune response against Vi and porins and
was sixfold more protective than Vi alone (Singh et al.,
1999).
Live Attenuated Vaccine Strains in
Development
A number of approaches to generate attenuated
S. Typhi strains suitable for development of live
typhoid vaccines have been described. Early studies
described the attenuating properties of auxotrophic
mutant derivatives of Salmonella including those
requiring purine, aspartic acid, and p-aminobenzoate
(pABA) (Bacon et al., 1950a, 1950b, 1951). Salmonella
require pABA as a precursor of folates, aromatic amino
acids, and the siderophore enterochelin. Bacteria
synthesize pABA from chorismate, the terminal product of the aromatic biosynthesis pathway and indeed
the precursor of all aromatic metabolites including
enterochelin, tyrosine, phenylalanine, and tryptophan.
Loss of enzyme-function in the aromatic pathway
due to mutations in the aro genes creates a requirement for endogenous sources of the three aromatic
amino acids and pABA. Additionally aro strains are
unable to biosynthesize enterochelin, a low molecular
weight iron chelating molecule involved in iron scavenging. However, enterochelin-mediated iron supply
to Salmonella is at least partially dispensable during
infection by some strains (Benjamin et al., 1985) and
therefore mutation of this gene does not appear to be
the mechanism for attenuation of aro strains. While
Salmonella can transport and use endogenous aromatic
amino acids, endogenous folate cannot be scavenged,
perhaps due to its bulky structure that precludes
diffusion through the porins in the outer membrane. It
is, therefore, most likely that a lack of available folate or
pABA is the main reason for the observed attenuation
(Stocker, 2000). The first report to suggest the potential
utility of aromatic auxotrophs as vaccine strains was
about a quarter of a century ago. An aroA strain of S.
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TABLE 57.2
Strain

Mutation

S. Typhi attenuated live oral vaccines in development

Basis of
attenuation

Immune response

Tolerance

References

CVD908

aroC, aroD

Aromatic metabolite
auxotrophy

IgG seroconversion to
S. Typhi O-antigen in
83% of vaccinees and
stimulated specific IgAsecreting gut-derived
lymphocytes in 100% of
vaccinees

Well tolerated, no
febrile or other adverse
response; bacteremia in
a small proportion of
vaccinees

Hone et al. (1992)

541Ty and 543Ty

aroA, purA

Aromatic metabolite
auxotrophy, purine
biosynthesis

Meager humoral
antibody response to
O, H, and Vi; 69% of
vaccines responded to
S. Typhi particulate or
O-antigen

Well tolerated, no
febrile or other adverse
response

Levine et al.
(1987b)

CVD908-htrA

aroC, aroD htrA

Aromatic metabolite
auxotrophy, oxidative
stress response

Serum immune
response to S. Typhi
O-antigen in 75–100%
of vaccinees and
lymphoproliferative
responses to flagella
and particulate antigens
with high dose

Generally well
tolerated, but 3 of 36
volunteers had mild
diarrhea and 1 had
mild fever; in phase II
trial no febrile
responses were
reported

Tacket et al.
(1997b, 2000)

χ3927

crp, cya

Regulation of transport
and breakdown of
catabolites and biogenesis
of flagella

53% developed IgG
response to S. typhi
O-antigen

2 of 12 vaccinees had
vaccine bacteremia
without symptoms;
1 of 12 had fever

Tacket et al. (1992)

Ty800

phoP, phoQ

Regulation of
antimicrobial peptide
resistance genes and
SPI-2 genes

10 of 11 volunteers
developed a mucosal
immune response (IgA
secreting cells in blood);
9 of 11 had humoral
immune response

Generally well
tolerated; two
volunteers had selflimiting side effects but
no vaccine bacteremia
was reported

Hohmann et al.
(1996)

Ty445

aroA, phoP, phoQ

As Ty800 but additional
aromatic metabolite
auxotrophy

2 of 14 volunteers
seroconverted to whole
S. typhi or O-antigen

Well tolerated, no
febrile or other adverse
response

Hohmann et al.
(1996)

Typhimurium was found to protect mice even when
genetically susceptible mice were challenged by the
intraperitoneal route at a 1000-fold higher dose than
the lethal dose 50% (Hoiseth and Stocker, 1981). In
order to reduce the likelihood of the emergence of aro⫹
revertants by back mutation or complementation during passage or preparation of the vaccine, a S. Typhi
vaccine candidate (CVD908) was constructed that harbored paired attenuating mutations, in the aroC and
aroD genes that widely separated on the genome. In
early clinical studies CVD908 appeared safe and immunogenic following a single dose. However, the presence of the vaccine in the blood of some volunteers was
considered an unfavorable characteristic and this strain
was not further developed (Hone et al., 1992).
Several attempts to further attenuate the S. Typhi
aromatic biosynthesis mutant strains have since been

made. An approach involving the introduction of
purine auxotrophy by mutation of the purA gene failed,
as this strain was over attenuated and poorly immunogenic. Only a fraction of vaccinees responded to
S. Typhi antigens in a lymphocyte proliferation assay
and antibody responses were very low (Levine et al.,
1987b). In contrast, addition of htrA or ssaV mutations to the aromatic biosynthesis (aro) background
has been extremely productive and such S. Typhi
vaccine candidates are well advanced in clinical
trials. The Salmonella htrA gene is homologous to a heat
stress protein of E. coli. However, S. Typhimurium htrA
mutants are not temperature sensitive but rather exhibit
increased sensitivity to oxidative stress in vitro (Pallen
and Wren, 1997). It is likely that this mutation results in an
increased susceptibility to oxidative killing by polymorphonucleocytes (PMN) and macrophages in vivo, and
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that this may be the basis of the observed attenuation
of htrA mutants (Johnson et al., 1991). An aroC, aroD,
and htrA S. Typhi triple mutant (CVD908 htrA) has
been demonstrated to be safe in humans and induce
humoral immune response to O-antigen and flagella.
Furthermore, cellular immune response to flagella and
particulate antigens, as indicated by lymphoproliferation and production of interferon-γ, was also reported
(Tacket et al., 1997b, 2000). Another candidate vaccine
called S. Typhi strain M01ZH09, is based on an aroC
mutation combined with a mutation in the ssaV gene
encoded on the Salmonella pathogenicity island 2 (SPI-2).
SPI-2 is a horizontally acquired genetic island present
only in S. enterica. The bulk of the island encodes the
apparatus for a type III secretion system (TTSS-2), a
macromolecular “syringe” involved in the transfer of
effector proteins into the host cell cytoplasm. The TTSS
encoded on SPI-2 is upregulated upon internalization
of Salmonella into macrophages and subsequently several injected effectors modify the phagosome compartment such that the bacteria can survive and replicate
(Meresse et al., 2001; Vazquez-Torres et al., 2000). ssaV
is an integral protein of the secretion apparatus and
in its absence no effector proteins are secreted into
target cells. In clinical trials, the S. Typhi strain
M01ZH09 was well tolerated, although a small fraction of volunteers in the medium and high dose groups
had slightly elevated temperatures. However, no viable M01ZH09 were recovered from the blood and no
adverse reactions were reported. All subjects tested
in the highest dose group had a significant antibodysecreting cell (ASC) response and 75% had an increase
in antibody titer for O or H-antigen (Hindle et al., 2002;
Kirkpatrick et al., 2005a, 2005b).
Additional S. Typhi candidate vaccines have been
developed that are based on mutations in regulator
genes. One candidate harbors mutations in adenylate
cyclase (cya) and the cyclic AMP receptor (crp). These
genes regulate the transcription of genes involved
in the transport and utilization of carbohydrates
and amino acids (Alper and Ames, 1978), and in the
expression of outer-membrane proteins, flagella, and
fimbriae (Komeda et al., 1976; Movva et al., 1981;
Saier et al., 1978). A S. Typhi strain designated χ3927
with defined mutations in cya and crp was found to
be highly immunogenic in a volunteer study, but
produced fever in 1 of the 12 volunteers and vaccine
bacteremia in 2 of the volunteers (Tacket et al., 1992). A
second candidate vaccine strain was engineered with a
mutation in the phoP and phoQ regulatory genes. These
genes form a two-component regulator comprising the
membrane bound sensor-kinase (PhoQ) and a cytoplasmic transcriptional regulator (PhoP) (Groisman
et al., 1989; Miller et al., 1989). PhoP/PhoQ is involved

in the activation or repression of a number of unlinked
genes, many of which have been associated with virulence. For example, the PhoP/PhoQ regulon includes
the TTSS-2 that is essential for macrophage survival
(Bijlsma and Groisman, 2005), genes required for
resistance to antimicrobial peptides (Gunn and Miller,
1996; Shi et al., 2004), and genes associated with resistance to bile (van Velkinburgh and Gunn, 1999). A
S. Typhi vaccine candidate called Ty800 was constructed
that contained defined deletion of the phoP/phoQ locus.
In a clinical trial Ty800 was more immunogenic in
volunteers following a single oral dose compared to
control vaccinees that were given four doses of the
conventional Ty21a (Hohmann et al., 1996). A potential drawback of the phoP/phoQ vaccine is that it is
attenuated due to deletion of a single locus, therefore raising the possibility of complementation back
to full virulence by a single event. A second S. Typhi
vaccine candidate called Ty445 was constructed that
contained defined deletion of the aroA gene in addition to the phoP/phoQ locus. In a clinical trial in which
escalating doses of Ty445 S. Typhi strain was compared with Ty21a, the candidate vaccine was found to
be safe and nonreactogenic but was considerably less
immunogenic even after administration of two inoculations at the highest dose compared to the conventional
vaccine strain (Hohmann et al., 1996).

S. Typhi Vaccines for Delivery of
Heterologous Antigens
In the last two decades considerable effort has
been directed to the development of bivalent S. Typhi
vaccines engineered to express antigens from heterologous pathogens. The aim is to develop a live oral
S. Typhi strain capable of protecting against multiple
pathogens such as bacterial and viral pathogens
and even eukaryotic parasites. This technology has
been developed mainly using S. Typhimurium as an
experimental vector since this can be genetically
manipulated and the immunogenicity and protective
efficacy easily evaluated in the murine model of infection. Many antigens have been expressed in Salmonella
and the effect of expression levels, choice of promoter,
and context of expression on immunogenicity assessed.
For example, the effect of gene dosage on immmunogenicity of E. coli heat-labile toxin (LTK63) expressed
in a S. Typhimurium cya/crp vaccine strain was
evaluated (Covone et al., 1998). They found that high
expression levels especially at the early time points of
infection, were of particular importance. The choice
of promoter was evaluated by driving expression of
tetanus toxin fragment C (TetC) from a number of
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promoters. It was reported that the nirB promoter,
which is activated in response to low oxygen tension,
was particularly good for stable expression of TetC
from multicopy vectors during infection (Chatfield
et al., 1992).
The context of expression has been found to be of
considerable importance. That is, antigen expressed on
the surface or secreted into the milieu, generally results
in an improved immune response compared to expression in the cytosol of the vector strain. Various strategies
have been used to express heterologous antigens on
the surface of S. Typhimurium. For example, epitopes
of colonization factor antigen I (CFA/I) and cholera
toxin have been fused to flagellin and expressed in
S. Typhimurium vaccine strains (Chauhan et al., 2005;
das Gracas Luna et al., 2000). In each case an immune
response to the epitope in the chimeric flagellin was
detectable following immunization of mice. A second
strategy involved the presentation of antigens as part
of engineered autotransporter proteins. The autotransporter-family of proteins share a common mechanism
of secretion in which the C-terminus forms a β-barrel
structure in the outer membrane through which the
N-terminal passenger domain is secreted (Henderson
et al., 1998). For example, antigen 43 and AIDA of E. coli
have been used to express foreign antigens on the surface of S. Typhimurium vaccine strains (Kjaergaard
et al., 2002; Kramer et al., 2003). Furthermore, autotransporter-based delivery systems can be engineered to
release the “passenger antigen” into the external milieu
where it may be more immunogenic. For example,
the major B-cell epitope of the Plasmodium falciparum
circumsporozoitic protein (NANP) has been fused
with the S. Typhimurium MisL C-terminal transporter
domain including protease (OmpT) recognition sequence
(Ruiz-Olvera et al., 2003). NANP was detectable
both associated with the surface of a S. Typhimurium
vaccine strain and free in the milieu.
Despite the relative success in expressing heterologous antigens in S. Typhimurium vaccine vectors
that result in the generation of impressive immune
responses in animal trials, development of S. Typhi
vaccines expressing heterologous antigens has
been generally problematic. One of the main issues
associated with further development is that there are
no animal models available to optimize expression
and presentation of the antigen in S. Typhi. One model
that has been explored is the intranasal inoculation of
S. Typhi vaccine candidates using the murine model.
In this system, a vaccine candidate S. Typhi CVD908
(aroC, aroD) expressing TetC was shown to induce
high titers of anti-TetC antibody and confer protection
against a tetanus toxin challenge. A handful of bivalent S. Typhi vaccines have been evaluated in clinical

1157

trials with generally disappointing results. Two volunteer studies of the S. Typhi χ4073 (cyr/crp) vaccine
candidate expressing hepatitis B antigen resulted in
poor immune response to the heterologous antigen
(Nardelli-Haefliger et al., 1996; Tacket et al., 1997a).
Similarly vaccine candidate S. Typhi Ty800 expressing
H. pylori urease failed to induce an immune response
in volunteers even following oral boost with purified
urease A/B with E. coli heat-labile toxin as adjuvant
(DiPetrillo et al., 1999). At least one study has provided
some promising observations. In a volunteer study
in which candidate vaccine S. Typhi strain CVD908htrA expressed TetC from a plasmid, three of the nine
volunteers receiving medium to high doses generated immune response to TetC (Tacket et al., 2000).
Furthermore, this study established that it was possible to generate protective levels of serum antitoxin.
Clearly more development is required before the
possibility of efficacious bivalent or even multivalent S. Typhi vaccines becomes commercial reality.
An important consideration that remains to be fully
investigated is the impact of prior immunity to
S. Typhi. One study reported that exposure to S.
Dublin 2, 6, or 9 weeks previously did not decrease
the immune response to E. coli heat-labile toxin
expressed by S. Dublin in a second inoculation. Indeed
there was evidence in these experiments that previous exposure may even potentiate the subsequent
response. However, contradictory evidence have since
been reported (Attridge et al., 1997; Roberts et al.,
1999). Preexisting immunity to S. Typhimurium and
to a lesser extent S. Dublin, depressed the humoral
immune response to heterologous antigen TetC that
was expressed in a S. Typhimurium vaccine strain
administered 44 days later (Roberts et al., 1999). It is
possible that differences in these reports are serotype
or strain-specific. These considerations are important
if such vaccines are to be used in areas where typhoid
is endemic and the target populations are likely to
have preexisting exposure to the vector species.

PROSPECTS FOR THE FUTURE
There is reason for considerable optimism for future
developments in the prophylaxis of typhoid fever.
Improved subunit vaccines based on protein–Vi conjugates have been demonstrated to be safe and highly
efficacious in phase II volunteer studies. At least three
candidates CVD908-htrA (aroC, aroD, htrA), M01ZH09
(aroC, htrA), and Ty800 (crp, cya), are promising live
oral vaccine strains and candidates to replace Ty21. At
least one of these, S. Typhi strain M01ZH09, is soon
to be evaluated in bridging trials in preparation for
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phase III field trials. Some of the candidate live oral
vaccines have already been tested as carriers for heterologous antigens, although further development
is required to optimize stability and the elicitation of
immune response.

KEY ISSUES
●

●

●

●

In the face of a rise in incidence of paratyphoid
fever caused by S. Paratyphi A, a vaccine effective
against this serotype is needed particularly for use
in the Asian sub-continent.
The development of a typhoid conjugant vaccine
or live oral vacine safe and efficacious in children
under two years of age.
An understanding of the effect of vaccine programs
on bacterial populations targeted by the vaccine
and populations of related pathogens. For example,
what are the effects of S. Typhi vaccination on the
population structure of S. Typhi and S. Paratyphi A.
The development of a vaccine to combat the rising
problem of non-typhoidal Salmonella (NTS) in subsaharan Africa.
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ABSTRACT
Shigellosis is an acute, inflammatory gastrointestinal disease of humans and primates, characterized by diarrhea,
fever, nausea, tenesmus, and often dysentery, which is excretion of bloody, small volume stool with mucus. It is
caused by a gram-negative, nonmotile bacterium that is orally ingested in contaminated food and water. There are
four major serogroups each with one or more serotypes that are differentiated by the structure of the LPS-linked O
antigen. Shigella is a Category B pathogen and the ricin-like Shiga toxin produced by Shigella dysenteriae 1 strains
can cause significant toxicity and sometimes hemolytic uremic syndrome which can be fatal. All virulent strains
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of Shigella carry a large nonconjugative ⬃220 kb plasmid, which encodes determinants that induce a phagocytic
uptake within the colonic epithelial layer. Invasion is followed by intercellular spread within the tissue, resulting
in necrosis and release of proinflammatory cytokines and chemokines. Eventually this leads to an infiltration of
neutrophils at the site of inflammation and resolution of infection. Shigella infections lead to systemic and mucosal
responses that are primarily against the LPS O-antigen polysaccharide. Hence, immunity is serotype-specific
although some responses are also seen against the major plasmid-encoded invasion plasmid antigens. Over the last
50 years subunit vaccines based on presenting LPS to the mucosal system as well as live-attenuated noninvasive
and invasive vaccines have been tested in Phase I and field trials. Many lessons have been learnt from these trials
and today, a more complete understanding of the molecular details of pathogenesis has helped to design specific
mutated Shigella strains that have shown promise as live oral vaccine candidates. At the same time, novel ways of
introducing the LPS antigen to the host strains are being evaluated as subunit vaccine candidates with significant
success. Currently, only a single live, noninvasive bivalent Shigella vaccine exists in China which provides ⬃60%
efficacy in adults. In the next few years a mixture of the current crop of vaccine candidates, both live and subunit,
as well as combinations of the two types of vaccines will undergo testing in Phase I, II, and possibly Phase III
trials. Data from these studies is expected to provide for a safe and effective vaccine development strategy that will
protect against the predominant circulating serotypes of Shigella seen worldwide.

INTRODUCTION
Shigella is an enteroinvasive bacterium, evolved
from Escherichia coli, and is the etiologic agent of
bacillary dysentery and diarrhea. The bacterium is
ingested orally through contaminated food and water,
and fecal–oral and person-to-person transmission
predominate as the primary sources of infection. The
symptoms of shigellosis includes a sudden onset of
severe abdominal cramping, high-grade fever, vomiting, anorexia, and watery diarrhea, often followed by
tenesmus, fecal incontinence, and dysentery which
is diarrhea with frank blood (Box 58.1). S. dysenteriae
1 strains are capable of epidemic diarrhea, hemorrhagic colitis, and in ⬃5% of patients, potentially lifethreatening hemolytic uremic syndrome (HUS) due
to Shiga toxin 1 production. Although the challenge
dose in volunteer trials is 500–1000 virulent bacteria,
as few as 10 bacteria have been shown to cause dysentery in some volunteers. Since Shigella is a food-borne
pathogen, it has the potential to be deliberately introduced into the food supply with the intent to harm

BOX 58.1

C L I N I C A L P R E S E N TAT I O N
OF SHIGELLOSIS
Dehydration
Fever
Anorexia
Nausea
Vomiting

Diarrhea
Tenesmus
Dysentery
Colitis

civilian populations. Thus, Shigella has been categorized as a Category B pathogen by the U.S. Center for
Disease Control. While antibiotics are used to treat
infections the ever-increasing problem of antibiotic
resistance necessitates the development of effective
vaccines and therapeutics.

SHORT HISTORY OF THE DISEASE
An excellent history of diarrheal disease can be
obtained in Henock Blaise and Dovie (2007). In the mid1800s with the isolation of Vibrio cholerae as the etiologic
agent for cholera, it became recognized that diarrheal
diseases had an infectious disease component (Henock
Blaise and Dovie, 2007). In 1896, during a severe epidemic of dysentery in Japan, Kiyoshi Shiga (1871–1957)
isolated the organism from feces and intestinal walls
of 36 dysentery patients. At the time, Kiyoshi Shiga
was working as a research assistant in the laboratory
of Dr. Shibasaburo Kitasato (discoverer of the tetanus
bacillius) at the Institute of Infectious Diseases in Tokyo.
The isolated bacillus (originally named Bacillus dysentericus, now known as Shigella dysenteriae) was shown to be
negative by gram-staining, fermented dextrose, was
negative in the indole reaction, and did not form acid
from mannitol. Dr. Shiga was able to demonstrate the
production of Shiga toxin and the agglutination of the
organism when exposed to the serum from an infected
patient. In the years immediately following Shiga’s discovery of the dysentery bacillus, three other groups of
similar organisms were isolated and named in honor of
the lead scientists investigating their discovery. In 1899,
Simon Flexner, a professor of pathological anatomy at
the Johns Hopkins University, located in Baltimore,
MD, isolated Bacillus dysenteriae (now Shigella flexneri),
during a stay in Manila in the Philippine islands. Mark
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Frederick Boyd, an American bacteriologist and epidemiologist isolated Shigella boydii in 1900 and Shigella
sonnei was identified in 1915 by Danish microbiologist
Carl Olaf Sonne. The genus was first termed Shigella in
the 1930 edition of Bergey’s Manual of Determinative
Bacteriology and in the 1940s, four species of the new
genus were recognized, S. dysenteriae, S. flexneri, S. boydii, and S. sonnei, also known as Shigella subgroups A,
B, C, and D, respectively (Ewing, 1949). Since the 1960s,
epidemiological surveys instituted by the Centers for
Disease Control (CDC in Atlanta, GA) and the World
Health Organization (WHO) have contributed significantly toward understanding the prevalence of Shigella
species in different areas, the age groups most affected,
and the socioeconomic factors that increase the risk of
infection with Shigella.

ETIOLOGIC AGENT(S)
Shigella are gram-negative rods, nonmotile, and facultatively anaerobic. The lack of motility is due to an
incomplete set of fimbrial, curli, and flagellar genes
found after sequence completion of several Shigella
genomes (Jin et al., 2002; Wei et al., 2003; Yang et al.,
2005). There are very few biochemical reactions with
which to distinguish Shigella from enteroinvasive
E. coli (EIEC), which also causes bacillary dysentery.
Shigella strains typically ferment glucose, cannot ferment sucrose or lactose (mutations and deletions
in the lacZYA genes), are oxidase negative (lack
cytochrome c), urease negative, do not decarboxylate lysine (lack cadA), and fail to produce hydrogen
sulfide in triple-sugar-iron agar (TSI agar). Unlike the
other three serogroups, S. dysenteriae (Group A) does
not ferment mannitol (lacks mtlA, mtlD) while unlike
S. sonnei (group D), the other three serogroups do not
give a positive biochemical reaction with ornithine
(Melito et al., 2005). S. sonnei and S. dysenteriae type 1
strains are O-nitrophenyl-b-d galactopyranoside
(ONPG)-positive (Melito et al., 2005).
Selective media are often used to discriminate
between Shigella and other enteric bacteria from stool
samples. These include Salmonella–Shigella agar (SS
agar), xylose lysine deoxycholate agar (XLD agar),
Hektoen-enteric agar (HE) and MacConkey agar
(MAC agar) all of which contain a variety of sugars, dyes, and bile salts to inhibit gram-positive bacteria and differentiate between different organisms
based on their metabolic activities. For example,
MAC agar contains lactose on which lactose-positive
colonies such as most E. coli strains are red to pink in
color, while lactose-negative strains like Shigella are

usually transparent. On SS agar, Shigella, like
Salmonella forms colorless colonies but without
black centers (lack of hydrogen sulfide production by
Shigella). On XLD agar, Shigella remains red because it
does not ferment xylose or decarboxylate lysine while
Salmonella ferments xylose, decarboxylates lysine,
and forms hydrogen sulfide from thiosulfate-forming
red colonies with black centers. Confirmation of biochemical identity is done serologically with Shigella
grouping and typing antisera (DuPont et al., 1989).

CLASSIFICATION
Traditionally, the genus Shigella has been classified in the Family Enterobacteriaceae, with four major
serogroups, each with one or more serotypes and
subtypes. S. dysenteriae constitutes group A (with 15
serotypes), S. flexneri group B (16 serotypes), S. boydii is group D (20 serotypes), and S. sonnei is group C
(one serotype) (Box 58.2). Subdivision into serotypes
is based on the O antigen only, because Shigella strains
lack the flagella H antigen and capsular K antigen also
used in typing other E. coli. Some O antigens associated with EIEC are identical to those found in Shigella
spp.
The O-antigen structure is part of the bacterial
lipopolysaccharide (LPS), which is a major structural
element in the outer membrane of gram-negative

BOX 58.2

C L A S S I F I C AT I O N O F
SHIGELLA
Family: Enterobacteriaceae
Genus: Escherichia
Species: Escherichia coli
Serovar: Shigella
Serogroups
A. S. dysenteriae
B. S. flexneri
C. S. boydii
D. S. sonnei
Serotypes and subtypes
A. Type 1–15
B. Type 1–6, X, Y (subtypes a, b, c, etc.)
C. Type 1–20
D. Type 1
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bacteria. Besides the O-antigen, the LPS is composed
of the core oligosaccharide and lipid A anchor. The
core consists of a single sequence of heptoses and
hexoses while the O-antigen is a polysaccharide unit
composed of a repetitive sequence of hexoses, further modified by the addition of glucosyl and acetyl
groups. The S. flexneri serotypes 1 through 5 (subtypes
include S. flexneri 1a and 1b, 2a and 2b, etc.) are
closely related and have a common basic structure
encoded by a common O-antigen gene cluster (Cheah
et al., 1991; Simmons and Romanowska, 1987). The
differences between these serotypes are conferred by
modification of the basic structure of glucosyl and/or
O-acetyl residues generating the diversity of group
(group antigens 3, 4, 6, 7, 8) and type antigens (type
I–VI) (Huan et al., 1997). S. flexneri serotypes 6 and
6a are not genetically similar to the other S. flexneri
forms, but crossreact with them serologically because
of similarity in part of the O-antigen structure (Cheah
et al., 1991). The O-antigen repeat of S. boydii and
S. dysenteriae are unique among Shigella, although
many S. boydii and S. dysenteriae O antigens are either
identical to, or related to, a conventional E. coli O
antigen (Jonsson et al., 2006; Perepelov et al., 2007;
Valvano and Marolda, 1991; Wang et al., 2001). The S.
sonnei and S. flexneri O antigens are not found in E. coli
(Pupo et al., 2000). So far, approximately 50 serotypes,
including subtypes, of Shigella have been recognized
and the number is expected to grow. Monoclonal antibodies (mAbs) have been generated to help in typing
Shigella (Carlin et al., 1986, 1989; Carlin and Lindberg,
1987).
Although Shigella and E. coli have always been
known to be very similar, Shigella has historically been
treated as a different species that is distinct from E. coli.
This is based primarily on its pathogenic traits and a
few metabolic defects that were used to differentiate
Shigella from E. coli. Population genetic studies using
multilocus enzyme electrophoresis (MLEE) showed
that Shigella strains fall within E. coli, confirming
previous evidence from DNA hybridization data
(Ochman et al., 1983; Riley and Anilionis, 1980). More
recently, sequencing of eight housekeeping genes in
four regions of the chromosome of ⬃50 Shigella strains
belonging to the four traditional Shigella species indicated that, all but five of the Shigella strains (S. sonnei,
S. dysenteriae 1, and S. flexneri VIa are three of these
five strains) fall into one of three major clusters within
E. coli species, and these the same strains are in each
cluster for all four regions of the chromosome (Pupo
et al., 2000). While the strains within each cluster
are very similar, there is little in common among the
three clusters suggesting that Shigella strains, like the
other pathogenic forms of E. coli, do not have a single

evolutionary origin but have multiple origins. By a
process of convergent evolution of phenotypic properties, including gene gain (capture of the virulence
plasmid) and gene loss or “black holes” (e.g., losses of
the chromosomal cadB and the nadB gene), Shigella has
uniquely adapted its pathogenic lifestyle within the
host (Maurelli, 2007; Pupo et al., 2000).

EPIDEMIOLOGY
Shigellosis affects an estimated 164 million people
worldwide and although it is considered a disease
of developing countries, over 14,000 laboratory-confirmed cases are reported to occur in the US annually
(Kotloff et al., 1999). Shigella species are not known to
be zoonotic pathogens, and natural infections have
been documented only for humans and primates.
While the infectious dose for humans is in the range
of 100–1000 bacteria, doses of 109–1010 cfu are required
to observe dysentery in rhesus monkeys (DuPont
et al., 1989; Formal et al., 1965). Epidemiological and
antibiotic resistance data on Shigella is typically monitored in travelers returning from developing countries
or by in-country, population-based national surveillance systems, such as those found at local hospitals
and clinics. The isolates are often typed, subtyped,
and characterized using specific antisera, biochemical
profile, ribotyping, plasmid analysis, PCR-based epidemiological tools, and antibiotic resistance patterns
(Korpela et al., 1995; Materu et al., 1997; Na-Ubol
et al., 2006; Navia et al., 1999; Penatti et al., 2007;
Taneja et al., 2005; Zafar et al., 2005). A global view of
the incidence of shigellosis was estimated from current literature (Fig. 58.1) and indicates that approximately 99% of all shigellosis occurs in developing
countries with the highest burden of Shigella infection in northern Africa (Chompook et al., 2005; Lee
et al., 2005; Ram et al., 2007; von Seidlein et al., 2006).
The lowest incidence of shigellosis occurs in the US,
Europe, and Australia (Kotloff et al., 1999). As noted
by many epidemiological studies, shigellosis incidence data are almost nonexistent in sub-Saharan
Africa and represents a significant challenge when
estimating the global epidemiology. S. flexneri is the
most prevalent serotype worldwide and is found most
often in the developing countries of Africa and South
and East Asia while S. sonnei predominates in the US
and Europe (Box 58.3). New isolates of each major
serogroups are being isolated such as S. flexneri 1c,
S. flexneri 4X, S. boydii 20, and S. dysenterie type strain
KIVI 162 (Grimont et al., 2007; Talukder et al., 2002,
2003, 2006, 2007).
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Incidence for all age groups

Low incidence (⭐10 episodes/1000 persons)

Medium incidence (⬎10–100 episodes/1000 persons)

High incidence (⬎100 episodes/1000 persons)

No data available

FIGURE 58.1 World incidence of shigellosis.

In developing countries where substandard hygiene
and poor water quality persist children under 5 years
of age are most at risk (⬎6 months and ⬍2 years are
at highest risk) for developing shigellosis (Elamreen
et al., 2007; Faruque et al., 1998; Nguyen et al., 1998).
Worldwide, approximately 600,000 deaths occur annually; 60% of such deaths are seen in children under 5
years of age (Sur et al., 2004). The bacteria are primarily transmitted through direct contact with an infected
person or by ingestion of contaminated food or water.
Several factors increase the risk for shigellosis such as
age and socioeconomic status including, sanitation,
and malnutrition (Elamreen et al., 2007; Sakdisiwasdi
et al., 1982). Flies can serve as mechanical vectors
for the transmission of Shigella under particularly
poor environmental conditions (Bidawid et al., 1978;
Chompook et al., 2006; Dupont, 2005).

In the US, Shigella infections constitute the
third most common cause of gastroenteritis, after
Campylobacter and Salmonella infections. Particularly
susceptible are children in day-care centers, migrant
workers, travelers to developing countries, and
homosexual men (CDC, 2002; Garrett et al., 2006;
Monteville et al., 2006; Morgan et al., 2006; Riddle
et al., 2006). An association of Helicobacter pylori
with Shigella gastroenteritis in children has also been
reported (Shmuely et al., 2004). From 1989 to 2003, a
total of 208,368 cases of laboratory-confirmed Shigella
infections were reported to the Centers for Disease
Control and Prevention wherein, S. sonnei accounted
for the majority of the cases (72%), followed by
S. flexneri (18%), S. boydii (2%), and S. dysenteriae
(⬃1%) (Gupta et al., 2004). To compare a different part of the world, in Kolkata, India, 193 Shigella
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BOX 58.3

C O M PA R AT I V E E P I D E M I O L O G Y O F S H I G E L L A
Aspect

Developing

Industrialized

Annual cases/year

160 million

⬃100,000

Deaths

⬃1.1 million

⬍10,000

Likely means

Overcrowding, lack of sanitation

Camps, daycare centers, cruise ships,
airlines

Most susceptible

Young (⬍5 years), old, malnourished,
immunocompromised

Non-immune

Species prevalence

S. flexneri (60%)a
S. sonnei (23%)
S. dysenteriae (10%)
S. boydii (6%)

S. flexneri (18%)b
S. sonnei (72%)
S. dysenteriae (2%)
S. boydii (1%)

a

Source: Pazhani et al. (2005).
Source: Gupta et al. (2004).

b

strains were isolated from 2489 hospitalized children from Jan 2001 to August 2004. S. flexneri was
the most prevalent serogroup (60%) followed by
S. sonnei (23%), S. dysenteriae (10%), and S. boydii (6%)
(Pazhani et al., 2005). In a recent study in a pediatric
population in Egypt, the prevalent serotypes seen
were S. flexneri 2a (37.1%), 1b (18.6%), 1c (17.5%), and
6 (15.5%), which together comprised over 88.7% of
the total isolates. These data also show that S. flexneri
1c has emerged as a dominant S. flexneri serotype in
Egypt (Ahmed et al., 2006).

ANTIBIOTIC RESISTANCE
Wide spread resistance to first line antimicrobials
has complicated the selection of drugs for the
treatment of shigellosis. A survey of the literature suggests that a majority of Shigella isolates from around
the world, including the US, demonstrate some resistance to commonly used antibiotics such as ampicillin, chloramphenicol, TMP-SMX, and tetracycline
(Ahmed et al., 2006; Al-Moyed et al., 2006; Pan et al.,
2006; Replogle et al., 2000; Sivapalasingam et al., 2006;
Toro et al., 2005). In fact, multidrug resistance to these
antibiotics has made them no longer appropriate for
empirical treatment in the US. Resistance to these antimicrobials appears to be even higher in developing
countries, like India and China, where resistance to
both traditional antibiotics as well as fluoroquinolones

(ciprofloxacin) is increasing dramatically (Talukder
et al., 2003, 2007). In parts of these countries resistance
to nalidixic acid in S. flexneri strains can be as high as
92–100% (Haukka and Siitonen, 2007; von Seidlein
et al., 2006). In Kolkata, the prevalence of fluoroquinolone resistance has increased to 25% in endemic
S. flexneri isolates (Pazhani et al., 2005). In a pediatric
population in Egypt, marked resistance to ampicillin (87.6%), tetracycline (84.5%), and trimethoprimsulfamethoxazole (63.9%) was seen among the strains
isolated (Ahmed et al., 2006). Increasing resistance to
antimicrobials in developing countries highlights the
perils of over-the-counter sale and indiscriminate use
of antibiotics for treating infectious diseases (Ahmed
et al., 2006; Al-Moyed et al., 2006; Pan et al., 2006; Toro
et al., 2005).

SIGNIFICANCE AS PUBLIC
HEALTH PROBLEM
The low infectious dose, the fecal–oral route of
transmission, and the emergence of resistance to multiple antibiotics among Shigella isolates poses a major
public health problem throughout the developing
world. Areas of political upheaval and natural disasters are particularly susceptible to high rates of
morbidity and mortality due to diarrheal diseases, in
particular, because of the lack of clean water, proper
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sanitary conditions, overcrowding in refugee camps
and villages. S. dysenteriae 1 has the highest mortality rate (as high as 5–15%) of any Shigella species due
in part to the expression of the ricin-like Shiga toxin
which can cause renal complications leading to HUS.
Since the late 1960s, pandemics of dysentery, caused
by S. dysenteriae 1, have occurred in Central America,
sub-Saharan Africa, Middle East, and Southeast Asia
(Cahill et al., 1966; Gangarosa et al., 1970; Rahaman
et al., 1975; Simchen et al., 1991). During a regional epidemic of Shigella-based dysentery that swept through
Guatemala and neighboring countries in Central
America during 1969–1971, an estimated 20,000 cases
of dysentery-induced deaths were reported. One
particularly disturbing feature was the resistance of
the bacteria to the most commonly used antibacterial drugs (Gangarosa et al., 1970). Dysentery spared
infants under 6 months of age, the attack rate being
highest in the age group 7–23 months and thereafter
was more or less equally distributed between the ages
and the sexes (Gangarosa et al., 1970). During the civil
war in Rwanda that started in mid-1994, among the
estimated 500,000–800,000 refugees who crossed over
into Goma in neighboring Zaire, an unprecedented
number of deaths, ⬃50,000, were reported during the
early months of the emergency situation, between
the months of July–August, 1994. Eighty-five to 90%
of the mortality rates were ascribed to diarrheal diseases, more specifically due to successive cholera and
S. dysenteriae 1-induced outbreaks of bloody diarrhea
(Legros et al., 2001). International intervention with
provision of clean water contributed thereafter to
significant reduction in the mortality rates (Legros
et al., 2001). S. dysenteriae epidemics occur in roughly
10 to 14-year cycles with the most recent outbreak
documented in northern India and Bangladesh (Hens
et al., 2005; Pazhani et al., 2005; Talukder et al., 2003;
Taneja et al., 2005). The most troubling finding from
these outbreaks is the emergence of fluoroquinoloneresistant strains capable of clonal spread (Talukder
et al., 2006; Taneja et al., 2005).

POTENTIAL AS A BIOTHREAT
AGENT
In October 1996, a disgruntled lab worker in Dallas,
TX, deliberately infected pastries to be consumed by
colleagues with S. dysenteriae 2, causing illness in 12
people and sending 4 to the hospital (Kolavic et al.,
1997). Such an intentional and malevolent use of a
multidrug resistant Shiga toxin-producing S. dysenteriae
as an agent of food terrorism on a larger scale can pose

a huge burden on the public health system and has the
potential to disrupt the social, economic, and political stability of the region. “Early detection of disease
resulting from covert food terrorism depends on sensitive surveillance systems for communicable disease at
the local and national levels, with close cooperation and
communication among clinicians, laboratories and public health officials” (World Health Organization, 2002).

CLINICAL DISEASE
During the Guatemalan epidemic in early 1969, the
onset of S. dysenteriae 1-induced shigellosis in patients
was described as follows and typifies the clinical
symptoms of the disease: “in patients with Shiga
dysentery, diarrhea started abruptly, usually without
blood. Three fourths of the patients had fever, generally below 102°F. Twelve to 72 h after onset, blood and
pus appeared in the stools. Many patients passed only
mucus and blood during the acute phase of the disease. Abdominal pain and cramps were commonly
observed. Vomiting was recorded in 47% of cases. The
most severely ill had 10–40 evacuations a day and
intense tenesmus and rectal pain at the height of illness. The duration of symptoms for most patients was
5–7 days. A few were ill for less than 48 h and others
for more than a month” (Mata et al., 1970). Pathology
reports of autopsy cases indicated a diffusely inflamed
mucosa of the sigmoid colon and shallow ulcers no
deeper than the muscularis mucosa. The cause of
death was dehydration and exhaustion in most cases.
In endemic areas shigellosis is rare in infants less
than 6 months of age, presumably, because antibodies in their mother’s milk protect them from infection.
Shigellosis in the neonatal period results from motherto-infant fecal–oral transmission during labor and
delivery, usually from asymptomatic carriage. Bloody
diarrhea is uncommon, however, intestinal perforation and mortality are more common in this group
than in older children. In a postmortem examination of
the intestine of 37 Bangladeshi children, ⬃age 2 years,
who died of shigellosis, the regional pattern of lesions
ranged from involvement of the rectosigmoid only
(3 cases) to the entire colon plus the ileum (20 cases)
(Box 58.4) (Butler et al., 1989). Children who died of
infections due to S. dysenteriae 1 and 2, S. flexneri, and
S. boydii, were also compromised by severe malnutrition, hypoproteinemia, and sometimes hypoglycemia.
Pathology reports indicated that the common lesion
was erythema and edema denoting congestion and
inflammation. Histopathology indicated increased
numbers of leukocytes, predominantly mononuclear,
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BOX 58.4

BOX 58.5

C L I N I C A L P R E S E N TAT I O N
OF SHIGELLOSIS

POTENTIAL
C O M P L I C AT I O N S
FROM SHIGELLOSIS
Necrotizing enterocolitis
Intestinal obstruction or perforation
Haemolytic uremic syndrome (HUS)
Toxic megacolon
Rectal prolapse
Bacteraemia and sepsis
Neurological disorders (seizures)
Reactive arthritis (HLA-B27-linked)
Chronic malnutrition

in the lamina propria and sometimes in the submucosa
(Butler et al., 1989).
In approximately 5% of S. dysenteriae 1 infections,
HUS (bloody urine), microangiopathic hemolytic anemia, thrombocytopenia, and renal failure have been
reported because of vasculopathy mediated by Shiga
toxin or Stx (Tesh and O’Brien, 1991). Shiga toxin
belongs to a family of toxins characterized by a receptor binding B subunit (7.7 kDa), which forms a pentameric ring and a single 32 kDa enzymatic A subunit.
The B subunit binds to the glycolipid receptor Gb3
found in the walls of the vascular endothelial cells,
allowing entry of the toxin A subunit which is an
N-glycosidase that cleaves the 28S ribosomal RNA
component of ribosomes halting protein synthesis
(Tesh and O’Brien, 1991). The ensuing endothelial cell
death destroys the lining of the vascular walls leading to hemorrhage. The principal organ affected in
shiga toxin-mediated HUS is the kidney where there
is abundant baseline expression and high inducibility
of the receptor Gb3 in the glomerular microcirculation. Direct Stx-mediated injury to vascular endothelial cells leads to tissue ischemia and dysfunction and
Stx-mediated release of cytokines and chemokines,
including IL-6, CXCL8 (IL-8), TNF-α which leads to
a systemic inflammatory response. Extraintestinal
symptoms have been recorded and include severe
headache, lethargy, meningismus, delirium, and seizures, especially with S. dysenteriae (Chapel et al.,
2005; Islam et al., 1994). Neurologic manifestations

during shigellosis have been described and include
rarely severe toxic encephalopathy. The pathogenesis of neurologic manifestations during shigellosis is
unclear and various bacterial (Stx, LPS) and host factors (TNF-α, IL-1β, corticotrophin releasing hormone,
CRH) have been implicated from studies in mice
(Yuhas et al., 2002, 2004). Reiter syndrome (arthritis,
urethritis, conjunctivitis), a postinfectious sequalae,
is commonly observed in adults carrying human leukocyte antigen (HLA)-B27 histocompatibility antigen
(Finch et al., 1986) (Box 58.5).

TREATMENT
While most diarrheal episodes should be treated
with oral rehydration therapy (ORT), antibiotics are the
main drugs for treating shigellosis (Alam and Ashraf,
2003; Khan et al., 1997; King et al., 2003; Sur and
Bhattacharya, 2006). An assessment of the antibiotic
resistance profiles of circulating strains is important
when choosing which antibiotic to use in a particular
region (Box 58.6). Fluoroquinolones such as ciprofloxacin, levofloxacin, and norfloxacin introduced in the
late 1980s inhibit DNA replication by inhibiting DNA
gyrase. These antibiotics seem to be the antibiotics of
choice in US adults, however, they are not approved
for use in children in the US for whom azithromycin,
an azalide antibiotic is the prescribed drug (ciprofloxacin dose 500 mg given bid for 3–5 days) (Bennish
et al., 1992; Ehrenpreis and Ehrenpreis, 2001; Murphy
et al., 1993). Other antibiotics include trimethoprimsulfamethoxazole (Bactrim or Septra, adult dose 800 mg
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to inhibit Shiga toxin and Shiga toxin-like activity
include receptor mimics, active and passive immunization strategies, Stx1 and Stx2 genetic toxoids, a
plant-based Stx2 toxoid, and a chimeric StxA2/StxB1
toxoid (Karmali, 2004; Paton et al., 2001; Smith et al.,
2006; Tzipori et al., 2004; Wen et al., 2006a, 2006b).
Passive immunization strategies utilizing humanized
or human monoclonal antibodies that neutralize one
or more Stx’s are also being evaluated (Sheoran et al.,
2005; Tzipori et al., 2004).

BOX 58.6

T R E AT M E N T O F
SHIGELLOSIS
Current treatments for shigellosis
Antimicrobial therapies
Supportive care
Oral rehydration therapy
Anti-pyretic for fever
Analgesic for pain

PATHOGENESIS

Treatments in development
Zinc supplementation
Short-chain fatty acids
Antidotes for Shiga toxins (in development)
Monoclonal antibodies
Receptor mimics
Genetic toxoids
Active and passive immunization strategies

SMX/160 mg of TMP, given orally bid for 5 days) which
inhibits bacterial growth by inhibiting synthesis of
dihydrofolic acid and third generation cephalosporins
such as cefixime and ceftriaxone, which bind to penicillin-binding proteins and disrupt or inhibit bacterial cell
wall synthesis (Ehrenpreis and Ehrenpreis, 2001).
Among new developments in this area, Rifaximin,
a nonabsorbed oral antibiotic given at 200 mg three
times a day for 3 days, protected volunteers from
shigellosis after being challenged with virulent
S. flexneri 2a in a double-blind placebo-controlled
study (Taylor et al., 2006a, 2006b). Oral butyrate represents an exciting new treatment for shigellosis. This
short-chain fatty acid induces the endogenous cathelicidin CAP-18 in the colonic epithelium, stimulating
the release of the active antimicrobial peptide CAP-18,
which inhibits Shigella (Raqib et al., 2006). Promising
effects of zinc, given as a micronutrient to pediatric
populations, has also been reported (Roy et al., 2007).
There are currently no FDA-approved therapies or
vaccines in the United States to combat or prevent illness from Shiga toxin, which is not only produced by
S. dysenteriae, but also Shiga toxin-producing E. coli
(STEC). STEC infections represent a significant problem in the US. Incidentally, STEC strains produce
two Shiga toxins, Stx1 (identical to Shiga toxin) and
Stx2 (O’Brien et al., 1992). Several different strategies

The use of cell culture and different animal models
of infection have proven useful for elucidating the primary steps of infection with Shigella. Data from each
model system has been combined to form the current
pathogenic paradigm of shigellosis (Fig. 58.2, A–D)
(Parsot, 2005; Sansonetti, 2006). After being orally
ingested the bacteria transit through the stomach and
small intestine where it survives the gastric acidity
and antimicrobial peptides using mechanisms that are
not completely understood. At the distal colon and
rectal mucosa the bacteria transit through the specialized M cells of the follicle-associated epithelium (FAE)
to the subepthelial dome where they are taken up into
phagocytic vacuoles by resident phagocytes (macrophages and dendritic cells). Shigella rapidly escape
from the vacuole and induce a proinflammatory cell
death during which the loss of membrane integrity
coincides with the release of numerous proinflammatory cytokines (TNF-α, IL-1β, IL-18) (Fig. 58.3)
(Haimovic and Venkatesan, 2005; Suzuki et al., 2007).
After escaping the phagocytic cells, Shigella invades
the adjacent enterocytes at the basolateral surface and
are taken up within an endocytic vacuole through
the coordinated activities of numerous proteins,
which include the products of the ipa genes (IpaA,
B, C, and D) and the mxi-spa genes that form a needle-like complex called the type three secretion system (TTSS) (Buchrieser et al., 2000; Sansonetti, 2006).
The ipa-mxi-spa-loci comprises a 31 kb coding region
located on a large ⬎200 kb virulence plasmid present
in all pathogenic isolates of Shigella. The IpaB and
IpaC proteins are stored in the bacterial cytoplasm
complexed with chaperones, such as IpgC, while others such as IpaD form a complex at the tip of the TTSS
thereby controlling its secretion activity (Demers et al.,
1998; Espina et al., 2006; Parsot et al., 2005; Picking
et al., 2005). The invasion plasmid antigen (Ipa) proteins constitute key antigens to which antibodies are
seen in serum from infected humans and monkeys
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(A) M cell transcytosis and macrophage cell death
Shigella

(B)

Actin-rearrangement, induced cellular uptake,
and phagosome escape

Iumen

M cell

Macrophage &
dendritic cells

Membrane ruffling
Proinflammatory cytokines

(C)

Intracellular replication, intra- and intercellular spread

(D)

Innate immune cell influx, disease resolution

TNF-α

DCs

Chemokine secretion

CXCL8

PMNs

NK cells

FIGURE 58.2 Major steps of Shigella pathogenesis (see color plate section).

(Oaks et al., 1986) (Box 58.7). Upon contact with the
surface of epithelial cells, the IpaB and IpaC proteins
exit through the TTSS and are believed to form a pore
through which a set of type III effector proteins are
secreted within the host cell. Secretion of these effectors (IpaA, IpaB, IpaC, IpgB1, IpgD, and VirA) into
host cells causes major cytoskeletal rearrangements
involving both F-actin and microtubules thus allowing for engulfment of the bacteria within an endocytic
vacuole (Sansonetti, 2006; Tran Van Nhieu et al., 2000).
The bacteria lyse the endocytic vacuole, presumably
with the help of some of the Ipa proteins, and begin to
replicate using host cell metabolites to fulfill energy
requirements (Fig. 58.3). Intracellular movement of
the bacteria is facilitated by the polar expression of
the VirG(IcsA), a critical virulence protein which
belongs to the family of type V autotransporters, and
mediates localized actin polymerization on one end of
the bacteria (Ogawa and Sasakawa, 2006; Wing et al.,
2005). VirG(IcsA) mediates intracellular movement
by interacting with and activating N-WASP which in
turn leads to recruitment and activation of the Arp2/3
complex (Ally et al., 2004; Suzuki and Sasakawa,
2001). VirG(IcsA) deletion mutants remain invasive in
epithelial cells but are severely attenuated in plaque
formation in cultured cells and in animal models of

infection (Fig. 58.4). Therefore the virG(icsA) mutation
has become a principle attenuating feature of multiple
live attenuated vaccine strains (see below).
Intracellular movement is followed by intercellular spread through the enterocytes lining the intestinal mucosa. Replication and cell-to-cell movement
within enterocytes results in the secretion of cytokines
and chemokines, such as IL-8, a potent chemoattractant that promotes the recruitment of polymorphonuclear leucocytes (PMNLs) and neutrophils to the site
of infection (Francois et al., 2000). Secretion of CXCL8
by enterocytes is induced by bacterial products such
as LPS and peptidoglycan, which are recognized by
host cell pattern-recognition receptors such as Tolllike receptors (TLRs) and nucleotide-oligomerization domain (NOD)-like receptors (NLRs) (Girardin
et al., 2001; Viala et al., 2004). The lipid A component
of extracellular LPS is recognized by TLR4 through a
series of interactions involving LPS binding protein
(LBP), soluble and membrane bound forms of CD14,
and myeloid differentiation protein 2 (MD-2). The
TLRs and NLR’s activate central signaling cascades
involving mitogen activated protein kinases (MAPKs)
pathways and transcription factors, such as NF-kB,
leading to upregulation of key cytokine synthesis such
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BOX 58.7

KEY ANTIGENS
RECOGNIZED AFTER
N AT U R A L I N F E C T I O N
WITH SHIGELLA

Antigens

Size
(kDal)

Proposed role(s)

IpaA

78

Binds vinculin to induce
F-actin polymerization

IpaB

62

Involved with invasion
Cross-reactive with myosin
Required for contact hemolytic
activity
Required for escape from the
phagosome in infected cells

IpaC

43

Involved with invasion
Required for contact hemolytic
activity
Required for escape from the
phagosome in infected cells
Polymerizes actin

IpaD

38

Control flux of proteins
through secretion

VirG

120

LPS

Variable

Required for actin
polymerization and
intracellular motility
Protects against phagocytosis
Barrier function

FIGURE 58.3 Shigella-induced cellular actin polymerization
used for intra- and intercellular spread of the bacteria.

FIGURE 58.4

Shigella-mediated cellular plaque formation.

as IL-8 and activation of the innate immune system
(Philpott et al., 2000; Viala et al., 2004).
However, recent evidence suggests that invasive
bacteria like Shigella have evolved counter defenses
capable of evading or suppressing, at least temporarily, the innate immune response. For Shigella these
counter defenses involve the secretion of additional
TTSS substrates once the bacterium has entered the
host cells. For example, the Shigella OspG protein targets host ubiquitin-transfer proteins, thereby blocking IkB degradation and subsequent activation of
NF-kB (Kim et al., 2005). OspF has been shown to
block NF-kB mediated transcription by targeting
MAPKs such as Erk1/2 and p38 by a phosphatase or a
phosphothreonine lyase activity, which removes phosphate groups from the phosphothreonine residue in
the MAPK activation loop (Arbibe et al., 2007; Li et al.,
2007). According to one report, this results in reduced
histone H3 phosphorylation, and chromatin remodeling, leading to inaccessibility at the NF-kB regulated
IL-8 promoter (Arbibe et al., 2007). Finally, a member of the IpaH family (IpaH9.8) has been shown to
interact with the mRNA splicing factor U2AF35. This
interaction appears to affect the expression of both
chemokine and cytokine genes (CXCL8, RANTES, ILβ) resulting in the suppression of neutrophil migration
(Okuda et al., 2005). In a mouse pulmonary model of
infection, IpaH9.8 mutants produced more inflammation than wild-type strains (Okuda et al., 2005). As
more counter defense mechanisms are elucidated,
strategies for utilizing these proteins to improve current vaccine efforts will be forthcoming. These elaborate mechanisms, however, are clearly inadequate to
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stop the secretion of IL-8 and other chemokines by
the host tissues which results in a massive influx of
inflammatory cells (neutrophils) to the site of infection causing increased destruction of the colonic epithelium including loosening of the cell tight junctions,
a process that seems to hasten intra- and intercellular
spread. The presence of activated neutrophils is an
important step in resolving the infection because neutrophils have been shown to efficiently kill Shigella
{(Francois et al., 2000, Fig. 58.2, panel D)}.
The potency of the lipid A region of the bacterial LPS
as an immune stimulant is dependent on structural
features such as the number, length, and degree of acyl
chain saturation. It has been demonstrated that underacylated lipid A has reduced ability to stimulate endotoxic responses (Clementz et al., 1997; Somerville et al.,
1999). In Shigella several enzymes (encoded by the htrB
and msbB genes) are responsible for secondary acylation of lipid A (Clementz et al., 1997). Shigella has two
msbB genes, both of which encode late acyltransferases
that are required for producing full acyl-oxyacylated
lipid A under standard laboratory growth conditions
(D’Hauteville et al., 2002). Furthermore msbB deletion
mutants were found to be attenuated for virulence
using animal models making them attractive targets
for reducing the endotoxicity of live attenuated vaccines strains (D’Hauteville et al., 2002).
Although advanced shigellosis is usually characterized by low volume stools with blood and mucus,
watery or large-volume stools often precede this
stage of infection and sometimes can be the only
clinical manifestation in mild infections. This stage
is often overlooked as a pathogenic step, however, it
occurs frequently in patients infected with Shigella.
A detailed investigation into the cause of watery
diarrhea revealed the presence of at least two enterotoxins termed Shigella enterotoxin 1 and 2 (ShET1
and ShET2). Both proteins were shown to contribute
to enterotoxic activity using ligated rabbit ileal loops
and Ussing Chambers (Fasano et al., 1995, 1997;
Nataro et al., 1995). ShET1 is uniquely situated in a
pathogenicity island (SHI-1) present in all S. flexneri
2a isolates, but rarely in other serotypes (Nataro et al.,
1995). The two genes that encode ShET1 make up an
operon (setAB) that is embedded in the opposite DNA
strand of a secreted mucinase termed Pic (Behrens
et al., 2002). The proteins encoded in these genes most
likely form a classic A1-B5 oligomer and induce secretion, however, a detailed mechanism remains to be
established. The gene that encodes ShET2 (senA or
ospD3) is found on the large invasion plasmid and is
present in all Shigella serogroups. The protein does
not resemble any known toxin and its mechanism of
action is completely unknown. Interestingly, at least

one other paralog of ShET2 (encoded by senB or ospD2
gene) is also present on the Shigella invasion plasmid
(Jiang et al., 2005; Venkatesan et al., 2001). The presence of this gene could explain residual enterotoxic
activity seen in the absence of both ShET1 and ShET2
(Nataro et al., 1995). The enterotoxic activity of ShET1
and ShET2 was confirmed by results from a recent
clinical trial, which compared two different attenuated strains of S. flexneri 2a (Kotloff et al., 2004). These
data show that deletion of both senA and setAB dramatically reduces the incidence of watery diarrhea
in experimentally infected volunteers, a finding that
has significantly advanced our ability to construct
safe efficacious live attenuated Shigella-based vaccine
strains.
Replication within epithelial cells requires multiple
systems capable of scavenging limited oxygen and
other nutrients found within host cells. For example,
Shigella has multiple iron acquisition systems, which
allow for growth in the iron restricted intracellular
environment (Boulette and Payne, 2007; RunyenJanecky et al., 2003). One of the most well-characterized systems is the aerobactin iucABCD operon, which
encodes an iron siderophore capable of transporting
ferric iron (Fe⫹3) to the bacteria while in the host cell
cytoplasm (Boulette and Payne, 2007). Aerobactin
mutants are less virulent when compared to wild-type
strains presumably because of the lack of adequate
iron levels, which limits intracellular growth (RunyenJanecky et al., 2003). Indeed deletion of iuc has been
used as a secondary mutation in the live attenuated Shigella vaccine strain SC602 (discussed below).
Additional attenuation strategies that take advantage
of the limited biosynthetic precursors found inside
host cells, include the use of aroA, aroD, and guaBA
mutations. The most extensively tested example of
such attenuation strategies can be found with the live
attenuated Shigella vaccines from the University of
Maryland Center for Vaccine Development (CVD) in
Baltimore, MD. The principle attenuating feature of
these strains is a deletion of the guaBA operon rendering the cells auxotrophic for purine biosynthesis and
attenuated for both invasion and intracellular growth.

IMMUNE RESPONSE
AFTER INFECTION
Innate Immune Response
Natural infection with Shigella results in a pronounced inflammatory response due to engagement of
the innate immune system (Fernandez and Sansonetti,
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BOX 58.8

SHIGELLA-SPECIFIC
IMMUNE RESPONSES POSTINFECTION

Immune responses to infection with Shigella
Innate immune response
The initial inflammatory response induced by the release of IL-1β, IL-6, TNF-α, and IFN-γ from infiltrating PMNs,
necrotic macrophages, and other lymphocytes.
Cellular immune response
Although IFN-γ and IL-10 are specifically elevated in patients 21 days after experimental infection T cell responses still
remain ill defined.
Humoral immune response
Natural infections induce serum (IgA and IgG) and mucosal (sIgA) immune responses to O-antigen polysaccharide
(LPS) and outer membrane proteins like the TTSS-associated invasion plasmid antigen (Ipa) proteins (IpaA, B, C, D)
and VirG(IcsA).

2003). Soon after transcytosis across the gut epithelium via M cells (Box 58.8), Shigella induce inflammatory cytokine release after interaction with phagocytes
(Fernandez-Prada et al., 1997; Viala et al., 2004). In
addition, during both acute and convalescent stages
of shigellosis, significant levels of IL-1α, IL-1β, TNF-α,
IL-6, IL-4, IL-10, and IFN-γ can be found in rectal biopsies (Raqib et al., 1995a, 1995b, 1995c). The release of
inflammatory cytokines and chemokines initiates the
influx of inflammatory cells, primarily neutrophils and
monocytes to the site of infection. Additional release of
inflammatory cytokines likely occurs from cellular activation of epithelial cells by both intracellular and extracellular bacterial components, such as LPS. In addition
to neutrophils and macrophages, dendritic cells are
also recruited to the site of infection. The influx of
innate cells to the site of infection largely controls the
infection and is responsible for the self-limited disease.

Adaptive Immune Response
Induction of adaptive immunity also occurs
after infection with Shigella. During acute infection,
there is an increase in CD8⫹ T cells in the surface
epithelium, an increase in the number of CD4⫹ and
CD8⫹ T cells in the lamina propria, and an induction
of HLA-DR antigens on the epithelial surface (Raqib
et al., 1994). As an intracellular pathogen, Shigella
induces cell-mediated immunity, both cellular proliferation and secretion of immunomodulatory cytokines,
IFN-γ, and IL-10 after infection (Samandari et al., 2000;

Way et al., 1998). The humoral response to infection
has been well-characterized. Patients infected with
Shigella respond with robust serum antibody responses
to LPS, the Ipa proteins, and VirG (Barzu et al., 1993;
Coster et al., 1999; Munoz et al., 1995; Oberhelman
et al., 1991; Venkatesan and Ranallo, 2006). Mucosal
antibodies, directed to both LPS and the Ipa proteins,
have also been demonstrated after natural infection or
immunization with live-attenuated vaccine strains in
fecal samples, urine, and intestinal secretions (Cohen
et al., 1996; Kotloff et al., 2004, 2002; Oberhelman et al.,
1991; Van de Verg et al., 1990; Venkatesan and Ranallo,
2006). Subtle changes in the bacterial strain or species
prevents full protection from disease in subsequent
exposures leading to the notion that immunity is serotype-specific and conferred by LPS structure (Black
et al., 1987; Cohen et al., 1997). However, the specific
immune mechanisms that mediate resistance to infection have not been clearly defined and are currently
being debated. For example, in contrast to anti-LPS
antibodies, anti-Ipa antibodies may limit the spread
and severity of infection (Oberhelman et al., 1991).
Humans and rhesus macaques infected with Shigella
mount a vigorous serum antibody response to the Ipa
proteins (IpaA, IpaB, IpaC, and IpaD) and to the VirG
protein (Hayani et al., 1992; Oaks et al., 1986, 1996),
which is exposed on the bacterial surface. The strongest responses are generally directed to IpaB and the
weakest to IpaD (Li et al., 1994a, 1994b).
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VACCINES TO PREVENT SHIGELLOSIS
BOX 58.9

Early History
Early attempts to make vaccines against Shigella
used both whole bacterial cells and whole-cell extracts
(Tamura, 1967). Whole bacterial cells given parenterally were toxic and caused severe local and systemic
reactions. Extracts made with various solvents were
also extremely toxic. Saline extracts of acetone dried
Shigella were highly antigenic but also exhibited
considerable toxicity in mice and humans (Tully and
Tamura, 1954). Since extracts from stable, colonially
smooth Shigella was critical to obtain immunogenic
extracts, it was suggested that immunity was due to
specific somatic antigens, which are present only in
smooth colonial types (Box 58.9).
Studies in human volunteers demonstrated that
parenteral administration of Shigella endotoxin and
other products as well as oral administration of wholecell inactivated vaccines did not afford consistent and
significant protection. This led to the concept that live
vaccines, that survived in the gastrointestinal tract
longer, and prolonged the presentation of the antigen to the intestinal lymphoid tissue would be more
protective (Formal et al., 1965). Several noninvasive
strains were developed whose principal goal was
to deliver the primary immunogen, the O antigen
of LPS.

Live, Noninvasive, Shigella-Based Vaccines
Sm-D Vaccines
In the mid-1960s, streptomycin-dependent (Sm-D)
strains of S. flexneri and S. sonnei were used as live,
oral vaccine candidates and tested in controlled field
trials, in soldiers and children, living in hyperendemic areas in Yugoslavia (Mel et al., 1965a, 1965b).
The vaccines were usually administered orally four
to five times at high doses ranging from 3 ⫻ 1010 to
5 ⫻ 1010 cfu, preceded by a bicarbonate solution to
neutralize gastric acidity. Following numerous field
trials using the Sm-D strains several important observations were made. These included demonstration of
(a) serotype-specific protection against shigellosis; (b)
a positive correlation between vaccine efficacy and
the number of organisms administered; (c) lack of
antagonistic effects when two serotypes were combined into a single dose; (d) the safety and efficacy
of lyophilized vaccines; (e) the utility of bicarbonate
ingestion before vaccination to increase stomach pH
and thus intestinal colonization; (f) a direct correlation
between reactogenic symptoms and vaccine dose; (g)

HISTORICAL AND
CURRENT SHIGELLA
VA C C I N E D E V E L O P M E N T
S T R AT E G I E S
Historical Shigella
vaccines

Shigella vaccines in
development

Whole bacterial cells

Whole, killed
bacterial cells

Whole-cell extracts

Live, attenuated

Live, non-invasive
Sm-D
T-32 Istrati

ΔvirG-based
ΔguaBA-based

Live hybrid vaccines
Live E. coli–Shigella

Live hybrid vaccines
Live Salmonella–
Shigella

Live Salmonella–
Shigella
Live Shigella-based
Pur-Rif
ΔaroD-based
ΔaroA-based

Subunit
Shigella Invaplex
LPS-conjugate
Ribosomal
LPS-proteosome

increasing reactions in children with decreasing age;
(h) the requirement of booster doses after primary
vaccination to reinforce protection (Mel et al., 1968,
1971). In the United States, a strep-dependent S. sonnei
live oral vaccine was tested in a double-blind field
trial in institutionalized children where S. sonnei was
endemic (Levine et al., 1976). A causal relationship
was observed between vaccination and protection
against disease. However, the efficacy was compromised by inadvertent child-to-child vaccine transmission (Levine et al., 1976).
T-32 Istrati (Vadizen)
The live, T-32 Istrati strain is a spontaneous Sereny
negative avirulent S. flexneri 2a strain that was
tested as a live oral vaccine candidate extensively in
Romania in several field trials in over 60,000 individuals and in 8000 individuals in China from 1976 to 1980
(Bingrui, 1984; Meitert et al., 1978, 1984a, 1984b). The
avirulent status of the vaccine strain was later shown
to be due to the loss of the ipa-mxi-spa region on the
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invasion plasmid (Venkatesan et al., 1991). The vaccine
was initially manufactured at Bucharest as a liquid
refrigerated formulation (trade name Vadizen) and
administered with buffer in Romanian children and
adult collectives. Individuals received five increasing
doses of the vaccine, from 5 ⫻ 1010 to 2 ⫻ 1011 cfu at
3-day intervals. Using historical data for comparison,
an efficacy of 81% was calculated against S. flexneri
2a and 89% protection against heterologous Shigella
species, including S. sonnei (Meitert et al., 1984b).
The vaccine was also manufactured by Lanzhou and
Beijing Institute of Biological Products in China as an
enteric-coated pill. In seven placebo-controlled field
trials, 11,000 individuals were tested with the vaccine
or placebo (Bingrui, 1984). The vaccine was safe and
demonstrated considerable protection against both
homologous and heterologous serotypes (Bingrui,
1984). More recently, a deleted version of the S. sonnei
plasmid expressing its O-antigen, has been transferred
into T-32 Istrati and is used as a licensed bivalent
Shigella vaccine in China (Levine et al., 2007).

Live, E. coli–Shigella and Salmonella–Shigella
Hybrid Vaccines
Several live invasive, hybrid vaccine candidates
were constructed and tested in the 1970s–1980s, with
the aim of delivering the primary Shigella LPS antigen
more effectively to the mucosal immune system. None
of these strains are being pursued today; data from
these trials are of historical interest.

PGA142-1-15
The first hybrid Shigella vaccines were constructed
by the conjugal transfer of genetic markers between
E. coli K-12 and Shigella. These hybrid strains were
invasive in cultured cells but Sereny negative. One
such strain PGA145-1-15 was tested as one or two
doses at 3 ⫻ 1010 cfu per dose and showed significant colonization of the intestinal lumen. However,
immunogenicity was poor and no protection was seen
after challenge with virulent S. flexneri 2a strain 2457T
(Levine et al., 1977). This suggested that colonization
alone was not sufficient for protection.
EC104
The identification of the virulence plasmid and its
role in promoting invasiveness in cultured cells, led to
the design of EC104 which contained the Tn5-tagged
virulence plasmid (pWR110) of S. flexneri 5 in addition to chromosomal markers from S. flexneri 2a in

1177

an E. coli background (Formal et al., 1984; Sansonetti
et al., 1981, 1982). EC104 was invasive in cultured cells
but negative in the Sereny reaction, which was later
shown to be linked to the kcpA locus in E. coli. Safety
trials in human volunteers indicated that doses that
were safe and showed colonization of the intestine
were not protective (Hale, 1990).
EcSf2a-1 and EcSf2a-2
Two additional derivatives (EcSf2a-1 and
EcSf2a-2) were constructed based on conjugal transfer of the Shigella virulence plasmid and chromosomal
markers into E. coli. Like EC104, both EcSf2a-1 and
EcSf2a-2 were invasive in cultured cells but negative
in the Sereny reaction. EcSf2a-1 was tested in three
doses at 106–109 cfu per dose. The vaccine was shed for
7–12 days and at the highest dose, several volunteers
had fever, diarrhea, or dysentery. Although 30–40% of
the volunteers indicated significant responses to LPS
and Ipa proteins, at the lower dose where the vaccine
was safe, no protection was observed between immunized and unimmunized volunteers. Introduction of
an aroD mutation into EcSf2a-1 resulted in EcSf2a-2
(Kotloff et al., 1992). The aroD mutation made EcSf2a2 dependent upon exogenous PABA for growth, and
limited multiplication within epithelial cells. Three
doses of EcSf2a-2 at 2 ⫻ 109 cfu per dose was fairly
safe while two of the four volunteers had dysentery at
1010 cfu. In two subsequent efficacy studies the vaccine
showed variable efficacy. No correlation was observed
between protection and fourfold rises in antibody titers to LPS or the Ipa proteins. An outpatient phase II
trial at Fort Ord, CA employing a four-dose regimen
of 5 ⫻ 108 cfu showed EcSf2a-2 to be safe and immunogenic but in a subsequent trial, vaccine efficacy
with the four doses of EcSf2a-2 was only 27% (Kotloff
et al., 1995b). Since EcSf2a-1 and EcSf2a-2 occasionally
formed tiny plaques, which upon isolation proved
to be positive in the Sereny reaction, deletions of the
virG(icsA) gene was introduced into both strains generating EcSf2a-3 and EcSf2a-5 respectively (Alexander
et al., 1996). However, these did not enter clinical trials
due to instability of these strains to retain invasiveness
in cultured cells (M. Venkatesan, unpublished) and the
move away from designing live, E. coli–Shigella hybrid
vaccines towards constructing Shigella-based live vaccines (see below).
Salmonella typhi–S. sonnei Bivalent Vaccine 5076-1C
The oral typhoid vaccine Ty21a was also used for the
transfer of the S. sonnei invasion plasmid generating
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the transconjugate 5076-1C. This strain agglutinated
with antisera to both S. typhi and S. sonnei, and chemical analysis indicated that the S. sonnei O-antigen
repeat unit is transported to the surface of the hybrid
strain as a polymer unlinked to the S. typhi lipid A
core (Formal et al., 1981; Seid et al., 1984; Tramont
et al., 1984). The vaccine was initially tested in military personnel as either one or three doses ranging
from 106 to 109 cfu per dose. The vaccine showed good
colonization rates but poor immunogenicity (Tramont
et al., 1984). Subsequently, several lots of a lyophilized vaccine were tested as three doses at 109 cfu per
dose. Upon challenge with S. sonnei, two of the three
vaccine lots tested showed 53% protection against
diarrhea and 71% protection against bloody diarrhea.
The rates of serum IgG or IgA responses to the protective vaccine lots were similar as the lot that did
not protect (Black et al., 1987). To reduce the lot-to-lot
variation of the vaccine, a lyophilized seed lot was
prepared and used for the production of another three
lots of vaccine. These new lots were also not protective (Black et al., 1987). Comparison of protective lots
versus nonprotective lot under the EM indicated that
the nonprotective lot of 5076-1C strain lacked intact
flagella. By systematic changes in the manufacturing process a new vaccine lot was prepared (lot 875-1), which resembled the original protective lots
biochemically, serologically, and by EM visualization.
Vaccination studies showed that although the strain
was excreted and showed good immune responses,
there was no evidence of protection against challenge
with S. sonnei (Herrington et al., 1990). 5076-1C was
later shown to have deletions in the invasion plasmid.
Recently, this hybrid strain has been reengineered,
wherein the Ty21a strain has been transformed with a
plasmid that encodes the S. sonnei O-antigen operon.
This new hybrid strain has shown protection in mice
and guinea pigs (Xu de et al., 2007; Xu et al., 2002).

Live, Shigella-Based Vaccines
Linde’s pur-/Rif r Strains
Purine auxotrophs (pur) carrying RNA polymerase
mutants (Rifampicin resistance) in S. flexneri 2a, strain
Pur-/Rif vc77 and S. sonnei strain Pur-/Rif vc3359
were tested in adult volunteers and children in Sofia,
Bulgaria (Linde et al., 1990). These strains retained
invasiveness, displayed attenuated Sereny reaction,
and showed no fluid production in rabbit ileal loops.
The volunteers received one, two, or three doses of
increasing amounts of the vaccines from 3 ⫻ 108 to
3 ⫻ 1010 cfu, spaced 4–5 days apart. None of the vaccinees had dysentery or any major reactions. Of four

vc77-immunized volunteers, two volunteers with fecal
antibody titers of ⬎1:40, did not contract the disease
after challenge with the S. flexneri 2a virulent strain
suggesting a correlation between fecal antibody titers
and immunity. In general, the vaccine was shed for
2–3 days after doses of 3 ⫻ 1010 cfu and no revertants
were found. The vaccines appeared safe in a larger
group of children aged 2–17 years, who were given a
total dose of 3–5 ⫻ 108 cfu of either vc77 or vc3359, but
no excretion of the vaccine was observed (Dentchev
et al., 1990).
aroD and aroA-based Vaccines
Two aroD-based live attenuated vaccines, SFL124
and SFL1070 were made in the late 1980s by investigators at the Karolinska Institute in Sweden (Karnell
et al., 1992). The aroD gene codes for a 3-dehydroquinase enzyme that catalyzes the conversion of dehydroquinate to dehydroshikimate, a metabolite on the
pathway to PABA biosynthesis. aroD mutants are
therefore, auxotrophic for PABA, a precursor of folic
acid, which is a cofactor in multiple essential biochemical reactions including the de novo biosynthesis pathway of purines. Since eukaryotic cells do not
contain PABA, a Shigella aroD mutant is expected to
invade epithelial cells but undergo limited multiplication. SFL124, was derived from a S. flexneri serotype Y strain background which contains the common
repeating tetrasaccharide unit of the O-antigen of
the S. flexneri serotypes (except S. flexneri 6) (Karnell
et al., 1992). The S. flexneri Y strain also expresses the
group 3:4 antigen and recently has been shown to
have originated from a S. flexneri 2a strain (Roberts
et al., 2005). Besides providing cross protection against
other S. flexneri serotypes, the S. flexneri Y strain can
be modified by glucosylating and acetylating phages
to form other serotypes (Verma et al., 1991). SFL1070
has the same aroD mutation, however, a more virulent wild-type S. flexneri 2a isolate was used as the
parent strain (Karnell et al., 1995). SFL124 was initially given orally to Swedish volunteers in one or
three doses at 2 ⫻ 109 cfu per dose and proved to be
safe and immunogenic (Li et al., 1992). In general,
more volunteers responded with ASCs and local
sIgA production against both LPS and Ipa than with
serum antibodies. Compared to Swedish volunteers,
SFL124 was both less reactogenic and less immunogenic in Vietnamese adult volunteers, probably
because most of these volunteers had higher prevaccination serum anti-LPS and anti-Ipa titers (Li et al.,
1993). Nonetheless, there was evidence of strong LPSspecific ASC response after primary vaccination. In
addition, there were increases in sIgA to LPS and to
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the Ipa antigens after booster doses as well as stimulation of mucosal memory functions that may have
contributed to lower excretion rates after the booster
dose. In three groups of Vietnamese children, aged
9–14 years, SFL124 was given in a single dose at 107–
109 cfu (Li et al., 1994a). A dose-dependent LPS-specific ASC response as well as sIgA response was seen
in 50–90% of the vaccinated children. Since the children had high preexisting antibody titers to S. flexneri
Y LPS and water extract, modest, insignificant serum
antibody responses were noted. SFL1070 was tested in
adult Swedish volunteers at 105, 107, 108, and 109 cfu
(Karnell et al., 1995). At 108 cfu the vaccine was safe
but at 109 cfu the vaccine was quite reactogenic. A vigorous LPS-specific and water extract-specific IgA ASC
response, intestinal sIgA responses, and serum IgA,
IgG, and IgM responses was seen at the two highest
doses. The requirement for multiple high doses of
these vaccines made further development unfeasible.
However, based on the safety and immunogenicity
of the aroD vaccine strains, investigators at the CVD,
introduced an aroA and a virG(icsA) deletion in the
virulent S. flexneri 2a strain 2457T (Kotloff et al., 1996;
Noriega et al., 1996). Like SFL124 and SFL1070, CVD
1203 was auxotrophic for PABA. CVD1203 was tested
at a single dose of 106 cfu and at two doses each at 108
and 109 cfu. The strain colonized 80–95% of the volunteers at the two highest doses, however, reactogenicity was also evident (Kotloff et al., 1996). Like SFL124
and SFL1070, more volunteers responded with LPSspecific sIgA and ASCs than serum antibodies and 90–
100% of the volunteers had elevated levels of serum
TNF-α. In more current CVD constructs the aroA
mutant background has been replaced with deletions
in the guaBA genes (see below).

VACCINES IN DEVELOPMENT
Challenge Dose for Efficacy Trials
of Shigella Vaccines
In earlier studies in naive US volunteers, doses of
100–200 cfu of 2457T, produced illness in 25–40% of
the volunteers while doses ranging from 5 ⫻ 103 to
5 ⫻ 108 cfu produced illness in ⬃60% of the volunteers with no clear relationship between cfu given
and illness (DuPont et al., 1989). S. dysenteriae 1, strain
M-131 produced illness in 75% of the volunteers when
given doses from 2 ⫻ 103 to 1 ⫻ 104 cfu, although
a dose of 10 cfu caused 1 out of 10 volunteers to get
sick (DuPont et al., 1989). S. sonnei strain 53G given
at 5 ⫻ 103 cfu in this study produced illness in 35%
of the volunteers (DuPont et al., 1989). In order to
obtain a more consistent attack rate, volunteers were
given 120 ml of bicarbonate buffer to neutralize gastric
acidity prior to ingesting the 2457T challenge strain
(Kotloff et al., 1995a). This time the attack rate for a
1 ⫻ 103 dose of 2457T was 92% in naive controls. In
ongoing vaccine trials, administration of the vaccine is
usually preceded by ingestion of a bicarbonate solution to neutralize gastric acidity.
Several subunit and live vaccines are in different
stages of development (Table 58.1) and are described
below.

Parenteral Vaccines
Ribosomal Shigella Vaccines
Crude endotoxin from S. flexneri was used extensively as a parenteral vaccine in the Russian army

TABLE 58.1 Developmental stage of current Shigella vaccines
Development Phase

Vaccine Technology
Whole-cell

Pre-clinical

Phase 1

Phase 2

Phase 3

Licensed

Whole-cell killed
Invaplex
Ribosomal

Non-Live
Sub-cellular

LPS-proteosomes
Conjugate
Attenuated
Live
Hybrid

Δ VirG-based
Δ guaBA-based
Salmonella
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during second world war but was subsequently
shown to be nonprotective (mentioned in Levenson
et al., 1991). Based on published reports of protection
with ribosomal preparations from M. tuberculosis,
Salmonella, Streptococcus mutans, and Candida albicans,
several studies using a ribosomal vaccine preparation from Shigella were described between the years
1978 and 1988, including a clinical trial in human volunteers in 1985 in Russia (Gregory, 1986). In the US,
ribosomal Shigella vaccine preparations (SRV) were
isolated from fermenter cultures of avirulent strains
of Form I S. sonnei and S. flexneri 2b. After sonication
the ribosomes were collected by ultracentrifugation or
precipitation. After further processing, the SRV was
shown to consist of RNA (⬃55%) and protein (37%)
with 0.2% by weight of LPS based on O-antigen neutralizing capacity. Since the SRV O-specific component
was devoid of lipid A and KDO, that are characteristic of classical LPS, it is believed to be composed of
polymerized O-side chains that constitute cytoplasmic
precursors of LPS, that are noncovalently linked to the
ribosomal vector in SRV preparations (Levenson and
Egorova, 1990). One to two injections of 100–1000 μg of
SRV given subcutaneously (s.c.) to mice, guinea pigs,
or monkeys resulted in high levels of serum O-antibodies. Immunized animals were protected against
intraperitoneal (mice on day 7), ocular (guinea pig on
day 14), or oral challenge (monkeys at 4–20 weeks)
with live virulent strain that caused disease in unimmunized animals. No correlation was seen between
individual O-antibody titers and the resistance to challenge in guinea pigs (Levenson et al., 1991).
More recently, a ribosomal Shigella vaccine has been
manufactured by the International Vaccine Institute
(IVI) at Seoul, Korea for field testing in developing countries (Shim et al., 2007). Mice were immunized with a ribosomal preparation containing 2.5 μg
dose of O-antigen, on days 0, 1, either intranasally
(i.n.) or s.c. and compared with SC602 (a virG(icsA)
and iuc mutant of S. flexneri 2a, see below) given i.n.
Both routes of administration yielded high levels of
antigen-specific serum IgG. Intranasal administration
also showed high levels of IgA in mucosal secretions
such as nasal washes, saliva, vaginal washes, and fecal
extracts and the values were similar to that seen with
SC602. Also, i.n. administration elicited significantly
higher numbers of IgA ASCs in the mononuclear cells
isolated from nasal passage, lung, and submandibular
gland tissues than s.c. administration or SC602 given
i.n. The serum and ASCs levels were maintained up
to 28 weeks past immunization. Mice immunized i.n.
were protected to a greater extent than those immunized s.c. after challenge with virulent strains 1 week
after immunization (Shim et al., 2007). Mice with

knockouts in MyD88, TLR2, TLR4, and TLR5 and
immunized i.n. with SRV resulted in induction of significant levels of serum IgG and IgA as well as IgA
antibodies in nasal washes similar to wild-type mice.
In contrast, levels of serum IgA and IgA ASCs were significantly lower in the lung, saliva, and fecal extracts of
MyD88 and TLR2 knockouts (Shim et al., 2007). Using
polymeric immunoglobulin receptor knockout mice
(pIgR⫺/⫺) immunized i.n. with SRV, significant levels of IgG and IgA antibodies were detected in serum
and lung lavage samples, but not in saliva and fecal
extracts and such mice were poorly protected after i.n.
challenge with virulent strains. This indicates that sIgA
induced after i.n. administration is critical for protection against Shigella infection (Shim et al., 2007).
Conjugate Shigella Vaccines
These vaccine candidates were designed based
on the role of the O-antigen as the major protective
antigen during natural infections of Shigella or during immunization with attenuated strains (Formal
et al., 1989). Furthermore, prospective studies in
recruits in Israel Defense Forces (IDF) showed that
LPS-specific serum IgG correlated with resistance to
shigellosis (Cohen et al., 1991; Robbins et al., 1992). In
initial studies, LPS from S. dysenteriae 1 strain 1617, S.
flexneri 2a strain 2457T, and S. sonnei strain 53G were
extracted using hot phenol extraction and ethanol
precipitation and then treated with 1% boiling glacial
acetic acid to extract O-antigen-specific polysaccharides (O-SP). These O-SP products were derivatized
using adipic acid hydrazide as a linker and initially
conjugated to tetanus toxoid (TT) (Chu et al., 1991).
Since S. sonnei does not stably express the O-SP, later
versions of S. sonnei conjugate vaccines used the LPS
from Pleisomonas shigelloides, which has an identical
O-specific structure as S. sonnei. Injection of 25 μg of
S. dysenteriae 1, S. flexneri 2a, and P. shigelloides conjugates into adult volunteers elicited mild local reactions
only. Each conjugate induced a significant rise of the
geometric mean LPS-specific serum IgG, IgM, and IgA
levels (Taylor et al., 1993). A second injection 6 weeks
later did not elicit booster responses, and adsorption
of the conjugates onto alum did not enhance their
immunogenicity. Conjugate-induced levels of IgA, but
not IgG or IgM, declined to preimmunization levels
at day 56. The levels of postimmunization antibodies
of the three immunoglobulin classes were similar to
or higher than those of recruits in the IDF following
shigellosis caused by S. flexneri type 2a or S. sonnei.
In later versions the O-SP was conjugated to recombinant mutant exoprotein A of Pseudomonas aeruginosa (rEPA) (Cohen et al., 1997). A S. sonnei-rEPA was
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given to recruits of the IDF who were at increased
risk of shigellosis under field conditions (Cohen et al.,
1997). The vaccine was given as a single 0.5 ml dose
intramuscularly (i.m.) (contains 25 μg of polysaccharide, 75 μg protein in saline with 0.01% thimerosal).
In this study, the control group comprised volunteers who received either four oral doses of EcSf2a-2
(5–9 ⫻ 108 cfu, given on days 0, 3, 14, 17) or a
parenteral tetravalent meningococcal vaccine. Overall
559 recruits received the S. sonnei-rEPA conjugate
and 839 recruits served as controls. The overall attack
rate of S. sonnei shigellosis was 2.2% in recipients
of S. sonnei-rEPA, compared with 8.6% in controls
indicating an efficacy of 74%. S. sonnei-rEPA recipients who developed culture positive shigellosis had
lower geometric mean titers of serum IgG and IgA to
S. sonnei LPS and a lower proportion of such recruits
showed a fourfold or higher increase in antibody titers (Cohen et al., 1997). In 4 to 7-year old children,
S. sonnei and S. flexneri 2a conjugate vaccines elicited
significant LPS-specific serum IgG titers against the
homologous serotypes, which were boosted after a
second dose at 6 weeks and remained high for up to
6 months after vaccination (Ashkenazi et al., 1999).
Succinylation of the carrier protein was shown to
improve the immunogenicity of the conjugates in
mice and therefore a clinical trial of O-SP conjugates of
S. sonnei and S. flexneri 2a bound to succinylated rEPA
(rEPAsucc) or native or succinylated Corynebacterium
diphtheriae toxin mutant (CRM9 or CRM9succ) was
conducted in healthy adults in Israel (Passwell et al.,
2001). All three conjugates of S. sonnei elicited significant rises of GMT of IgG anti-LPS within 1 week of
injection that remained high up to 26 weeks while the
S. flexneri 2a-rEPAsucc elicited significantly higher titers to LPS than those elicited by S. flexneri 2a-rCRM9succ. Both conjugates elicited statistically significant
rises of serum antibodies to the injected carrier protein. A similar profile of immunogenicity was also
observed in healthy 1- to 4-year-old children given
two 0.5-ml i.m. injections 6 weeks apart of either
S. sonnei-CRM9 or S. flexneri 2a-rEPAsucc (Passwell
et al., 2003). Five to 10% of the children had low transient fever lasting 24–48 h. S. sonnei-CRM9 elicited
a ⬎fourfold rise in IgG anti-LPS in 92% of the immunized children and S. flexneri 2a-rEPA(succ) in 85% of
the children after the second injection; both conjugates
elicited type-specific booster responses (Passwell et al.,
2003). At 2 years the geometric mean concentrations of
IgG anti-LPS were significantly higher than preimmunization levels. A ⬎4-fold rise of IgG anti-diphtheria
(66%) and IgG anti-EPA (78%) was also observed. A
study of these newer derivatives of conjugate vaccines
in infants is ongoing (Passwell et al., 2003).
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Intranasal Shigella Vaccines
LPS-proteosomes
This product was developed by combining purified
preparations of outer membrane proteins (OMPs) from
Group B Neisseria meningitides that form multimolecular vesicular structures with purified antigen. In the
case of Shigella the antigen is purified LPS and the
antigen is noncovalently bound to the OMP complex
in approximately equimolar proportion. In an initial
clinical trial the S. flexneri 2a proteosome preparation
was given in two i.n. doses ranging from 0.1 to 1.5 mg,
with a spray device. The primary symptoms seen in
most volunteers were mild-to-moderate rhinorrhea
and headache, which did not appear to interfere with
daily activity. All dose groups demonstrated a significant ASC response in all antibody isotypes (50% of the
volunteers had LPS-specific IgA ASCs of 20–25 per 106
PBMCs at the 1 and 1.5 mg doses). S. flexneri 2a LPSspecific serum IgG and IgA rose sharply between days
0 and 14 with 40% of the volunteers showing ⬃5-fold
increases in IgG titers at the 1 mg dose. A ⬎twofold
increase in IgG geometric mean titers to LPS in stools
were seen in 50–80% of the volunteers at all doses. A
subsequent challenge study failed to show adequate
protection (TL Hale, unpublished communication).
Invaplex Subunit Vaccine
The Shigella invasin complex or Invaplex is a subcellular, macromolecular complex isolated from
water extracts of virulent, intact, viable Shigella using
step gradients of NaCl on an FPLC ion-exchange
column (Turbyfill et al., 2008). Fractions eluting
from the column using either 0.24 or 0.5 M NaCl
and containing LPS, IpaB, and IpaC are pooled to
form Invaplex 24 or Invaplex 50, respectively. Both
Invaplex 24 and Invaplex 50 contain LPS, IpaB, IpaC,
and IpaD, whereas only Invaplex 50 contains a truncated form of VirG and IpaA. Invaplex has been isolated from each of the four species of Shigella and is
void of major OMPs (Turbyfill et al., 2000). Although
Invaplex contains several unknown proteins, many
of which are nonimmunogenic, recent work has isolated and defined the constituents responsible for the
immunogenicity and protective efficacy to be LPS,
IpaB, and IpaC. Significant work is currently underway to generate Invaplex from the individual components, potentially resulting in a more defined product
that can be customized.
Invaplex is delivered i.n. to mice, guinea pigs, and
humans and induces both systemic and mucosal antibody responses. Invaplex is not delivered with an adjuvant. In fact, Invaplex functions as a mucosal adjuvant

IV. BACTERIAL VACCINES

62_P369408_Ch58.indd 1181

11/5/2008 8:07:25 PM

1182

SHIGELLOSIS

with both protein-based and DNA-based vaccines,
highlighting its potential use with other enteric
vaccine antigens for use in a combination vaccine
(Kaminski et al., 2006). In mice, the mucosal immune
response is induced at sites both proximal (lungs) and
distal (intestines) to the site of immunization. The
serum antibody response is directed primarily to LPS,
IpaB, and IpaC. Shigella-specific cell-mediated immune
responses are also induced, which have been phenotyped as primarily Th2, with high levels of antigenspecific IgG1 and the secretion of IL-4, IL-5, and IL-10
after in vitro restimulation of immune cells. There also
is a Th1 component to the immune response, indicated
with high levels of IFN-gamma secretion. Serotypespecific, homologous protective efficacy is achieved
in both the mouse pulmonary and guinea pig keratoconjunctitis models (Turbyfill et al., 2000). The subunit Invaplex approach is highly adaptable to creating
a multivalent vaccine, by simply combining the necessary monovalent vaccines prior to immunization
(Oaks and Turbyfill, 2006).
Shigella flexneri 2a Invaplex 50 has been evaluated in Phase 1 safety and immunogenicity trials
using a dose-escalation study design. Human volunteers were administered three i.n. vaccinations, separated by 2 weeks, of either 10, 50, 240, or 480 μg. No
severe adverse reactions were noted in any of the
dose groups. Immunization with ⱖ50 μg was immunogenic, with ⱖ240 μg induced mucosal and systemic
immune responses with increased frequency and
magnitude (Tribble, 2007). Positive immunogenicity
results combined with an excellent safety record from
the first clinical trial has warranted further evaluation
in humans, which is currently underway.

Oral Vaccines
Inactivated Whole-Cell Vaccine
An inactivated S. sonnei whole-cell vaccine candidate SsWC, was recently tested in seven volunteers
with three placebo recipients, in a Phase 1 clinical trial
(McKenzie et al., 2006). To increase the expression of
Ipa proteins, the strain was grown in BHI broth supplemented with 0.1% sodium deoxycholate. In vitro
studies previously indicated that growth in the presence of bile salts increased invasiveness of Shigella
(Pope et al., 1995). The cell pellet obtained after harvesting the fermentation culture was inactivated by
1% formaldehyde. The vaccine was formulated at a
concentration of 2 ⫻ 1010 bacterial cells/ml in phosphate buffered saline, which also constituted a single
dose. Volunteers were given either a three does (on
days 0, 14, 28) or a five-dose regimen (0, 2, 4, 6, 28)

with one group serving as placebo controls. One volunteer in the three-dose group had moderate abdominal pain, mild diarrhea, and one episode of vomiting
after the first, second, and third dose respectively,
while one volunteer in the five-dose group had moderate nausea after the fourth dose. No significant differences were seen between the two dosing groups in
the mean antibody levels and each of the seven volunteers developed a fourfold or greater rise in serum
IgG or IgA to at least two of the three antigens: six had
significant response to SsWC, five to IpaC, and four to
LPS. Five vaccines also had significant rises in fecal
IgA to SsG and three volunteers to LPS and IpaC. One
placebo recipient seroconverted and also had 7.5-fold
rise in fecal IgA to LPS.
guaBA-Based Vaccines Developed at CVD
A series of live attenuated Shigella vaccines are
being developed at the CVD based on alterations
of genes associated with the biosynthesis of guanine nucleotides (guaBA) with additional deletions
in virG(icsA), enterotoxin genes sen and set. CVD
1204 contains a specific 918 bp deletion in the guaBA
operon. The guaBA operon is part of the purine metabolic pathway (Noriega et al., 1994). guaB encodes
IMP dehydrogenase and converts inosinic acid (IMP)
to XMP. guaA encodes GMP synthetase and converts
XMP to GMP. In HeLa cells CVD 1204 was less invasive than the parent strain 2457T. Additional loss
of the virG(icsA) gene generated CVD 1205. Further
suicide-vector-based deletions in the chromosomal
gene setAB, encoding Shigella enterotoxin 1 (ShET1,
459 bp deletion in setA encoding the subunit with
putative enzymatic activity) and the plasmid gene
senA, encoding Shigella enterotoxin 2 (ShET2, 397 bp
deletion in senA) resulted in CVD 1207 (Kotloff et al.,
2000). Immunization with CVD 1207 was protective
against challenge in guinea pigs by the ocular route
even though it was significantly less invasive in HeLa
cells and Sereny reaction negative. Groups of three to
seven volunteers were given a single oral dose of CVD
1207 starting at 1 ⫻ 106 cfu and increasing the dose, in
10-fold increments, to 1010 cfu (Kotloff et al., 2000). No
subject experienced fever or dysentery, although at
the two highest doses a small percentage of volunteers
experienced diarrhea and emesis. All of the volunteers receiving 108–1010 cfu excreted the vaccine strain
for an average of 1–3 days, and 65–100% of these volunteers also demonstrated a positive ASC response
to LPS. The magnitude of the LPS-specific IgA ASC
responses (35 per 106 PBMCs) was modest compared
to the response following virulent infection (239 per
106 PBMCs). Serum antibody responses to LPS and the
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Ipa proteins were modest. In a subset of volunteers
tested, increases in IFN-γ, IL-10, and TGF-β indicated
a Th1 response and proliferative responses to IpaC
and IpaD were also observed in a few volunteers.
More recently, CVD 1204 (guaBA) was compared with
CVD 1208 (guaBA, set, sen) in groups of 16–18 volunteers who received sequentially a single oral dose of 107,
108, or 109 cfu of either of the two vaccine strains or placebo (Kotloff et al., 2004). While 8 of 23 recipients ingesting CVD 1204 had an adverse clinical reaction, only 1
of 21 recipients receiving CVD 1208 had mild fever,
and only at the highest dose. Both vaccines elicited significant LPS-specific ASC responses while responses
to the Ipa proteins were lower in magnitude and less
frequent. Significant serum antibody responses to LPS
and to the IpaB protein were measured with both vaccine strains, and ⬎4-fold increases in fecal IgA to LPS
were seen in 100 and 86% of volunteers at the highest
dose. These results established the association of senA
and setAB enterotoxins with diarrheal symptoms previously observed with live vaccines (Kotloff et al., 2004).
It is anticipated that further studies with CVD 1208 will
confirm its safety and immunogenicity profile.
virG(icsA)-Based Vaccines being Developed
at Walter Reed Army Institute for Research
(WRAIR)
A series of vaccine candidates based on loss of
VirG(IcsA) have been tested by investigators at
WRAIR and shown to be both immunogenic and in
one case, efficacious against dysentery. SC602 was
derived from S. flexneri 2a, strain 454, and constructed
at the Institut Pasteur, Paris, France. In addition to
the loss of the virG(icsA) gene, SC602 also contained
a deletion in the chromosomal iuc gene encoding
aerobactin. By itself, an iuc mutant gives a slightly
attenuated Sereny reaction as well as a compromised
reaction in rabbit ileal loops. SC602 was manufactured as a lyophilized product and orally administered in a single dose to volunteers after ingestion
of a bicarbonate solution. Initially, groups of three
volunteers (and three placebo controls) were vaccinated sequentially, with increasing doses from 102 to
108 cfu. There were no cases of dysentery at any dose
(Coster et al., 1999). At the highest dose, two of three
volunteers got diarrhea, fever, and severe constitutional symptoms. A follow-up expanded study was
carried out in 15 volunteers at the 106 cfu dose. This
time 47% of volunteers had diarrhea, 33% had fever,
40% had severe intestinal problems, and 40% had
severe constitutional symptoms. An additional cohort
of 12 volunteers was vaccinated with 104 cfu. Only
one volunteer’s symptoms met the criteria of diarrhea

1183

while 10–30% of the volunteers reported mild-to-moderate intestinal and constitutional symptoms. Robust
and prolonged colonization was seen, as measured by
excretion of the SC602, which was proportional to the
dose given (Coster et al., 1999). For example 100 and
90% of the volunteers fed 106 and 104 cfu respectively,
excreted the vaccine for 7 days. Seven of 12 volunteers
given 104 cfu had significant peak IgA ASCs. Four of
the seven volunteers had fourfold or greater rises in
serum and urine IgA titer to LPS. Fewer volunteers
showed response to the Ipa proteins. An efficacy
study was performed using seven SC602-vaccinated
volunteers from the 104 cfu dose study, and challenged with 2457T two months after immunization
along with seven unvaccinated controls (Coster et al.,
1999). Four of the vaccinated volunteers showed no
symptoms of the disease while three volunteers met
the clinical definition of diarrhea that lasted for 24 h.
Three of the four volunteers who were completely
protected had demonstrated significant LPS-specific
IgA ASCs and had greater than fourfold increase in
serum and urine LPS-specific IgA titers. Of the three
vaccinated volunteers who had diarrhea after challenge, two lacked an LPS-specific IgA ASC response
as well as an adequate increase in serum or urine IgA
titer after vaccination. These results indicate that the
immune correlates of protection must include a combination of LPS-specific ASC responses, along with
three to fourfold increases in LPS-specific serum antibody titers. Fecal IgA responses were not measured in
this study. In contrast to SC602-vaccinated volunteers,
six of seven control volunteers developed shigellosis
after 2457T challenge that included diarrhea, fever,
severe gastrointestinal and constitutional symptoms,
and dysentery. Thus, vaccination with SC602 was efficacious against disease. A community-based evaluation of SC602 was carried out in 12 inpatient and 34
outpatient volunteers in the 103–104 cfu dose range.
Approximately 15% of the volunteers had transient
fever and diarrhea while headache and abdominal
cramps appeared to be the main constitutional symptoms reported. Approximately 50% of the volunteers
had a threefold serum IgA ELISA response to LPS, and
approximately 75% had an ASC response to the same
antigen confirming earlier trial data with this vaccine
candidate (Katz et al., 2004).
WRSS1 was derived from a stable S. sonnei strain,
Moseley, and contains a 212 bp deletion in the
virG(icsA) gene (Hartman and Venkatesan, 1998).
WRSS1 was manufactured as a lyophilized product
and the protocol for administering it to volunteers
was similar to that followed with SC602. WRSS1 was
tested in a placebo-controlled dose escalating study in
27 volunteers who received a single oral dose of either
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103, 104 105, or 106 cfu (Kotloff et al., 2002). No volunteer receiving WRSS1 had dysentery or a fever ⬎102°F.
Approximately 30% of the volunteers in the two highest doses developed diarrhea and low-grade fever. At
the highest dose tested, the vaccine was excreted for
at least a week showing robust colonization, which
elicited strong LPS-specific IgA ASCs, serum antibodies, and fecal IgA antibodies. An increase in IFN-γ
production was seen in response to purified Ipa proteins, IpaB, IpaC, and IpaD at the two highest doses
in some of the volunteers. In general, WRSS1 was considered safe given as a single oral dose in the range of
103–104 cfu. A community-based study at 103, 104, and
105 cfu dose of WRSS1 was carried out in Israeli volunteers (Orr et al., 2005). At the 105 cfu dose, approximately 30% of the volunteers had mild fever and/or
diarrhea whereas the 103–104 cfu dose was well tolerated, with no reported fever and one report of moderate diarrhea for 1 day. The vaccine was excreted for an
average of 5 days by 80% of the volunteers ingesting
the 103–104 dose, and induced robust LPS-specific IgA
ASCs and increases in serum IgA titers. Most importantly, in spite of the strong colonization seen with
WRSS1, the vaccine was not transmitted to household contacts. The low but consistent rate of fever
and diarrhea that was seen with SC602 and WRSS1 at
the 104 cfu dose suggests that, further attenuation is
needed to reduce these symptoms.
In a recent Phase 1 trial, a virG(icsA)-based
S. dysenteriae 1 vaccine strain WRSd1 was fed to five
groups of eight subjects who were given escalating doses from 103 to 107 cfu at the Johns Hopkins
Medical Center in Baltimore, MD. The parent strain,
1617, was obtained from a 1960s epidemic dysentery
outbreak in Guatemala. WRSd1 contained a 10 kb
deletion on the plasmid that included the loss of the
virG(icsA) gene, and an additional ⬃20 kb deletion on
the chromosome, that eliminated not only the stxAB
genes but also an important transcriptional regulator of anaerobic gene expression, the fnr gene, among
others (Venkatesan et al., 2002). WRSd1 is invasive in
Hela cells but Sereny negative, and it was less immunogenic than SC602 and WRSS1 in guinea pigs. In the
Phase I trial no subject developed fever or abdominal
pain. Fecal shedding of the vaccine strain was poor
and identified in 9 of 40 subjects (23%) and 8 of these
9 had anti-LPS IgA ASC responses (McKenzie, 2007).
About one-third of the volunteers showed a serum
anti-LPS IgA response. Eight of the 40 subjects (20%)
had diarrhea, and 2 subjects in the 104 CFU group
passed a single loose, stool containing blood without any other constitutional symptoms. The rate and
severity of diarrhea were not related to the dose of the
vaccine. Poor colonization may have resulted from the

lack of the fnr gene since it has been implicated to play
a critical role in the gastrointestinal colonization of
E. coli in a rat model.
Based on these trials, second generation virG (icsA)
vaccine strains have been constructed with retention
of the fnr gene and deletion of additional genes with a
goal of improving colonization, tolerability, and immunogenicity. The presence of the setAB gene (encoding
ShET1) on the chromosome of SC602, the senA gene
(encoding ShET2-1), and senB gene (encoding ShET22) on the invasion plasmid of SC602, WRSS1, and
WRSd1 indicate that deletions of enterotoxin genes
may alleviate the reactogenic symptoms seen with
these vaccine candidates (Fasano et al., 1995, 1997;
Nataro et al., 1995). Additionally, loss of the msbB gene
on the plasmid (msbB2) has been incorporated into
the design of the second generation virG(icsA)-based
vaccines to reduce the febrile reactions seen with the
earlier vaccines. A S. flexneri 2a strain WRSf2G11 with
deletion of the virG(icsA), setAB and senA genes has
been shown to be immunogenic and protective in a
guinea pig model. Further deletion of the senB gene
(WRSf2G12) as well as the msbB2 gene (WRSf2G15)
have been constructed and are being tested in animal models (Ranallo et al., 2007). Similar derivatives
have been designed and constructed in S. sonnei and
S. dysenteriae 1 background and have been shown to
be immunogenic and protective in animal models
(Ranallo, 2007; Ranallo et al., 2006; Venkatesan and
Ranallo, 2006). These newer derivatives await manufacture and testing in Phase 1 trials.

Current Licensed Vaccines
FS Bivalent Vaccine
Currently this is the only licensed oral, live noninvasive Shigella vaccine, and is used in China (Levine
et al., 2007). It was constructed by mobilizing a spontaneously modified deleted form of the S. sonnei invasion plasmid, tagged with Tn5, into the S. flexneri 2a
vaccine strain T32-ISTRATI. The FS vaccine strain
is a bivalent vaccine designed to provide protection
against both S. sonnei and S. flexneri 2a. Initial testing
in humans with freshly harvested bacteria provided
safety colonization and immunogenicity data at three
doses of 2–5 ⫻ 1010 cfu. The vaccine was excreted for
1–3 days by 65–75% of the volunteers. A lyophilized
form of the vaccine was then tested in field studies
in 17,500 adults and children and similar numbers of
placebo controls in Changge City, China. Passive surveillance for the next 5–6 months indicated 61–65%
protective efficacy (PE) against S. flexneri, 50–72%
against S. sonnei, and 48–52% against other Shigella
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species. Similar data is currently unavailable in infants
and toddlers.

PROSPECTS FOR THE FUTURE
Several live attenuated vaccines are being developed.
At the same time several new approaches to subunit
vaccines are also being evaluated. A combination of live
and subunit vaccines should be tested in animal models for immunogenicity and efficacy. Phase 1 trials will
be needed to determine the value of individual vaccine
candidates. Such trials should also incorporate bivalent
and multivalent mixtures of vaccines. Challenge studies can take the place of large-scale field trials to show
efficacy. Dose–response studies in endemic populations
will determine the range to be tested for effectiveness in
these groups. Information about the geographical distribution of Shigella serotypes will be needed to determine the vaccine serotypes to be tested in a particular
region of the world.

KEY ISSUES
●

●

●

●

●

●

●

●

Protection is serotype-specific, therefore an
effective vaccine, whether live or subunit, will have
to incorporate components of several serotypes.
Development and application of a Shigella vaccine
should consider the diversity of Shigella serotypes
within a geographical region.
The vaccine must be easy to manufacture so that
it is cost effective, especially if it is to be used in
developing countries.
Delivery of the vaccine should be needle free, if
possible.
The technology for making and manufacturing the
vaccine must be user friendly.
Reliance on a cold chain for storage of the vaccine
must be minimized.
The vaccine should be immunogenic in endemic
populations.
Engagement of local health care policy makers,
scientists, and technicians must be carried out prior
to testing vaccines in endemic regions of the world.
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ABSTRACT
Syphilis continues to be a common and serious disease, affecting at least 25 million persons worldwide. It is a
recognized cofactor in the transmission and acquisition of human immunodeficiency virus, and is a major cause
of stillbirth and perinatal morbidity in the developing world. Despite the availability of safe, effective, and
inexpensive diagnostic tools and treatment, syphilis is still uncontrolled or has reemerged in many areas of the
world, thus demonstrating the failure of conventional efforts to control transmission and emphasizing the need
for an effective and practical vaccine. The peculiar biology of Treponema pallidum, along with the inability to
continuously grow this pathogen in vitro, has hindered progress in this field. The public health importance of
syphilis prompted numerous vaccination attempts with whole cell vaccines in the mid-1900s. Only one protective
vaccine has been described which, though completely protective in the rabbit model, cannot be translated for
human use. The availability of new tools such as genomics, proteomics, and recombinant DNA technology permits
today’s investigators to focus on the identification of surface-exposed antigens and other virulence factors to
target their vaccine efforts. The combination of modern in silico analysis tools and biological assays has led to the
identification of several promising candidate antigens, including the members of the Tpr family, newly identified
adhesin molecules, lipoproteins, and other putative outer membrane proteins. While early subunit vaccine studies
have not yielded complete protection, a number of antigens have induced sufficient immunity to significantly alter
disease progression following infectious challenge. These encouraging results serve as the basis for a renewed
interest in syphilis vaccine development.
Syphilis has long been a topic of controversy, consternation, and fascination by historians who argue about
its origin, physicians who marvel and despair at its protean clinical manifestations, and scientists who struggle
to unravel the secrets of its causative agent Treponema pallidum subsp. pallidum (T. pallidum). Although effective
therapy with penicillin has significantly decreased the burden of syphilis in developed countries, this infection
still results in significant morbidity and mortality, especially in the developing world. The seeming dichotomy of
a fragile and metabolically crippled bacterium that is able to cause lifelong and potentially destructive infection
has yet to be resolved. This chapter reviews our current understanding of T. pallidum and the disease process, then
focuses on efforts to develop a practical and effective vaccine.

HISTORY

ETIOLOGIC AGENT

The first definitive clinical descriptions of syphilis
resulted from the outbreak of an apparently new
disease in Italy following the Siege of Naples by the
French in 1495. The sexually transmissible nature
of the infection was recognized early, and the infection was dubbed “the French Disease” and later the
“Great Pox” (to distinguish it from smallpox). Because
of the coincidence of this outbreak with the return of
Columbus and his sailors from the New World, it has
been speculated that syphilis was brought to Europe
by these men. Others believe that syphilis had existed
in Europe and Asia before 1492, and that the sudden
widespread recognition of the disease was the result
of increased movement of armies throughout Europe
and the greater dissemination of information at the
end of the Middle Ages.
Regardless of its origin, syphilis became a common disease, with an estimated ⬃10% of the population of Europe and the United States being infected
in the early 20th century. Before the discovery of
penicillin, fear of the destructive late manifestations of
syphilis, including insanity, paralysis, blindness, and
death, led to the use of a number of dangerous treatments, including the use of hotboxes to raise the body
temperature, fever induced by intentional malaria
infection, and mercury salves and vapors.

Treponema pallidum is a spiral organism with a structure similar to gram-negative bacteria. The organism
has both an outer membrane (OM) and a cytoplasmic
membrane, with a periplasmic space containing the
periplasmic (or endo-) flagella (Fig. 59.1). The lipidrich OM of T. pallidum has an unusually small number
of integral membrane proteins (Radolf et al., 1989b;
Walker et al., 1989) and is very fragile, complicating
physical and biochemical analyses of surface structures. At this writing, there is no consensus about the
identity of any surface-exposed protein on the organism. The genome sequence of T. pallidum (Fraser et al.,
1998) revealed an organism with significant metabolic
limitations, including the inability to synthesize lipids,
nucleotides, and most amino acids de novo; a lack of
Kreb’s cycle enzymes; and no evidence for oxidative
phosphorylation. This renders the organism highly
dependent on the host for nutrients, and efforts to
propagate T. pallidum in vitro in continuous culture
have been unsuccessful.

CLASSIFICATION
T. pallidum is one of four recognized human pathogens within the genus Treponema: T. pallidum subsp.
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2005). Antisera from humans with syphilis showed
significant reactivity to 34 of 908 peptides tested
(Brinkman et al., 2006). These genome-wide screens
undoubtedly underestimate the actual number of
T. pallidum antigens, possibly because of the inability
to express some T. pallidum antigens in Escherichia coli.
Major classes of T. pallidum antigens are introduced
briefly below, and are then discussed in more detail as
they relate to vaccine studies.

CW
IM

Integral inner membrane proteins
Cytoplasm

FIGURE 59.1 A schematic representation of the T. pallidum cell
envelope. Similar to conventional Gram-negative bacteria, the outer
membrane (OM) separates the internal cellular compartments from
the extracellular space and, along with the inner membrane (IM),
defines the periplasmic space (PS). Unlike conventional Gramnegative bacteria, T. pallidum OM does not contain LPS, and has only
rare integral membrane proteins compared to the IM. Furthermore, in
T. pallidum, the peptidoglycan layer (cell wall, CW) overlies the cytoplasmic membrane rather than being associated with the inner leaflet of the outer membrane. The most antigenic T. pallidum proteins,
such as the components of the endoflagella (EF) and the periplasmic
lipoproteins (PLPs, anchored to the IM by a lipidic moiety) are found
within the PS. Adapted with permission from Mary S. Lipton (www.
PNL.gov/biology/programs/MSD/characterization.stm).

pallidum (syphilis), T. pallidum subsp. pertenue (yaws),
T. pallidum subsp. endemicum (bejel), and T. carateum
(pinta). The infections caused by these organisms are
similar in that they appear in distinct clinical stages,
are chronic, and can cause serious destructive late
sequelae. The Treponema also include oral treponemes
that are associated with periodontal disease, Treponema
paraluiscuniculi which causes a venereal disease in
rabbits, a group of organisms (including Treponema
brennaborense) associated with papillomatous digital
dermatitis and ulcerative mammary dermatitis in cattle and sheep (Stamm et al., 2002), and symbionts of
the termite hindgut (Lilburn et al., 2001).

ANTIGENS
A number of antigens have been identified in
T. pallidum using biochemical and genetic tools. Of the
1039 predicted proteins in the T. pallidum genome, 882
were expressed and tested for reactivity with antisera
from rabbits infected with syphilis; of these, 106 antigens were recognized by the antisera. (McKevitt et al.,

Lipoproteins
Three of the major antigens of T. pallidum with
molecular masses of approximately 47, 17, and 15 kDa
are now recognized as lipoproteins (Chamberlain
et al., 1989a; Purcell et al., 1990), as are TmpA, B, and C
(Schouls et al., 1989b, 1991). The genome predicts 22
lipoproteins, including roughly one-third of those
antigens that were highly reactive with rabbit and
human syphilis sera above. Lipoproteins are not only
highly immunogenic, but the lipid moiety has been
demonstrated to be recognized by toll-like receptor
(TLR) 2, thus implicating these in induction of the
innate immune response (Aliprantis et al., 1999; Lien
et al., 1999; Salazar et al., 2002) and in early induction
of adaptive immunity.

Endoflagella
The major structural components of the endoflagella (37, 34.5, 33, and 30 kDa) and associated flagellar
proteins are readily recognized by immune serum
from rabbits and humans. The sheath protein (37 kDa)
is unique to the pathogenic treponemes while the core
proteins (34.5, 33, and 30 kDa) share cross-reactive
epitopes with the cultivable treponemes (Lukehart
et al., 1982, 1985).

Tpr Family
Most of the members of the 12-member Tpr family
(TprA–TprL) have been shown to induce the production of antibodies during infection in rabbits (Leader
et al., 2003; Sun et al., 2004). The most uniformly
immunogenic are TprK, TprC, TprD, TprF, and TprI.
These have predicted cleavable signal peptides and
may therefore be OM associated (Centurion-Lara
et al., 1999); these tpr genes are highly transcribed
(Giacani et al., 2007b), consistent with their expression
during infection. Mechanisms of transcriptional regulation of several of the tpr genes have recently been
identified (Giacani et al., 2007a).
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Lipids
Lipids also induce immune responses during
syphilis infection. The VDRL and RPR serological
tests are widely used in syphilis diagnosis, and these
tests detect antibodies to cardiolipin, phosphatidylcholine, and cholesterol complexes. The presence of
these lipids on the surface of T. pallidum is suggested
by the demonstration that antibodies raised against
VDRL antigen can effectively opsonize T. pallidum for
phagocytosis (Baker-Zander et al., 1993b).

PROTECTIVE IMMUNE RESPONSES
Immunity to T. pallidum does develop during infection, but the level of protection against reinfection
depends on the length of the initial infection. Physicians
have long recognized that persons treated for early
syphilis can be repeatedly reinfected. Numerous
reinfection studies have been conducted in humans
(reviewed in Magnuson et al., 1956) but the most definitive work was conducted at Sing Sing prison in the
1950s (Magnuson et al., 1956). In this study, persons
with various stages of treated and untreated syphilis (and uninfected controls) were inoculated on the
forearm with an infectious dose of T. pallidum Nichols
strain. Infection was defined as development of a lesion
at the challenge site or by an increase in antibody titer.
After a 4-month observation period (or earlier if the
subjects developed lesions), all subjects were treated
with the then-recommended dose of penicillin. Only
those persons with late latent syphilis prior to challenge showed significant levels of protection against
reinfection: none of 5 with untreated, and 10 of 26 with
treated, late latent syphilis showed evidence of reinfection, while the majority of subjects with earlier stages
of treated syphilis were reinfected upon challenge. This
study clearly demonstrates that prolonged antigen
exposure is required for protective immunity.
The rabbit provides an excellent model for investigation of protective immunity. As in humans, infection immunity develops only after lengthy infections
(Turner and Hollander, 1957). This model also provides the opportunity to examine the development of
immunity to heterologous strains of T. pallidum; intensive studies conducted by Turner and others, reviewed
in Turner and Hollander (1957), demonstrated that,
while homologous immunity was uniformly seen,
immunity to symptomatic infection with other strains
is variable. These data suggest that the “protective
antigen(s)” of T. pallidum may not be conserved or
may be differentially expressed across strains.

The specific mechanisms that contribute to the
protective immune response have not been defined,
although it is widely accepted that organisms are
cleared from the early lesions of syphilis via phagocytosis and killing of opsonized T. pallidum by interferon-γ (IFNγ)- activated macrophages (Lukehart et al.,
1980a; Baker-Zander and Lukehart, 1992; Baker-Zander
et al., 1993a). This process requires the production of
antibodies that react with surface-exposed antigens
(opsonization), as well as secretion of IFNγ by specifically sensitized CD4⫹ and CD8⫹ T lymphocytes.

Humoral Immunity
Specific anti-treponemal antibodies first become
demonstrable during the primary stage in human
infection (Hanff et al., 1982; Baker-Zander et al., 1985),
and within 1–2 weeks of infection in the rabbit model
of syphilis (Lukehart et al., 1986). Titers generally peak
during the secondary stage in humans and during healing of the primary lesion in rabbits. Both IgG and IgM
are generally detectable through untreated infection,
even in infections of several years duration. Despite the
existence of high titers of antibodies during primary
and secondary syphilis, some organisms escape and
persist for decades within the untreated host.
Serological testing is a major tool in diagnosis of
syphilis and in screening settings. Antibodies can be
measured using the lipoidal tests (e.g., VDRL, RPR)
or treponemal tests such as the TPPA, FTA-ABS, and
recombinant-based immunochromatographic and
ELISA tests. The identified functions of anti-T. pallidum
antibodies include complement-mediated immobilization (Nelson and Mayer, 1949) or neutralization
(Bishop and Miller, 1976b), opsonization (Lukehart and
Miller, 1978; Baker-Zander et al., 1993a), and inhibition
of attachment to host cells (Fitzgerald et al., 1984). The
molecular targets of these immune functions have not
been definitively identified, although opsonic and antiattachment antibodies are likely to be directed against
surface antigens. Blanco et al. (2005) recently demonstrated that a monoclonal antibody with specificity for
a phosphorylcholine lipid moiety has immobilizing
activity against T. pallidum in vitro in the presence of
complement. The antibody response alone, however,
does not protect against infection per se (Bishop and
Miller, 1976a) suggesting that a cellular component is
also necessary for protective immunity in vivo.

Cell-Mediated Immunity
Primary and secondary lesions in humans (Tosca
et al., 1988; Van Voorhis et al., 1996b) and rabbits
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(Lukehart et al., 1980a; Leader et al., 2007) show an
impressive T lymphocyte infiltration (comprised of
both CD4⫹ and CD8⫹ lymphocytes) with variable
numbers of infiltrating B lymphocytes. RT-PCR analysis of human (Van Voorhis et al., 1996a) and rabbit
(Godornes et al., 2007; Leader et al., 2007) lesions demonstrates a Th1 cytokine milieu, with significant IFN-γ
production and very little detectable IL-4.
Specifically sensitized T lymphocytes can be demonstrated in infected rabbits within a few days of
infection (Lukehart et al., 1980b); these recognize a
variety of T. pallidum antigens (Baker-Zander et al.,
1988; Giacani et al., 2007b). Stimulation of lymphocytes in vitro with T. pallidum antigens results in
production of IFN-γ (Arroll et al., 1999). Macrophages
appear just prior to the clearance of treponemes from
the lesions, and treponemal antigens can be seen
within macrophages in healing lesions (Lukehart
et al., 1980a; Sell et al., 1982). These data suggest that
activated macrophages are the primary effector cell in
bacterial clearance, and that the phagocytosis and killing of T. pallidum that is demonstrable in vitro mimics
the activities of macrophages in vivo.

EPIDEMIOLOGY
Syphilis is a leading cause of genital ulcers worldwide and is a cofactor for acquisition of HIV (CDC,
1998). In 1998, the World Health Organization estimated 12 million new cases per year, with an overall
prevalence of at least 25 million, mostly in developing countries (Gerbase et al., 1998). The highest prevalence is found in developing nations and among
people with limited or no access to health care; globally, sub-Saharan Africa, Southeast Asia, and Latin
America have the highest incidence of syphilis (Fig.
59.2). Naturally, prevalence rates vary among countries and populations. During the past 25 years, prevalence rates in regions of sub-Saharan Africa have
ranged from 2.5 to 12.5% in antenatal women (Ratnam
et al., 1982; Creek et al., 2005; Pham et al., 2005; Potter
et al., 2006). In South America, seropositivity rates in
female commercial sex workers were 3.2, 13, and 28%
in Peru, urban Guyana, and Buenos Aires, respectively
(Zapiola et al., 1996; Persaud et al., 1999; Trujillo et al.,
1999). After the dissolution of the Soviet Union, there
was a dramatic increase in syphilis and other sexually
transmitted infections in the newly independent states
(Renton et al., 1998), and emigration carried syphilis
to many eastern European countries that previously
had very low rates of syphilis. In all high-prevalence
areas of the world, congenital syphilis is a major cause
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of preventable miscarriage, perinatal morbidity and
mortality (Watson-Jones et al., 2002).
In the United States and Europe, the past decade
has shown a significant increase in new cases, affecting primarily men who have sex with men (MSM).
The incidence of primary and secondary syphilis in
U.S. males doubled from 2000 to 2005 (CDC, 2006b),
and provisional data suggest a continuing increase
of 5–8% per year since that time. Similar outbreaks
of syphilis have been reported in MSM in Western
Europe (Cowan, 2004; Marcus et al., 2004; Righarts
et al., 2004; Sasse et al., 2004). In the United States,
racial differences in syphilis prevalence still persist, but an important decline of syphilis in African
Americans has been observed in the last decade, due,
at least in part, to the efforts of the Centers for Disease
Control (CDC)-sponsored Syphilis Elimination
Program (Hook, 1998; CDC, 1999) which focused on
areas of the southeastern United States where rates
in African Americans were very high. The last decade has also brought a dramatic increase in syphilis
in China, with rates increasing from 0.2 to 5.7 cases
per 100,000 between 1993 and 2005 (Chen et al., 2007).
Recent studies report very high prevalence among
incarcerated Chinese female sex workers (15.7%)
(Ruan et al., 2006), drug users (7–15.6%) (Liu et al.,
2006), and MSM (13.5%) (Choi et al., 2007). These
recent examples of new outbreaks of this readily curable infection demonstrate the failure of efforts for controlling transmission and highlight the urgent need
for the development of a syphilis vaccine.

NATURAL HISTORY AND
PATHOGENESIS
Syphilis is transmitted primarily during sexual
contact with an infected individual when treponemes
breach the mucosal surfaces or skin of an uninfected
host. The infection can also be transmitted transplacentally to the fetus (congenital syphilis), or rarely
through blood transfusion or organ transplantation. T. pallidum is a highly invasive organism that
can reach virtually any tissue in the human body,
resulting in a multitude of possible clinical presentations. If untreated, syphilis can result in serious cardiovascular and neurological complications or even
death.
Clinically, syphilis is characterized by episodes of
active disease interrupted by periods of asymptomatic,
latent infection. T. pallidum multiplies at the site of
contact (entry) and an ulcerative lesion (chancre)
develops, containing millions of spirochetes per gram
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& the Caribbean
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FIGURE 59.2 The incidence of syphilis in different regions of the world. The World Health Organization estimated in 1998 that there are
12 million new cases of venereal syphilis annually worldwide. Over 90% of these new cases are in developing countries in Latin America and
sub-Saharan Africa, although increasing numbers of cases were reported in Eastern Europe, Central Asia, and East Asia. Outbreaks have been
reported in several cities in Western Europe and North America among men who have sex with men. In the United States, a program for the
elimination of syphilis was proposed in the late 1990s, but the number of reported cases has increased in the past 5 years.

of tissue. Concurrently, treponemes gain access to
the circulation and rapidly disseminate throughout
the body seeding many tissues, including the central nervous system. After several weeks, the chancre
heals spontaneously and infection is next manifest by
the secondary stage, characterized by disseminated
skin lesions; these also resolve spontaneously over
a period of several weeks or months. During primary and secondary syphilis, a strong host humoral
and cellular immune response eliminates the great
majority of treponemes, but a small population of
organisms escapes to cause persistent infection. The
untreated host then enters the latent stage, which can
persist for decades or a lifetime; few or no treponemes
can be detected during the latent stage of infection. A
small minority of untreated persons will develop the
serious manifestations of tertiary syphilis, including
tabes dorsalis, general paresis, or aortic aneurysm.

The role of the inflammatory and immune responses
in pathogenesis of syphilis is now better understood.
Salazar et al. (2002) has proposed that inflammation
driven by T. pallidum lipoproteins leads to the
unique histopathological changes observed in syphilis.
T. pallidum lipoproteins act as potent proinflammatory
agonists (Radolf et al., 1991, 1995a; Salazar et al., 2002)
and they stimulate dendritic and other cells via interactions with CD14, TLR1, and TLR2 expressed by
monocytes/macrophages and dendritic cells (Lien et
al., 1999). These cells then serve to present antigen to
CD4⫹ lymphocytes which orchestrate the production
of cytokines and signaling factors that result in the
production of specific antibodies and the activation
of both CD4⫹ and CD8⫹ lymphocytes and macrophages. The role of IFN-γ, activated macrophages, and
opsonic antibodies in clearance of T. pallidum from
early lesions is described above.
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Primary Syphilis
T. pallidum establishes infection when it penetrates
skin through intact mucosa or microabrasions at the
site of contact, likely by attaching first to host cells
via surface antigens (Fitzgerald et al., 1977a, 1977b).
The treponeme has also been shown to bind to serum
components, cell membranes, and several extracellular matrix (ECM) components, including fibronectin
(Peterson et al., 1983; Thomas et al., 1985b), laminin,
collagen I, and hyaluronic acid (Fitzgerald et al.,
1984). Recently, Cameron et al. (2004) have identified
T. pallidum proteins that bind fibronectin and laminin
(Cameron, 2003); binding to ECM may serve as a
bridge for T. pallidum to attach to host cells prior to
invasion and dissemination to different tissues. The
bacteria multiply at the site of contact and trigger
the innate and acquired immune responses, resulting in lymphocyte and macrophage infiltration of
the local site to form a chancre. The histopathology
of the lesions shows proliferation of endothelial cells
in small vessels, with infiltrating CD4⫹ and CD8⫹
lymphocytes and plasma cells. Macrophages infiltrate just prior to bacterial clearance, and phagocytosis of opsonized T. pallidum by activated macrophages
is thought to be the main mechanism of bacterial
clearance (LaFond and Lukehart, 2006).
During the early stages of infection, T. pallidum disseminates rapidly through the body. It is still unclear
which strategies T. pallidum uses to survive without
being eliminated by the host; however, the chronicity of this infection suggests intricate mechanisms for
adaptation and immune evasion. Several mechanisms
have been postulated including localization in immunologically privileged tissues (Medici, 1972), intracellular location in non-phagocytic cells (Azar et al., 1970;
Sykes and Miller, 1971; Sykes et al., 1974), the presence of a protective outer coat of host origin masking the bacterial surface (Christiansen, 1963; Alderete
and Baseman, 1979), a poorly antigenic OM (Radolf
et al., 1989b; Radolf, 1994), and antigenic variation
(Centurion-Lara et al., 2004; LaFond et al., 2006b).

Secondary Syphilis
Hematogenous dissemination of T. pallidum during primary infection leads to development of the
systemic secondary stage, which is accompanied by
malaise, generalized lymphadenopathy, and a disseminated macular or papular mucocutaneous rash
(Chapel, 1980; Baughn and Musher, 2005). Signs and
symptoms usually appear 4–10 weeks after the primary lesion has disappeared. The clinical presentation of secondary syphilis varies from inconspicuous
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lesions to lues maligna with massive necrosis (Baughn
and Musher, 2005). Other manifestations include
condylomata lata, mucous patches, gastric and renal
involvement, and hepatitis (Chapel, 1980).
It is thought that the distribution of skin lesions on
palms and soles reflects the preference of T. pallidum
for lower temperatures. Although mucocutaneous
lesions are the hallmark of secondary syphilis, this
stage involves virtually any organ or tissue, and bacterial burden is thought to be high. The relatively mild
systemic response to the presence of viable organisms
is presumably due to the lack of lipopolysaccharide
(LPS) (Hardy and Levin, 1983; Fraser et al., 1998) in
T. pallidum; however, following antibiotic treatment
for primary and secondary syphilis, the release of
treponemal lipoproteins likely triggers the relatively
common Jarisch-Herxheimer reaction. The histopathology of secondary and primary syphilis is very
similar. As in primary syphilis, the immune response
of the host is again able to clear the great majority of
treponemes from lesions by macrophage-mediated
phagocytosis. Measurement of cytokine mRNA in
skin samples from infected individuals shows a Th1
cytokine pattern (Van Voorhis et al., 1996a), consistent
with this immune mechanism.

Latent and Tertiary Syphilis
After resolution of secondary syphilis, the infected
individual enters the latent stage, in which infection is subclinical and may last for the lifetime of the
patient. In the pre-antibiotic era, approximately 30%
of untreated individuals with latent infection developed tertiary syphilis after years or decades of infection (Gjestland, 1955). The manifestations of tertiary
syphilis include gummas, cardiovascular syphilis, and
late neurosyphilis, but these are rarely seen today.
Gummas are granulomatous lesions with a central area of necrosis affecting skin, bones, liver, heart,
brain, stomach, or upper respiratory tract. In a few
cases, spirochetes have been demonstrated in these
lesions (Handsfield et al., 1983). In cardiovascular
syphilis, the ascending aorta is typically affected.
Recently, DNA amplification demonstrated the presence of T. pallidum in an aortic aneurysm (O’Regan
et al., 2002), indicating that an active infection may
result in tissue damage. Preexisting atheromatous
conditions of the aorta might facilitate adhesion of
treponemes to exposed ECM components (Cameron,
2003; Cameron et al., 2004).
Neurosyphilis is classified as asymptomatic,
meningeal, meningovascular, or parenchymatous. In
the absence of treatment, asymptomatic neurosyphilis
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either resolves spontaneously or progresses to symptomatic disease (Moore and Hopkins, 1930). Vasculitis
of the small vessels and proliferative endarteritis are
the hallmarks of meningeal and meningovascular
syndromes. The parenchymatous syndromes (generalized paresis and tabes dorsalis) involve neuronal loss,
demyelination, and astrocyte proliferation with gliosis.
The mechanisms that give rise to these lesions are
unknown to date.

Treatment
Penicillin G is the preferred drug for the treatment of all stages of syphilis (CDC, 2006a), and
no penicillin resistance has been documented. The
long-acting forms, such as benzathine penicillin G,
are widely used for all forms except neurosyphilis,
which is treated with aqueous crystalline or aqueous
procaine penicillin G to ensure sufficient penicillin
levels in the cerebrospinal fluid. Other classes of antibiotics with efficacy against T. pallidum include the
tetracyclines and macrolides. Azythromycin, a macrolide
compound that can be administered orally, has been
shown to be effective for treatment of early syphilis and
for sexual contacts of infected patients (Mashkilleyson
et al., 1996; Hook et al., 1999, 2002). Unfortunately,
macrolide resistance associated with a point mutation in the 23S rRNA genes (Stamm and Bergen, 2000)
has been documented in the United States, Canada,
and Ireland (Lukehart et al., 2004; Morshed and Jones,
2006). Although azythromycin may be a safe and effective alternative to benzathine penicillin in areas without
resistant strains of T. pallidum and where proper clinical
evaluation and follow-up can be guaranteed, penicillin
remains the cornerstone of syphilis treatment.

VACCINE STUDIES TO DATE
Although remarkable efforts have been made in the
last two decades to unravel the complex pathogenesis
and immunology of syphilis, allowing the identification
of a wide variety of treponemal antigens, a practical
and effective vaccine is still unavailable. Furthermore,
the recently discovered ability of T. pallidum to use
antigenic variation to evade the host immune response
complicates vaccine development. In the remaining
part of this chapter, the rationale for the choice of past
and current syphilis vaccine candidates will be critically reviewed in light of our current understanding of
the peculiar T. pallidum ultrastructure and the difficulty
in definitive identification of surface-exposed antigens.
We will also describe how the most recent advances in

vaccinology could benefit and improve our ability to
control this too often neglected disease.

The Rationale for a Syphilis Vaccine
Syphilis is a disease whose characteristics make
it amenable to control by vaccination. Importantly,
like smallpox, there is no known animal reservoir for
syphilis. Although it is a chronic infection, syphilis
is transmissible only during the early symptomatic
stages, so the period of transmissibility is limited.
Readily available and simple serological tests make
it possible to determine the prevalence of infection in
specific populations or geographical regions, so that
interventions can be focused appropriately. Moreover,
the relatively low incidence of syphilis with respect to
other curable sexually transmitted infections (Gerbase
et al., 1998), the ease and low cost of diagnosis and
treatment (Larsen et al., 1995; CDC, 2002), and the
concentration of this infection in somewhat marginalized populations, likely reduce the focus on syphilis
vaccine development in the United States. Syphilis
is still a major health problem, however, in many
countries and a vaccine could provide the means for
a global syphilis eradication effort similar to the U.S.
Syphilis Elimination Program initiated in 1999 (CDC,
1999). Globally, mass or focused treatment could be
combined with immunization in the areas where
syphilis incidence is high while, in regions where the
disease is mainly restricted to defined social categories (e.g., MSM and intravenous drug users in North
America and Europe), vaccination could selectively
target individuals at higher risk.

Impediments to the Identification of
Putative Protective Surface Antigens
Several major limitations hamper the ability of scientists to apply standard biochemical and immunological approaches to identification of putative candidate
vaccine antigens in T. pallidum. First, the syphilis spirochete cannot be propagated in vitro, and the bacterial
cells rapidly die outside of a susceptible host. The New
Zealand white rabbit (Oryctolagus cuniculus) is used for
in vivo propagation of T. pallidum and has become the
preferred animal model for syphilis in that, following
experimental infection, the clinical and pathological
manifestations of the disease and immune response to
the pathogen closely resemble those seen during natural infection in humans (Turner and Hollander, 1957;
Sell and Norris, 1983). The slow growth rate of T. pallidum (generation time is ⬃30–33 h) (Magnuson et al.,
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1948; Cumberland and Turner, 1949), along with the
rapid onset of both innate and adaptive host immune
response in the rabbit, make it possible to recover only
limited numbers of organisms from an infected animal,
prohibiting any experimental approach that requires
large amounts of bacterial cells. The failure to maintain
T. pallidum viability in culture (Fieldsteel et al., 1982;
Riley and Cox, 1988; Cox et al., 1990) also precludes
any kind of genetic manipulation, limiting the direct
analysis of potential virulence factors. The ability
to functionally inactivate, delete, and complement
genes would in fact provide important information
on which determinants T. pallidum requires to survive
and persist in its host; such an approach would likely
be particularly useful in the setting of the very small
T. pallidum genome (Fraser et al., 1998), where the low
number of genes potentially allows only limited functional redundancy.
The ongoing quest for vaccine candidate antigens
finds its major obstacle in the biochemical composition
and structural organization of the T. pallidum membrane systems (Fig. 59.1). Unlike more conventional
gram-negative bacteria, the T. pallidum OM does not
contain LPS (Hardy and Levin, 1983; Penn et al., 1985;
Radolf and Norgard, 1988; Belisle et al., 1994; Fraser
et al., 1998; Weinstock et al., 1998), and there is close
chemical similarity between the lipid composition of
the outer and inner membranes (Radolf et al., 1995b).
Furthermore, while in most gram-negative bacteria,
the peptidoglycan layer is physically associated with
the inner leaflet of the OM, this layer overlies the cytoplasmic membrane in T. pallidum (Hovind-Hougen,
1983; Radolf et al., 1989a). These characteristics result
in the extremely fragile nature of the T. pallidum OM,
and difficulty in applying common immunological
methods (i.e., surface immunofluorescence staining
or immunoelectron microscopy) without compromising the OM integrity and exposing internal antigens
to the immunological probes. Further, the substantial
chemical homogeneity between the outer and inner
membranes (Radolf et al., 1995b) discourages the use
of separation techniques (i.e., sucrose density centrifugation) to isolate OM from the protoplasmic cylinder,
in that such methods repeatedly result in contamination of the OM fractions with periplasmic antigens
(Chamberlain et al., 1989a).

Criteria for Measuring Post-Challenge
Protection against Syphilis Infection
The rabbit model provides a straightforward and
relevant method for assessing post-immunization protection against infection. After the last immunization,

test and control rabbits are challenged by intradermal
injection of infectious T. pallidum on their shaved
backs; multiple sites can be injected per animal. Lesion
appearance, development, and progression (to ulceration) in control rabbits closely resemble that of primary chancres in humans, and the degree of alteration
of this course in immunized rabbits is proportional to
the level of immunity, with complete immunity resulting in no clinical or serological evidence of infection
post-challenge. Partial immunity may be manifest
as development of atypical lesions, such as delayed
lesion appearance, flat nonprogressive lesions, a
lower proportion of challenge sites progressing to
ulceration (Fig. 59.3), and fewer challenge sites containing T. pallidum cells demonstrable by darkfield
microscopy. Partial protection, however, does not
prevent the establishment of the infection or seroconversion of the animals. In addition to monitoring
lesion development, rabbit infectivity tests (RITs) can
be performed for detection of inapparent infection of
lymph nodes or other tissues in asymptomatic rabbits
(Turner et al., 1969), particularly when the employment of whole-cell vaccines does not allow monitoring of seroconversion in the challenged animals. In
this practice, a tissue sample from the test animal is
injected into a naïve rabbit, and the eventual seroconversion of the recipient confirms infection in the tissue
donor. Overall, vaccination with a partially protective
antigen attenuates the symptoms of the disease, and

(A)

(B)

Immunized

Unimmunized

FIGURE 59.3 An example of altered lesion development following intradermal infectious challenge in rabbits immunized with a
chimeric Tpr protein containing the NH2-terminus of Tpr F/I and the
TprG central region (Panel A) compared to unimmunized animals
(Panel B). In immunized rabbits, small flat and non-ulcerative
lesions (indicated by arrows in Panel A), containing few or no
detectable treponemes, were observed compared to typical large
ulcerative lesions in control animals at the same time post-challenge. In both animals, black ink dots mark the left of the injection
site to facilitate lesion identification.
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vaccinees may not develop ulcerative lesions, even
though becoming infected. It is unclear whether individuals lacking ulcerative lesions could transmit the
infection to others.

First-Generation Syphilis Vaccines:
Whole Cell Approaches
The only successful vaccination ever reported to
have induced durable sterile immunity against syphilis
was described by Miller (1973). In this experiment,
Miller immunized Dutch Belt rabbits intravenously
with 3.7 ⫻ 109 γ-irradiated T. pallidum (Nichols strain)
cells over a period of 37 weeks, with injections of
weekly or semiweekly frequency. Ten days after the
last immunization, 24 rabbits were challenged intradermally with 103 or 106 homologous T. pallidum cells,
without developing any visible lesions in the following 3-month observation period. Asymptomatic
infection was excluded by the negative outcome of
the RITs performed using testicular tissue and lymph
nodes from the challenged animals. A second group
of 11 rabbits was challenged with 800 virulent T. pallidum cells one year after the immunization procedure,
showing the durability of sterile immunity in these
animals (Miller, 1973). Although this study was never
independently confirmed due to its laborious nature,
it clearly provides proof of concept for successful
development of protective immunity against syphilis
following immunization.
Although Miller’s experiment represents the only
success over a very long series of failed attempts
to protect rabbits and other animals using killed
or attenuated T. pallidum, reviewed previously by
Lukehart (1985), Miller himself recognized that such
a demanding procedure could not be easily translated
from animals into humans. In addition to the exhausting immunization protocol, the inability to adequately
separate T. pallidum cells from the rabbit tissue in
which the bacteria were grown, and the fact that the
serologic reactivity induced by the vaccination protocol would be difficult to distinguish from that
caused by active syphilis infection, are major obstacles. Nonetheless, Miller’s success provides important
fundamental concepts that can guide those involved
today in the search for a syphilis vaccine. First, a key
aspect in the antigen preparation was the preservation of the native structure of the antigens inducing
sterile immunity. His use of a physical (γ-irradiation)
rather than chemical method to inactivate T. pallidum
targeted the microorganism’s genetic material, rather
than its antigens, thus preserving molecules that could
stimulate protective immunity in the host. In addition,

the series of studies preceding Miller’s successful vaccination suggest that the preservation of the fragile
OM of T. pallidum (e.g., no centrifugation, etc.) was
essential to success. It is still unclear whether the protective antigen(s) are protein, carbohydrate, or lipid,
but it seems apparent that they are readily removed
from the intact organism. The use of a high dose of
treponemes (3.7 ⫻ 109 treponemes), in combination
with a prolonged immunization cycle (⬃60 injections
per rabbit), strongly suggests that the antigens able to
elicit protective immunity are minimally expressed in
T. pallidum or are weakly immunogenic. In previous
attempts using lower doses of γ-irradiated treponemes
and shorter immunization periods, either absent or
partial protection was observed (Miller, 1967). In a
subsequent attempt to reproduce the original results
with a less demanding immunization schedule, Miller
(1976) increased the immunizing dose to 12 ⫻ 109
T. pallidum cells administrated over 9 weeks vs. 37
weeks, and obtained only partial protection. Lastly,
the durable sterile immunity demonstrated by Miller
was not dependent on the development of immobilizing antibody. No other antibody functions (e.g.,
opsonization, neutralization) or cellular mechanisms
of immunity were measured in the immunized animals, so the immune correlates of protection remain
elusive.
The most recent vaccination experiments using
whole-cell preparations were attempted in the early
1990s by Fitzgerald (1992), who endorsed the nowdiscounted theory that T. pallidum’s ability to escape
clearance during early lesion resolution could be
facilitated by a premature down-regulation of the initial Th1-mediated response in favor of Th2. Fitzgerald’s
hypothesized association between a premature
Th1/Th2 switch and T. pallidum’s ability to establish a
chronic infection was supported by the perceived parallels between the immune response to early syphilis and other chronic infections such as leishmaniasis
(Boom et al., 1990; Scott, 1991), and trypanosomiasis
(Reed, 1988; Silva et al., 1992). Fitzgerald immunized
rabbits with a single injection of heat-inactivated
T. pallidum cells and supported the Th1-type response
with the administration of cyclophosphamide, monophosphoryl lipid A, and indomethacin (Fitzgerald,
1991; Fitzgerald et al., 1991). Despite the significant
increase in the number of atypical lesions in the challenged animals, this approach did not prove effective
in inducing sterile immunity, and in fact increased dissemination of organisms to distant sites (Fitzgerald,
1991; Fitzgerald et al., 1991).
Syphilis vaccinology has also known a remarkable
number of attempts to immunize with different species of the genus Treponema, based on their antigenic

IV. BACTERIAL VACCINES

63_P369408_Ch59.indd 1202

11/4/2008 6:42:51 PM

THE T. PALLIDUM OUTER MEMBRANE AND THE QUEST FOR SURFACE-EXPOSED ANTIGENS

relatedness to T. pallidum and their ability to be grown
in vitro. All immunizations with Treponema phagedenis
(Reiter strain) (Gelperin, 1951; Al-Samarrai and
Henderson, 1976), Treponema refringens (Izzat et al.,
1970; Al-Samarrai and Henderson, 1976), Treponema
minutum, Treponema ambiguum, Treponema microdentium
(Al-Samarrai and Henderson, 1976), T. paraluiscuniculi
(Graves, 1981), and Spirochaeta aurantia (Graves et al.,
1984) resulted, however, in absent, partial, or questionable protection after challenge with T. pallidum
(reviewed by Lukehart, 1985).

Second-Generation Syphilis Vaccines:
Subunit Immunogens
The increasing understanding of antigenic relatedness among different treponemal species and the application of DNA engineering techniques quickly fostered
the use of individual subcellular fractions and recombinant proteins as experimental vaccines (Table 59.1)
instead of whole-cell preparations. For example, in
their work, Hindersson et al. (1985) immunized rabbits
with purified endoflagella from T. phagedenis in the
attempt to induce sterile immunity against syphilis.
The outcome of the experiment showed no alteration of
lesion development following challenge with virulent
T. pallidum; nonetheless, the rationale for selecting such
antigen was justified by the presence of shared epitopes
between the T. phagedenis and T. pallidum homologous
peptides (Blanco et al., 1986). To increase the specificity of the immune response, a similar experiment was
attempted by Champion et al. (1990) with purified
T. pallidum endoflagella; in this case, infection occurred
although lesions were atypical in the immunized animals. These two examples are noteworthy in that both
groups tried to induce sterile immunity against syphilis
with an antigen already known to be located in the
T. pallidum periplasm and therefore lacking any surface exposure. Based on the disappointing results of
these studies, contrasted with the success of Miller’s
studies described above, the general concept emerged
that antigens exposed on the T. pallidum surface would
be the most likely targets to induce sterile immunity;
this launched an active effort in many laboratories to
identify surface-exposed antigens of T. pallidum.
In the 1980s, supported by the introduction of
recombinant DNA technology in syphilis research,
the identification of putative T. pallidum integral membrane proteins seemed to be easily achieved. Libraries
were constructed with T. pallidum genomic DNA and
propagated in E. coli strains suitable for the expression
of exogenous antigens, and T. pallidum’s major immunogens began to be identified based on the reactivity
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of E. coli colonies with immune sera from experimentally infected rabbits or syphilitic patients (Walfield
et al., 1982; Norgard and Miller, 1983; van Embden et al.,
1983). The Treponema membrane protein A (TmpA,
or TpN44.5), B (TmpB) (Hansen et al., 1985), and C
(TmpC, TpN35) (Schouls et al., 1991) were among
the antigens first isolated with this newly introduced
approach, and their membrane location was supported
by the evidence that these antigens were synthesized
in E. coli as larger precursors, that the amino terminal
sequence was predicted to contain a signal peptide,
and finally that fractionation studies of E. coli cells
expressing the Tmp proteins showed the tendency of
these antigens to localize in the hydrophobic phase
containing the cell membranes. Surprisingly, however, only partial or absent protection were reported
following immunization with recombinant antigens
based on the Tmp protein sequences (Wicher et al.,
1989; Wicher et al., 1991) (Table 59.1); later studies of
radiolabeled fatty acid incorporation into T. pallidum
membranes lead to the conclusion that these antigens
are lipoproteins whose characteristics of hydrophobicity, previously attributed to membrane-spanning
domains, are due to protein acylation with lipid moieties, responsible for the anchoring of the antigens
to the periplasmic side of the cellular membrane
(Chamberlain et al., 1989a; Schouls et al., 1989a). The
47 kDa antigen of T. pallidum was also cloned early
and, similarly, is a lipoprotein (Norgard et al., 1986a;
Chamberlain et al., 1989a, 1989b).
The list of T. pallidum lipoproteins initially mistaken
for OM antigens is quite extensive (Fehniger et al.,
1986a, 1986b; Norgard et al., 1986a, 1986b; Radolf
et al., 1986; Cunningham et al., 1988; Chamberlain et al.,
1989a, 1989b; Schouls et al., 1989a; Swancutt et al.,
1990). Although these proteolipids represent major
T. pallidum immunogens, all have uniformly failed to
induce sterile immunity against syphilis when used
in immunization/challenge experiments (Table 59.1)
(Borenstein et al., 1988; Centurion-Lara et al., 1997),
similar to the previously attempted immunization with
preparations of periplasmic endoflagella (Champion
et al., 1990). Unpublished studies from our laboratories
have failed to demonstrate any protective immunity
following immunization with the 47 kDa antigen.

THE T. PALLIDUM OUTER MEMBRANE
AND THE QUEST FOR SURFACEEXPOSED ANTIGENS
In the last two decades, the desire to deepen the
study of the T. pallidum OM and unravel some of its
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TABLE 59.1
Immunogen
Subcellular fractions
Treponema phagedenis
(Reiter) endoflagella
T. pallidum endoflagella

Summary of recent studies on the development of a vaccine against Treponema palliduma
Total dosed
(μg)

Routeb

Adjuvantc

Duration
(weeks)

SC

IFA

3

150

None

Hindersson et al. (1985)

IM ⫹ SC

CFA/IFA

32

450

Partial

Champion et al. (1990)

Recombinant proteins: rabbit model of infection
TpN24
SC

Protectione

References

⫾CFA

16

6–18

None

Hsu et al. (1988)

IM
IM ⫹ IV
iv

CFA/IFA
CFA
Ribi

19
14
14

1250
2000
600

None
Partial
Partial

Borenstein et al. (1988)
Borenstein et al. (1988)
Borenstein et al. (1988)

IM/SC/ID/IP

Ribi

9

300

Partial

Cameron et al. (1998)

GlpQ (Gpd)

SC

CFA/IFA

8

200

None

Shevchenko et al. (1999)

TpN15

SC

IFA

10

500

None

IM/SC/ID/IP

Ribi

10

500

None

Centurion-Lara et al.
(1997)
Centurion-Lara et al.
(1997)

IM/SC/ID/IP

Ribi

9

450

Partial

Centurion-Lara et al.
(1999)

Partial and full length

IM/SC/ID/IP

Ribi

2

250

None

Hazlett et al. (2001)

Amino terminal region

IM/SC/ID/IP

Ribi

16

750

Partial

Morgan et al. (2002a)

TprF
Full-length protein

IM/SC/ID/IP

Ribi

9

625

Partial

Sun et al. (2004)

Partial

Sun et al. (2004)

TprI full-length protein

IM/SC/ID/IP

Ribi

9

450

Partial

Giacani et al. (2005b)

TprC/D or TprJ central
regions

IM/SC/ID/IP

Ribi

9

450

Partial

Unpublished results from
the authors’ laboratory

TprE/G/J carboxyl
terminal region

IM/SC/ID/IP

Ribi

9

450

Partial

Unpublished results from
the authors’ laboratory

TprE, I, or G central region

IM/SC/ID/IP

Ribi

9

450

None

Unpublished results from
the authors’ laboratory

TprA, B, or H, full-length
peptides

IM/SC/ID/IP

Ribi

9

450

None

Unpublished results from
the authors’ laboratory

Tp0326 (Tp92)

IM/SC/ID/IP

Ribi

375–625

Partial

Cameron et al. (2000)

TpN19 (4D, TpF1)

Gpd (GlpQ)

TprK
Partial-length protein

Amino terminal region

Recombinant proteins: guinea pig model of infection
TpN 44.5 (TmpA)
SC ⫹ IP
Ribi

11, 13, 16
Not reported

600

None

Wicher et al. (1991)

SC ⫹ IP

Ribi

Not reported

600

Partial

Wicher et al. (1991)

TpN 35 (TmpC)

SC ⫹ IP

Ribi

Not reported

600

None

Wicher et al. (1991)

Tmp A ⫹ B ⫹ C

SC ⫹ IP

Ribi

Not reported

200 each

None

Wicher et al. (1991)

TpN 36 (TmpB)

a

A summary of previous published studies (1948–1984) involving the use of whole treponemal cells as immunizing preparations is not
included here, as it is already available in the literature (Lukehart, 1985).
b
Route of immunization. ID, intradermal; IP, intraperitoneal; IM, intramuscular; SC, subcutaneous.
c
Adjuvant. CFA, Complete Freund’s adjuvant (a water-in-oil emulsion formulated with non-metabolizable mineral oil, the detergent mannide
monoleate, and heat-killed Mycobacterium tuberculosis, Mycobacterium butyricum or their extracts); IFA, Incomplete Freund`s adjuvant (same
formulation as CFA but lacking Mycobacterium components); Ribi ⫽ Ribi adjuvants contain a metabolizable oil (squalene) and Tween-80,
with refined Mycobacterial cellular components (trehalose dimycolate, cell wall skeleton) and bacterial monophosphoryl lipid A as
immunomodulating agents.
d
Total dose of immunogen administered.
e
Protection is defined as resistance to challenge with T. pallidum. Partial, significantly altered lesion progression or asymptomatic infection;
None, lesion development equivalent to that in unimmunized control animals.
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peculiar characteristics prompted a series of pivotal
investigations that demonstrated the OM to be poorly
antigenic and almost devoid of integral membrane
proteins. The perceived poor immunologic reactivity of the outer surface of T. pallidum is based on the
evidence that the binding activity of syphilitic sera to
undamaged T. pallidum cells is modest, while binding is highly enhanced by any intervention which
damages the OM integrity (Penn and Rhodes, 1982;
Robertson et al., 1982; Fehniger et al., 1986b; Radolf
et al., 1986; Stamm et al., 1987; Cox et al., 1992).
Furthermore, complement-mediated killing (immobilization and neutralization) and phagocytosis of
opsonized T. pallidum cells have been shown to occur
only upon use of high concentrations of antisera and
extended incubation times (Nelson and Mayer, 1949;
Bishop and Miller, 1976b; Lukehart and Miller, 1978;
Alder et al., 1989, 1990). One long-standing hypothesis to explain the limited reactivity of intact T. pallidum
with antibodies has been the ability of T. pallidum to
gather proteins from the host to form a self-like protective shield surrounding the OM; although this
hypothesis has not been completely disregarded, it
became a less-plausible explanation when freeze fracture electron microscopy studies revealed that the
T. pallidum OM possesses an extremely low density
of integral membrane proteins (Radolf et al., 1989b;
Walker et al., 1989, 1991). More specifically, the outer
and inner leaflets of the OM were calculated to harbor
70 and 100 membrane particles per μm2 (Walker et al.,
1989), approximately 1% of the number found in the
E. coli inner and outer leaflets of the OM, respectively.
These fascinating discoveries provided the first plausible explanation to the fact that conventional methods to identify putative surface exposed epitopes (e.g.,
immunofluorescence, immunoelectron microscopy, or
surface protein radiolabeling) find very limited application in T. pallidum. Equally interestingly, T. pallidum’s
surface proteins were shown to have a nonuniform
but ordinate distribution throughout the bacterial surface, and to be capable of only limited mobility within
the lipid bilayer (Radolf et al., 1989b; Blanco et al.,
1990; Bourell et al., 1994), which might correlate with
the limited ability of immune sera to cross-link these
antigens and the very slow rate at which complementmediated killing of T. pallidum occurs (Nelson and
Mayer, 1949; Bishop and Miller, 1976b).
The modest immunological reactivity and the protein-poor content of the T. pallidum OM have not discouraged investigators from attempting alternative
experimental routes to identify surface-exposed antigens. These methods can be generally classified into
two groups, according to the use of a direct or indirect
identification approach. Direct approaches encompass
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all of the biochemical methodologies aimed to selectively isolate the T. pallidum OM after detaching it
from the underlying cellular structures (endoflagella, peptidoglycan, and the cytoplasmic membrane
with its array of proteolipids) which could constitute
a source of contaminating proteins. A generic hypertonic plasmolysis of the OM, using a sucrose gradient
followed by isopycnic centrifugation to recover the
OM fractions (Radolf et al., 1995b; Shevchenko et al.,
1997, 1999), and subsequent analysis of the protein
constituents by two-dimensional electrophoresis and
immunoblotting, identified at least two new plausible candidates, p30.5 (Tp0453) and GPD/GlpQ
(Shevchenko et al., 1997). In addition, at least three
known periplasmic lipoproteins were also represented
on the immunoblot, underlining how direct isolation
of OM fragments is fraught with contamination by
proteins from other cellular compartments.
It is by indirect analytical methods, however, that
the majority of the T. pallidum putative surface antigens have been identified, mostly using in silico analysis of the Nichols strain genome. The initial search
for homology between T. pallidum predicted proteins
and previously characterized OM proteins of related
bacteria, has allowed the identification of a first group
of candidates. These include the twelve genes encoding for the Tpr proteins, which are homologous to the
major sheath protein of the oral spirochete Treponema
denticola (Weinstock et al., 1998; Centurion-Lara et al.,
1999), and Tp0326 (Tp92), which is homologous to the
Omp85/D15 antigens described in many pathogenic
bacteria (Cameron et al., 2000). The combination of
bioinformatics tools for prediction of signal peptides,
membrane spanning domains, and protein cellular location has also led to the identification of three
proteins which, in a series of intensive experiments,
were shown to encode for laminin-binding (Tp0751)
(Cameron, 2003) and fibronectin-binding (Tp0483 and
Tp0155) proteins (Cameron et al., 2004). These proteins
are likely to be surface exposed and involved in the
attachment of T. pallidum to the host cells and ECM.
Many of the hypothetical T. pallidum OM proteins
identified on the basis of the methods described
above have been the subject of intensive investigation to confirm or refute the original hypotheses suggested by the in silico analysis of their sequences.
Although none of those antigens has been unequivocally shown to reside within the OM, and immunoprotection assays have thus far failed to induce sterile
immunity, very promising immunization studies have
been performed. The ample knowledge accumulated
on these proteins has strongly renewed the interest in
the study of this elusive pathogen and has provided
new analytical instruments to further investigate the
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pathogenesis of syphilis. An increasing body of information is available today on these proteins regarding
their immunogenic capabilities during experimental
or natural infection, their functions, their structures,
the conservation of their genes among T. pallidum
strains, subspecies and treponemal species, their gene
organization into transcription units, their transcriptional patterns, and mechanisms of transcriptional
regulation. This knowledge will eventually help in the
characterization of these and other antigens that could
serve as more effective immunogens for inducing
protective immunity.

Tpr Antigens
The recognition of the gene-family coding for the
T. pallidum repeat (Tpr) antigens is one of the major
findings of the T. pallidum genome project (Fraser
et al., 1998), in that these hypothetical proteins were
immediately identified as potential virulence factors and vaccine candidates (Weinstock et al., 1998;
Centurion-Lara et al., 1999). Several of these genes had
been identified earlier using other methods (Hardham,
1995; Centurion-Lara et al., 1999), but the existence of a
12-member family (named tprA-tprL) was not anticipated
until the genome sequence was analyzed. The encoded
antigens share homology with the major sheath protein (Msp) of T. denticola (Weinstock et al., 1998), a
virulence factor reported to be surface exposed and to
have both porin and adhesin proprieties (Fenno et al.,
1996; Mathers et al., 1996). These tpr genes account for
a high percentage (~2%) of the very sparse T. pallidum
genome (Centurion-Lara et al., 1999), suggesting an
important role for these antigens in the survival of an
organism that has lost many biosynthetic capabilities
during evolution (Fraser et al., 1998). The Tpr antigens
are divided into three subfamilies by their predicted
amino acid homology: Subfamily I (TprC, D, F, and I),
Subfamily II (TprE, G, and J), and Subfamily III (TprA,
B, H, K, and L) (Centurion-Lara et al., 1999). The
Subfamily I members, along with Tpr J and K, are predicted to have cleavable signal sequences and possible
OM localization (Centurion-Lara et al., 1999; Giacani
et al., 2007b), although definitive localization studies
have not yet been performed. Within the Subfamily I
and Subfamily II members, the proteins have conserved
NH2- and COOH-terminal regions, with central
domains that are variable in sequence and length,
allowing the differentiation of the individual proteins
(Centurion-Lara et al., 1999). In the Nichols strain,
where the Tprs were first characterized, Subfamily I
TprC and D are identical in sequence but their genes
reside in two distinct genomic loci, and TprF is

predicted to lack the conserved COOH-terminal region
and part of the central variable domain due to a deletion
and frame-shift mutation in the coding sequence
(Fraser et al., 1998; Centurion-Lara et al., 1999).
A comparison of the tpr genes among different
T. pallidum isolates has revealed strain-to-strain
sequence variability in several members of this gene
family. Because the Tpr proteins stimulate humoral and
cellular immune responses during infection (Morgan
et al., 2002b; Leader et al., 2003; Sun et al., 2004;
Giacani et al., 2007b), variations in the gene sequence
has potential ramifications for immune function and
cross-immunity, which is relevant to the development of a broadly effective syphilis vaccine. Among
Subfamily I members, an alternative allele, named
tprD2, can be found within the tprD locus in about
50% of syphilis isolates tested (Centurion-Lara et al.,
2000b). Diversity was described also for the tprC gene
locus, in that all of the strains analyzed so far with the
tprD sequence in the D locus also harbor an identical sequence in the C locus (as in the Nichols strain);
in contrast, strains in which a tprD2 allele is found in
the D locus, contain a tprC allele containing a variable
number of base changes resulting in new predicted
amino acids at those sites (Sun et al., 2004). Sequences
for tprF, tprI, and tprE have not yet been found to vary
among syphilis strains (Sun et al., 2004). In the Sea
81-4 strain, the central region of Subfamily II tprJ has
been replaced by the corresponding region of tprG,
resulting into a hybrid tprG-J gene in the J locus
(Giacani et al., 2005a). In this same isolate, a frameshift
in the G locus predicts a premature termination of
TprG (Giacani et al., 2005a). Among Subfamily III
members, the Nichols strain tprA contains a frameshift mutation resulting in a premature stop codon
which is absent in the Sea 81-4 strain and in the rabbit treponeme T. paraluiscuniculi (Giacani et al., 200,
2007b). Interestingly, in the Nichols strain, the tprA
frame-shift is caused by a deletion of a dinucleotide
(CT) located in a region containing three dinucleotide
repeats; conversely, in the Sea 81-4 strain, the presence
of four CT repeats at this location reverts the frame
shift and generates a full length tprA open reading
frame (ORF) (Giacani et al., 2007b).
Among Subfamily III members, however, the
greatest degree of sequence heterogeneity has been
reported for the tprK gene which, among human isolates, undergoes extensive sequence diversification
shown to accumulate during the course of infection
(Centurion-Lara et al., 2000a; LaFond et al., 2003,
2006a; Morgan et al., 2003). Among all of the Tpr
proteins, TprK is the most highly expressed (Giacani
et al., 2007b), induces the earliest and most vigorous
immune response in the infected host (Leader et al.,
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2003; Giacani et al., 2007b), and has been reported to
be a target for opsonic antibody (Centurion-Lara et al.,
1999), suggesting possible surface exposure of this
antigen. This sequence variation in TprK is the
first antigenic variation mechanism for T. pallidum.
Although the function and location of TprK have not
been finally resolved (Hazlett et al., 2001), this variation is hypothesized to provide an efficient way for
the organism to evade the host immune response,
leading to persistence and chronic infection despite a
vigorous immune response.
In more detail, tprK heterogeneity is restricted
to seven discrete variable regions (named V1–V7)
(Centurion-Lara et al., 2000a), mostly located in the
COOH-terminal half of the gene; these regions are
flanked by conserved sequences, and variability is
generated by a nonreciprocal gene conversion-like
mechanism which mediates the recombination of
a DNA template (called a donor cassette) into the
expression site. Over 50 identified donor cassettes are
located in two regions distant from the expression
site on the chromosome (Centurion-Lara et al., 2004).
Morgan et al. (2002b) demonstrated that antibodies
arising in infected rabbits are directed against the
V regions of TprK, while cellular immune responses are
focused on the conserved regions. This segregation of
epitopes is consistent with a major role for antibody
in the immune response to T. pallidum. Morgan also
demonstrated a correlation between the level of protection following immunization and the specificity
of the induced V region antibodies (Morgan et al.,
2003). In an intensive series of experiments, LaFond
et al. (2006b) demonstrated that new variant V region
sequences arising during infection are not recognized by antibodies developed against V regions of
the infecting strain. These results strongly support
not only the involvement of this gene in the generation of antigenic diversity as mechanism of immune
escape, but also the TprK OM location. It is difficult to
imagine why T. pallidum has evolved such a complex
mechanism to generate so many TprK antigenic variants if portions of the protein are not exposed to the
host immune system.
The surface exposure of TprK and other Tprs, however, is still the object of some debate: surface exposure
for TprK and several other Tpr antigens is supported
by experimental evidence, PSORTb (http://www.
psort.org/psortb) analysis (Giacani et al., 2007b), and
predicted cleavable signal peptides in TprF, I and K.
Antibodies elicited against TprK have been shown
to exert opsonic activity (Centurion-Lara et al., 1999)
suggesting that at least some TprK epitopes are surface exposed; this result, however, has not been reproduced by others (Hazlett et al., 2001). TprI’s cellular
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location has been investigated using electron microscopy after colloidal gold labeling using a polyclonal
antiserum raised against the recombinant full-length
antigen (Giacani et al., 2005b); although gold particles
were shown to label the T. pallidum OM, the periplasm
was also targeted.
Rabbits inoculated with different T. pallidum strains
develop antibody (Leader et al., 2003) and CD4⫹ reactivity (Giacani et al., 2007b) in varying magnitudes to
different repertoires of the Tpr antigens. This is likely
to be a consequence of the differential expression of
the tprs during infection. Recent data on transcriptional analysis of the tpr genes using quantitative real
time RT-PCR, confirmed that the tpr genes are differentially expressed within and among T. pallidum isolates (Giacani et al., 2007b), suggesting the existence
of transcriptional regulatory mechanisms. Subfamily I
and II tpr expression is regulated, at least in part,
by the variable length of homopolymeric G-repeat
sequences immediately upstream of the transcriptional start site (Giacani et al., 2007a); this resembles
the phase variation mechanism described for Neisseria
meningitidis opc genes (van der Ende et al., 1995;
van der Woude and Baumler, 2004; Cullen and
Cameron, 2006). Tight control of transcription initiation
is a recognized feature of virulence factors, and
the hypothesis that Subfamily I and II tprs could, in
addition to TprK, contribute to the antigenic diversity
of the T. pallidum surface cannot be excluded. Both
the sequence variation and the differential expression
of individual Tpr among strains of T. pallidum have
important ramifications for the design of a broadly
protective syphilis vaccine.
Tpr Proteins as Vaccine Candidates
Given the impressive and steadily growing body
of information concerning the Tpr antigens, these
were naturally selected for immunization trials and
studies were independently performed in different
laboratories (Table 59.1). In all of these studies, adult
male rabbits were immunized with purified E. coli
expressed recombinant peptides, often representing
only a portion of the predicted protein antigen; these
rabbits were then challenged intradermally with virulent T. pallidum (differing doses) and observed for
lesion development. Although none of these immunizations yielded sterile immunity, several studies demonstrated significant alterations in the appearance,
progression (to ulceration), and content of detectable
T. pallidum (i.e., presence or absence of T. pallidum in
darkfield microscopic examination of lesion aspirates) following infectious challenge with the Nichols
strain. Antigens examined include peptides from
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TprK (Centurion-Lara et al., 1999; Hazlett et al., 2001;
Morgan et al., 2002a), TprI (Giacani et al., 2005b) and F
full-length peptides (Sun et al., 2004), the TprC/D and
J central unique regions (unpublished data), the NH2
conserved region of Subfamily I Tprs, and the COOHterminal domain of Subfamily I members (Sun et al.,
2004). Further studies identified the NH2-terminal
portion of the TprK antigen as the fragment inducing
the highest level of protection, compared to the central
and COOH-terminal regions (Morgan et al., 2002a).
One independent study reported lack of protective
activity (Hazlett et al., 2001) upon immunization with
a mixture of full-length TprK plus a peptide analogous
to that reported by Centurion-Lara et al. (1999). No
alteration of disease progression was seen upon immunization with TprA, B, and H full-length peptides,
and the TprI, E, and G central regions, while significant alteration of lesion development was seen upon
immunization with the Subfamily II COOH-terminal
domain (unpublished data from the authors’ laboratory)
(Table 59.1). TprL could not be expressed in our
laboratory as a recombinant peptide, and no results are
available in the literature on the protective capability
of this antigen.
There is reason to be enthusiastic about Tpr antigens as vaccine candidates, and studies are in progress
to refine the antigens and the immunization protocols.
The preliminary studies described above strongly suggest that significant levels of immunity are induced by
the NH2-terminal regions of TprK and the Subfamily I,
and the central region of Tpr C/D. Ongoing work in
the authors’ laboratories is focused on the development of chimeric peptides, including selected regions
of Tpr antigens in a single larger recombinant peptide.
Given the expected limited exposure of epitopes on
the surface of T. pallidum, it is hoped that the chimeric
immunogens, inducing antibodies to carefully selected
regions of multiple antigens, may yield increased levels of protection.

Adhesins
For T. pallidum, as for many bacterial pathogens,
attachment to host cells or tissue components is a
crucial first step in the pathogenic process that will
eventually lead to the establishment of infection in
the host. T. pallidum’s ability to attach to various cultured mammalian cell types was first reported in the
1970s (Fitzgerald et al., 1975, 1977a; Quist et al., 1983),
and subsequent studies noted the ability of T. pallidum to bind to a variety of components of the ECM,
including fibronectin, laminin, and collagen (Baseman
and Hayes, 1980; Peterson et al., 1983; Fitzgerald

et al., 1984; Fitzgerald and Repesh, 1985; Thomas et al.,
1985a, 1985b). Only recently, however, has such interaction been attributed to specific, receptor-mediated
attachment through the identification of three ORFs
coding for T. pallidum ECM-binding proteins: Tp0751
was found to bind laminin (Cameron, 2003) and
Tp0155 and Tp0483 were shown to specifically recognize fibronectin (Cameron, 2003; Cameron et al.,
2004). Studies by Cameron et al. demonstrated the
attachment of viable T. pallidum to fibronectin- or
laminin-coated surfaces, with specific inhibition of
that activity by the respective recombinant proteins.
These functional studies argue strongly for surface
exposure of the proteins and, correspondingly, for
the plausibility of these antigens to induce a protective immune response. Immunization experiments
involving the ECM-binding proteins are currently in
progress (Cullen and Cameron, 2006).

Lipoproteins
Past attempts to induce protective immunity using
major T. pallidum lipoproteins, discussed above, have
been ineffective. In more recent years, however, the
identification of a lipoprotein likely to be associated
with T. pallidum OM has stimulated a reexploration
of this category of antigens in immunoprotection
assays. Among these, the proteolipid encoded by the
Tp0453 ORF is currently being examined (Cullen and
Cameron, 2006). Tp0453 encodes for a 30.5 kDa protein previously identified in T. pallidum OM fractions
(Shevchenko et al., 1997), but only recently characterized at the genetic, structural, and functional level by
Hazlett et al. (2005). Structural and functional analysis showed that, even in absence of its lipid anchor,
Tp0453 retains its amphiphilicity and possesses an
intriguing ability to destabilize artificial membranes.
Such evidence induced the authors to hypothesize
that Tp0453, although physically located in the periplasmic space, is able to reversibly increase the permeability of the OM, perhaps functioning as a hidden
porin that would allow the pathogen to acquire nutrients from the external environment in a nonselective
way without exposing any potential epitope to the
host immune system.
Similarly to Tp0453, the T. pallidum lipoprotein
molecule glycerophosphodiester phosphodiesterase
(also called Gpd or GlpQ) may also be associated
with the OM. This antigen was initially identified
both by screening a T. pallidum expression library with
opsonizing antibodies (Stebeck et al., 1997; Cameron
et al., 1998), and also by reverse genomics applied
to protein constituents purified after OM isolation
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(Shevchenko et al., 1997); subsequently, its proteolipid nature was shown by its resistance to N-terminal
Edman degradation and by protein labeling studies
using radioactive fatty acids (Shevchenko et al., 1997).
The evidence that Gpd binds the Fc portion of some
classes of human immunoglobulins, that anti-Gpd
immune sera show decreased reactivity with lysates
T. pallidum lacking the OM, and the high similarity
between the T. pallidum Gpd sequence (Tp0257) and
its surface-exposed homologs in Borrelia hermsii (Gpd)
and Hemophilus influenzae (Hpd, or Protein D) (Ruan
et al., 1990; Janson et al., 1992; Shang et al., 1997),
clearly support the hypothesis that Gpd is associated with the T. pallidum OM (Cameron et al., 1998).
Conversely, however, attempts to identify Gpd in
T. pallidum using surface immunofluorescence and
opsonophagocytosis assays were unsuccessful, thus
questioning the association between this antigen and
the OM (Shevchenko et al., 1999). Immunoprotection
assays using recombinant T. pallidum Gpd independently performed in the two laboratories in
which the antigen was characterized (Cameron
et al., 1998; Shevchenko et al., 1999) were also discordant, one showing significant alteration in lesions following challenge, and the other showing no effect of
immunization.

Tp92
As with Gpd, Tp92 (encoded by the Tp0326 ORF)
was initially identified both by differential antibody
screening of a T. pallidum genomic library (using
opsonizing and non-opsonizing rabbit immune sera)
and by in silico analysis of the Nichols strain genome
(Cameron et al., 2000). Tp92 is predicted by PSORT
analysis to contain a cleavable signal peptide and to
have a significant likelihood of localizing in the bacterial OM. Experimental evidence supporting OM
location of Tp92 was provided by the absence of
immunoblot reactivity of Tp92-specific antiserum
against washed treponemal cells (in which the OM
had likely been sheared off), and by the opsonizing
capability of antisera from Tp92-immunized rabbits
(Cameron et al., 2000). The function of Tp92 has not
been determined in T. pallidum, but homologous antigens are widely present among gram-negative bacteria. The Tp92 homolog Omp85, described in both
N. meningitidis and Neisseria gonorrheae (Manning
et al., 1998), has been shown to be surface exposed,
and functional characterization studies performed
on N. meningitidis Omp85 (Voulhoux et al., 2003; Bos
and Tommassen, 2004; Voulhoux and Tommassen,
2004) strongly suggest that this protein is part of
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a multi-subunit complex involved in correct OM
protein sorting and assembly. Furthermore, immunization with the Tp92-homologs of H. influenzae and
Pasteurella multocida (called D15 and Oma87, respectively) were shown to be protective against infection in animal models (Flack et al., 1995; Ruffolo and
Adler, 1996). Protection experiments with T. pallidum
Tp92, however, induced partial protection in immunized rabbits which developed atypical lesions but
did show seroconversion for syphilis after infectious
challenge (Cameron et al., 2000).

GENOMICS AND RECOMBINANT DNA
TECHNOLOGY: GREAT HELP WITH
SOME LIMITATIONS
The new sciences of genomics, proteomics, and
recombinant DNA technology have revolutionized
modern microbiology and are important allies in the
challenging path to vaccine development. Given the
great potential of these techniques, it might seem surprising that since their introduction, only three vaccines against bacterial pathogens (Bordetella pertussis,
Vibrio cholerae, and Borrelia burgdorferi) (Grandi, 2001)
have been developed using recombinant DNA technologies. Although DNA engineering provides a virtually unlimited availability of recombinant antigens,
there are significant limitations of the application of
these methods for production of membrane proteins.
Because of their chemical nature, membrane proteins
most often are produced in the insoluble (sometimes
membrane-associated) fraction of the recombinant
host, and the harsh chemical procedures (often
6 M urea) needed to solubilize the material for purification
of the single recombinant protein destroys native conformation. Reestablishment of native conformation
prior to use in immunization requires tedious application of multiple refolding protocols, most often in a
setting where the native conformation is completely
unknown. As proposed by Cullen and Cameron (2006),
experimental methods that might be utilized include
limiting the level of expression of a recombinant antigen to favor production of soluble recombinant protein,
and promotion of antigen transport to the E. coli OM
by replacing the T. pallidum signal sequences with
those of E. coli OM proteins. These approaches may
offer improvements but may not be the full answer.
Antibody-mediated protective immunity in many cases
is directed at conformational epitopes formed by the
proteins as they loop in and out of the OM, and purified proteins may or may not form such epitopes in the
absence of an environment mimicking the OM.
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ANIMAL MODELS AND ADJUVANT
SELECTION
The rabbit is the most widely used animal model
to study experimental syphilis (Turner and Hollander,
1957), and has advantages over guinea pigs, hamsters,
mice, and nonhuman primates because of the many
parallels between the experimental infection in rabbits and natural human infection. Similar to humans,
rabbits are highly susceptible to T. pallidum, with an
equivalent ID50 (Magnuson et al., 1948, 1956), and
develop skin lesions following infection that are clinically and histologically very similar to human primary chancres (Turner and Hollander, 1957; Sell
and Norris, 1983). In rabbit and humans, similarities
also include the repertoire of antigens recognized by
humoral immune responses, the IFNγ-predominant
cytokine milieu at the sites of infection, and the ultimate development of immunity to reinfection (Turner
and Hollander, 1957; Sell and Norris, 1983). As in
humans, rabbits remain chronically infected for a lifetime unless adequately treated (Turner and Hollander,
1957), and infectious organisms can be detected in
lymph nodes and other tissues (via transfer of tissue to
a susceptible rabbit) even after years of latent infection.
Secondary lesions are sometimes seen in infected rabbits if the fur is kept clipped to reduce the temperature
of the skin surface, but manifestations of tertiary syphilis are not observed in syphilitic rabbits (Turner and
Hollander, 1957). In rabbits, T. pallidum disseminates
via the bloodstream and lymphatic circulation to distant organs, including the central nervous system, similar to human infection. The disadvantages of the rabbit
model include the high cost of the animals, the lack of
inbred strains, and the lack of species-specific immunological reagents. The rabbit genome sequence is being
completed (http://www.ncbi.nlm.nih.gov/projects/
genome/guide/rabbit/) which will facilitate development of reagents. With regard to rabbit strains, it may
be worth noting that the successful immunization
experiment by Miller (1973) was conducted in Dutch
Belt rabbits, while current investigators use the New
Zealand White strain; the possible effect of this change
on modern immunization studies is unexplored.
Hamsters and guinea pigs have been used as alternative models (Schell et al., 1980; Schell, 1983; Wicher
and Wicher, 1989) because inbred strains are available; however, hamsters have reduced susceptibility to the syphilis spirochete compared to the other
T. pallidum subspecies (subsp. endemicum and pertenue,
the causative agents of endemic syphilis and yaws,
respectively), and guinea pigs require inoculation of
extraordinarily high numbers of treponemes to induce

the development of ulcerative lesions (Wicher and
Wicher, 1989). The documented immunological differences between guinea pigs and humans (i.e., absence
of production of Th1 cytokines during experimental infection) and the different histopathology of skin
lesions also disfavor this animal model with respect
to rabbit. Although infection can be experimentally
achieved in mice, these animals do not develop clinical
syphilis, and therefore the model has not been deemed
adequate (Schell et al., 1975; Folds et al., 1983).
Although the vast majority of immunoprotection
experiments have been performed in rabbits (except
for the TmpA, B, and C immunizations performed in
guinea pigs) (Wicher et al., 1989; Wicher et al., 1991),
there has been wide variability in the immunization
protocols used (Table 59.1), particularly with regard to
duration of immunization, dose of antigen, and route
of immunization. These factors are critical to successful immunization studies, yet optimal protocols are
determined almost completely empirically. There is
no effective way to determine the correct combination
of these parameters without actually conducting the
lengthy and labor-intensive experiments. Adjuvant
selection is another critical experimental variable and,
in the absence of knowledge of known markers of protective immunity, little guidance can be offered. Many
recent immunization studies performed in the authors’
laboratories have used the Ribi adjuvant, which contains monophosphoryl lipid A (a TLR4 agonist), synthetic trehalose dicorynomycolate, and cell wall (CW)
skeleton. This adjuvant, which enhances the development of cellular immunity in addition to antibody, has
not been commercially available for several years, but
is soon to become available again. Other than complete
or incomplete Freund’s adjuvant, other more modern
adjuvants have not been explored with T. pallidum vaccine candidate antigens.

ALTERNATIVE IMMUNIZATION
APPROACHES
DNA vaccination and live attenuated bacterial
(LAB) vaccines constitute two very promising branches
of modern vaccinology (Ulmer et al., 2006) whose
application has not been reported yet for syphilis.
Unpublished studies from our laboratories, conducted
in collaboration with Cameron, using a DNA vaccination approach for Gpd immunization, failed to induce
significant protection. Although at the present time
DNA vaccination has no practical use in humans (so
far no clinical trial for DNA vaccines have gone beyond
Phase I/II) (Liu and Ulmer, 2005; Laddy and Weiner,
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2006), their efficacy in many animal models has been
widely documented (Ulmer et al., 2006). It is encouraging that DNA vaccination stimulates both branches
of the immune response, and that the initial limitations
due to poor delivery of the antigen-encoding DNA are
gradually being overcome by many innovative DNA
delivery systems (including the employment of microparticles targeting antigen-presenting cells, electroporation, and intradermal DNA “tattooing”) (O’Hagan et
al., 2006; Ulmer et al., 2006). Furthermore, the employment of DNA-vaccine adjuvant (i.e., CpG motifs in
the vector backbone to activate intracellular TLR and
accessory genes coding for cytokines and chemokines)
(Coban et al., 2005) has greatly improved the effective immunogenicity of these vaccines. Particularly
interesting is also the evidence seen in recent studies
that DNA priming followed by protein boosting can
increase the level of protection above that obtained
with the protein alone (Hall et al., 2002); this may be an
interesting approach to enhance the immune response
against many T. pallidum antigens already shown to
induce partial protection.
The use of LAB vaccines is another interesting
strategy (Daudel et al., 2007), though not yet reported
for syphilis; the administration of T. pallidum antigens
using a living carrier, rather than a coding sequence
as in DNA vaccination, could provide many advantages, including the mimicry of a natural infection, the
natural adjuvant proprieties of bacterial components,
and potentially better immunogen conformation. Live
bacterial vaccines might also be administered orally
or nasally through aerosolization, with the advantage of stimulating mucosal immunity, which is not
achieved by the more traditional immunization practices discussed so far. Although very appealing, this
technique also has potential hazards that will need to
be addressed carefully before the application of LAB
vaccines to humans, including the possibility of systemic infection, reversion of the carrier bacterial strain
from attenuated to virulent, generic perturbation of
the natural flora of the gastrointestinal or respiratory
tracts, and accidental transfer of genetically modified
organisms to unimmunized individuals (Detmer and
Glenting, 2006).

rapid generation of antigenic variants of TprK, and
probably additional yet-unidentified mechanisms.
The recognition of these multi-faceted strategies has
strongly underlined the necessity to identify those rare
surface-exposed antigens in the attempt to develop
more effective vaccines. While the extreme fragility of
the T. pallidum OM and the absence of a host-free cultivation system impede that search, significant progress
has been made in the past decade in our understanding
of T. pallidum and its antigenic structure. Even with
cheap and effective therapy, syphilis is uncontrolled
throughout much of the world; a vaccine is the best
hope for disease control and eradication. The improvement of existing molecular and immunological methodologies, the promise of even more sophisticated
advances in vaccinology, and the public health need
for a syphilis vaccine continually serve to bolster the
enthusiasm and resolve of the investigators who tackle
this difficult organism.

KEY ISSUES
●

●

●

●

CONCLUSIONS
It is clear today that syphilis pathogenesis involves
a very complex strategy that T. pallidum uses to
evade the immune response of the host. This strategy exploits the limited surface immunogenicity due
to a remarkable paucity of integral OM proteins, the

●

Syphilis is a major public health problem globally,
with the highest burden in developing countries. In
addition to adult infection, syphilis is responsible
for a high proportion of stillbirth, spontaneous
abortion, and neonatal morbidity and mortality in
developing countries.
Cheap and effective diagnosis and treatment
of syphilis are available, yet the disease burden
remains high. Lack of access to medical care in
many countries and failure of traditional disease
control methods to eliminate syphilis underscore
the need for a vaccine.
The frequent and prolonged administration of
T. pallidum attenuated by gamma-irradiation has
been shown to provide complete and long-lasting
protection against infectious challenge in the rabbit
model. This approach, however, cannot be adapted
for human studies.
Because T. pallidum cannot be genetically
manipulated or grown in culture, and its OM is
extraordinarily fragile, its protective antigen(s)
have not been identified. The availability of the
T. pallidum genome sequence, however, has
facilitated the identification of key putative surface
-exposed proteins involved in attachment and
antigenic variation. Many of these have been tested
for their ability to induce protective immunity.
Immunization studies in rabbits using recombinant
antigens have demonstrated significant attenuation
of lesion development and progression following
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infectious challenge, but have not provided
complete protection against infection.
The TprK antigen, which undergoes antigenic
variation, and likely contributes to T. pallidum’s
ability to evade the host immune response, is among
the most promising targets for the development of
a vaccine against syphilis infection. Production of
a broadly protective TprK-based vaccine, however,
will likely require immunization with cocktails of
peptides representing the variable regions.
New approaches to immunization under
investigation include DNA prime/protein
boost strategies and development of chimeric
recombinant proteins.
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ABSTRACT
Tuberculosis (TB) is one of the most prevalent infectious diseases worldwide and accounts for a large portion of all
preventable deaths. Latent TB infection is also extremely common, affecting as many as one-third of humans alive
today. Fortunately, only about 10% of TB infection leads to active TB disease. TB is curable with proper treatment,
but treatment programs are labor intensive and increasingly threatened by drug resistance. Furthermore, the long
treatment regimen poses compliance problems, and lack of access to TB care is common. As a consequence of these
combined factors, TB continues to claim 2 million lives per year. An effective vaccine reliably preventing TB disease
in adults would significantly reduce the number of deaths due to TB; however, no such vaccine is available. A live
attenuated strain of Mycobacterium bovis, bacille Calmette–Guérin (BCG), is used with variable efficacy to vaccinate
children against TB in many countries throughout the world. Because BCG protects against meningeal TB in
children and against leprosy in adults, it will be difficult to justify replacing BCG with a new TB vaccine unless
that vaccine is an improved version of BCG, which may take decades to develop and test. Effective vaccines that
could be administered against a background of BCG immunization and/or preexisting Mycobacterium tuberculosis
(Mtb) infection (“postinfection” vaccines) stand to make the greatest and most immediate impact on TB control.
This chapter highlights the most recent history of TB vaccine development and describes TB vaccines that are in
the research and clinical pipelines.

INTRODUCTION
About one in every three persons alive carries the
tuberculosis (TB) infection and is at risk for TB disease (9 million new cases of TB per year) and death
(2 million deaths per year) (WHO, 2007a, 2007b). Most
cases of active TB occur in regions of Africa and Asia,
where TB case finding is difficult or nonexistent and
treatment monitoring is unavailable (Fig. 60.1); thus
the actual impact of TB in those regions is underestimated in the World Health Organization (WHO) global TB program reports (WHO, 2007). TB is a treatable
disease; however, it remains one of the most prevalent
diseases because of the critical disconnect between
the need for care and access to it. Sub-Saharan Africa,
which has the highest rate of TB, reports the lowest
treatment completion rate in the world: of those cases
identified and placed in treatment programs, less than
75% complete treatment.
One of the reasons that very few individuals
complete treatment is that TB treatment takes at least
6 months, and strict adherence to treatment is essential to achieve a cure. Completion rates differ dramatically between TB control programs in the developed
and developing world. Both prompt diagnosis and
effective treatment require trained and motivated
staff, fully functioning laboratories, and reliable drug
supplies. Despite some improvements since the late
1990s, the WHO reported in 2007 that every national
treatment program in the world experienced ruptures
in TB drug supply, too few laboratories, weak quality
control, and limited facilities to carry out culture and
drug-susceptibility testing. In most countries, even
where TB treatment is free or low cost, physicians on
the front line lack the most basic means of testing for

active TB infection [the ability to perform a sputum
smear for acid-fast bacilli (AFB)].
At the level of patient care, difficulties associated with
adherence to a course of therapy over 6 months result in
the development of drug resistance. Drug-resistant TB
has become more common: multidrug-resistant (MDR)
TB accounted for 1 million of the 8 million new cases of
TB identified in 2004, the latest date for which the international statistics were compiled, and extensively drugresistant TB (XDR TB) has emerged. Providing patient
monitoring and continuous access to TB medications
is a significant challenge for TB programs that globally
face a funding shortfall of $1 billion for the next few
years (Feuer, 2007).
Despite these figures, some gains have been made
in recent years. Indeed, a “leveling off” of global TB
incidence was reported (WHO, 2007). However, it is
unlikely that widespread access to TB treatment alone
will solve the problem of TB. The only possible intervention for TB that does not require extended treatment over 6–9 months, trained clinical personnel,
careful monitoring of adherence, and uninterrupted
supply chains is a TB vaccine.
Currently, there is no effective vaccine for reliably preventing TB in adults (Colditz et al., 1994;
Sepkowitz, 2001). A live attenuated strain of
Mycobacterium bovis, bacille Calmette–Guérin (BCG),
is used with variable efficacy to vaccinate children
against TB in many countries (Fine, 1995). Because
BCG protects against meningeal TB in children and
leprosy in adults and is very widely used in children, it will be difficult to perform studies that justify
replacing BCG with a new TB vaccine unless that vaccine is an improved version of BCG. Because of the
chronology of TB infection and disease (10–20 years,
or more), a replacement vaccine for BCG will take
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FIGURE 60.1 Estimated TB incidence rates, 2005. Reproduced with permission from the 2007 WHO report, Global Tuberculosis Control:
Surveillance, Planning, Financing.

decades to develop and test. As illustrated in this
chapter, TB is an extremely successful and robust
pathogen for which several vaccine attempts have
failed. However, if an effective vaccine can be developed, it could have a substantial impact on TB control, even if the efficacy is limited to delaying disease
outbreak and transmission. In particular, vaccines
that could be administered against a background of
BCG immunization and/or preexisting Mycobacterium
tuberculosis (Mtb) infection (“postinfection” vaccines)
stand to have the greatest and most immediate impact
(Nacy and Sacksteder, 2002; Young and Stewart, 2002).

SHORT HISTORY OF THE DISEASE
Paleomicrobiologists date the earliest evidence of
TB back to the Pleistocene epoch, according to a study
that detected the pathogen in 17,000-year-old bison
remains (Rothschild et al., 2001). How and when TB
became a human disease remains unclear, although
evidence from Egyptian mummies from BC 2400 provides an estimate of the latest point it reached humans
(Zink et al., 2003). Only in 1882 was the causative

agent, Mtb, isolated by Robert Koch with the advice
of Fanny Hesse, who recommended that he cultured
bacteria in agar instead of a gelatin-based medium.
Isolation of Mtb heralded the beginning of the fight
against TB, which still continues today. Vaccine and
drug approaches, intensely pursued over the years,
have yielded products for disease prevention or treatment. Most notably, the BCG vaccine, developed in
the early 1900s, has provided billions of people worldwide with protection from childhood TB, meningeal
TB, and leprosy. Because BCG does not adequately
protect against adult pulmonary TB, efforts to develop
a better vaccine continue. The emergence of MDR TB
and the increased risk of TB in persons coinfected
with HIV have raised awareness of the importance of
TB vaccine development.

ETIOLOGIC AGENT
Classification
Mtb is the causative agent of TB. It is a facultative
intracellular, nonmotile, non-sporulating, and rod-shaped
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FIGURE 60.2 This photomicrograph reveals Mtb bacteria using
acid-fast Ziehl–Neelsen stain; magnified 1000⫻ . The acid-fast stains
depend on the ability of mycobacteria to retain dye when treated
with mineral acid or an acid–alcohol solution, such as the Ziehl–
Neelsen or the Kinyoun stains that are carbolfuchsin methods specific for Mtb. Source: phil.cdc.gov CDC-PHIL ID #5789; Date: created
1979; Author: CDC/Dr. George P. Kubica. This image is a work of
the Centers for Disease Control and Prevention, part of the United
States Department of Health and Human Services, taken or made
during the course of an employee’s official duties. As a work of the
U.S. federal government, the image is in the public domain.

bacterium (Fig. 60.2). Interestingly, this obligate aerobe is neither classified as gram-positive nor gramnegative as its cell wall structure, being rich in
mycolic acids and lipids, is atypical of either class
(Prescott et al., 1996). Mycobacterium is a member of
the Mycobacteriaceae family in the Actinobacteria
phylum. It is classified into several major groups for
diagnosis and treatment. Members of the Mtb complex that can cause TB include M. tuberculosis, M. bovis,
Mycobacterium africanum, and Mycobacterium microti.
Nontuberculous mycobacteria (NTM) can cause pulmonary disease resembling TB, lymphadenitis, skin
disease, or disseminated disease. Mycobacterium leprae
causes Hansen’s disease or leprosy. Mycobacterium
avium complex is a group of mycobacterial species
that are a significant cause of death in patients who
are immunocompromised. Species in this complex
include M. avium silvaticum, M. avium hominissuis,
and M. avium. M. avium paratuberculosis has been
implicated in Crohn’s disease in humans and Johne’s
disease in sheep.

Antigens
Sequencing and annotation is complete for Mtb
H37Rv and Mtb CDC1551 as well as for closely
related mycobacteria, including M. bovis, M. leprae,
and M. avium. Mtb H37Rv encodes 3995 proteins of
which 2058 (52%) have functional annotations based

on sequence homology and 376 putative proteins
that may be unique to Mtb (Camus et al., 2002). The
CDC1551 genome contains 4189 protein-coding genes
of which 2235 (53%) have a matching database entry
(Fleischmann et al., 2002). A complete genome comparison between H37Rv and CDC1551 has identified
polymorphic sequences related to pathogenesis and
immunity (Fleischmann et al., 2002).
Antigens that are secreted by Mtb have been the
focus of several TB vaccine development efforts since
these antigens have been shown to induce potent
immune responses in humans (Andersen, 1994, 1997;
Boesen et al., 1995; Horwitz et al., 2000). Additionally,
some studies have shown that responses to secreted
TB antigens have been greater than to those antigens
of cytosolic origin (Mustafa et al., 1998). Secreted antigens have been shown to elicit significant protection
(in animal models), equal in magnitude to BCG, while
also priming responses to a wider range of the antigens than BCG does (Andersen, 1994; Boesen et al.,
1995; Demissie et al., 1999; Sonnenberg and Belisle
1997). Despite the evidence that these proteins are
involved in protection, no single protein or group of
proteins has yet been shown to protect against the
development of active TB infection. When considering that there are more than 3000 open reading frames
in the average mycobacterial genome, it becomes
clear that much remains to be done to discover proteins that might contribute to vaccine development.
Many of the proteins being considered for vaccine
development are summarized in Table 60.1.
Young et al. (1985) have successfully made expression libraries of TB proteins and identified antigens
that are reactogenic with serum and/or peripheral
blood mononuclear cells (PBMC) from animals and
humans exposed to TB. Several of the antigens have
been epitope mapped, using overlapping peptides,
and while many of these antigen-derived peptides
have been confirmed as epitopes, some such epitopes
have been confirmed as being immunodominant
(Mustafa, 1994, 1995).
Yet another approach to antigen discovery for TB
vaccines has been to emphasize Mtb-unique proteins that are upregulated during the growth of Mtb
under stress conditions. Mtb thrives in the most oxygenated parts of the body and, when reactivated,
preferentially establishes infection in the upper lobes
of the lungs (Adler and Rose, 1996). During infection, Mtb bacilli are inhaled and then phagocytosed
by alveolar macrophages. Before the host macrophages become immunologically active, Mtb blocks
the development of a phagosome into a phagolysome
and establishes long-term residence (Russell, 2001).
In order to survive under the hypoxic conditions of
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TABLE 60.1

Selected antigens under consideration for TB vaccine development

Description

Relevant literature

Vaccines in development

These Mycobacterium tuberculosis
proteins were among the first to be
defined and elicit responses in healthy
individuals who are exposed to
M. tuberculosis. However, the BCG
vaccine already expresses these
proteins, as do all environmental
mycobacteria, so the relevance of
these proteins for boosting responses
in developing countries is under
evaluation.

Goonetilleke et al.,
2003; McShane et al.,
2004; Horwitz and
Harth, 2003

Modified vaccinia virus Ankara
that expresses antigen 85: this
might be given to individuals
who have already been
vaccinated with BCG in infancy
to boost both CD4⫹ and cytotoxic
CD8⫹ T cell responses.

ESAT-6

ESAT-6 is one of the low-molecularweight proteins that is unique to Mtb.
For that reason, it appears to be a
critical antigen for protective immune
response, but the use in vaccines is
controversial as the protein is now
used in special Mtb-specific diagnostic
tests.

Skjot et al., 2000;
Okkels et al., 2003

Fusion protein of early secretory
antigenic target 6 (ESAT-6) and
antigen 85B: this aims to prime
or boost the interferon response
to these proteins, which are
immunogenic antigens that are
secreted by M. tuberculosis.

Peter Anderson,
Statens Serum
Institute, Intercell and
Aeras

TB10.4

ESAT-6 homologue, low-molecularweight protein of Mtb

Dietrich et al., 2005;
Skjot et al., 2002

Included in perfringen vaccine as
described by Sadoff (2005)

Aeras

Mtb32 and
39 and
recombinant
fusion protein
Mtb72F

These are immunogenic proteins from
M. tuberculosis that are recognized
by T cells from infants who have
been vaccinated with BCG and from
healthy individuals who live in
regions in which tuberculosis (TB) is
endemic.

Skeiky et al., 2004
Alderson et al., 2000

Mtb72F is a 72-kDa polyprotein
that consists of Mtb32 and Mtb39.

Steve Reed,
GlaxoSmithKline and
Aeras

Mtb19

The 19-kDa antigen is a cell wallassociated lipoprotein present in
M. tuberculosis and in BCG vaccine
strains. The 19-kDa protein has a
detrimental effect on the efficacy of
vaccination with live mycobacteria.

Yeremeev et al., 2000

Targeted elimination of the
19-kDa gene (by RNAi) is one
consideration for live Mtb
vaccines.

No known vaccines
in development

CFP-10

10-kDa culture filtrate protein

Mustafa et al., 2002

Focus has been placed on CFP-10
for diagnostic purposes.

No known vaccines
in development

HSP 65

HSPs are important target antigens
and have poorly understood
immunoregulatory properties.

Johansen et al., 2006

DNA vaccine that encodes
HSP65: this induces CD4⫹ and
CD8⫹ T-cell responses, and it
downregulates Th2 cell responses
in animal models of TB78.

Doug Lowrie

16-kDa alpha
crystallin

Sherman et al., 2001

Agrewala and
Wilkinson, 1998

Ken Huygen

Mtb39a-e

These antigens were found primarily
in the cell lysate with low levels
detected in the culture filtrate.

Dillon et al., 1999.

No known vaccines
in development

LppX

LppX is a lipoprotein required for
the translocation of phthiocerol
dimycocerosates to the surface of
M. tuberculosis.

Lefevre et al., 2000

Sheep immunized with
the recombinant LppX of
paratuberculosis analog mounted
cellular and humoral responses.

No known human
vaccines in
development

MPT64

The MPT64 protein and its
homologues form a highly conserved
family of secreted proteins with
unknown function that are found
within the pathogenic Mtb genus.

Bhigjee et al., 2007;
Cai et al., 2005

Focus has been more recently
placed on MPT64 for diagnostic
purposes, although it is still
being investigated as a vaccine in
animal models.

No known human
vaccines in
development

Ag85A and 85B

Recombinant BCG that overexpresses antigen 85B: this aims
to boost responses to antigen 85 to
a greater extent than BCG usually
does.

Developers
85A: University
of Oxford with
funding from the
Wellcome Trust
and the European
Commission
85B: Marcus Horwitz
and Aeras Vaccine
Foundation

Mtb9.9
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the macrophage phagosome, Mtb alters its metabolism and gene expression to reflect the conditions of
the organelle (Schnappinger et al., 2003). Culturing
Mtb under hypoxic conditions is one way to mimic
the metabolic state of latent TB infection (LTBI) such
that RNA can be isolated and used to generate cDNA
probes for microarray analysis (Sherman et al., 2001).
Proteins that upregulated under these conditions may
be important for effective containment of the LTBI.

PROTECTIVE IMMUNE RESPONSE
Antibody
The role of antibody in the protection against TB
is still under study. A recent study by Chambers et al.
(2004) showed that the monoclonal antibody MBS43
(IgG2b isotype) to MPB83 protected mice against both
high- and low-dose challenge with M. bovis. Other studies have shown that passive transfer of antibodies in
animal models does not confer protection against Mtb
(Dunlap and Briles, 1993). There is a correlation between
specific antibody profiles and TB state in humans. In
one study, antibody levels to six Mtb antigens were
evaluated in serum derived from human subjects
grouped into four diagnostic categories: active disease,
inactive (past) TB, latent infection without radiographic
chest abnormalities, and infection free (Davidow et al.,
2005). Statistical data analyses showed that the latter
two groups were serologically indistinguishable and
active TB and inactive TB were characterized by different antibody profiles. Antibodies to the 38-kDa antigen,
alanine dehydrogenase, and Rv2626c were associated
with active TB, while antibodies to the 16-kDa antigen,
ferredoxin A, and ESAT-6 were associated with inactive TB. This finding has been disputed more recently in
studies performed in populations living in TB-endemic
regions of the world (Hoff et al., 2007).
Some of the disparities among studies may be
due to chronological differences in the expression of
the protein antigens. Bacterial transcription profiling
has been used to explore the correlation between
antigen production and infection stage in human
macrophages (Cappelli et al., 2006). Whether these
fluctuations in antigen presentation might influence
immune response, and thereby need to be considered
in vaccine development, is unknown.

CMI
In contrast with antibody response, adoptive transfer of T cells does confer protection from TB in the

mouse model (Lefford, 1975). In humans, induction
of broad T-cell-mediated immunity to Mtb requires
the involvement of type 1 cytokines: interleukin
(IL)-2, interferon (IFN)-gamma, and tumor necrosis
factor (TNF)-alpha (Kaufmann and Hess, 1999). In
addition, it is clear that CD4⫹ T cells are involved:
The rate of TB reactivation in HIV-infected individuals
is inversely correlated with the number of circulating
CD4⫹ T cells (Shen et al., 2001). It is believed that this
is due to the gradual depletion of T cell clones specific
for the coinfecting pathogen, which in turn is due to
HIV-mediated destruction of activated T cell clones
(Hirsch et al., 2001; Kovacs et al., 2001; Lawn et al.,
2001; Moriuchi et al., 2000). By extension, activation
of immune response increases susceptibility to HIV
(Garrait et al., 1997). Based on the level of immune
compromise at which TB begins to develop relatively
early in HIV infection, CD4⫹ T cells are likely to be
the critical component of cell-mediated immunity to
LTBI. Importantly, T-helper-1 (Th1)-mediated immune
responses have been demonstrated in mouse protection studies as well (Cooper et al., 1993; Flynn et al.,
1993; Scanga et al., 2000). Some studies have shown
that high levels of antigen-specific IFN-gamma
production are found in subjects with active minimal
disease as compared with lower levels in subjects with
advanced disease (Boesen et al., 1995; Sodhi et al.,
1997). Similarly, as compared with active TB patients,
household contacts of these patients were shown
to have greater reactivity to the antigen 85 (Ag85)
complex (Torres et al., 1998). However, these studies
do not establish a causal link between IFN-gamma
production levels and progression to active disease.
Levels of TB-specific IFN-gamma production vary
considerably between those in the periphery and
those at the site of disease (Barnes et al., 1993).
IFN-gamma plays a role in activating specific
macrophages and increasing natural killer (NK) cell
activity, both of which are host protective. Th1-biased
T cell responses to Mtb epitopes not contained in BCG
may help control immune response in latently infected
individuals. While Th1 cytokines are essential for protection, their levels of production do not alone explain
the immunity–susceptibility dichotomy. The spatial and
temporal complexity of the TB granuloma has a significant bearing on the nature and effectiveness of the
cytokine response. The dynamics of granuloma formation and maintenance are reviewed in Russell (2007).
CD8⫹ T cells also play a significant role in TB
immunity (Serbina and Flynn 2001; Serbina et al.,
2001). Importantly, studies of human CD8⫹ -restricted
responses to Mtb antigens have revealed that these
cells play an important role in the control of Mtb replication in the alveolar macrophage (Canaday et al., 2001;
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Lewinsohn et al., 2007). Indeed, CD8⫹ T cells specific
for Mtb antigens were derived from peripheral blood
samples obtained from Mtb-immune donors (Cho
et al., 2000). CD8⫹ T cells may play an important role
in the clearance of Mtb as alveolar macrophages have
been shown to be effective targets of CD8⫹ T cells (Tan
et al., 1997). Ag85A-specific CD8⫹ T cell responses
have also been identified in patients who have active
pulmonary TB (Weichold et al., 2007). Taken together,
these data suggest that stimulation of Th1-biased and
CD8⫹ T cell responses to Mtb epitopes may control
immune responses in latently infected individuals.

Tregs
Recently, several authors have proposed that the
immune responses to latent and active TB also involve
regulatory T cells (Guerkov et al., 2003; Boussiotis
et al., 2000). T regulatory cells (Tregs) express both
CD4⫹ and CD25⫹ on their cell surfaces, express the
regulatory T-cell-associated transcription factor forkhead box P3 (FOXP3), and produce Th1 suppressive
cytokines, such as IL-10 and TGF-beta (Bluestone and
Abbas, 2003). CD4⫹CD25highFOXP3⫹ T cells have been
shown to be elevated in peripheral blood of individuals diagnosed with active TB disease in comparison
with uninfected control subjects or LTBI individuals (Guyot-Revol et al., 2006; Hougardy et al., 2007).
Ex vivo depletion of Tregs from peripheral blood of
active TB patients, but not LTBI subjects, increases
Mtb antigen-specific IFN-gamma responses (GuyotRevol et al., 2006; Hougardy et al., 2007; RibeiroRodrigues et al., 2006). This regulatory phenotype is
also expressed on the cytokine level as the Th1 suppressive cytokines IL-10 and TGF-beta suppress T cell
responses in active TB patients (Boussiotis et al., 2000;
Hirsch et al., 1996). A large population-based study in
Ethiopia found that TB patients have decreased levels
of Th1 cytokines and increased levels of IL-10, when
compared with healthy infected and noninfected controls (Demissie et al., 2004). While active TB and LTBI
exhibit different regulatory T cell responses, it has not
yet been determined if this difference is the cause, or
result, of disease.
Regulatory T cells may also explain anergy in
patients with TB who respond negatively to a skin
test with tuberculin (an Mtb-derived antigen) and
whose T cells secrete the regulatory cytokine IL-10
but release little IL-2 or IFN-gamma in response to
Mtb (Delgado et al., 2002). Some T cells that secrete
IFN-gamma in the lungs of patients with TB also
secrete IL-10 (Gerosa et al., 1999), which indicates
that they may be regulatory T cells, instead of true
Th1 cells.

These data corroborate similar observations made
in murine studies. Transgenic mice that overexpress
IL-10 show evidence of reactivation of chronic TB with
a significant increase in bacterial numbers in the lungs
(Turner et al., 2002). Studies using FOXP3-GFP (green
fluorescent protein) mice illustrate that Tregs suppress
immune responses and contribute to higher bacterial
burden upon aerosol Mtb challenge (Scott-Browne
et al., 2007). These findings underline the need to
improve the Th1, effector T cell bias of TB vaccines
and suggest that LTBI vaccine candidates will need
to overcome a Th2 and regulatory T cell bias that may
occur by coinfection with other pathogenic organisms,
such as roundworms (Rook and Zumla, 2001), which
are factors common in areas where a TB vaccine is
most needed. Complicating the situation, however, is
the role that Tregs play in limiting immunopathological damage. Host suppressor mechanisms that maintain immune homeostasis may qualify Tregs as friend,
not only foe (Mills, 2004). For example, in early stages
of Mtb infection, IL-10 also enhances the function of
NK cells, leading to increased antigen availability
through pathogen destruction (Mocellin et al., 2003).

EPIDEMIOLOGY
Significance as Public Health Problem
During the 1980s and the 1990s, TB reemerged in
the developed world as a result of TB/HIV coinfection
(Daley et al., 1992), but recent efforts to address this
problem have decreased the level of TB transmission
in the Americas and Europe (WHO, 2007). Despite the
decline in TB case rates in the United States, recommendations to test all TB patients for HIV infection are
followed in less than 30% of cases (CDC, 2007a, 2007b,
2007c). For similar reasons, TB remains a significant
burden and major contributor to morbidity in developing countries located in sub-Saharan Africa and the
former Soviet Union.
TB is the 10th leading contributor to the global burden of disease, measured as a function of disabilityadjusted life years (DALYs) (Lopez et al., 2006). TB
accounts for the loss of 34.5 million DALYs, or 2.5%
of total losses in low- and middle-income countries.
In sub-Saharan Africa, which is highly dependent
on manual labor, the impact is even greater—it is the
eighth leading cause of DALY losses, representing 10
million or 2.7% of its total. As a result of the structural inequalities between developed and developing nations, TB remains one of the leading causes of
preventable death throughout the underdeveloped
world.
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Directly observed treatment, short-course (DOTS)
was invented to address the problem of adherence to
therapy. Due to delayed diagnosis of active TB cases,
relapse rates as high as 5% after DOTS, and the inherent difficulty in compliance with the long DOTS regimen, DOTS alone is not expected to eradicate TB (Dye
et al., 1999; WHO, 2000).
The task of TB control is further complicated by the
HIV epidemic and the emergence of drug-resistant TB
strains (Wells et al., 2007). HIV coinfection accelerates
the rate of conversion to active TB: LTBI individuals
who are also HIV-infected have an estimated 7–10%
chance of developing TB within 1 year (Selwyn et al.,
1989), compared to within a lifetime for counterparts
not infected with HIV. Thus TB is currently the leading cause of death from AIDS (Raviglione et al., 1997;
Alban and Andersen, 2007). As the global epidemic
of HIV continues to expand into countries with high
rates of TB, more active TB cases can be expected
(Sepkowitz, 2001).
Both suboptimal TB care and poor patient compliance with the treatment regimen can result in the
emergence of MDR TB. The WHO is now reporting that resistance to first-line anti-TB medications
(including those in the DOTS regimen) was already
as high as 40% in some countries in the late 1990s
(Pablos-Mendez et al., 1998). In fact, resistance to
isoniazid (INH), the first-line drug against Mtb, is
nearly 100% in parts of Russia and Eastern Europe
(Andersen, 2001). Unfortunately, due to the emergence of MDR TB, it is likely that many of the individuals who have latent Mtb infection in those regions of
the world have MDR LTBI. As a consequence of the
continuing expansion of the MDR TB and the HIV
pandemics, the development of an effective TB vaccine
has become a matter of increasing urgency.

XDR TB
The worldwide emergence of XDR TB and a provisional definition for this form of TB were first
reported in 2005. In October 2006, the WHO convened an Emergency Global Task Force on XDR TB,
which revised the case definition to specify resistance
to at least INH and rifampin among first-line anti-TB
drugs, any fluoroquinolone, and at least a secondline injectable drug (amikacin, capreomycin, or kanamycin). During 1993–2006, a total of 49 cases in the
United States (3% of evaluative MDR TB cases) met the
revised case definition for XDR TB. Seventeen (35%)
were reported during 2000–2006, and a trend toward
more frequent reporting of XDR TB in foreign-born
individuals was also noted (CDC, 2007b). XDR TB

presents a challenge to TB control activities worldwide.
To prevent the spread of XDR TB, renewed vigilance
is needed in drug-susceptibility testing, case reporting, specialized care, infection control, and expanded
capacity for outbreak detection and response.

Potential as Biothreat Agent
MDR TB is classified by the National Institute of
Allergy and Infectious Diseases as a Category C priority pathogen (NIH, 2007). As a third-tier biothreat,
it is recognized as an emerging pathogen that may
be widely disseminated because of its accessibility, ease of production, and dispersal and likelihood
of high morbidity and mortality rates (CDC, 2007).
Fortunately, the bacillus is sensitive to radiation (such
as that contained in sunlight) and thus not likely to
survive a dissemination attempt by large-scale aerosolization. Nonetheless, XDR TB and MDR TB both
have greater potential to have a negative impact on
the populations of developing and Eastern European
countries; therefore, TB detection, treatment, and vaccine development should remain high priorities for
the defense of public health.

CLINICAL DISEASE
Diagnosis
Active TB
Chronic cough, hemoptysis, and wasting are
all symptoms of active pulmonary TB. A positive
diagnosis is made using sputum smear and culture
for AFB. Extrapulmonary TB is rare (less than 10%
of TB cases) but most common in children and
immunocompromised individuals. The presence of
AFB can also be detected in urine, pleural fluid, and
cerebrospinal fluid.
LTBI
In the absence of active, ongoing disease, the
diagnosis of LTBI is usually based on a positive skin
test and the absence of ongoing TB disease. The
tuberculin skin test (TST) remains the cornerstone
of LTBI diagnosis—especially in countries where
the test result is not complicated by prior BCG vaccination. New laboratory diagnostics, such as the
enzyme-linked immunosorbent spot (ELISpot), have
been developed and may be better at discriminating between prior BCG vaccination and TB infection
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as they include antigens that are present in Mtb but
not BCG (Johnson et al., 1999). Individuals who have
received BCG vaccine are still considered to have
LTBI if their TST is positive (⬎10 mm). If the TST or
ELISpot is positive, a chest radiograph is performed to
evaluate the presence of pulmonary lesions. If lesions
or other suspicious aspects are detected, the clinician
should perform a sputum examination for AFB and
culture the sputum for Mtb.

Treatment of TB Disease
The American Thoracic Society, Infectious Diseases
Society of America, and Centers for Disease Control
and Prevention issued updated guidelines for the
treatment of TB (CDC, 2003). The most recent TB
treatment guidelines provide a complete discussion
of the drugs currently available to treat TB, including
dosing, dose adjustments needed for renal or hepatic
dysfunction, toxicities, management of common
adverse effects, and information about interactions
between anti-TB drugs and other drugs. Since one of
the key anti-TB agents, rifamycin (rifampin, rifampicin
(RIF), has the potential for drug–drug interactions,
including some antiretroviral medications, special
attention must be given to the treatment of the patient
who has coinfection with HIV and Mtb.
DOTS
DOTS programs focus on increasing patient adherence, the primary determinant in treatment success
rates. DOTS is currently the WHO-recommended
strategy for TB control. DOTS involves treatment with
a four-drug regimen [INH, RIF, pyrazinamide (PZA),
and ethambutol (EMB)] for 6–9 months. DOTS must
be used throughout the entire course of therapy for
best cure rates. The core intervention involves a health
worker who observes the patient when s/he is swallowing each dose of anti-TB medication. DOTS also
involves the regular collection of sputum specimens
until two consecutive samples test negative for AFB.
Although DOTS is labor intensive, the standardized
first-line regimen costs only around $10 per patient
and is associated with a 90% cure rate in the absence
of drug-resistant strains. Up to 89% of countries, both
developed and developing, had implemented DOTS
by the end of 2006. However, since case detection
rate is as low as 50% in some countries, and completion rates for those cases of TB that are detected also
remain low, at a rate of approximately 75% (2004), the
implementation of DOTS remains at best in progress
in most developing countries.

Treatment of LTBI
The preferred treatment for LTBI is 9 months of
INH taken either daily or biweekly. Without DOTS,
the cure rate of the biweekly regimen is worse than
that of the daily regimen since a missed dose in intermittent treatment constitutes a greater percentage of
total doses. Because the levels of primary INH resistance are on the rise, and because of a 0.3% rate of INH
side effects, not all countries recommend treating
LTBI in this way, if at all. In the United States, LTBI
affects 10–15 million individuals, each with a 10%
chance of progressing to TB disease without treatment; thus, in the 1950s, the U.S. Public Health Service
(USPHS) Commissioned Corps began to recommend
and financially support the treatment of LTBI with
INH. Whether for TB disease or LTBI, cure rates are
highest when treatment is administered by those
experienced in the management of TB, or in consultation with someone with such experience. This is
especially true for drug-resistant cases.

PATHOGENESIS
TB Disease Process
TB vaccine development has been hampered by
our lack of understanding of the details of TB pathogenesis. Protective immunity against Mtb occurs
since only 8–10% of Mtb-infected individuals go on
to develop TB, following exposure. However, the set
of host immune responses that determine effective
protection against TB disease remain an enigma.
Mtb is spread in tiny aerosol droplets expelled by
one person and taken up into the lung of another. Mtb
finds its home in alveolar macrophages, where it prevents endosome maturation by inhibiting acidification
through expression of UreC. Infected macrophages participate with other cells (see next section) in the formation of a granulomatous lesion that contains the bacteria
together with host immune cells (Fig. 60.3). Surrounded
by a fibrotic wall, the granuloma is a low-oxygen environment that forces Mtb to enter a reversible state of
dormancy (Boshoff and Barry, 2005). Mtb respiration and
metabolism are significantly diminished and growth
stops. This state of dormancy, or latency from the perspective of the host, is the basis of a truce between host
and pathogen where infection ensues without manifestation of clinical disease. Upon disruption of this fine
balance, oxygen enters the lesion, leading to resuscitation, a molecular process of increasing metabolic and
replicative activity and production of resuscitation
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FIGURE 60.3 Pathogenesis of pulmonary tuberculosis. Infectious Mtb bacilli are inhaled into the lung where they are phagocytosed by
alveolar macrophages. Mtb-containing phagosome fails to acidify beyond 6.4. Infected macrophages produce a localized proinflammatory
response that leads to the recruitment of macrophages and other mononuclear phagocytes and T cells. The recruited T cells can cause infected
macrophages to apoptose or lyse. Alternatively, bacterial replication inside the macrophage can lead to its bursting open. Extracellular bacteria
are then engulfed by surrounding macrophages; together the recruited cells form a granuloma at the center of which are infected macrophages
and foamy macrophages surrounded by a fibrous cuff and a layer of T cells. The stable granuloma walls off the bacteria, preventing them from
causing outward manifestations of disease and from being transmitted to other hosts. In later stages, the granuloma develops a collagenous
fibrous sheath through which few capillaries penetrate and consequently the outer boundary of these granulomas hypoxic. When the immune
status of the host is impaired due to age, malnutrition or coinfection with HIV, the number or function of the patrolling T cells is compromised,
resulting in the structural decay of the granuloma center into a caseous mass of cell debris. The failure of the granuloma leads to the development of a cough that propels the bacteria out through the airways.
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promoting factors (Rpfs) (Downing et al., 2004, 2005).
Rpfs send signals to neighboring dormant bacteria, enabling them to recover. It is thought that resuscitation
may lead to reactivation where high bacterial burden can
develop in lesions causing caseation and cavitation of
the lung. Active disease ensues with lung tissue deterioration leading to weakened lung function and bacterial
dissemination to other organs.

Immune Response to Infection
Mtb-infected cells migrate to nearby draining lymph
nodes, where the host immune response is initiated.
TB bacilli residing in the arrested phagosome shed
antigens that are processed via the major histocompatibility complex (MHC) Class II antigen presentation
pathway (Russell, 2007), leading to a predominantly
CD4⫹ Th1-type response. IFN-gamma and TNFalpha are cytokines associated with this response that
leads to formation of the granuloma to contain Mtb.
Granuloma formation is a complex process involving
recruitment of CD4⫹ T cells, CD8⫹ T cells, and CD1restricted αβ T cells. The CD8⫹ T cell response arises
from cross-priming on MHC Class I molecules via Mtb
antigens that are released from apoptosed infected
macrophages and taken up by dendritic cells.
As described above, both effector and memory
Th1 cells develop in response to antigens expressed
early in infection. Memory cells against early antigens may persist during latency and prevent reactivation but may not be able to contain dormant Mtb,
which expresses a differential set of antigens that are
controlled by DosR genes (Voskuil et al., 2003;
Sherman et al., 2001; Schnappinger et al., 2003).
Indeed, non-Th1 (Th2 and regulatory) cytokine levels
are elevated in patients in advanced stages of disease
(van Rie et al., 1999; Rook et al., 2004,), which suggests that the T cell response may be refocused from
Th1 to Th2 or suppressed by Tregs in the course of
reactivation. This idea is supported by the finding
that IL-10-overexpressing mice have a higher bacterial
burden in later stages of infection (Turner et al., 2002).
Much remains to be learned about the host immune
response to Mtb infection.

VACCINES
History
Prophylactic Vaccines
BCG, the live attenuated vaccine for TB developed
by Albert Calmette and Camille Guérin between 1908
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and 1921 remains the most widely distributed vaccine
in use in the world today. It is estimated that 76% of
children born in 2002 received (BCG) vaccination, recommended by the WHO because it confers protection
against childhood TB (Trunz et al., 2006) and leprosy
(Sterne et al., 1996). Despite this wide coverage, BCG’s
efficacy is highly variable, ranging from 0% to 80%
against adult pulmonary TB (Colditz et al., 1994). The
suboptimal efficacy of BCG occurs for a number of
possible reasons, including waning efficacy over time,
differences between BCG sub-strains (Wu et al., 2007),
deletion of protective antigens found in Mtb, and failure of BCG to stimulate adequate balanced CD4⫹ and
CD8⫹ T cell responses.
A number of different approaches to developing
novel TB vaccines are being actively pursued. In the
next section, we will review prophylactic vaccination
(live vaccines such as augmented BCG, live attenuated Mtb, and subunit) and then focus on “therapeutic
vaccination” approaches.

Currently Licensed Vaccines
The only currently licensed TB vaccine is BCG.
There are a number of BCG strains (BCG “Pasteur,”
BCG “Copenhagen,” etc.), each of which was attenuated from an original BCG strain through serial passage. The strains used in BCG are well known to be
divergent from the original strain developed at the
Pasteur Institute. As a result of years of passage in
geographically distant laboratories, the following vaccine strains are now recognized: BCG Russia/Moreau/
Japan; BCG Sweden/Birkhaug; BCG Glaxo/Danish
(passage 1331)/Merieux (passage 1077)/Prague; BCG
Pasteur (passage 1173)/Tice/Frappier/Connaught/
Phipps (Brosch et al., 2007) (Fig. 60.4).

Vaccine Recommendations, Including
Potential to Administer with Other Vaccines
BCG is given as a single intradermal injection in the
deltoid. It is rarely given to adults, and in fact, BCG
is not used in the United States, except for therapy of
certain cancers (bladder cancer, for example). In the
developing world, BCG is given to newborns; vaccination coverage is approximately 80%. In Europe,
10 countries recommend BCG for children under
12 months, five countries give the vaccine to older
children, and 10 countries give the vaccine to children
considered to be at increased risk (due to the country of origin, close contact, or travel). Seven countries
do not recommend the use of BCG as a routine
vaccination. Revaccination is given to children in four
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The major commercial producers include Pasteur
Merieux Connaught, Evans-Medeva, and Japan BCG
Laboratory (WHO, 1999). As noted above, not all BCG
vaccine strains are identical.

Virulent M. bovis
Attenuation
1908–1921
Original BCG

1924

DU2
Group I

BCG Russia
BCG Moreau

1925

BCG Japan

DU2
Group II
δint

BCG Sweden
1926
BCG Birkhaug

1954

BCG Glaxo

1989
BCG Merieux

DU2
Group III
δint

BCG Prague

1931

BCG Danish

BCG Frappier
BCG Connaught

BCG Pasteur

DU1

BCG Phipps

DU2
Group IV
δint

1961

Despite the fact that BCG is one the most widely
implemented vaccines, the mechanism of action of this
vaccine is not well understood, and different strains
of BCG have demonstrated wide-ranging degrees of
efficacy in studies carried out in different regions of
the world (from 0% protective efficacy to greater than
80%). Some of the countries in which protective efficacy is low or lacking choose not to administer BCG
at all. Where BCG is administered, age at vaccination
varies from at birth to 15 years of age, depending on
the country.

Duration of Immunity

BCG Tice
1934
1948

Indications for Vaccination/Target Populations

FIGURE 60.4 Genealogy of BCG vaccines. Repeated passages
of virulent M. bovis gave rise to the live attenuated BCG vaccine in
the early 1920s. BCG was circulated to multiple laboratories where
daughter strains with differing genomes were produced by further passage over the years. BCG vaccines are distributed into four
major groups according to their major genomic polymorphisms,
tandem duplications (DU), and internal deletions (Dint). Adapted
from Brosch et al. (2007).

countries. Where BCG is provided as part of universal
vaccination, BCG coverage is very high (83–99.8%).
Despite vaccination, TB has been observed in vaccinated children, and due to the lack of efficacy and the
potential for side effects (see below), nearly half the
countries in Europe were considering revisions of their
vaccine policies in 2005 (Infuso and Falzon, 2006).

Countries where Vaccine is Licensed,
Including Manufacturers
BCG has near universal licensure and is produced
by 40 or more manufacturers around the world.

Duration of immunity afforded by BCG is not well
characterized. Studies that show a protective effect of
BCG indicate that immunity lasts 10–20 years (Sterne
et al., 1998). Interestingly, a retrospective study of
BCG vaccines found a sex difference in waning vaccine efficacy with a decline for men but not women
(Aronson et al., 2004). While this finding corroborates
data from a herpes simplex virus type 2 vaccine study
(Stanberry et al., 2002), it remains to be confirmed in
a future, prospective BCG study that is designed to
address this hypothesis.

Contraindications of Vaccination, Including
Special Risk Groups
BCG is contraindicated for immunocompromised
individuals since the vaccine can cause disseminated infection in these individuals (WHO, 2007b).
Despite widespread knowledge about the potential
effects of BCG in immunocompromised individuals,
this recommendation was only recently extended to
HIV-infected children who have received the bulk of
BCG vaccination since the beginning of the HIV epidemic. The prevalence of BCG disease that develops
in HIV-infected infants who have received BCG is yet
to be determined, although recent reports are alarming: One study concluded that the risk of disseminated BCG disease is increased several hundred-fold
in HIV-infected infants compared to the documented
risk in HIV-uninfected infants (Hesseling et al., 2007).
Population- and hospital-based surveillance will be

IV. BACTERIAL VACCINES

64_P369408_Ch60.indd 1230

11/5/2008 7:31:49 PM

VACCINES

required to accurately estimate morbidity and mortality associated with BCG vaccination in HIV-exposed
and infected infants.

Adverse Events
BCG has an excellent safety record when properly administered to healthy persons, although BCG
can cause pain and scarring at the site of injection in
healthy individuals. If BCG is delivered subcutaneously, it can cause skin infection that can spread to
lymph nodes. It should also be noted that BCG should
not be given to purified protein derivative (PPD) skin
test-positive (LTBI) individuals. Skin testing is recommended prior to BCG vaccination because BCG can
cause significant local inflammation that contraindicates its use for persons who are already skin test
positive.
The Case for Further TB Vaccine Research and
Development
INH treatment for LTBI provides an excellent yardstick against which the potential commercial success
of an effective TB vaccine can be measured. In the
United States alone, between 1954 and 1997, the use
of anti-TB treatment reduced the number of newly
diagnosed cases of active TB by 32%, the number
of mortalities by 81%, the number of life years lost
by 87%, and the cost of medical treatment by 76%.
The total financial burden of illness over this time
period (including the value of lost life years) was
reduced from $894 billion to $128 billion in 1997
(Javitz and Ward, 2002). Thus, a TB vaccine that
would prevent the progression of LTBI to active disease would reduce medical expenditures in the United
States by approximately $250 million per year.
As already described, vaccines against TB can be
divided into two types: vaccines to prevent primary
TB infection and vaccines to prevent reactivation of
latent TB disease. Vaccination to prevent primary TB
infection would eliminate mycobacteria before they
are able to take up residence in host macrophages,
thereby eliminating the potential for the development of latency and eliminating the potential for later
development of full-blown TB disease. Vaccination
during LTBI would contain infection, preventing the
multiplication of Mtb bacilli and the development of
full-blown TB disease.
The ideal vaccine would be an effective vaccine to
prevent TB infection. Such a vaccine would help reduce
the global burden of TB. However, replacing BCG with
a new TB vaccine is likely to be very difficult, for many
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of the reasons already stated—it has been shown to
be protective in infants. Demonstrating superiority of
a new vaccine over BCG will also be difficult since a
Phase III prevention study comparing BCG to a new
vaccine requires a time frame of 10–20 years.
On the other hand, an effective vaccine targeting
LTBI would significantly reduce the global burden
of TB and is predicted to be cost-effective (Dye, 2003;
Aeras, 2007). Furthermore, it could also be used in
the context of BCG pre-immunization since the goal
of such a vaccine would be to “boost” preexisting
immune responses. Performing Phase III trials with
a dual-purpose vaccine in LTBI- or BCG-immunized
adults would be simpler and pose less risk than performing large, prospective Phase III comparisons of
BCG with a new preventative TB vaccine in children.
Which approach should be used when building a
vaccine for TB? Clearly, the most relevant approach
would be to stimulate immune responses that correlate with protective immune response in natural TB
infection. Fortunately, a protective immune response
to TB can indeed be generated (unlike the situation
with HIV) since only 8–10% of Mtb-infected individuals go on to develop TB. Unfortunately, it is not perfectly clear what the critical components, or correlates,
of immunity to TB might be.

Discovery/Basic Science
A variety of vaccine approaches are currently under
exploration. These include attenuated live vaccines,
subunit vaccines, vectored vaccines, and epitopedriven vaccines; each will be described in the following sections.
Attenuated Live Mtb Vaccines Attenuated live Mtb
vaccines, produced by targeted inactivation of regulatory proteins, contain antigens that are otherwise missing in BCG without being virulent themselves. For
example, inactivation of PhoP diminished Mtb virulence and elicited immune responses similar to parental Mtb (Soto et al., 2004). Auxotrophic Mtb mutants,
such as the one produced by targeted deletion of the
panC, panD, and lysA genes, are similarly live vaccines
that are infective but replication deficient. The panCpanDlysA vaccine produced similar responses to the
BCG vaccine (Sambandamurthy et al., 2005). A similar panCpanD mutant with deletion of the RD1 region,
which is thought to be partly responsible for attenuation of BCG, also produced responses comparable to
BCG (Sambandamurthy et al., 2006). A major drawback of the live TB vaccine approach is safety concerns
about reverting mutations that may restore virulence.
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Moreover, the delicate balance between sufficient
attenuation and protective efficacy is difficult to strike.
Recombinant BCG Vaccines rBCGΔureC:Hly is a
recombinant BCG that expresses listeriolysin and carries a urease deletion mutation. It is being developed
by Vakzine Projekt Management GmbH under license
from the Max Planck Society. This vaccine secretes listeriolysin to form pores in the endosome and enable
escape of BCG into the cytoplasm of infected cells to
induce CD4⫹ and CD8⫹ T cell responses. Urease is
deleted to provide the optimal pH conditions for listeriolysin function. In preclinical studies, this vaccine
induced increased efficacy compared with the parental
BCG strain (Grode et al., 2005). The vaccine is currently
under good manufacturing practice (GMP) production,
and Phase I clinical trials are expected to begin in early
2008. A similar recombinant BCG vaccine that combines antigen overexpression and endosome escape
approaches is under development by the Aeras Global
TB Vaccine Foundation. Aeras-X03 overexpresses Mtb
antigens Ag85A, Ag85B, Rv3407, and TB10.4. To enable endosomal escape of Mtb antigens for induction of
CD4⫹ and CD8⫹ T cells, this modified BCG expresses
perfringolysin (similar to listeriolysin) and bears a urease deletion mutation (Skeiky and Sadoff, 2006). It is
in late-stage preclinical development and expected to
enter Phase I clinical trials in 2008.
Bacterial Vectors Aeras-X05 is a bacteria-vectored
oral vaccine under development by Aeras. Mtb antigens
Ag85A, Ag85B, and Rv3407, encoded in Shigelladelivered double-stranded RNA nucleocapsids,
induce high levels of CD8⫹ T cells. It is in late-stage
preclinical development and scheduled for Phase I
clinical trials in 2008.

Clinical Trials
Some newer approaches are currently in clinical trials. These include modified BCG vaccines, vectored vaccines, and subunit vaccines; they are described according
to the phase of clinical trail in the next section.
Phase I
Viral-Vectored Vaccines Aeras and Crucell Holland
B.V. developed Aeras-402, a viral-vectored TB vaccine
that entered Phase I safety trials in the United States
in 2006. The replication-incompetent adenovirus
35 vector carries genes for the expression of Mtb
antigens Ag85A, Ag85B, and TB10.4 to induce

IFN-gamma-producing CD4⫹ and CD8⫹ T cells. In
preclinical studies, the vaccine exhibited protective
T cell responses in two mouse strains with distinct
MHC backgrounds. This result suggests that the Mtb
antigens may encode sufficient numbers of protective
T cell epitopes to provide broad coverage of heterogeneous MHC haplotypes in humans (Havenga et al.,
2006; Radosevic et al., 2007).
Subunit Vaccines Two protein subunit vaccines
are currently in Phase I clinical trials in the United
States and Europe. In 2006, GlaxoSmithKline (GSK)
and Aeras joined forces to begin a clinical trial of
M72, a recombinant fusion of Mtb antigens Rv1196
and Rv0125. The vaccine is delivered with GSK
proprietary adjuvant AS02. Like M72, HyVac4 is an
adjuvant subunit vaccine. It was developed on the
heels of Hybrid-1, a fusion molecule of the Ag85B
and ESAT-6 antigens (Agger et al., 2006), which was
abandoned because ESAT-6 had shown utility in diagnostic tests. HyVac4 is a recombinantly expressed
fusion of Mtb antigens Ag85B and TB10.4 that is delivered in IC31, an Intercell proprietary adjuvant based
on a cationic peptide KLKL5KLK and immunostimulatory oligodeoxynucleotide ODN1a. It was developed
by the Statens Serum Institute, Intercell, and Aeras
(Aeras-404) and entered Phase I clinical trials in 2007.
Phase II
The most advanced new TB vaccine in clinical trials is MVA85A, a viral-vectored vaccine developed by
Adrian Hill and Helen McShane at the University of
Oxford with funding from the Wellcome Trust and the
European Commission. MVA85A, which is intended
to be used as a BCG booster, is a modified vaccinia
Ankara (MVA) virus that expresses Mtb antigen
Ag85A (Chambers et al., 2004). MVA is an attenuated
strain of vaccinia virus with a safety record established
in humans during the smallpox eradication campaign. MVA85A completed Phase I in Gambia, South
Africa, and the United Kingdom in BCG-naive and vaccinated healthy adults. The vaccine was safe and
generated high levels of antigen-specific IFN-gammasecreting T cells in both patient groups (Dunlap and
Briles, 1993). In Phase II, which began in July 2007 in
Gambia, 471 HIV-negative 4-month-old babies will be
evaluated for MVA85A-induced immune responses
at various dosing levels as well as for interactions
with other vaccinations, including those for diphtheria, pertussis, tetanus, and Haemophilus influenzae
type b. In South Africa, the vaccine is being tested in
HIV-infected adults.

IV. BACTERIAL VACCINES

64_P369408_Ch60.indd 1232

11/5/2008 7:31:50 PM

VACCINES

Phase III
Although there are currently no new TB vaccines
in Phase III clinical trials, the Working Group on New
TB Vaccines under the Stop TB Partnership has set the
target for licensure of a safe, effective vaccine available at reasonable cost by 2015.

New TB Vaccines in Development
A number of vaccines to prevent TB are under
development although few of these vaccines are
directed at the problem of LTBI. As no adequate animal model of TB exists, most TB vaccine research
is performed in mice (who, unlike humans, do not
develop cavitary TB lesions in their lungs) and in
guinea pigs (who develop TB lesions that resemble human disease). Since animal models are poor
predictors of TB vaccine efficacy, trial sites are being
prepared in locations where TB is highly prevalent
around the world.

Vaccines to Prevent Mtb Disease in the
LTBI Host
Revaccinating subjects who have LTBI with
BCG has never been considered to be a very effective means for preventing TB disease—indeed, the
first trial of BCG for this indication failed more than
80 years ago. One reason that this approach may
have failed is that exposure to Mtb antigens could
exacerbate latent disease. This effect was recently
demonstrated in the context of live or heat-treated
BCG, with or without lipid adjuvants, on the recurrence of Mtb in latently infected mice (Moreira et al.,
2002). In these experiments, increased antigen-specific T cell proliferation was observed, but there was
no reduction in bacterial load in the lungs of BCGvaccinated mice rechallenged with Mtb and, perhaps
more worrisome, larger lung granulomas were discovered. This effect seemed to be due to increased expression of TNF-alpha and IL-6. The studies appeared to
demonstrate that providing Mtb antigens in the context of prior Mtb infection leads to immune activation, exacerbating lung pathology. The exacerbation
may be due to TNF-alpha-induced inflammation. It
is however possible that the effect of immunization
with whole BCG, including bacterial cell membranes,
lipids, and other components, shifted the immune
response to Th2-type responses, which would be associated with TNF secretion.
In contrast, immunization of mice with pure
(recombinant) antigens, as in the experiments
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performed with DNA by Repique et al. (2002), did
not appear to exacerbate LTBI or increase disease
pathology following rechallenge. A number of other
researchers have also failed to demonstrate that postexposure vaccination prevents relapse in mice with
latent TB. For example, Turner et al. (2000) showed
that a DNA vaccine that was effective against a primary infection did not protect when administered
immunotherapeutically in a postexposure model. In
addition, immunization with either BCG or a heatkilled Mycobacterium vaccae vaccine did not alter the
relapse rate in a murine model of dormant TB (Collins
and Mackaness, 1970).
A DNA vaccine expressing the heat shock protein
65 (hsp 65) vaccine has been the subject of a great deal
of controversy. This vaccine was first shown to be
successful in the prevention of TB recurrence in the
Cornell model of MDR TB by Lowrie and associates
(Tascon et al., 1996). Only a few years later, another
group of researchers claimed that the hsp 65 vaccine might exacerbate TB in mice (Orme et al., 2001).
In latter studies, mice appeared to develop discrete
regions of cellular necrosis throughout the lung.
Similar reactions were seen in mice given a vaccine
with DNA coding for the Ag85 antigen of Mtb (Taylor
et al., 2003). The relevance of this study to DNA
immunization in humans is yet to be determined.
Thus, at least four recent attempts at developing
LTBI vaccines have failed in murine models or had
equivocal results. Morris and others have postulated
that this failure may be due to the effect of LTBI itself
on immune cells. While competent immune response
against latent TB appears to be maintained in most
hosts because the bacteria are contained inside the
granulomas, the type of response that is required
to clear infection may be qualitatively different.
To reduce or eliminate LTBI, a vaccine may need to
promote greater macrophage (or dendritic cell) activation. For example, Britton and coworkers have
shown that DNA immunization in conjunction with
plasmids expressing IL-12 are effective means of
inducing TB immunity (Palendira et al., 2002). IL-12
can also be given as a recombinant protein, which
avoids the problem of prolonged IL-12 exposure due
to DNA delivery. Alternatively, coadministration with
adjuvants that increase Th1 response, such as CpG
motif-containing plasmids, may overcome the refractory nature of local immune response.

New Approach to TB Vaccine Development:
Epitope-Driven Vaccines
Taking the Lowrie, Morris, and Kaplan studies
in context, “whole” TB vaccines (based on BCG, or
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attenuated Mtb) for LTBI may have an adverse effect
on the immune response due to the priming of the
immune system for Th2-type responses. As neither
Lowrie nor Morris observed exacerbation in LTBI mice
vaccinated with DNA vaccines, removing the protein
antigens from the context of the whole or killed bacteria appears to reduce the Th2 effect associated with
mycobacterial cell wall components, which may in
turn be responsible for the increased pathology. This
suggests that it is worth pursuing a vaccine based
on the delivery of multiple antigens—or epitopes
derived from these antigens—in an immunostimulatory adjuvant or perhaps in conjunction with the TB
vaccine developed by Lowrie. Thus, as an alternative
to replacing BCG, it may be possible to develop such
a genome-derived multi-epitope/antigen vaccine as
would afford additional protection from TB disease
in individuals already either vaccinated with BCG or
latently infected with TB.
A new paradigm of TB vaccine development is
therefore emerging, based on the concept that an
ensemble of epitopes could stimulate protective Th1
immune responses, while the whole antigen and/
or the whole organism might suppress immune
responses. This new paradigm is based on the following observations. Following exposure to a pathogen,
epitope-specific memory T cell clones are established.
These clones respond rapidly and efficiently upon
any subsequent infection, elaborating cytokines, killing infected host cells, and marshaling other cellular
defenses against the pathogen. Broad T cell response
may resemble multidrug TB therapy in that multiple
T cell clones may be able to contain the bacteria or
significantly impair bacterial replication, leading to
clearance of the bacilli.

PROSPECTS FOR THE FUTURE
An effective TB vaccine will have a significant
economic benefit in terms of global health. Experts estimate that such a vaccine would be worth at least $25
billion in terms of avoided medical spending worldwide. More specifically, the 1 billion people who are
currently at risk of developing TB following exposure
could expect to save $25 in medical costs if they had
received a 75%-effective vaccine for 10 years (Weis et
al., 1999; Bishai and Mercer, 2001). An effective LTBI
vaccine could easily be priced in the same range as
the hepatitis vaccine ($50 per dose or $150 per threedose regimen) in the developed world. Pricing in that
range would generate more than $500 million in revenue in the U.S. market and as much or more in other

developed countries where the LTBI rate is as high as
50 times the rate in the United States. In the developing world, the current intervention for active TB costs
$5 per DALY. An effective vaccine priced at $1 per dose
would be equivalent to the cost per DALY of a directly
observed short-course therapy for LTBI. According to
the WHO, an acceptable price for an effective TB vaccine might be as high as $10 per dose in developing
countries, given the urgency of the TB epidemic.
Significant progress is being made in terms of new
vaccines in the pipeline, due to the infusion of funding from philanthropic organizations in the past decade. The expansion of the number of vaccines should
not diminish the sense of urgency for a new TB vaccine but, rather, should serve to stimulate additional
funding to support the development of vaccines from
bench to clinic, so that we do not fall short of this
important goal.

KEY ISSUES
●

●

●

●

●

●

●

●

●

Mtb transmission is a worldwide public health
threat.
Upon infection, the host mounts an immune
response that contains but does not eradicate Mtb.
Infected individuals have a 10% lifetime risk of
Mtb reactivation that leads to lung disease and
dissemination to other organs.
HIV-co-infected individuals have a 7–10% risk
of reactivation in 1 year. TB has emerged as the
leading cause of death from AIDS.
The TB pandemic has continued unabated despite
the use of directly observed chemotherapy
programs. Moreover, multidrug-resistant and
extensively drug-resistant TB have emerged and
require control to prevent spread.
Vaccination is a means to bring TB under control by
preventing transmission or providing therapy.
BCG, the only licensed TB vaccine available today,
is administered to millions of people every year.
While BCG reduces the incidence of TB in children,
meningeal TB, and leprosy, it does not reliably
prevent adult pulmonary TB, the most common
form of the disease.
New vaccines to replace or boost BCG are under
development from the discovery stages to
preclinical development to Phase II clinical trials
today.
Vaccine development approaches include live
attenuated Mtb, recombinant BCG, viral- and
bacterial-vectored, and subunit- and epitopedriven vaccines.
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KEY ISSUES
●

TB research and development underfunding
threatens to prevent achievement of the goals for
new diagnostics, drugs, and vaccines by 2015 as
set out by the Stop TB Partnership.
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ABSTRACT
Francisella tularensis has four subspecies: tularensis, holarctica, mediasiatica, and novicida. It is a zoonotic pathogen,
capable of infecting a wide range of hosts, from amoebae to rodents and humans. Of the subspecies, F. tularensis
subspecies tularensis is the most virulent for humans. There are diverse presentations of tularemia, depending on
the route of infection. The most common is ulceroglandular tularemia, which is acquired by the bite of an infected
insect vector, or through infection of skin abrasions. The most acute form of disease is respiratory tularemia,
arising from inhalation of the bacterium, for example, through contaminated hay dusts. The pathogen has a very
low infectious dose for humans by the inhalational route. Infection responds well to antibiotic therapy, but if left
untreated mortality rates can be high. For these reasons, the pathogen has long been of concern as a biothreat
agent. An attenuated live vaccine strain, strain LVS, was awarded investigational new drug status and shown to
be effective in preventing tularemia. However, this vaccine has never been fully licensed, and its investigational
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new drug status has now been revoked. Thus, there is renewed effort underway to develop an effective licensable
vaccine against F. tularensis infection. The availability of genome sequence data should help in the search for a
new vaccine, by facilitating the identification of attenuation targets or potentially protective subunits. However,
the immunity required for protection against high-virulence strains of F. tularensis requires both humoral and cellmediated responses to be induced.

INTRODUCTION
Francisella tularensis is one of the most infectious
pathogens known and is able to cause the disease
tularemia after entering the body via a number of
routes. Respiratory tularemia is of greatest concern
in humans because of the acute nature of the disease. So infectious is this pathogen by the airborne
route that Overholt et al. (1961) stated that “The hazard of infection with F. tularensis is well recognized;
few persons escape illness if they continue to work
with the organism.” It is probably the high infectivity by the airborne route and the ease of culture that
in the past attracted some to develop this bacterium
as a bioweapon. During the middle of the twentieth
century, there was a significant effort to devise a vaccine against tularemia. A live vaccine was shown to
be effective in laboratory workers, but this vaccine
is currently not licensed. Against the background
of an increased threat from biological weapons and
increased research into the biology of this organism,
there is an urgent need for an effective licensed vaccine against tularemia. This chapter reviews past work
to devise vaccines against tularemia and assesses the
prospect for improved vaccines.

SHORT HISTORY OF THE DISEASE
The first reported isolation of F. tularensis was in
1911 in Tulare County, California and followed an outbreak of a plague-like disease in rodents (McCoy and
Chapin, 1912). The bacterium was originally named
Bacterium tularensis, then subsequently placed in the
Pasturella genus followed by a move to the Brucella
until finally being assigned to a new genus entitled
Francisella in 1947 (Dorofe’ev, 1947). Although the
bacterium was originally isolated from rodents, naturally occurring tularemia has since been reported
in mammals, birds, amphibians, fish, and even in
invertebrates (Morner, 1992). Until recently, the only
reported cases of tularemia in humans or in animals
were in the Northern Hemisphere. However, there has
recently been a report from Australia of an infection in

humans caused by a strain of F. tularensis subspecies
novicida (Whipp et al., 2003). At this stage it is not clear
whether this is an exceptional case of disease, or the
bacterium is more widely distributed in the Southern
Hemisphere than was previously thought.

ETIOLOGIC AGENT
Tularemia is caused by the etiological agent F. tularensis. The bacteria stain weakly Gram-negative. The
cells are small, 0.2 to 0.5 μm by 0.7 to 1.0 μm, single
coccobacilli. The organism is fastidious, requiring
enriched media for growth, and has a requirement for
cysteine. The organism will grow on general microbiological agars used routinely in US clinical laboratories,
such as Thayer-Martin, sheep blood, and chocolate
agars. Traditionally, the organism has been cultured
on cysteine glucose blood agar, but cysteine heart agar
supplemented with heated sheep red blood cells to give
a chocolate agar has also been used (Anonymous, 2001).
F. tularensis is slow-growing on solid media, requiring
2–4 days incubation to produce individual colonies at
37°C. On blood agar, a small zone of alpha-hemolysis develops. F. tularensis does not grow well in liquid
media and requires a heavy inoculum for growth. The
organism will not grow in standard laboratory liquid
media used by US clinical laboratories, such as brain
heart infusion or trypticase soy broth. Growth in aerobic enriched media can take up to a week to produce
visible turbidity; static cultures will take a minimum of
10 days. A synthetic, defined medium for the growth of
Francisella is available (Chamberlain, 1965).
The identification of F. tularensis and differentiation
of its subspecies has traditionally been accomplished
by observing growth characteristics and biochemical
analysis. Besides being time consuming and tedious,
cultivation results in a high risk of laboratory-acquired
infection (Burke, 1977). In view of these problems, the
diagnosis of tularemia has relied mainly on clinical
picture backed by serology. However, antibodies are
usually not detected before the second week of disease
(Koskela and Salminen, 1985). Moreover, due to its
fastidious growth requirements and slow growth rate,
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F. tularensis is a member of the gamma subdivision of the Proteobacteria. There are two species in the
Francisella based on 16S rDNA sequencing and fatty
acid composition; F. tularensis and Francisella philomiragia (Hollis et al., 1989; Forsman et al., 1994). There are
currently four recognized subspecies of F. tularensis.
F. tularensis subspecies tularensis is the most virulent
of the four subspecies and is found primarily in North
America (Fig. 61.1), whereas F. tularensis subspecies
holarctica is less virulent and is found mainly in Europe
and Asia. F. tularensis subspecies mediasiatica is isolated
in central Asia and F. tularensis subspecies novicida primarily in North America. Subspecies mediasiatica and
novicida rarely cause disease in humans. The highly
virulent F. tularensis subspecies tularensis strains have
infectious doses (IDs) for humans of less than 10 CFU,

making this one of the most highly infectious bacterial
pathogens known.
Francisella-specific 16S rRNA sequence signatures
have allowed the development of PCR-based methods for the identification of Francisella strains at the
genus level and differentiation at the species level.
PCR amplification of the rRNA gene cluster combined
with endonuclease digestion has been used for typing
of Francisella strains, allowing differentiation at the
species level but not at the subspecies level. Repetitive
extragenic palindromic sequence (REP)-PCR has been
applied to identify strains of subspecies novicida, but
patterns from subspecies holarctica and subspecies
tularensis strains were found to be similar. Recent
studies have evaluated the use of PCR based on the
use of various arbitrary primers as well as of primers
specific to REP and enterobacterial repetitive intragenic consensus sequences (ERIC). It was concluded
that the methods were useful for rapid and a technically simple strategy for discrimination of subspecies
but not of individual strains. A 30-bp sequence heterogeneity among the genomes of various F. tularensis strains was found by the use of PCR and arbitrary
priming; by targeting this genomic region a PCR was

(A)

Francisella tularensis subsp. tularensis

(B)

Francisella tularensis subsp. holoarctica

(C)

Francisella tularensis subsp. mediasiatica

(D)

Francisella tularensis subsp. novoicida

isolation of the bacterium directly from the environment is hampered since other bacteria can grow more
rapidly on most media used to culture F. tularensis.

CLASSIFICATION

FIGURE 61.1 Worldwide distribution of F. tularensis subspecies. Reproduced from Oyston et al. (2004).
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developed that distinguished the two clinically most
important subspecies, tularensis and holarctica.
Work to determine the complete genome sequence
of a virulent subspecies tularensis strain, SCHU S4,
also allowed the production of an ordered clone
microarray. Hybridization patterns of DNA isolated
from a range of strains representing the various subspecies revealed a hyperplastic region different in
each subspecies. This allowed the development of a
PCR whereby the four subspecies could be differentiated (Broekhuijsen et al., 2003). However, it must be
borne in mind that the ordered clone array was developed prior to complete assembly and analysis of the
genome sequence data, and as such there may be gaps
in the coverage provided by this array.

ANTIGENS EXPRESSED BY THE
ORGANISM
The genus Francisella is antigenically coherent and
the subspecies are almost indistinguishable by serological methods, although the LPS of F. tularensis subspecies novicida discriminates this subspecies from
the others (Prior et al., 2003; Vinogradov et al., 2004).
Serological tests for confirmation of tularemia rely on
the detection of antibodies produced against LPS.
Several proteins have been identified that are able
to induce the proliferation of T cells isolated from LVS
vaccinees or convalescent individuals (Table 61.1),
two of which were putative surface proteins of 32 and
17 kDa (Sandstrom et al., 1987; Sjostedt et al., 1990a,
1990b; Surcel et al., 1991). The role of these proteins in
infection is not known.
Western blotting of outer membrane preparations,
with sera from patients who had contracted tularemia
during an outbreak in Sweden, showed patient-topatient variation in immune response (Bevanger et al.,
1988). However, one protein of 43 kDa termed FopA
appeared to be immunodominant as all 12 patients
tested produced antibodies against this antigen.
Recently, a proteomic analysis was undertaken to identify the immunologic proteins expressed by strain LVS,
recognized by C3H/HeN and C3H/HeJ mice, and naturally infected humans (Havlasová et al., 2005). Strong
murine antibody responses were detected to 36 F. tularensis proteins, 27 of which were identified for the first
time as being immunogenic (Table 61.1). Eight proteins
were recognized by both mouse and human: ClpB, an
outer membrane protein, malonyl-Co-A-acyl carrier
protein transacylase, GrpE, oxidoreductase, a hypothetical protein, 10 kDa chaperonin, and a probable
sigma modulation protein.

TULAREMIA AS A PUBLIC HEALTH
PROBLEM
Tularemia has been isolated from several parts of
the Northern Hemisphere but has only rarely been
found in the Southern Hemisphere (Fig. 61.1). The
majority of cases of human disease are reported from
Scandinavia, Northern America, Japan, and Russia
(Boyce, 1975; Ohara et al., 1996; Stewart, 1996; Tarnvik
et al., 1996b; Berdal et al., 2000). Although outbreaks
of tularemia are rare, they can involve a high number
of cases. For example, in a recent outbreak in Bulgaria,
262 cases were confirmed, mainly presenting with
oropharyngeal tularemia (Christova et al., 2004). The
outbreak was caused by F. tularensis subspecies holarctica, probably contracted from food and water that
had been contaminated by infected rodents. In an
outbreak in Sweden, almost 700 cases of respiratory
tularemia were reported, and in another more than
500 cases of ulceroglandular tularemia reported. The
source of pathogen was most likely either carcasses or
secretions of infected animals.

TULAREMIA AS A BIOTHREAT AGENT
F. tularensis subspecies tularensis has been an organism of concern since the large state-funded biological weapons programs of the 1950s, when the USA
and the former Soviet Union (fSU) first evaluated the
organism as a biological weapon. It is a highly infectious organism inducing a potentially fatal disease,
but no licensed vaccine is available for prophylaxis.

CLINICAL DISEASE
The typical symptoms of tularemia occur after an
incubation period of 3–5 days and the onset of disease is often abrupt with fever, chills, malaise, sore
throat, and headache (Evans, 1985; Evans et al., 1985).
However, other symptoms of disease are dependent
largely on the route of entry of the bacterium into the
body. The most common form of the disease, and representing 90% of all cases in Europe, is ulceroglandular
tularemia. The disease is acquired following direct contact with an infected animal or is vector-borne (Tarnvik
et al., 1996a; Ohara et al., 1998). At the site of the vector
bite, a primary ulcer develops (Fig. 61.2a) followed by
the development of a pustule surrounded by inflammation (Evans, 1985; Evans et al., 1985). In some cases,
the ulcer is inconspicuous and heals within a week
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TABLE 61.1 Immunogenic proteins identified from F. tularensis
Antigen

Recognition by convalescent antisera?

Recognition by convalescent
T cells?

43 kDa outer membrane protein (FopA)

Yes (Bevanger et al., 1988)

NR

Outer membrane protein

Yes (Havlasová et al., 2005)

NR

Chaperone DnaK

Yes (Havlasova et al., 2002)

Yes (Ericsson et al., 2001)

Omp-1-like proptein

Yes (Havlasová et al., 2005)

NR

17 kDa lipoprotein (Tul4)

Yes (Havlasova et al., 2002)

Yes (Sjostedt et al., 1990a, 1990b)

Cationic 19 kDa OMP precursor

Yes (Havlasová et al., 2005)

NR

Hsp60

Yes (Havlasova et al., 2002)

Yes (Ericsson et al., 2001)

Hsp10

Yes (Havlasova et al., 2002)

Yes (Ericsson et al., 2001)

GrpE protein

Yes (Havlasová et al., 2005)

NR

HtpG heat shock protein

Yes (Havlasová et al., 2005)

NR

Elongation factor TU

Yes (Havlasova et al., 2002)

NR

Elongation factor Ts

Yes (Havlasová et al., 2005)

NR

Glycine cleavage system T1 protein

Yes (Havlasova et al., 2002)

NR

Hypothetical protein

Yes (Havlasova et al., 2002)

NR

Hypothetical protein

Yes (Havlasová et al., 2005)

NR

Putative periplasmic protein

Yes (Havlasová et al., 2005)

NR

Malonyl CoA-acyl carrier protein

Yes (Havlasová et al., 2005)

NR

Acetyl-coenzyme A carboxylase transferase subunit

Yes (Havlasová et al., 2005)

NR

Biotin carboxylase subunit of acetyl CoA carboxylase

Yes (Havlasová et al., 2005)

NR

Oxidoreductase

Yes (Havlasova et al., 2002)

NR

Succinyl-CoA-synthetase subunit

Yes (Havlasová et al., 2005)

NR

Biotin carrier protein

Yes (Havlasova et al., 2002)

NR

club

Yes (Havlasová et al., 2005)

NR

Pyrrolidone-carboxylate peptidase

Yes (Havlasová et al., 2005)

NR

Hfq

Yes (Havlasová et al., 2005)

NR

Chitinase

Yes (Havlasová et al., 2005)

NR

Isocitrate dehydrogenase

Yes (Havlasová et al., 2005)

NR

Peroxidase catalase

Yes (Havlasová et al., 2005)

NR

Malate dehydrogenase

Yes (Havlasová et al., 2005)

NR

Transketolase

Yes (Havlasová et al., 2005)

NR

Citrate synthase

Yes (Havlasová et al., 2005)

NR

Nucleoside diphosphate kinase

Yes (Havlasová et al., 2005)

NR

Glyceraldehyde-3-phosphate dehydrogenase

Yes (Havlasová et al., 2005)

NR

50S ribosomal protein

Yes (Havlasova et al., 2002)

NR

Probable bacterioferritin

Yes (Havlasova et al., 2002)

NR

3-dehydroquinase

Yes (Havlasova et al., 2002)

NR

Histone-like protein

Yes (Havlasova et al., 2002)

NR

Probable signal modulation protein

Yes (Havlasová et al., 2005)

NR

Two-component response regulator

Yes (Havlasová et al., 2005)

NR

Single-strand binding protein

Yes (Havlasová et al., 2005)

NR

and may be mistaken for an insect bite. Subsequently
the most obvious sign of disease is enlargement of
the draining lymph nodes (Evans, 1985; Evans et al.,
1985). If appropriate antibiotic therapy is not instituted

within 7–10 days, the enlargement may become even
more prominent and in 30–40% of cases suppuration
eventually results (Helvaci et al., 2000). Recovery from
ulceroglandular tularemia can be protracted but the
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(B)

(A)

(C)

20.0 µm

(E)

(D)

FIGURE 61.2 Pathogenesis of F. tularensis infection. (a) In typical
human ulceroglandular tularemia, a skin lesion first appears at the
site of infection after 3–5 days. (b) The bacteria (shown here labeled
with green fluorescent protein) are taken up by macrophages, where
they escape killing and multiply to high levels within the cytoplasm
of the cell. (c) A transient bacteremia occurs seeding the organism throughout reticuloendothelial tissues of the body. (d) A wide
range of cytokines are expressed in the reticuloendothelial tissues;
for example, infected hepatocytes produce TNF-α, IL-10, IL12, and
IFN-γ. (e) As infection progresses, T cells play a more significant role
in protection. Neutrophils also appear to play a role in defence by
ingesting and killing microorganisms, lysing infected hepatocytes,
and acting as a source of cytokines.

mortality rate associated with this form of disease is
typically less than 3% (Evans et al., 1985).
Respiratory tularemia is the consequence of the
inhalation of bacteria, and naturally occurring cases
of disease are usually the result of farming activities
when dusts contaminated with the bacterium are generated (Tarnvik et al., 1996b). Often exposure occurs
during the clearing of barns or other storage areas that
infected rodents have colonized (Syrjala et al., 1985;
Stewart 1996). The symptoms of respiratory tularemia
are quite variable and the disease commonly presents
as a systemic illness with fever but without obvious
signs of respiratory disease (Dahlstrand et al., 1971;
Evans et al., 1985). Respiratory infection caused by
F. tularensis subspecies holarctica is often a relatively
mild infection. Other common symptoms of disease
included headache, myalgia, dry cough, and arthralgia
(Syrjala et al., 1985). Respiratory tularemia caused by
F. tularensis subspecies tularensis is a much more acute
disease characterized by high fever, chills, malaise,
dyspnea, and cough (Evans, 1985; Evans et al., 1985).
Pulmonary symptoms, including cough, substernal
pain, and tachypnea are more common than in the
respiratory disease caused by F. tularensis subspecies
holarctica. Without antibiotic therapy the case fatality
rate is typically up to 30–60% but with appropriate
therapy this can be reduced to less than 2% (Dennis
et al., 2001). The respiratory from of the disease caused

by F. tularensis subspecies tularensis is the most likely
consequence of the deliberate release of the bacterium.
Other forms of tularemia are much less common.
Typhoidal tularemia is a relatively ill-defined form
of the disease in which septicemia develops without lymphadenopathy or the appearance of an ulcer.
Oculoglandular tularemia can occur following the contamination of the eye with bacteria (Steinemann et al.,
1999). The disease is marked by the development of
ulcers and nodules on the conjunctiva, and the infection
can spread to the local lymph nodes. Oropharyngeal
or gastrointestinal tularemia can develop following the ingestion of bacteria in water of foodstuffs
(Stewart, 1996; Tarnvik et al., 1996b). Oropharyngeal
disease is characterized by a sore throat with enlargement of the tonsils and the formation of a yellow-white
pseudomembrane (Ellis et al., 2002). The severity of
gastrointestinal tularemia can range from a mild and persistent diarrhea to an acute fatal disease with extensive
ulceration of the bowel (Ellis et al., 2002).

TREATMENT
Following the possible exposure of an individual to F. tularensis, chemotherapy should commence
immediately and continue for at least 14 days. The isolation of the individual is not necessary since humanto-human transmission of the disease has not been
reported. F. tularensis is susceptible to a range of antibiotics in vitro, and historically the aminoglycoside
streptomycin has been the drug of choice for the treatment of tularemia (Enderlin et al., 1994). Nowadays
streptomycin is not the preferred drug of choice
because of the associated ototoxicity, but it is an option
for the treatment of tularemia meningitis. Gentamicin
provides an acceptable alternative. However, because
of the need for parenteral administration and the
continuous monitoring of serum levels, aminoglycosides are only the drugs of choice for serious forms of
tularemia and in cases where there are no alternative
efficacious regimens available, such as treatment of
children and pregnant women (Dennis et al., 2001).
Tetracyclines have also been used extensively to
treat tularemia, and due to its excellent pharmacokinetics, doxycycline is the preferred choice (Tärnvik
and Berglund 2003). It is a second-line treatment for
uncomplicated forms of ulceroglandular tularemia. To
avoid the possibility of relapse, tetracycline therapy
should continue for at least 2 weeks.
Other antibiotics might also be of value for the treatment of tularemia, although clinical experience using
these drugs for this disease is more limited. In vitro data
indicate that F. tularensis is susceptible to carbapenems,
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ceftriazone, ceftazidime, rifampin, and certain macrolides, but there is a lack of clinical data to recommend
any of them for clinical use (Tärnvik and Berglund,
2003). Additionally, there is widespread natural resistance to erythromycin among strains of subspecies holarctica. The quinolones have excellent in vitro efficacy
against F. tularensis (MIC 0.01–0.1 mg/L (Johansson et al.,
2002)) and several reports have demonstrated the utility
of ciprofloxacin for the treatment of tularemia (Enderlin
et al., 1994; Johansson et al., 2000, 2001; Perez-Castrillon
et al., 2001). Based on published clinical evidence and
microbiological data, ciprofloxacin is becoming the
drug of choice for treatment of uncomplicated tularemia
and as a second line of treatment for severe infections
(Dennis et al., 2001). It may also be of value for treatment of tularemia in pregnant women. Excellent clinical efficacy for treatment of children has been reported
(Johansson et al., 2000). In a mass casualty setting, it has
been suggested that the oral administration of ciprofloxacin is the drug regime of choice (Dennis et al., 2001).
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play a role (Conlan and North, 1992). The intracellular lifestyle of F. tularensis is unique compared to other
intracellular bacterial pathogens. The phagosomes
containing F. tularensis show limited maturation in the
endocytic pathway (Golovliov et al., 2003; Clemens
et al., 2004). The phagosome matures to a late endosome-like stage, but there is no lysosome fusion. The
bacterium then escapes into the cytoplasm by disruption of the phagosomal membrane and multiplies to
high numbers.
Little is known about the molecular mechanisms
of Francisella pathogenesis. The recently published
genome sequence of a highly virulent strain revealed
a paucity of potential virulence factors (Larsson et al.,
2005). However, a genomic island required for intracellular survival and growth has been reported, the
iglC gene contained therein being responsible for the
inhibition of lysosomal fusion (Santic et al., 2005).

IMMUNE RESPONSES TO INFECTION
PATHOGENESIS
F. tularensis is able to infect a wide range of hosts,
with a typical ID in humans of only ten bacteria
(McCrumb, 1961). Very few classical virulence factors have been identified for this pathogen. It does not
apparently produce secreted exotoxins, and the LPS of
F. tularensis does not exhibit the properties of a classical endotoxin (Sandstrom et al., 1992).
In typical human ulceroglandular tularemia, a skin
lesion first appears at the site of infection 3–5 days
after infective exposure (Fig. 61.2). During this initial phase, T cells appear to play little role in combating infection, but the cytokines tumor necrosis factor
(TNF) and interferon gamma (IFN-γ) play a key role
in response to infection (Elkins et al., 1993). A transient
bacteremia occurs, during which the pathogen must
resist lysis by complement. The capsule is reported
to be essential for serum resistance, but not required
for survival following phagocytosis (Sandstrom et al.,
1988). The bacteremic phase allows the organism to
be seeded throughout the body, infecting all reticuloendothelial tissues. As infection progresses, T cells
appear to play a more significant role in protection
(Conlan et al., 1994; Yee et al., 1996; Fulop et al., 2001).
Neutrophils also appear to play a role in defence by
ingesting and killing microorganisms, lysing infected
hepatocytes, and acting as a source of cytokines
(Conlan et al., 1994; Sjostedt et al., 1994).
The pathogenicity of intracellular bacteria depends
upon their ability to survive within macrophages,
although other cell types such as hepatocytes may

Following a natural infection with F. tularensis,
most of the antibody that develops is directed against
the LPS. Additionally, several studies (Bevanger et al.,
1988; Sjostedt et al., 1990a, 1990b; Ericsson et al., 2001;
Havlasova et al., 2002, 2005) have identified at least
some of the protein antigens which are recognized by
either immune sera or T cells (Table 61.1).
Recovery from natural infection generally provides
long-lasting protection against reinfection with F. tularensis. However, there have been relatively few studies
on the nature of protective immunity to tularemia. In
a review published in 1989 (Tarnvik, 1989), and based
largely on studies carried out during the period 1940–
1960, both humoral and cellular responses were identified as being important for protection, but the relative
contributions of these arms of the immune system to
protection were different. During the 1930s and 1940s,
there were several studies to evaluate immune sera for
the treatment of tularemia (Foshay 1934; Foshay 1946).
These studies yielded contradictory results. For example, Foshay, (1934, 1946) claimed that antisera was effective in the treatment of tularemia, whereas Francis and
Felton (1942) claimed that antisera was of little value in
treating disease. Overall, the current consensus is that
antibody to F. tularensis can play a role in protection
or recovery from tularemia caused by low-virulence
strains. However, the role of antibody in protection or
recovery from disease caused by high-virulence strains
is at best minimal (Tarnvik, 1989).
Conversely, the evidence points to cellular responses
playing a major role in protection from tularemia

IV. BACTERIAL VACCINES

65_P369408_Ch61.indd 1247

11/5/2008 6:50:04 PM

1248

FRANCISELLA TULARENSIS

caused by all strains of F. tularensis (Tarnvik, 1989).
The transfer of mononuclear leukocytes from immune
to naive mice or from immune to naive rats provides
protection against a subsequent challenge with a virulent strain of F. tularensis (Allen, 1962; Thorpe and
Marcus, 1965). However, these studies do not clarify
the roles of activated phagocytes and committed leukocytes. During the early stages of the disease, T cells
appear to play a minor role in the control of the infection (Elkins et al., 1993). However, cytokines such as
IFN-γ and TNF-α are important for the resolution of
disease (Elkins et al., 1993; Fortier et al., 1994), possibly
because they play roles in the activation of phagocytic
cells such as macrophages. Later during infection,
both CD4⫹ and CD8⫹ T cells play a role in protection.
Mice devoid of either subset of T cells were capable of
controlling but not eliminating infection (Conlan et al.,
1994; Yee et al., 1996; Fulop et al., 2001).
Circulating γδ T cells might also play an important
role in protection or recovery from tularemia and the
expansion of this subset of T cell has been reported
in individuals recovering from tularemia (Poquet
et al., 1998; Kroca et al., 2000). Phosphoantigens that
are expressed in vivo are strongly implicated in the
development of this response (Poquet et al., 1998). It is
known that γδ T cells play a key role in the control of
some intracellular infections (Hiromatsu et al., 1992),
but the role of these cells in the control of tularemia
has yet to be determined.

VACCINES
History
Live Attenuated Vaccines
During the early part of the twentieth century
research to devise a vaccine against tularemia was
carried out both in the USA and in the fSU. In the
fSU, work appeared to be focused on the development of a live attenuated vaccine, and in 1934 El’bert
demonstrated proof of principle that a live attenuated vaccine was a realistic prospect (Ellis et al.,
2002). Subsequently, a live attenuated vaccine (strain
Moscow) was reportedly tested in several thousand
human volunteers, before being lost (Tigertt, 1962).
Subsequent work resulted in the generation of strain
15, which had reduced virulence in guinea pigs. This
strain, given subcutaneously, was tested extensively
in humans and it was concluded that this vaccine was
safe (Tigertt, 1962). The strain 15 vaccine was used in a
number of mass-vaccination campaigns in the fSU, in

areas where outbreaks of tularemia occurred naturally.
In total, as many as 60 million individuals were immunized. Subsequently, an additional live vaccine termed
strain 155 was developed and produced along with
strain 15 at the Gamleya Institute. Both of these strains
were transferred to the USA in 1956. These strains were
propagated and subcultured to provide the so-called
“Live Vaccine strain” (LVS), though it is uncertain
whether LVS was derived from strain 15 or strain 155.
All of the evidence points towards these live attenuated vaccines as being effective for the prevention of
tularemia in humans. In one study in the USA, both
individuals immunized with a live attenuated vaccine and naive individuals were exposed to airborne
F. tularensis (McCrumb, 1961). This study showed that
the degree of protection afforded by immunization
depended on the challenge dose (Table 61.2). Good protection against a challenge of 10 IDs was reported but
when challenged with 1000 IDs the degree of protection was marginal (McCrumb, 1961). In another study,
the incidence of laboratory-acquired tularemia at Fort
Detrick in Maryland was shown to reduce markedly
following the introduction of the LVS vaccine (Burke,
1977). Interestingly, this study also shows that the use
of microbiological safety cabinets alone was insufficient to reduce the incidence of disease. Collectively,
these findings indicate that a live attenuated vaccine is
effective for the control of tularemia.
Although live attenuated vaccines were generally
given by the intradermal/subcutaneous route, there
is a significant body of evidence that oral, aerogenic,
and intranasal immunization also provides protection against tularemia (Eigelsbach and Tulis, 1961;
Eigelsbach et al., 1962). Some of these studies suggested that the aerogenic rather than intradermal route
of immunization provided a higher level of protection
against a subsequent respiratory challenge (Hornick
and Eigelsbach, 1966). This finding might be in accordance with more recent studies which have shown that
mice immunized with the LVS strain by the intranasal
route are better protected against a subsequent challenge than mice immunized by the intradermal/subcutaneous route (Conlan et al., 2005; Wu et al., 2005).
During the selection of the LVS strain in the USA,
the phenomenon of blue and gray variant colonies was
first highlighted. When grown on certain solid media
and viewed under obliquely transmitted light, colonies
appeared to have either a gray or a blue tint (Eigelsbach
and Downs, 1961). Subsequent studies in mice and in
guinea pigs showed that only immunization with blue
variant colonies resulted in protection against a subsequent challenge with F. tularensis (Eigelsbach and
Downs, 1961). During the subsequent manufacture of
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TABLE 61.2

Protection afforded by immunization with a live attenuated strain of F. tularensis

Challengea

No illness

Control

10 IDc
100 ID
1000 ID

None
None
None

LVS vaccinated

10 ID
100 ID
1000 ID

5/6
3/5
None

Group

Modified disease

Unmodified diseaseb

None
None
None

None
None
None

2/2
2/2
2/2

1/6
1/5
None

None
1/5
2/3

None
None
1/3

Transient illness

a

By the airborne route.
These individuals were treated with streptomycin.
c
ID, human infectious dose; 1 ID ⫽ 200 cfu by the airborne route.
b

batches of the vaccine by the National Drug Company
(USA), the control of the proportion of gray variant
colonies was an area of significant concern. In addition to the potential for the LVS strain to segregate into
different colony variants, there is evidence that marginal differences in cultural conditions can affect the
immunogenicity of the vaccine (Hambleton et al., 1974;
Cherwonogrodzky et al., 1994). The potential for significant variation in batches of vaccine is highlighted
by comparing the properties of different batches. For
example, the NDBR101 lot of vaccine contained 1% gray
colony variants whereas one of the last vaccine lots produced contained 20% gray cells (Sandstrom, 1994).
Whilst in the past this vaccine has been used in
humans as an investigational new drug, currently the
LVS vaccine is not available. The potential for batch-tobatch variation of vaccine lots, along with the lack of
information on the molecular or biochemical basis
of attenuation, has so far precluded the full licensing
of this vaccine for use in humans. It has been suggested (Sandstrom, 1994; Ellis et al., 2002) that any
future work to license this vaccine should especially
focus on characterizing the LVS strain in the following
ways. It would be essential to establish a reliable seedstock and to devise a method for the reliable quantification of blue and gray variant colonies in batches of
vaccine. This may then allow methods for the culture
of the LVS strain to be established which ensure that
the proportion of blue variant colonies is reproducible.
Additional work is required to establish the genetic or
biochemical basis of attenuation of the LVS strain and
identify mechanism of protection.
Killed Whole-Cell Vaccines
Much of the work on killed whole-cell vaccines
took place in the USA during the 1930s and 1940s,
and was driven by an early observation that immune

sera could modify the course of tularemia in humans
(Foshay, 1934, 1946). However, the significance of this
finding is still debated. As highlighted above, antibody
can place a role in protection against low-to-medium
virulence strain of F. tularensis. The individuals who
were involved in these trials of antisera were naturally infected and it is not clear whether they had been
infected with strains of F. tularensis subspecies holarctica or F. tularensis subspecies tularensis. Without this
information it is difficult to make a meaningful judgment on the value of antisera to treat disease.
Notwithstanding this concern, there were a number
of reports on the preparation and efficacy of killed
whole-cell vaccines during the 1940s, 50s, and 60s.
Various methods for killing the bacteria cells and
extracting immunogenic components were reported
including acetone, heat, and phenol treatments (Foshay
et al., 1942; Foshay, 1946, 1950). Some of these vaccines
reportedly caused significant side effects in human volunteers, including the development of lesions at the site
of immunization (Foshay, 1950). The available evidence
does not conclusively indicate that these vaccines are
of value in preventing tularemia. In animal models
of disease, such as the mouse, guinea pig, or rabbit,
killed vaccines failed to increase the level of resistance to infection or to modify the severity of the disease caused by F. tularensis subspecies tularensis given
intraperitoneally, intracerebrally, or subcutaneously
(Eigelsbach and Downs, 1961). In monkeys immunized with a killed vaccine, the susceptibility to infection by the subcutaneous or intradermal route was not
modified. However, the severity of disease after challenge with 10 organisms (but not after challenge with
750 or 2600 organisms) was reduced (Eigelsbach and
Downs, 1961). The phenolized and acetone-extracted
vaccines (or the Foshay vaccines) underwent some
limited trials in humans. The immunization of laboratory workers or hunters with the Foshay vaccine
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provided only slight protection against disease
(Eigelsbach and Downs, 1961). Volunteer studies indicated that the vaccine reduced the severity of disease
caused after intracutaneous challenge with 10 organisms of F. tularensis subspecies tularensis (strain SCHU
S4), but did not provide any protection against disease
caused by the inhalation of 50 organisms (Eigelsbach
and Tulis, 1961). Overall, it can be concluded that
killed whole-cell vaccines, at least those prepared in
the ways reported above, are not tularemia vaccines.

Subunit Vaccines
There have been a limited number of studies to
identify protective polysaccharides or proteins from
F. tularensis, which might be exploited as components
of a subunit vaccine. These studies have generally
met with limited success. The immunization of mice
with purified LPS induced a humoral response that
was able to protect mice against low-virulence strains
of F. tularensis subspecies holarctica (Fulop et al., 1995,
2001). However, this immune response served only
to extend the time to death following challenge with
high-virulence subspecies tularensis strains (Fulop
et al., 2001; Conlan et al., 2002). This difference in protective efficacy does not appear to reflect differences
in the structure of LPS. Other workers have evaluated
antigens such as the 17 kDa TUL4 protein (Sjostedt
et al., 1992; Golovliov et al., 1995), the FopA protein
(Fulop et al., 1995), or heat shock protein 60 (Hartley
et al., 2004) as protective antigens, without success.

Current Licensed Vaccines
There is no current licensed vaccine for use in
Europe or in the USA.

methods for producing defined isogenic allelic replacement mutants has been published recently (Lauriano
et al., 2003); (Santic et al., 2005) opening the way to the
production of attenuated vaccines.
Defined allelic replacement mutagenesis has been
used in a variety of bacterial species to produce vaccine strains capable of limited replication in the host.
In many cases, the genes targeted are in biosynthetic
pathways, such as purine or aromatic amino acid biosynthetic pathways. The genes for these pathways are
all present in F. tularensis, and the organism can grow
in media lacking purines or tyrosine, respectively,
showing the pathways to be fully functional (Karlsson
et al., 2000). The availability of the F. tularensis subspecies tularensis SCHU S4 genome sequence (Larsson
et al., 2005) will aid the identification of target genes
for inactivation, especially when compared to the
strain LVS genome once this is completed (http://bbrp.
llnl.gov/bbrp/html/microbe.html).
The genome sequence data, supported by proteomic
analysis (Lenco et al., 2005; Pavkova et al., 2005), will
also help in the search for suitable protective subunits.
However, it may be that in order to stimulate a suitable immune response, a protein antigen would have
to be delivered with an appropriate adjuvant or using
a vector system that would allow induction of a
cellular immune response, for example, using a DNA
vaccine.

POSTEXPOSURE
IMMUNOPROPHYLAXIS
There is no therapy available in the form of vaccination or antibody therapy available for use post
exposure. Antibiotics are effective for the treatment of
infection (reviewed above).

Vaccines in Development
The history of immunization of humans with
live attenuated vaccine strains has shown that an
attenuated mutant can induce a protective immune
response against virulent strains of F. tularensis.
However, because these vaccines were all derived from
strains of F. tularensis subspecies holarctica, a much
debated question is whether or not an attenuated
mutant of F. tularensis subspecies tularensis would provide improved protection against disease. The main
problems associated with developing such defined
attenuated strains have been the lack of genetic tools
to manipulate F. tularensis and the difficulty of transforming subspecies tularensis strains. However,

PROSPECTS FOR THE FUTURE
Efforts are underway to develop an effective licensed
vaccine to prevent tularemia. Enhanced funding,
especially by US agencies such as the National
Institute of Allergy and Infectious Diseases, has resulted
in an increased research effort on this pathogen.
However, a downside to this is the increased risk of
laboratory-acquired infection due to a lack of experience
in handling such a highly infectious pathogen. For
example, in a recent incident at Boston University
three researchers were infected with a highly virulent
strain (Dalton, 2005).
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F. tularensis is one of the most infectious pathogens
known.
Respiratory tularemia is an acute disease.
F. tularensis has long been of concern as a biothreat
agent.
Antibiotic therapy is effective.
There is no licensed vaccine available.
A live attenuated vaccine (LVS) has been shown
to be effective in humans, but is probably not
licensable.
Protection appears to be dependent on cellular
immunity.
To date no protective subunits have been
identified.
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ABSTRACT
African trypanosomiasis, otherwise known as sleeping sickness in humans and Nagana in cattle, is resurgent in
Africa. Research suggests that the development of a vaccine is still far away and that existing drugs are becoming
ineffective on account of the emergence of drug-resistant trypanosomes. These infections contribute to heavy
economic losses and sociopolitical crises in the continent thus underscoring the pressure to intensify research for
inexpensive less toxic and affordable trypanocides and effective vaccines. African trypanosomes are transmitted
from reservoir hosts to livestock by several species of tsetse flies and other biting insects. In each host the parasite
undergoes many life-cycle stages involving forms with discrete morphologies, patterns of gene expression, and
proliferation. In each case there developmental changes are precisely programmed.
Infected animals develop fever, weight loss, and progressively become weak and unproductive; breeding
animals, if left untreated, may abort or become infertile. Most animals die of anemia, heart failure, or intercurrent
bacterial infections as a result of the animal’s weakened resistance. Highly productive exotic breeds tend to be
susceptible. In human trypanosomiasis, a similar course of events take place with parasites ultimately invading
the brain, resulting in the disease syndrome known as “sleeping sickness.”
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In Africa, trypanosomiasis occurs in 37 countries, extending over 10 million square kilometers which is about
a third of the continent. It is recorded in this region that an estimated 50 million cattle, about 30% of Africa’s total
cattle population, are exposed to the risk of infection. Africa produces about 70 times less animal protein per
hectare than Europe, and this is on account of the widespread incidence of trypanosomiasis.
Trypanosomiasis control is focused on the use of insecticide spraying to control the vector tsetse populations
and on regular treatment of livestock at risk with trypanocidal drugs. The high cost of regular drug and insecticidal
treatment, the limited effectiveness of insecticide application in high-rainfall areas and concerns on environmental
pollution, the emergence of parasites resistant to available drugs make tsetse and trypanosomiasis control difficult
and expensive.
The development of a vaccine against trypanosomiasis by conventional approaches has been unsuccessful. All
African trypanosomes are covered by a thick glycoprotein coat made up of variant surface glycoproteins (VSG),
which act as shield for underlying invariant immunogenic proteins. VSG, the predominant surface antigen in
African trypanosomes, prevents trypanosome lysis by alternative complement pathway, and enables the organism
to avoid adaptive immune responses via the phenomenon of antigenic variation.
In order to pursue chemotherapeutic control of trypanosomiasis, intensive research into several aspects of
the basic biology of the parasites, the role of tsetse flies in transmitting disease, and the responses to infection of
different breeds and species of livestock are mandatory. This chapter will review developments in trypanosomiasis
research and the current progress in vaccine research.

INTRODUCTION
Sleeping sickness, or human African trypanosomiasis (HAT), is an endemic parasitic disease exclusively located in intertropical Africa (Fig. 62.1) where
it is transmitted by its unique vector, the tsetse fly
or Glossina (Fig. 62.2a) (Vickerman, 1985). This vector is exclusive to the African continent. East African

trypanosomiasis is caused by the parasite Trypanosoma
brucei rhodesiense and West African trypanosomiasis
by Trypanosoma brucei gambiense. East African trypanosomiasis occurs in parts of Eastern and Central
Africa, including Uganda, Kenya, Tanzania, Malawi,
Ethiopia, Zaire, Zimbabwe, and Botswana. West
African trypanosomiasis is found in parts of Western
and Central Africa (Fig. 62.2b). The inoculation of
trypanosomes into mammalian hosts triggers a series

African Trypanosomiasis

Human African Trypanosomiasis
Epidemic
High Endemic
Endemic
At risk

FIGURE 62.1 Geographical distribution of human African trypanosomiasis (HAT).
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INTRODUCTION

of events involving, innate and adaptive immunity.
The latter requires an efficient presentation of parasitic
antigens, activation of T and B cells implying specific
antigen receptor recognition, and the development
of effector cells and molecules. These mechanisms
are highly regulated by multiple signals delivered
through a large number of receptors transduced across
the plasma membrane and processed.
During co-evolution with their hosts, trypanosomes have learnt to cope with host immune systems,
by penetrating, diverting, and altering the numerous
steps leading to the generation of an effective immune
response. Major modifications of immune systems have
been observed in trypanosomiasis: lymphadenopathy,

(A)

(B)

Cattle
Tsetse

FIGURE 62.2 (a) The tsetse fly, Glossina morsitans; (b) geographical
distribution of tsetse flies and cattle in the African continent.
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splenomegaly (up to 30 times the normal size) with
destruction of lymphatic tissue architecture and hypergammaglobulinemia (Maurice and Pearce, 1987).
Animal trypanosomiasis occurs throughout the
tropical regions of Africa and in large areas of Asia
and South America. It affects cattle, sheep, goats,
pigs, horses, camels, and man. Also, wild animals
can be infected with the parasites; however, they seldom suffer from disease. They serve as the reservoir
of infection for domestic animals. The most important trypanosome species affecting domestic livestock
in Africa are Trypanosoma congolense, T. vivax, and T. b.
brucei in cattle, sheep, and goats; T. simiae in pigs; and
T. evansi in camels. T. vivax also has a significant impact
on cattle production in South America, while T. evansi
affects camels in Asia and horses, cattle, and domestic
buffalo in South America, India, and Southeast Asia.
African trypanosomiasis is transmitted between
mammalian host by a variety of Glossina species
including Glossina morsitans and Glossina palpalis
usually termed tsetse flies (Fig. 62.2). The vectormediated mode of transmission is relatively inefficient
and requires the development of a chronic rather than
acute infection to give the parasite sufficient opportunity for reuptake by the vector in order to complete
the cycle and sustain the population (Maurice and
Pearce, 1987). Therefore, trypanosomes must survive
and grow for prolonged periods in their mammalian
hosts. This requirement necessitates the existence of a
mechanism that regulates parasite growth and ensures
the survival of host at least in the short to medium
term. Central to this mechanism is the continuous
decrease of parasite number.
East African trypanosomiasis is usually confined
to woodland and savannah areas away from places
where people live. Tourists, hunters, game wardens, fishermen, and other persons who work in
or visit game parks in East and Central Africa are at
greatest risk for illness. The tsetse flies that spread
West African trypanosomiasis can be found in Western
and Central African forests and in areas of thick shrubbery and trees by rivers and waterholes. The risk of
infection increases with the number of times a person
is bitten by a tsetse fly. Trypanosomes use two distinct
pathways for respiration in the different environments of the tsetse and the mammalian bloodstream.
In the bloodstream, respiration is entirely dependent
upon the trypanosome alternative oxidase (TAO), a
mitochondrial glycerophosphate oxidase, which is
unique to trypanosomes and might provide a prime
target for trypanocidal drugs (Chaudhuri et al., 1995).
Procyclic trypanosomes utilize a mitochondrial cytochrome electron transport system for 70–80% of
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respiration and the TAO for only 20–30%. Metacyclic
parasites also use both systems, but the relative contribution of each system is reversed with 20–30%
derived from mitochondrial cytochrome electron
transport and 70–80% from the TAO pathway; this
suggests that the metacyclic forms are an intermediate differentiation stage between procyclic and bloodstream parasites (Fig. 62.3).
The current options for trypanosomiasis treatment are poor, making the search for improved drugs
essential. Moreover, because those in the lower socioeconomic class are disproportionately affected by the
disease, there is a great need for the development
of not only less toxic drugs but also less expensive
agents.
Another challenging aspect of trypanosomiasis is
the parasite’s dense glycoprotein coat. The parasite’s
genome has 1000 different genes encoding antigenically
distinct versions of the coat, thus affording protection
from adaptive immune responses through antigenic variation (Cross, 1978). This strategy makes the prospect of

a vaccine problematic (Pays and Nolan, 1998). The
moment African trypanosomes are injected into the
bloodstream of the mammalian host by means of
the tsetse fly bite, they are exposed to host blood and host
immune system. Yet these unicellular eukaryotes live
freely in blood dividing by binary fission every 4–6 h.
Most of the data concerning African trypanosomiasis have been obtained from naturally infected animals or experimental animal models. Few studies
have examined host immune responses to the parasite. Genetic analysis of resistance and susceptibility to
infection in inbred and congenic animal strains form
the basis for research into equivalent human genes.
Introduction of double-stranded RNA (ds RNA) into
parasites induces potent and specific gene silencing
a phenomenon called RNA interference (RNAi) and
is a valuable tool to investigate trypanosome gene
functions. The recent sequencing of the entire
genome of T. brucei is an important breakthrough
to investigate immunology and immunopathology
(Beverley, 2003).

Tsetse fly stages
Epimastigotes multiply
in salivary gland. They
transform into metacyclic
trypomastigotes.
8

Human stages

Tsetse fly takes
1
a blood meal

Injected metacyclic
trypomastigotes transform
2 into bloodstream
trypomastigotes, which
are carried to other sites.

(injects metacyclic trypomastigotes)

i

3
Trypomastigotes multiply by
binary fission in various
body fluids, e.g., blood,
lymph, and spinal fluid.

7
Procyclic trypomastigotes
leave the midgut and transform
into epimastigotes.

5

Tsetse fly takes
a blood meal

(bloodstream trypomastigotes
are ingested)

d

6
Bloodstream trypomastigotes
transform into procyclic
trypomastigotes in tsetse fly’s
midgut. Procyclic trypomastigotes
multiply by binary fission.

4 Trypomastigotes in blood

i  infective stage
d  Diagnostic stage

FIGURE 62.3 The developmental stages of trypanosome infection between the insect vector and human host.
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The brucei group is made up of T. b. brucei, T. b. gambiense, T. b. rhodesiense, T. evansi, T. simiae, T. lewisi, and
T. congolense.

Trypanosoma are of the class kinetoplastida, a monophyletic group of unicellular parasitic protozoa. The name
is derived from the Greek trypaô (boring) and soma (body)
because of their corkscrew-like motion. Trypanosomes infect
a variety of hosts and cause the fatal disease, sleeping
sickness, in humans. Trypanosoma undergo a complex
life cycle which includes several different morphological forms (Fig. 62.3). For example, T. brucei is transmitted
between mammalian hosts through a tsetse fly vector
and undergoes a series of morphological and metabolic
changes to adapt to these very different environments. In
contrast, T. equiperdum are sexually transmitted between
horses and have no insect part of the life cycle.
Characteristic of this order is the mitochondrial
genome, known as the kinetoplast. Structurally it
appears as a highly complex series of catenatated
circles and minicircles; a set of proteins are required
for organization during cell division.
Species of Trypanosoma include the following:
●
●
●

●
●
●

●

●

●

●
●

●
●

●
●
●
●
●
●

T. avium, which causes trypanosomiasis in birds
T. boissoni, in elasmobranch
T. brucei, which causes sleeping sickness in humans
and nagana in cattle
T. carassii, in freshwater teleosts
T. cruzi, which causes Chagas disease in humans
T. congolense, which causes nagana in cattle, horses,
and camels
Trypanosoma equinum, in horses infected by
Tabanidae, South America
T. equiperdum, which causes dourine or covering
sickness in horses and other Equidae
T. evansi, which causes one form of the disease surra
in certain animals
Trypanosoma levisi, in rats
Trypanosoma melophagium, in sheep infected by
Melophagus ovinus
Trypanosoma percae, in fish: Perca fluviatilis
Trypanosoma rangeli, believed to be nonpathogenic to
humans
T. rotatorium, in amphibian
T. simiae, which causes nagana in animals
T. suis, which causes a different form of surra
T. theileri, a large trypanosome infecting ruminants
T. triglae, in marine teleosts
T. vivax, which causes the disease nagana

The new taxonomy tools used in African trypanosomes (isoenzyme characterization, DNA analysis)
have permitted scientists to separate the T. brucei class
in several subspecies. Two are infective for humans:
T. b. gambiense, and T. b. rhodesiense.

Antigens Encoded by Agent
The entire trypanosome surface is covered with
a homogenous and dense glycoprotein coat made
of approximately five million dimers of single antigen termed variant surface glycoprotein (VSG) that
is repeatedly changed in a fraction of population
(Fig. 62.4). This allows the trypanosomes to escape
antibody-mediated killing and repopulate the host
thereby resulting in the development of long-lasting chronic infection (Barry and McCulloch, 2001;
Vanhamme et al., 1995; Pays et al., 2004). The VSG
constitutes an important molecular interface between
trypanosomes and the host immune system. It prevents
trypanosome lysis by complement alternative pathway and enables them to avoid the specific immune
response via antigenic variation (Fig. 62.5). It also has
several effects on immune elements such as induction
of autoantibodies and cytokines, in particular tumor
necrosis factor (TNF) (Tachado and Schofield, 1994;
Okomo-Assoumou et al., 1995a, Magez et al., 2002)
(Fig. 62.6).
VSG are immunogenic and are eventually recognized by the host immune system but prior to
immune recognition a minority of parasites will
switch to an immunologically distinct coat to facilitate
the next wave of infection. Despite successful evasion
of antibody-mediated clearance by antigenic variation,
the parasitemia is attenuated by immune responses

Clone A

Clone B

Clone C

2

3

Relative number of trypanosomes

CLASSIFICATION

0

1

4

Weeks after infection

FIGURE 62.4 Schematic representation of the switch to different forms of parasites with varied surface antigens.
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B

expression sites by turning off the active site and activating an earlier silent site. As there are only 20 B-ES1s
per trypansosome nucleus, the switching of ES makes
a very modest contribution to antigenic variation of
the VSG coat. It has been postulated that multiple
B-ESs exist to allow expression of different sets of the
ESAG1 (Bitter et al., 1998).

C

Parasitemia

A

Control of Metacyclic Expression
Time

FIGURE 62.5 Schematic representation of the different forms of
the trypanosome parasite at the various bouts of parasitemia.

T

TL

IFN-γ

BL

M∅

l-ornithine

Parasite growth

TNF-α, NO

Autoantibodies

Inflammation
cachexia

Tissular lesions

FIGURE 62.6 Trypanosome-induced secretion of various components from immune cells. T, trypanosomes; MØ, macrophage;
TL, T lymphocyte; BL, B lymphocyte.

such as TNF (Magez et al., 1997, 1999). The continual
release of TNF-α from activated macrophages causes
the hallmark chronic wasting disease (cachexia) associated
with trypanosomiasis. The parasites invade the central
nervous system (CNS) resulting in neurological diseases,
coma, and eventual death.
The genes encoding VSGs are located in telomeric
expression sites. There are two types of expression
sites (ES1) metacyclic ES1 (M-ES1) and bloodstream
forms ES2 (B-ES1). The B-ES1 takes over and is used
throughout chronic infection (Borst and Ulbert, 2001).
Trypanosomes can change the VSG gene transcribed in a B-ES by replacing the VSG gene in an
active expression site by a different one. It is the most
important source of VSG antigenic variation and
requires DNA rearrangement. Also they can switch

Prior to entry into the mammalian host, trypanosomes that have reached the salivary gland of the
tsetse fly acquire a VSG coat. These metacyclic parasites lack functional ESAGs and the VSG gene in this
phase are rarely replaced and antigenic variation in
metacyclic phase of the life cycle is only accomplished
by differential control of the M-ES.
As the wild animals in tropical Africa are chronically infected with trypanosomes, antigenic diversity of
the inoculated trypanosome greatly increases incoming trypanosomes gain a foothold within its new
host. Up to 27 different M-VATs have been detected
in the metacyclic trypanosome population (Turner
et al., 1988), hence at least 27 M-ES. Each trypanosome
expresses a single VSG gene and continues to express
a single VSG gene as long as the metacyclic stage continues. Hence each trypanosome has to decode which
M-ES should be activated and how to keep the other
26 silent. The M-ES characterized thus far are all
located at the end of large chromosomes and their
activation is not associated with DNA rearrangement.
The exact start site for transcription is controversial.
Promoter screens using M-ES fragments expressed in
procyclic trypanosomes led to the identification of a
set of promoters that had some semblance to B-ES promoter (Nagoshi et al., 1995; Vanhamme et al., 1995).
Other trypanosome components and soluble factors,
such as a trypanosome-released triggering factor
(TLTF) which triggers interferon (IFN) production by
T cells, are also involved in modulation of the immune
system by acting on the synthesis of immune elements
(Olsson et al., 1991; Vaidya et al., 1997). Furthermore,
increased levels of circulating endotoxins are a feature
of human and experimental trypanosomiasis. These
endotoxins, potent immunomodulatory molecules,
participate to the immune disorders observed in
trypanosomiasis. Elaboration of escape mechanisms
to host immune defenses and induction of parasite
growth factor production are well developed by
trypanosomes. In a recently discovered escape mechanism, host arginase induction by trypanosomes
decrease immune response efficiency and increase the
production of L-ornithine, an essential growth factor
(Gobert et al., 2000; Vincendeau et al., 2003).
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PROTECTIVE IMMUNE RESPONSE

Flagellar Pocket Antigens
The flagellar pocket of the trypanosome contains
receptors that are involved in specific host macromolecule uptake. One example of a flagellar pocket
protein is trypanosomal transferrin-binding protein
(TFBP), whose gene is present in multiple versions,
and to which antibodies are produced in chronic
infection. We showed that azanthraquinone coupled
to transferrin enhanced the killing effect of the compound on trypanosomes (Nok and Nock, 2002). In a
study with organotin palmitate, a known trypanocidal
compound, we showed that the flagellar pocket is
intrinsically affected by the compound and the topoisomerase of the parasite are equally strongly inhibited (Shuaibu et al., 2004). It has been conjectured that
flagellar pocket proteins are highly conserved among
flagellated protozoans. For this reason, a vaccine
against the flagellar proteins of T. brucei may also
confer protection against other parasites. In one
study a flagellar pocket antigen from T. b. rhodesiense,
with bovine serum albumin as a carrier and alum
as the adjuvant, was used to inoculate 90 cattle in
Kenya (Mkunza et al., 1995). The rate of infection
was reduced from 13% to 0.9%. This study is of
particular note because it was carried out in an
environment of natural exposure with a naturally
susceptible species.
Congopain
A second approach in vaccine control has been
to prevent disease (limit pathogenicity) associated
with infection without preventing the infection itself.
Cysteine proteases of microorganisms can degrade
host proteins such as immunoglobulins and complement factors. They can also modulate cytokine activities, and are suspected of interfering with antigen
presentation and processing. Some cattle species in
Africa are more resistant to infection than others.
Studies have shown that a T. congolense cysteine protease (congopain) may play a role in the different
levels of tolerance (Lalmanach et al., 2002). The more
resistant cattle generate a stronger IgG response to
congopain than the less resistant cattle. Attempts are
being made to use congopain antigens in a vaccine that
would generate antibodies capable of neutralizing the
enzyme’s activity.
Intracellular Antigens
Members of the Trypanosomatidae family have subpellicular microtubules cross-linked to each other and to
the plasma membrane by unique trypanosomal microtubule-associated proteins (MAPs). The trypanosomal
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MAP (p52) has been used in an antigenic preparation
with the enzymes aldolase and GAPDH as a vaccine
in mice and rats. The p52 was isolated from T. b. brucei,
and when the animals were immunized three times
over a period of 3 weeks 100% protection was achieved
(Rasooly and Balaban, 2004). The serum from immunized animals also cross reacted with T. b. rhodesiense and
T. b. evansi, which gives hope for cross protection at least
among trypanome species, and possibly for the whole
family.

PROTECTIVE IMMUNE RESPONSE
Host Antibody Production
In infected animals, antibodies directed against
trypanosomal VSGs attach to the surface of the parasites and mark them for destruction by macrophages
or by the complement system. Previous studies of T. b.
brucei infection in mice suggested that host antibody
responses do not play a role in stimulating trypanosome transformation in the bloodstream, but only
becomes effective after most of the parasites have
already switched to nondividing forms. In vitro experiments to examine the effects of anti-trypanosomal
antibodies on rapidly dividing forms of the parasite
show that the polyvalent and monoclonal antibodies
raised against trypanosome VSG bound to the surface
of rapidly dividing bloodstream forms of T. b. brucei.
Parasites exposed to moderate levels of the antibody
stop multiplying but when the antibody was removed
they began multiplying again, indicating that they
had not made an irreversible switch to nondividing
forms. The antibodies added to the cultures were rapidly destroyed; most likely, they were endocytosed
by the parasites (ILRAD, 1994). Mice that are highly
susceptible to trypanosomiasis do not produce detectable antibodies against the parasites, although their
B lymphocytes are extensively activated and transformed into plasma cells which contain antibody. In
vitro analysis of spleen cells from infected susceptible mice show that their activated B cells were defective in their capacity both to synthesize and to secrete
antibody. When resistant mice were infected with
trypanosomes, they produced antibodies which
controlled the first parasitemic wave, but showed
similar defective plasma cell function during the
second parasitemic wave. However, in resistant mice
antibody synthesis and secretion eventually recovered and parasitemia was controlled. At the time of
parasite remission, vast amounts of antibody were
synthesized and secreted although the number of cells
containing antibody did not increase.
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Anemia
In most early cases of trypanosomiasis there is an
acute onset of anemia corresponding closely with
the detection of parasites in the bloodstream. Later,
in chronic infections, levels of anemia are observed
which appear unrelated to the rise and fall of parasite
populations. The N’Dama breed of cattle is known to
withstand the pathogenic effects of trypanosome infection better than susceptible breeds (Shugaba et al.,
1994). The etiology of anemia in trypanosomiasis has
been linked to the enzymes phospholipase A2 (Nok
et al., 1993) and sialidases (Esievo et al., 1990; Nok
et al., 2003b, Nok and Balogun, 2003). The PLA2 is
secreted by dying trypanosomes leading to the hydrolysis of red blood cells (RBC) phospholipids, thus generating free fatty acid and lyso-lipid derivative. The
latter is a powerful hemolysing agent that induces
high rate of RBC hydrolysis leading to anemia. Studies
on potential inhibitors of PLA2-like organotin derivatives of different fatty acids have proved valuable in
experimental chemotherapy of the disease (Nok et al.,
1993; Shuaibu et al., 2004). Our work has also revealed
that the enzyme sialidase is abundant in bloodstream
form of the trypanosome parasite. It mediates its pathogenic property by hydrolysis of membrane-bound
sialic acid. When the enzyme attacks the sialyl residue
on RBC, asialo-epitopes are generated which are easily recognized by macrophages and cleared accordingly, thereby leading to anemia. Interestingly, the
T. evansi sialidase has capacity to hydrolize gangliosides,
providing a link to the pathology of the brain stage
of the disease during the chronic phase. Anemia in
trypanosome-infected animals maybe due in part to
impaired bone marrow function. Undifferentiated
stem cells in the bone marrow give rise to both erythrocytes and white blood cells of different types.

(A)

Trypanosome infection in susceptible animals could
have an inhibitory effect on cell production in the bone
marrow and/or result in the premature destruction of
developing cells.

Endocrine Dysfunction
In susceptible livestock, growth, fertility, and
immune responses are all impaired during trypanosome infection. These important functions are
influenced by hormones. Previous studies showed
that T. b. brucei parasites, perhaps when dying, release
enzymes into the bloodstream of infected mice which
were capable of degrading host proteins. In a recent
report, we showed that the modulation of semen
α-fucosidase and the attendant sialic acid surged in
experimental trypanosomiasis in rams, suggesting
a possible role in the loss of reproductive capacity
(Okubanjo et al., 2007). Further, histological examination of the testis of rams chronically infected with
T. congolense showed severe degeneration (Fig. 62.7).

CLINICAL DISEASE
Hemolymphatic Stage
After a painful tsetse bite, a chancre, from several
millimeters to centimeters in size, develops at the
site of the bite. It is characterized by local erythema,
edema, tenderness, and a lack of suppuration.
Trypanosomes are present in the inflammatory tissues. The chancre disappears within 2 or 3 weeks.
The disease progresses through two distinct successive phases, the hemolymphatic stage and the
meningoencephalitic stage (Molyneux et al., 1996;

(B)

FIGURE 62.7 (a) Severely degenerated testis in T. congolense–infected ram (H&E, 400); (b) normal testis in control ram (H&E, 400).
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TREATMENT

Dumas and Bisser, 1999). Systemic signs appear very
early. Intermittent fever develops in association with
successive waves of parasitemia. Adenopathies,
splenomegaly, or even hepatological signs mark
the invasion of the reticuloendothelial system. Skin
eruptions or trypanides are commonly observed.
Severe pruritus can become unbearable for the patient.
Cardiovascular alterations are less prominent, especially in the Gambian form. Irregular febrile episodes
are accompanied by headaches, malaise, exhaustion,
anorexia, extreme thirst, muscle and joint pains, pruritus, anemia, rash, and often deep hyperesthesia. The
lymph nodes are generally rubbery and mobile, and
painful at the beginning. Palpation of the subclavicular region (Winterbottom sign) is an important part
of the diagnostic procedure in the Gambian form.
Any adenopathy accompanied by fever should evoke
the diagnosis of sleeping sickness in patients from
endemic areas. Later, pruritus generalizes. Edema of
the face and extremities also develops.
Minor neurological and endocrine findings maybe
early indicators of dissemination. Daytime somnolence
or nighttime insomnia may develop and electroencephalographic (EEG) tracings may reveal abnormalities. Psychiatric signs, with irritability, changes in
personality or mood affecting the daily and professional life of the patients may be an early manifestation
of the disease. Endocrine involvement can be marked
by a permanent feeling of coldness, lack of appetite,
or in contrast hyperphagia, polydipsia and impotence,
amenorrhea, or infertility.

Meningoencephalitic Stage
This stage appears over a period of months or
years, depending on the trypanosome. The clinical
signs remain reversible for a long time with treatment
attesting to the predominance of potentially reversible
inflammatory lesions over irreversible demyelinating
lesions. The general signs of the hemolymphatic stage
do not completely disappear: spikes of fever (but
sometimes hypothermia), adenopathies and splenomegaly, cardiovascular manifestations, endocrine disturbances, and typical pruritus. The development of
the neurological symptoms is progressive. As neurological signs occur, the only means to confirm CNS
invasion is based on cerebrospinal fluid (CSF) examination: more than 5 cells/µL and/or the presence of
trypanosomes. A range of symptoms may be encountered including daytime somnolence and hence the
name, “sleeping sickness.” Patient’s typically also
experience nocturnal insomnia and the patients may
be described as being “sleepy by day and restless

by night.” The sleep–wake cycle disturbances are
accompanied by other symptoms including headaches, sensory disturbances with diffuse superficial
or deep sensations (muscle and bone hyperesthesia, either spontaneous or provoked; hyperpathia),
presence of primitive reflexes (palm-mental reflex,
sucking reflex), exaggerated deep tendon reflexes, psychiatric disorders (confusion, mood swings, agitation,
aggressive behavior, euphoria, absent gaze, mutism,
indifference), and tremor (fine and diffuse without any
myoclonic jerk at rest or during movement). Pyram
idal alterations revealed by a Babinski sign can also
be observed along with alterations in muscle tone,
numbness, or sensory deficit.
An abnormal number of monocytic cells are
observed in the CSF. The early neurological symptoms
correlate with the widespread meningeal inflammation, which occurs in both forms of HAT. The selective CNS locations explain in part the principal
clinical neurological signs. Sleep–wake disturbances
may result from invasion of the median eminence by
parasites, which also accounts for neuroendocrine
dysfunctions with the involvement of the suprachiasmatic nuclei. Disorders of the sleep–wake cycle are
accompanied by a state of apathy in the patient, the
loss of muscle tone especially in the neck muscles
and a drooping of the eyelids. Extrapyramidal symptoms signal the involvement of the striatum. Deep
sensory disturbances with hyperpathia may result
from the involvement of the thalamus and the early
invasion of posterior spinal roots. Apart from the disruptions of the circadian rhythm of the sleep–wake
cycle, other biological rhythms are disturbed, such as
body temperature, cortisol and prolactin, and growth
hormone secretion. The invasion of the subthalamic
and hypophyseal regions account for the persistence
of endocrine disturbances such as impotence, amenorrhea or infertility, and the development of disturbed
sensations of hunger and thirst, with often hyperphagia and polydipsia in contrast to the poor general
state of malnutrition of the patients. At the terminal
phase of the disease, CNS demyelination and atrophy
are accompanied with disturbances in consciousness
and the development of dementia with incoherence,
incontinence, and seizures. The patient dies in a state
of cachexia and physiological misery.

TREATMENT
Some of the currently available compounds for the
treatment of trypanosomiasis include arsenicals, pentamidines, suramin, isometadium eflornithine, homidium bromide, and nifurtimox. In treating patients who
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have progressed to the encephalitic stage, drugs must
be used that have the ability to cross the blood–brain
barrier and kill the T. b. gambiense and T. b. rhodesiense
parasites that are present in the CSF. Melarsoprol
was first introduced in 1949 for the treatment of
late-stage trypanosomiasis and has remained the main
drug of choice (Denise and Barret, 2001). The administration of melarsoprol to patients is complicated. In
T. b. rhodesiense infection, it is usually given in three
series of four intravenous injections with an interval
of 10 days between each series (Denise and Barret,
2001). The treatment of late-stage African human
trypanosomiasis with melarsoprol is accompanied
by some adverse effects such as cutaneous reactions,
polyneuropathy, headache, tremor, fever, abdominal
pain, chest pain, skin rash, which affects about 19%
of the patients (Barett, 2000). Treatment failures have
been reported in late-stage sleeping sickness patients
treated with melarsoprol (Burri and Keiser, 2001).
Pentamidine is an aromatic diamine 1,5-bis
(4 amidi-) phenoxypentane. It is used for the chemotherapy of African trypanosomiasis, antimony-resistant Leishmaniasis, and Pneumocytis carini pneumonia
(Sands et al., 1985). It is especially useful in the treatment of early-stage T. b. gambiense sleeping sickness.
On account of hydrodynamic properties, the role of
transporters is central in the mode of action of pentamidine in Trypanosoma brucei. Treatment failures and
adverse effects such as nephrotoxicity and diabetes
mellitus have been reported (Bitonti et al., 1986).
Suramin (Germin, Naganol, Morany Bayer 205) is
a colorless polysulfonated symmetrical naphthalene
derivative. It has six negative charges at physiological pH as such it cannot cross the blood–brain barrier (Hawking, 1940). Suramin is usually the drug
of choice for early stages of African human trypanosomiasis especially T. b. rhodesiense infections.
Isometamidium chloride a conjugate of homidium and is used exclusively as a veterinary trypanocide. It is used for both prophylactic and therapeutic
purposes. Isometamidium transport and resistance has
largely been studied in T. congolense, which together
with T. brucei and T. vivax is the main cause of trypanosomiasis in African livestock. Resistance to the drug is
a severe problem in many parts of sub-Saharan Africa.
Resistance by parasites with respect to reduced uptake
has been reported (Sutherland et al., 1992).

INNATE IMMUNITY
African cattle trypanosomiasis, mainly due to
T. congolense and T. vivax, causes anemia and weight

loss, leading to death. Some African cattle breeds
(N’Dama), however, are able to live and be productive
in endemic areas and are considered to be trypanotolerant. Trypanotolerance is genetically controlled and is
an innate character, but can be increased by repeated
infections. Trypanotolerant cattle are not less susceptible to trypanosome infection but limit trypanosome
proliferation and have lower parasite counts (Bos
taurus, B. indicus). This resistance depends on the
nutritional, physiological, and stress conditions of the
animal. Studies have revealed that the ability to produce IL-4 plays a role in the susceptibility to T. brucei
disease (Bakhiet et al., 1996). Recently, mouse strain
susceptibility to trypanosome infection has been correlated with an increase in host arginase production
(Duleu et al., 2004). Evidence of human trypanotolerance is suggested by case reports (Lapeyssonnie,
1960) and results from immunological screening
(Lemesre et al., 1988; Authié et al., 1992). Subjects
with a positive card agglutination trypanosomiasis
test (CATT) have been reported to be asymptomatic
despite having evidence of blood parasites. Moreover,
although many Bantou people from Mbomo foci in the
Congo were infected with T. b. gambiense, none of the
pygmy population was infected. This effect, present
before infection and unrelated to antibody production,
is dependent on innate immunity factors. Moreover,
in a recent study in the HAT focus of Sinfra (Côte
d’Ivoire), single nucleotide polymorphisms within
TNF-α and IL-10 promoters and genes were associated with susceptibility to HAT (Courtin et al., 2006).

Natural Immunity
Normal human sera injected into T. b. brucei–
infected mice has been shown to reduce parasitemia.
This phenomenon cannot be reproduced with the
human trypanosome strains T. b. gambiense and T. b.
rhodesiense. Trypanolytic factors (TLF) contained in
normal human serum were identified as high-density
lipoproteins. Recently, two TLFs have been characterized in human serum, the first one (TLF1) is inhibited
by haptoglobin, while the second factor, TLF2, is not
inhibited by haptoglobin (Raper et al., 1996). The main
trypanolytic effect is thought to be due to TLF2. The
trypanocidal effect of Cape buffalo serum has been
attributed to xanthine oxidase (Muranjan et al., 1997).
Recently a trypanosome lysosomal protein (SRA)
was found to be associated with resistance to normal
human serum. SRA is a truncated form of VSG and
interacts with serum apolipoprotein L-I in the parasite
lyzosome (Vanhamme and Pays, 2004).
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Complement
Both in humans and animals, complement
activation by two pathways occurs in HAT. The alternative pathway, independent of specific antibodies, was studied by the induction of trypanosome
lysis (T. congolense and T. b. brucei) observed after the
addition of fresh serum. Serum could induce trypanosome lysis only on uncoated VSG trypanosomes, as
observed during the cycle of this parasite (procyclic
forms). However, the appearance of VSG on parasites prevents trypanosome lysis by this alternative
pathway (Ferrante and Allison, 1983). In another
strain of T. b. gambiense, it was demonstrated that the
alternative pathway was incompletely activated without generation of the terminal complex (C5–C9) able
to induce membrane lysis (Devine et al., 1986). The
classical pathway, mediated by specific antibodies
against trypanosomes, has also described and may
be involved in parasite clearance by antibody-mediated lysis and/or opsonization. The coated stages of
T. b. brucei are lysed by antibodies with activation of
complement by the classical pathway. Nevertheless,
during these complement activations, the appearance of soluble fragments, including C3a and C5a
anaphylatoxins and the C567 complex, could induce,
on the one hand, the chemoattaction of neutrophils
and monocytes and, on the other hand, the release of
amines involved in vasoconstriction and an increase
in vascular permeability participating in the initial
inflammatory response in the chancre. Immune complexes can also activate complement. These immune
complexes are constituted by antibodies specific to
trypanosomes (e.g., anti-VSG antibody) leading to a
rapid elimination of complement-fixing immune
complexes (Russo et al., 1994) or by autoantibodies,
such as rheumatoid factor or anti-nucleic acid antibodies. These immune complexes with complement
activation are also involved in some adverse effects,
especially in tissue damage mediated by immune
complex deposits (Nielsen, 1985), such as thrombosis
and glomerular involvement (Bruijn et al., 1988; van
Velthuysen et al., 1994).

Natural Killer (NK) and T Cells
In T. brucei–infected mice, NK activity was not
modified in the early stages of infection, but was
severely reduced from day 9 onwards (Askonas and
Bancroft, 1984). By contrast, NK cells were activated
in mice infected with a natural extracellular trypanosome (T. musculi) and their critical role was demonstrated by the effects of their depletion by antiserum
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against asialo GM1 or their activation by polycytidylic copolymer (Albright et al., 1997). Initial studies have evidenced alterations in T cell functions in
trypanosomiasis, both in vivo and in vitro (Mansfield
and Wallace, 1974). Histological examination show
massive B cell expansion in the lymph nodes and
spleen that replaced the thymus-dependent area in
T. b. brucei TREU 667–infected mice. These changes
persist from 7 days postinfection to at least 70 days.
Trypanosome antigen-specific T cell response was
difficult to identify. In several studies, a transient
proliferative T cell response to trypanosome antigens
was noted in the first days of the infection followed by
loss of the response (Gasbarre et al., 1980). The kinetoplastid membrane protein 11 of African trypanosomes
is a potent stimulator of T lymphocyte proliferation
(Tolson et al., 1994). In T. b. brucei–infected mice, an
increased proliferation of T cells was noted in the first
days of infection in spleen and bone marrow, T blasts
disappeared very rapidly. Th1 cells expressing a functional T cell response directed to VSG are generated
in T. b. rhodesiense–infected mice. VSG-specific T cells
were found predominantly in the peritoneum. These
cells did not proliferate but made a substantial IFN-γ
and IL-2 cytokine response (Schleifer et al., 1993). The
cellular phenotype of VSG-responsive T cells (CD4
CD3) indicates that the VSG appear to preferentially
stimulate a Th1 cell subset during infection. Analysis
of lymphocyte subsets in regional lymph nodes of
T. congolense–infected N’Dama (trypanotolerant)
and Boran (trypanosusceptible) revealed a significant decrease in the percentage of CD2 and CD4
T associated with increase in the percentage of CD8
T cells, B cells, and γδT cells. VSG and two invariant
antigens (33 kDa cysteine protease and 66 kDa antigen
homologous to immunoglobulin heavy chain binding
protein hsp70/Bip) induced in vitro proliferation and
synthesis of IL-2 and IFN-γ (Authié et al., 1992).

B Cells
In African trypanosomiasis, a dramatic increase in
IgM is a main feature (Shoda et al., 2001). In T. b. brucei–
infected mice, B lymphocytes display an aberrant
activation phenotype (Sacco et al., 1994). Antibodies
specific to trypanosomes are induced by several parasite antigens, including variant and invariant glycoprotein epitopes, as well as membrane, cytoplasmic,
and nuclear antigens (Reinitz and Mansfield, 1990).
Antibodies directed against trypanosome VSG components appear in sera and their binding to the surface coat of the trypanosomes induce a decrease in
parasitemia, both in the blood and extravascular
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spaces, specifically by immune lysis of parasites and
their destruction by the Kupffer cells in the liver.
Only heterologous antigenic variants (0.1%) remain
to repopulate the blood and tissues. Parasites are
eliminated due to VSG-specific IgM (appearing at
high levels, 3–4 days after infection). During infection, B cell nonspecific stimulation is enhanced as
T-independent B cell responses to the VSG successive parasitemias. In contrast, specific trypanosome
B cell response, depending on T cell regulation, is
depressed. Several factors may contribute to this
immunosuppression. Macrophages may become unable to present antigens to T cells (by defects in antigen processing and association of epitopes with MHC
Class II) and produce immunosuppressive factors as
nitric oxide (NO), prostaglandins (PG), and cytokines.
An increase in immunosuppressive cytokines, such
as IFN-γ and transforming growth factor (TGF)-β, is
observed during infection. However, TGF-β is known
to inhibit the production of IL-4, IL-5, and IL-6, the
major cytokines implied in B cell proliferation and
differentiation (Fargeas et al., 1992). Autoantibodies
directed against components of CNS myelin have also
been reported. They are specific for the major glycosphingolipids of myelin, the galactocerebrosides,
and are detected in the sera of experimentally infected
animals (Jauberteau et al., 1991) and patients from the
Ivory Coast (Amevigbe et al., 1992). Other autoantibodies directed against not yet characterized proteins
have been described in HAT patients (Asonganyi
et al., 1989) as well as antibodies directed at myelin
basic protein in experimentally infected animals
(Hunter et al., 1992). Other antibodies were raised
against an epitope containing L-tryptophan, a precursor
to the neurotransmetter serotonin (Okomo-Assoumou
et al., 1995b), or recognized some neuronal components
of the cytoskeleton, neurofilament proteins. In some
cases, these autoantibodies (antigalactocerebrosides and
antineurofilaments) are associated with the neurological stage of the disease and their detection in sera
and CSF could contribute toward defining the neurological involvement of HAT (Courtioux et al., 2005). In
vivo demyelinization has been produced by purified
antibodies to galactocerebroside (Saida et al., 1979).

Macrophages
Macrophages may play an important role in
protection against trypanosomes, particularly in the
presence of homologous antiserum. The immunological clearance of [75Se]-methionine-labeled T. brucei
in mice was studied to investigate the respective
roles of antibodies, macrophage activation, and
complement in the removal of circulating parasites.

The clearance was largely accomplished by antibodymediated hepatic phagocytosis. C3 is necessary for
the full opsonic activity present in murine clearance
in passively immunized mice (MacAskill et al., 1980).
These in vivo studies extend previous studies on the
in vitro phagocytic function of macrophages in the
presence of immune serum (Takayanagi et al., 1992).
Macrophages from trypanosome-infected mice also
synthesize reactive nitrogen intermediates (RNI).
Trypanosomes are highly sensitive to the cytostatic/
cytotoxic effects of these compounds (Vincendeau
and Daulouède, 1991; Vincendeau et al., 1992). It has
been shown that T. b. gambiense are highly sensitive to
S-nitroso compounds, which are new effector molecules synthesized by activated human macrophages in
vitro (Mnaimneh et al., 1997). Nitrosylated compounds
could represent new effector molecules with a potent
effect on targets distant from macrophages. In a recent
study, DNA from T. b. brucei have increased macrophage production of IL-12, TNF-α, and NO (Shoda
et al., 2001). Macrophages are also active in secreting
PGs which modulate lymphocyte and macrophage
functions. During a T. b. brucei infection, the ratio of
PGE2/PGF1a is reversed, with an overproduction of
PGE2. Macrophages are involved in immunosuppressive mechanism, and VSG also inhibits macrophage
functions (Schleifer et al., 1993). Macrophages respond
to, and synthesize, a large number of cytokines and
the production of IL-1 is increased in T. b. brucei–
infected mice, but this increase may be due to release
rather than synthesis. Human monocytes can also be
induced by trypanosomes and secreted factors from
trypanosomes to express TNF-α RNA transcripts and
secrete TNF-α in culture supernatants (Daulouède
et al., 2001). Classical and alternative states of macrophage activation are observed in trypanosomiasis.
Classical activation precedes alternative activation in
murine trypanosomiasis. However, both activation
states are expressed in these mice. By inducing alternative macrophage activation, trypanosomes induce
host arginase which both decrease trypanocidal
nitrosylated compound synthesis and increases L-ornithine production (Gobert et al., 2000). L-ornithine is
the first step of polyamine synthesis, essential for parasite growth and trypanothione synthesis (Vincendeau
et al., 2003).

Cytokines and Chemokines
A dysregulation of the cytokine network occurs
in trypanosomiasis. The first evidence of overproduction of TNF-α/cachectin was reported in T. b.
brucei–infected rabbits (Rouzer and Cerami, 1980). TNF-α
is known to induce fever, asthenia, cachexia, and
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hypertriglyceridemia. High levels of TNF-α are associated with potent inflammatory signs in the early
phase of human trypanosomiasis and major neurologic signs in the late phase (Okomo-Assoumou
et al., 1995). Initial control of parasitemia in T. b.
brucei–infected mice was diminished by the injection
of anti-TNF-α antibodies (Lucas et al., 1993). VSG can
trigger TNF-α production by macrophages. Moreover,
TNF-α production can be stimulated by IFN-γ and
TGF-β and can be produced by CD8 T cells activated
by TLTF released by T. b. brucei (Vaidya et al., 1997).
Mice chronically infected with T. b. brucei develop
inflammatory lesions of the CNS after treatment with
subcurative doses of a trypanocidal agent (Hunter
et al., 1991). Chemokines favor macrophage and lymphocyte recruitment to the CNS of T. b. brucei–infected
animals. Such recruitment to selected areas of the
CNS may be associated with sleep and endocrine
disorders.

Nitric Oxide
NO induced by dysregulation of the cytokine network may lead to alteration of immune response
and may also be involved in pathophysiological
mechanisms. Nitrotyrosine, a marker of peroxynitrite
formation, and iNOS are detected in the brains of
T. b. brucei–infected mice. Nitrotyrosine-positive cells
are associated with the development of neurological signs (Keita et al., 2000). In HAT, nitrite production is increased at first and detection of antibodies
against nitrosylated antigens indicates the presence of
NO-adducts (Semballa et al., 2004). However, in
trypanosome-infected mice, a decrease in plasma
L-arginine leads to a decreased NO production. By
inducing arginase, trypanosomes bypass NO production and facilitate growth factor production. Arginase
induction by parasites might be considered as a new
strategy elaborated by parasites to escape host defense.

Immunoprotection
The resistance of mice to African trypanosomes can
be nonspecifically increased by immunomodulators
such as Calmette–Guérin bacilli and Propionibacterium
acnes (Murray and Morrison, 1979; Black et al., 1989).
These immunomodulators activate macrophages.
P. acnes–treated macrophages inhibit T. brucei growth
in vitro (Black et al., 1989). In a 10-year study, in
Zaire, of adults previously diagnosed and treated
for HAT, the risk of a second episode of HAT was
greatly reduced compared to the risk of a first episode
(Khonde et al., 1995).

VACCINE
Induction of protective immunity by vaccination is an important goal, but in the case of trypanosomiasis the vaccine will need to induce immunity to
a large number of antigenic variants. An important
feature of the trypanosome parasite is the dense
glycoprotein coat covering the entire surface of the
parasite. With 1000 different genes encoding antigenically distinct versions of the coat, the parasites
have the capacity to engage in an immune escape
through the process of antigenic variation. This has
proven particularly problematic in the development
of a vaccine against trypanosomiasis. However,
previous studies have shown some promise in the
use of other parasite surface proteins. Scott et al.
(1978) reported protection in zebu cattle following double vaccination with 11 isolates of
T. congolense given either as live or dead organisms and
trypanocidal therapy when the cattle were challenged
with nine of the original isolates. Neither the live
or killed organism regimen prevented the animals
from becoming parasitemic nor eventually succumbing to the infection, however, the mean survival
times were greater in the live vaccine group compared
to the killed vaccine and control groups. Whitelaw
et al. (1979) reported that in mice immunized
with louping-ill virus vaccine and challenged with
T. brucei or T. congolense, the antibody response was
completely suppressed, while in immunized Ethiopian
cattle experimentally infected with T. congolense or
T. vivax the antibody response to the vaccine
was only 10% of that observed in uninfected
animals. In contrast, the response of cattle infected
with T. brucei was not significantly reduced, and this
was attributed to their relatively light and transient
parasitemias. Trypanocidal chemotherapy (diminazine aceturate) administered on the same day as
vaccination largely restored the competence of the
immune response of both mice and cattle infected
with T. congolense.
Studies have shown that the immunization of animals and humans with trypanosome tubulin protein
protects against trypanosomes. A vaccine consisting
of a tubulin extract from T. brucei has been reported
to protect animals and humans against heterologous
strains of different species of Trypanosoma. Recent
studies examining a vaccine containing the trypanosome microtubule-associated protein p15 (MAP p15)
in mice found that p15 (native or recombinant) provided up to 100% protection from an otherwise lethal
challenge of a heterologous strain of T. brucei (Rasooly
and Balaban, 2004).
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Vaccine Development
DNA vaccination is a relatively recent development.
DNA vaccines are generally less costly to produce
than peptide or protein vaccines, and are chemically stable under a variety of conditions. There has
been some promising work with a related trypanosome family, Leishmania. Recently, we reported the
protection of mice immunized with a DNA plasmid encoding parasite gamma-glutamylcysteine
synthetase and experimentally challenged with
Leishmania donovani (Carter et al., 2007). The DNA vaccine induced specific IgG1 and IgG2a antibodies and
resulted in significantly lower liver parasite burdens
compared to controls. Protection was also associated
with a significant increase in cell-mediated immunity,
demonstrated as an increase in nitrite production by
ConA-stimulated splenocytes, an increase in the percentage of splenic CD3 CD4 cells, and enhanced
granuloma maturation, compared to control values.
It is hoped that similar DNA vaccine strategies can
be developed for control of African trypanosomiasis.
One strategy currently being explored is the development of a DNA vaccine encoding sialidase, an enzyme
implicated in the etiology of anemia during trypanosomiasis (Esievo et al., 1990; Nok et al., 2003a; Nok
and Balogun, 2003).
Based on the current state of the field it is clear that
progress in developing an effective vaccine will likely
require complex strategies that may include the use of
trypanocidal drugs.

KEY ISSUES
●

●

●

●

●

●

In Africa, trypanosomiasis occurs in 37 countries
extending over 10 million square kilometers.
An estimated 50 million cattle, about 30% of
African total cattle population, are exposed to the
risk of infection.
Trypanosomiasis control is focused on the use
of insecticide spraying to control vector tsetse
population and on regular treatment with
trypanocidal drugs.
Toxicity of existing drugs, high rate of treatment
failures, and the emergence of drug-resistant
trypanosomes make the development of alternative
control measures mandatory.
Development of a vaccine by conventional
methods has been unsuccessful due to antigenic
variation by the parasite.
The trypanosome parasite has at least 1000
different genes encoding antigenically distinct

●

●

versions of the surface coat and has been a major
obstacle toward the development of a vaccine.
MAP p15 tested as a vaccine in mice generated
100% protection against lethal T. brucei.
Current effort on the control is focused on the
development of DNA vaccines.
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ABSTRACT
Leishmania parasites are transmitted by phlebotomine sand flies and can cause diverse clinical manifestations
known as leishmaniasis. Drug resistance/toxicity and Leishmania/HIV coinfection call for a safe, effective vaccine.
Recent research focuses on generating vaccines targeted on parasite- or sand fly-derived components. Defining the
optimal combinations of antigens and adjuvants that elicit durable cellular immunity is critical for the control of
leishmaniasis.
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INTRODUCTION
Leishmaniasis contains a group of (mainly)
zoonotic diseases transmitted to humans and animals
by the bite of phlebotomine sand flies (Fig. 63.1A).
Leishmaniasis is currently considered the third most
important vector-borne parasitic disease after malaria
and lymphatic filariasis. It was estimated recently
that leishmaniasis was responsible for 1.8 million disability-adjusted life years and 59,000 deaths annually.
Leishmaniasis is widespread in 22 countries in the
New World and 66 nations in the Old World (but is not
found in Southeast Asia). Human infections are found
in 16 countries in Europe, including France, Italy,
Greece, Malta, Spain, and Portugal (Fig. 63.2) (http://
www.who.int/tdr/diseases/leish/default.htm).
Over the past 10–20 years, there has been a dramatic
increase in the number of reported human leishmaniasis
cases. This trend is partially due to improved diagnostic methods and reporting systems and due to changes
in transmission epizoology, failure of vector and reservoir control campaigns, emergence of Leishmania as an
opportunistic infection in HIV-infected people, increase
in drug-resistant parasite strains, and the massive
relocation of susceptible individuals to leishmaniasisendemic areas because of war or economic pressures
(Reithinger and Davies, 2002). For example, during

August 2002–February 2004, the Department of Defense
staff identified 522 parasitologically confirmed cases of
cutaneous leishmaniasis (CL) in military personnel who
were deployed to three countries (Afghanistan, Iraq,
and Kuwait). Following isoenzyme electrophoresis of
cultured parasites, Leishmania major was found to be the
etiologic agent for all 176 cases for which species data
were available (http://www.cdc.gov/ncidod/dpd/
parasites/leishmania/default.htm).
Given the public importance of Leishmania infection,
extensive studies aimed at understanding the cellular
and molecular basis of protective immunity and disease
pathogenesis have been conducted over the past several decades. Despite the wealth of information gained
from murine models of leishmaniasis, and much effort
by the scientific community to develop an anti-leishmanial vaccine, there is yet no efficient vaccine for any
of the forms of leishmaniasis. Current control measures
rely on chemotherapy and vector control and the control of reservoir host populations. The chemotherapeutic agents used presently are inadequate, expensive,
and often associated with side effects. This chapter will
emphasize recent advances in vaccine development for
the control of leishmaniasis and the particular difficulties encountered in generating efficient vaccines.

BIOLOGY OF LEISHMANIA PARASITES
(A)

(C)

(B)

FIGURE 63.1 The vector and parasites that cause leishmaniaisis. (A) Phlebotomine sand flies transmit Leishmania parasites to
the vertebrate hosts, while they take blood meals. (B) The mobile,
elongated promastigotes replicate extracellularly in the midgut of
the sand fly. Metacyclic promastigotes are injected together with
sand fly saliva to the skin, where they enter target cells and establish infection in macrophages and dendritic cells. (C) Nonmobile
amastigotes replicate within the phagolysosomal compartment of
an infected macrophage. The arrow indicates amastigotes within
the parasitophorous vacuole.

Leishmania parasites are named after W.B. Leishman,
who identified and generated one of the earliest
strains of the Leishmania parasite in 1901. The genus
Leishmania is taxonomically classified as belonging to the order of Kinetoplastida and the family
Trypanosomatidae because of the presence of the kinetoplast-mitochondrion and other trypanosomal features. Leishmania parasites have a dimorphic life cycle
characterized by a free-living promastigote form and
an intracellular amastigote form. Metacyclic promastigotes (Fig. 63.1B) replicate extracellularly in the sand
fly midgut and are transmitted to the mammalian host
by the bite of infected female sand flies. Once inside
the host, the promastigotes are phagocytosed by macrophages or dendritic cells (DCs), where they differentiate into nonmotile amastigotes and replicate within
the amino acid-rich phagolysomal compartment
(Fig. 63.1C) (McConville et al., 2007). The promastigote
form can be maintained in vitro in cell-free cultures
(at 23°C, pH 7.0), whereas the amastigote form can be
isolated from mouse lesions or infected macrophages
or, for some species, maintained in vitro by the differentiation of promastigotes using defined pH and temperature conditions (32°C, pH 5.0). The doubling time
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for Leishmania parasites in culture media is around
16 h. Given the technical difficulty in generating large
quantities of amastigotes, the vast majority of immunological, biochemical, and vaccine studies have been
conducted using the promastigote forms.
The genome of Old World Leishmania (L. major and
Leishmania donovani groups) is spread over 36 chromosome pairs (0.28–2.8 Mb in size), yielding a total
genome size of about 34 Mb. The genome sequence
projects for L. major Friendlin (http://www.genedb.
org/genedb/leish) and Leishmania infantum (http://
www.genedb.org/genedb/linfantum) were completed
in 2005, revealing 8272 protein-coding genes, only 36%
of which can be ascribed a putative function (Ivens
et al., 2005). Therefore, the function of the majority of
the open-reading frames is still under investigation. In
comparison, New World Leishmania species have only
34 or 35 chromosome pairs, with chromosomes 8  29
and 20  36 fused in the Leishmania mexicana group
and 20  34 in the Leishmania braziliensis group, respectively (Stiles et al., 1999). Gene order and sequence are
highly conserved among the ~30 Leishmania species.
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Little is known about the mechanism of transcription
initiation and functional promoters in Leishmania and
other related trypanosomatids (Trypanosoma cruzi and
Trypanosoma brucei). Trypanosomatid mRNA processing is distinctive: Almost all mature mRNAs have
a trans-spliced leader RNA added to their 5-ends,
and all protein-coding genes are transcribed polycistronically by RNA polymerase II in a divergent or
convergent manner on DNA strands of the different
chromosomes (Myler et al., 2000).
Developmental regulation of gene expression
in Leishmania is mediated almost exclusively at the
posttranscriptional level and often involves the
3-untranslated region of the RNA, which determines
RNA stability and translational efficiency (Rochette
et al., 2005). In addition, infectivity of the parasites
is also dependent on extensive posttranslational
modifications (Ilgoutz and McConville, 2001). Often
mRNA abundance does not reflect protein levels in
Leishmania, and methodologies to globally analyze
gene expression at the protein level are especially
useful for this organism. Recently, global analyses

FIGURE 63.2

Map of geographic distribution of leishmaniasis. Major forms of leishmaniasis are endemic in 88 countries on four continents. According to the World Health Organization reports, more than 90% of cutaneous leishmaniasis cases occur in Iran, Afghanistan, Syria,
Saudi Arabia, Brazil, and Peru, while more than 90% of visceral leishmaniasis cases occur in Bangladesh, Brazil, India, and Sudan.
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of Leishmania gene expression indicate that the vast
majority (95%) of genes are constitutively expressed
in all life stages, and among differentially expressed
genes between amastigotes and promastigotes, most
are species specific (Cohen-Freue et al., 2007). For
example, among two dozen amastigote-specific genes
identified each in L. major and L. mexicana, none are
present in both species (Cohen-Freue et al., 2007). This
limited amastigote-specific gene expression obviously
posts additional challenges to identify the contribution of parasite molecules to diverse host immune
responses, following infection with various Leishmania
species. Although molecular technologies such as
targeted gene disruption (see the vaccine section
below) and RNA interference (Robinson and Beverley,
2003) have been successfully applied in the study of
Leishmania biology and host–parasite interactions, they
have not been widely used as in the study of bacteria and viruses. Because of its importance, Leishmania
has been heavily studied and continues to be investigated in numerous areas, such as cell differentiation,
host–parasite interactions, and new drugs and vaccine
targets.

CLINICAL MAGNIFICATIONS AND
EPIDEMIOLOGY
About 30 Leishmania species have been identified,
and of these, approximately 20 species and subspecies
can infect humans (Banuls et al., 2007). The diverse
clinical magnifications are determined by the species
of the parasite involved, as well as the host immune
and nutrition status. Human leishmaniasis ranges
from simple, self-healing skin ulcers to severe, lifethreatening disease and can be classified into four
main forms (http://www.who.int/tdr/diseases/leish/
default.htm):
1. Visceral leishmaniasis (VL) is the most serious
form and is fatal if left untreated. This form is
mainly due to L. donovani infection in the Old
World, and L. infantum/Leishmania chagasi infection
in European countries and South America. More
than 90% of VL cases occur in five countries—
India (especially near the Ganges and in the
Brahmaputra plains), Bangladesh, Nepal, Sudan,
and northeastern Brazil. In most areas, children
under 10 years of age account for 80% of the cases.
In India, VL is often referred as kala-azar because it
is associated with a characteristic darkening of the
skin. VL is characterized by fever, splenomegaly,
hepatomegaly, hypergammaglobulinemia, and
pancytopenia, with a high mortality (up to 36%),

especially in late-stage cases and individuals with
severe malnutrition (Guerin et al., 2002). During
the active stage of VL, patients display an antigenspecific suppression of cellular immune responses
and nonresponsiveness to leishmanin and other
antigen-stimulated skin tests.
2. CL is the most common form among the four
clinical forms. While skin lesions in most
individuals can heal spontaneously within a few
months, they leave unsightly scars. More than 90%
of CL cases occur in seven countries—Afghanistan,
Iran, Syria, Algeria, Saudi Arabia, Brazil, and
Peru. Parasites in the Leishmania tropica complex,
including L. major and Leishmania aethiopica, are
responsible for CL in the Old World, and lesions
are mostly limited to the skin. Two Leishmania
subgenera (L. Leishmania mexicana and L. Viannia
braziliensis), with up to 11 species of parasites,
are responsible for American (or New World)
CL (Reithinger et al., 2007). While a majority of
American CL patients can mount adequate cellmediated immunity to parasites and heal the
primary lesion(s) spontaneously, some progress
into other forms of the disease.
3. Mucocutaneous leishmaniasis (MCL) is the
hyperergic form, mainly due to infection by
parasites in the L. braziliensis complex. It begins
with skin ulcers that spread, causing dreadful and
massive tissue destruction, especially of the nose
and mouth. About 5% of CL cases will eventually
develop into MCL, and most of these are found in
Brazil (Silveira et al., 2004) and Andean countries
(Bolivia, Peru, Colombia, Ecuador, and Venezuela)
(Davies et al., 2000). The time of conversion from
CL to MCL varies greatly, ranging from a few
months to more than 20 years. The mucosal lesions
usually contain scanty parasites, but massive
cellular infiltrates, suggesting an excessive,
uncontrolled response to the involving parasites.
The cellular and molecular basis underlying this
conversion remains largely unknown (Reithinger
et al., 2007).
4. Diffuse cutaneous leishmaniasis (DCL) is the
anergic form and is mainly associated with
L. mexicana and Leishmania amazonensis infection
in the Amazon basin. This rare form of the disease
is characterized by multiple, non-ulcerative
nodular skin lesions that resemble those of
lepromatous leprosy. The lesions are filled with
heavily parasitized macrophages. These patients
have a profound impairment of parasite-specific
responses and are often refractory to currently
available treatment (Reithinger et al., 2007; Silveira
et al., 2004).
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Leishmania parasites have been recognized as
an opportunistic pathogen in immunosuppressed
individuals, including those infected with HIV-1.
Leishmaniasis and AIDS overlap in several subtropical and tropical regions around the world, including
the Mediterranean region, Europe, Brazil, India, and
Africa (Desjeux and Alvar, 2003; Reithinger et al.,
2007). Since Leishmania and HIV-1 can infect cells of
myeloid or lymphoid origin (e.g., macrophages and
DCs), probably through the binding of the same host
receptor on the cell surface (e.g., DC-SIGN) (Garg
et al., 2007), this coinfection is of special concern: (1)
It changes the epidemiology of leishmaniasis (especially VL) because of an increased risk of humanto-human transmission of parasites, probably due
to needle sharing (Molina et al., 2003); (2) it reduces
accuracy of immune-based diagnosis because of a
compounding immunosuppression associated with
each infection (Deniau et al., 2003); (3) it reduces the
efficiency of therapeutic treatment for leishmaniasis
(Laguna, 2003) and poses a new challenge for those
seeking to develop live, parasite-based vaccines.
A presumptive diagnosis of leishmaniasis can be
made based on clinical signs, epidemiologic data,
and laboratory tests; however, a definitive diagnosis
requires demonstration of the parasite. Serological diagnosis for VL can be accomplished using a direct agglutination test, ELISA, or immunofluorescence. Testing
with a commercially available immunochromatographic strip that uses recombinant leishmanial antigen
K39 has proven highly specific and sensitive (98–100%)
(Singh and Sivakumar, 2003). The leishmanin skin
(Montenegro) test, which measures the cutaneous cellular responses to Leishmania-derived antigens, is still
frequently used for clinical diagnosis and in epidemiological surveys on the prevalence of leishmanial infection. However, these tests fail to distinguish between
current and past leishmanial infections. The detection
of parasites by examination of smears from bone marrow, lymph nodes, or splenic aspirate, or detection of
parasite kinetoplast DNA in biopsy materials, remains
an essential part of any definitive diagnosis (Reithinger
et al., 2007). In chronic cases of CL and MCL, a definitive diagnosis is sometimes difficult because of the paucity of parasites in lesions.

TREATMENT AND PREVENTION
Most cases of CL heal without treatment, leaving
the person immune to further infection. Other forms
of leishmaniasis are extremely difficult to treat, often
requiring a long course (20- to 28-day regimen) of
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intravenous (i.v.) pentavalent antimony drugs, such as
meglumine antimonate (e.g., Glucantime) or sodium
stibogluconate (e.g., Pentostam) (Vanlerberghe et al.,
2007). Recently, resistance to these drugs has been
reported, requiring the use of more toxic drugs, such
as amphotericin B. Most available drugs are costly,
require long treatment regimens, and are becoming more and more ineffective, necessitating the discovery of new drugs. Several new drugs, including
Miltefosine and Sitamaquine (both of which can be
given orally), are in the pipeline; however, their efficacy needs to be evaluated further (Olliaro et al., 2005;
Vanlerberghe et al., 2007). Leishmaniasis, as a complex of diseases, is as yet impossible to control with a
single approach or tool, although a vaccine has potential to be a cost-effective exception. In cases in which
the reservoir is infected humans, control depends on
early case detection and drug treatment. Vector and
reservoir host control measures are expensive, requiring good infrastructure and maintenance—often giving results that are short lived. Vector control, based
on spraying with residual insecticides, can be effective
where transmission occurs in and around the home. In
areas known to be the site of transmission, individuals should use some form of protection, such as insect
repellent or insecticide.

REGULATION OF HOST PROTECTIVE
IMMUNITY AND PATHOGENESIS
Although the clinical manifestations of leishmaniasis are determined by the species of Leishmania causing the infection and the host immune responses, the
results of most studies indicate that the outcome of
Leishmania infection seems dependent on regulation
of the balance between the parasite and reactive T
cell populations. The murine models of L. major infection have been extremely helpful for understanding
the genetic mechanisms of protection conferred by T
cells (von Stebut, 2007). Most inbred mouse strains
(e.g., C57BL/6, C3H, CBA/J, and B10D2) are genetically resistant to L. major infection, mainly due to the
production of high levels of IL-12, IFN-γ, TNF-α, IL-1,
and Th1-promoting chemokines (e.g., IP-10/CXCL-10)
at early stages of the infection. In vitro studies have
confirmed that these cytokines promote macrophage
effector activities by stimulating the expression of
inducible nitric oxide (NO) synthase (iNOS) and
the production NO and, consequently, the killing of
intracellular parasites (Fig. 63.3). Suppression/alteration of these Th1 responses by the targeted depletion
of cytokine genes or their corresponding receptors,
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FIGURE 63.3

The arginine metabolism pathways in macrophage determine the fate of intracellular Leishmania parasites. Th1 cytokines
preferentially stimulate the inducible nitric oxide synthase (iNOS), and the resulting nitric oxide (NO) mediates the killing of intracellular
amastigotes. Th2 cytokines preferentially activate arginase, and the resulting polyamines are essential components for replication of amastigotes because parasites are incapable of making their own polyamines.

administration of neutralizing antibodies to block
the action of these cytokines, or adoptive transfer of
CD4CD25 regulatory T cells (Treg, derived from
infected skin tissues or spleen of naive mice) can
render these otherwise resistant mice susceptible to
the infection (Belkaid et al., 2002).
In contrast, BALB/c mice are highly susceptible to
L. major infection, developing extensive skin lesions and
metastasized infections in the liver, spleen, and bone
marrow, mainly due to the uncontrolled production of
IL-4, IL-10, and TGF-β. At the cellular level, these Th2type cytokines suppress macrophage activation by stimulating the arginase-expression-polyamine-production
pathway and, consequently, the growth of intracellular
parasites (Fig. 63.3). Suppression/alteration of these Th2
responses by targeted gene depletion, injection of neutralizing antibodies to block the action of these cytokines,
or adoptive transfer of Treg cells can render these otherwise susceptible mice resistant to infection (Belkaid
et al., 2002; Ji et al., 2005). Thus, a fine regulation/balance
among Th1/Th2 effector T cells and Treg cells at the local
site determines the outcome of the infection.
However, this Th1/Th2 paradigm learned from
murine L. major infection cannot fully explain healing/nonhealing infection models associated with
other Leishmania species (Alexander and Bryson, 2005;
McMahon-Pratt and Alexander, 2004). First, mice
infected with parasite species responsible for different forms of CL in South America (e.g., L. amazonensis,
L. mexicana, L. braziliensis), or species responsible for VL
(e.g., L. donovani, L. chagasi), do not show a clear Th1
or Th2 dominancy. Likewise, leishmaniasis patients
usually mount a Th1/Th2-mixed response. Second, a

given cytokine can display diverse functions, depending on the time and magnitude of its production, as
well as the presence of other cytokines/chemokines in the microenvironment. For example, while
Th2 responses can be induced in the absence of IL-4,
under certain circumstances, IL-4 can prime for IL-12
production and a type-1 response. On the other hand,
while IFN-γ and TNF-α synergistically activate macrophage’s leishmanicidal activity, IFN-γ alone can
actually enhance the growth of parasites within macrophages (Qi et al., 2004) by promoting the arginase
pathway with no activation of the iNOS pathway
(Wanasen et al., 2007).
Regardless of the mechanism underlying the pathogenesis associated with different models of Leishmania
infection, what we have learned from animal studies is critical for designing an efficient vaccine for the
control of leishmaniasis. First, since Th1 responses
favor resistance to leishmaniasis, antigens that preferentially stimulate Th1 cells may not necessarily be
good vaccine candidates. Second, immunization with
antigens that preferentially stimulate Th2 cells would
counterbalance Th2 responses and provide protection
in mice (see LACK antigen below) (Campos-Neto,
2005). Recently, Zaph et al. have demonstrated distinct
requirements for generating and maintaining different
subpopulations of CD4 memory T cells after infection
with L. major in mice: short-lived, pathogen-dependent
effector cells and long-lived, pathogen-independent
central memory cells. Therefore, central memory
T cells should be the targets for non-live vaccines
against infectious diseases requiring cell-mediated
immunity (Scott et al., 2004; Zaph et al., 2004).
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VACCINE DEVELOPMENT FOR THE
CONTROL OF CL AND VL: TARGETING
PARASITE-SPECIFIC COMPONENTS
In endemic areas, a significant number of individuals acquire subclinical infections associated with the
development of parasite-specific T cell responses and
resistance to leishmaniasis. The acquisition of protective immunity after resolved CL suggests that vaccination, if it induces an appropriate cellular immune
response, is a feasible approach toward the control of
leishmaniasis. Vaccination against leishmaniasis has
passed through many developmental stages, beginning with the ancient practice of “leishmanization”
(use of live parasites) as far back as in 1911, during
the Iran–Iraq war. However, this practice has been
largely discontinued due to the inherent danger of
developing disease in a more exaggerated form following immunization with live parasites. Rather, the
first-generation vaccines include killed or attenuated
parasites whose virulence has been reduced by longterm culture, γ-irradiation, chemical mutagenesis, or
gene inactivation/replacement. While injection with a
small dose of attenuated organisms is sometimes more
efficient in stimulating a protective Th1 response than
in natural infection, the spread of HIV infections and
use of immunosuppressive drugs in organ transplantation or cancer chemotherapy pose some concerns for
the potential of sudden outburst of otherwise latent
Leishmania infection in these immune-compromised
individuals.
During the past few years, significant efforts have
been directed toward developing second-generation vaccines that are composed of defined antigenic
components and designed to induce potent cellular
immunity against Leishmania infections (Coler and
Reed, 2005; Kubar and Fragaki, 2005; Sukumaran and
Madhubala, 2004). Since there are no suitable murine
models for the study of MCL caused by L. braziliensis
infection, or DCL caused by L. amazonensis infection,
the majority of vaccine studies have been centered
on CL caused by L. major infection or VL caused by
L. donovani infection.

Vaccine Studies for CL in Mouse Models
Several approaches have recently been taken to
identify vaccine candidates for the control of CL. The
first one focused on live virulent L. major with a targeted deletion of the dihydrofolate-thymidylate synthase gene locus (DHFR-TS). Since these knockout
parasites can invade target cells but are deficient for
replication within infected macrophages, they are
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much safer than live parasite vaccines that are generated via long-term in vitro cultivation or chemical
mutagenesis (Titus et al., 1995). Targeted gene deletion has been used to generate other mutant lines. The
surface of the promastigotes is coated with a variety
of interrelated glycoconjugates, including lipophosphoglycan (LPG) and glycosylphosphatidylinositol (GPI)-anchored proteins, such as gp63 and gp46
(Naderer et al., 2004). In the sand fly, stage-specific
modifications of LPG are responsible for parasite
attachment to, and release from, the sand fly midgut. In the mammalian host, LPG is considered a
virulence factor, enhancing the parasite’s resistance
to complement-mediated lysis and oxidative stress
but suppressing the macrophage’s effector and antigen-presentation functions (Olivier et al., 2005). The
Beverley and Turco groups have generated an L. major
lpg1 mutant by deleting a gene involved in the biosynthesis of the LPG core glycan and found that this
attenuated parasite still induced disease in mice (Spath
et al., 2000). However, L. major lpg2 mutants, which
are deficient in assembly of disaccharide–phosphate
repeats of LPG and other phosphoglycan-containing
molecules (Spath et al., 2003), are highly attenuated
parasites. These lpg2 mutants persist in mice without causing any overt cutaneous lesions and provide
protection in susceptible BALB/c mice against challenge with wild-type L. major (Uzonna et al., 2004).
While deleting the genes involved in the synthesis of
LPG results in attenuated L. major parasites, similar
manipulation does not yield attenuated L. mexicana
strains (Turco et al., 2001). Mice infected with parasites
in the L. mexicana group do not show classical Th1/
Th2 polarization, as seen in L. major infection (Ji et al.,
2003), and evidence from biochemical and in vivo
studies collectively indicates discernible differences in
the biology of the parasites and their associated disease pathogenesis (Xin et al., 2007 ) and the need for
additional vaccine studies for New World CL.
When live parasites are used as candidate vaccines for control of L. major infection, the route of vaccination can greatly influence the type, strength, and
duration of the memory responses. In the C57BL/6
mouse model (which more closely resembles immune
responses seen in L. major-infected humans than the
BALB/c model), subcutaneous (s.c.) immunization
with live parasites in the footpad provides superior
protection to that seen with intradermal (i.d.) immunization in the ear (Tabbara et al., 2005). The high
level of protection achieved by footpad vaccination
was correlated with efficient expansion and recruitment of IFN-γ-producing CD4 T cells, but delayed
recruitment of IL-10-producing Treg cells, to the infection site. This study indicates that a delicate balance
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between effector T cells and Treg cells at the site of
injection can influence the efficacy of a live leishmanial vaccine.
Based on the Th1/Th2 paradigm defined in murine
models of L. major infection, leishmanial antigens that
preferentially activate type-1 responses (Th1 cells
and CD8 cytotoxic T lymphocytes) are referred to as
“protective antigens” and actively investigated as vaccine candidates, whereas antigens that fail to stimulate
Th1 cells and/or preferentially activate Th2 responses
are not considered favorably as vaccine candidates.
The antigens investigated include subcellular (soluble
or membrane-enriched) fractions, purified antigens,
poly-subunits, mosaic subunits, as well as cDNA
expression libraries that express leishmanial proteins.
These antigens (or DNA) are usually co-injected with
a Th1-promoting adjuvant (rIL-12 or BCG) or constructed into viral vectors (e.g., vaccinia viruses or
adenovirus) for prolonged antigen release (Gabaglia
et al., 2004).
Among the 15–20 defined Leishmania vaccine candidates that have been investigated in detail (Coler
and Reed, 2005; Kubar and Fragaki, 2005; Sukumaran
and Madhubala, 2004), the 36-kDa LACK antigen
(Leishmania analogue of the receptors of activated C
kinase) has attracted the greatest attention, due to its
high conservation among Leishmania species and presence in both developmental stages of the parasites.
The LACK antigen was initially identified via the use
of a T cell expression cloning strategy (Mougneau
et al., 1995). The rapid production of IL-4 by LACKreactive Vβ4Vα8 CD4 T cells is known to be responsible for Th2 development and susceptibility of BALB/c
mice to L. major infection (Launois et al., 1997). Mice
made tolerant to LACK by transgenic expression of
the antigen in the thymus exhibit both a diminished
Th2 response and a healing phenotype (Julia et al.,
1996). Vaccines composed of the LACK antigen mixed
with an adjuvant or DNA encoding LACK antigen
provided satisfactory protection in mice against
L. major infection; however, these types of vaccines
fail to show protection in New World CL caused
by L. mexicana infection or VL caused by L. donovani
infection (Dumonteil et al., 2003; Melby et al., 2001).
Interestingly, mice intradermally primed with DNA
encoding the LACK antigen and then intraperitoneally boosted with vaccinia viruses expressing the
LACK antigen developed protective immunity against
L. infantum infection (Dondji et al., 2005). Therefore, the
heterologous prime-boost vaccination strategy, which
involves the sequential administration of vaccines that
contain different antigens, appears to be a promising
approach toward the development and maintenance
of a strong cellular immune response for the control

of leishmaniasis. To date, there have been relatively
limited vaccine studies conducted for New World
CL caused by L. amazonensis (Armijos et al., 2004;
Hernandez et al., 2004) and L. mexicana (Dumonteil
et al., 2003; Rosado-Vallado et al., 2005).

Vaccine Studies for VL in Mouse and
Hamster Models
In nature, VL in humans and animals is initiated via
a parasite infection in the skin, and yet there is limited
success in establishing VL following s.c./i.d. injection of
BALB/c mice with L. donovani or L. infantum/L. chagasi,
either alone or mixed with sand fly salivary gland
extracts (Ahmed et al., 2003). Therefore, most murine
VL studies are initiated by intravenous (i.v.) injection
of several millions of parasites; however, such BALB/c
mice develop foci of splenic and hepatic lesions,
which self-heal several months later. In comparison,
the Syrian golden hamster (Mesocricetus auratus) is
considered a better small animal model that resembles
some clinical features of VL (Melby et al., 2001); however, dogs are superior to rodents for vaccine studies.
In comparison to CL, much less is known regarding experimental vaccines for VL. It has been shown
that s.c. inoculation of high doses (107) of live virulent
L. chagasi causes a subclinical infection that protects
against a subsequent i.v. challenge with L. chagasi;
however, a similar immunization with attenuated
L. chagasi, L. donovani, or L. major parasites that are deficient in the DHFR-TS gene fails to provide protection
(Streit et al., 2001), suggesting the requirement for a
subclinical infection for eliciting protective immunity.
It has been found that i.v. immunization with 5  107
L. donovani deficient in the gene for biopterin transport (BT1) provides partial protection against i.v. challenge with virulent parasites (Papadopoulou et al.,
2002), and it appears that, besides the dose and route
of immunization, the in vivo replication of parasites is
an essential factor to be considered for a VL vaccine.
Given that alum-precipitated, autoclaved L. donovani
mixed with Macrobacterium bovis Bacille Calmette–
Guerin (BCG), but not L. donovani-derived LPG mixed
with BCG, provides protective immunity in mice and
hamsters against VL (Srivastava et al., 2003; Tonui
et al., 2003), it appears that complex antigenic preparations (and antigenic epitopes) are required for adequate activation of multiple defense mechanisms for
the control of VL.
In the search for novel, second-generation vaccine
candidates for VL, two approaches have been taken: a
systematic search via immunization of mice with fractions of an L. donovani cDNA expression library (Melby
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et al., 2000) and a targeted search via a screening of the
expression library with CD4 T cell lines generated
from human subjects (Arora et al., 2005). Among several identified vaccine candidates, the fucose–mannose
ligand (FML) antigen complex of L. donovani holds
high promise. When the FML protein was tested in
combination with different adjuvants, the FML mixed
with Quil A or QS21 saponin provided better protection in terms of reducing parasite load in the liver and
stimulating delayed-type hypersensitivity (DTH) and
IgG2a responses than did the FML mixed with BCG
or IL-12 (Santos et al., 2002). The main component in
the FML complex is a 36-kDa nucleoside hydrolase
(NH36). When BALB/c mice were intramuscularly
(i.m.) immunized with different regimens (purified
FML or recombinant NH36 mixed with saponin as an
adjuvant, or with NH36 expressed in the VR1012 DNA
vaccine vector), the best protection was observed in
mice immunized with the NH36 DNA (Aguilar-Be
et al., 2005). This study indicates a higher efficacy of
DNA-based vaccines over that of protein-based ones.
In addition, a DNA-based vaccine study involving
the kinetoplastid membrane protein-11 (KMP-11), a
highly conserved surface membrane protein present
in all members of the family Kinetoplastidae, gave
complete protection against challenge with both pentavalent antimonial-sensitive and -resistant strains of
L. donovani in the highly susceptible hamster model
(Basu et al., 2005).

mDCs to induce specific Th1 responses (RamirezPineda et al., 2004), a phenomenon also observed for
mDCs pulsed with the L. infantum antigen (Carrion
et al., 2007). In addition, while a polarized Th1 cytokine
profile is linked to protection in LC- and CpG/mDCimmunized mice, no strong correlation (or specific roles
for IL-12 and IFN-α) is observed for pDC-immunized
mice (Remer et al., 2007). These findings reemphasize
the functional diversity of DC subsets in the control
of L. major infection and the importance of mounting
adequate local immune responses for the control of the
infection (Fajardo-Moser et al., 2008). However, direct
lesional injection of L. amazonensis antigen-pulsed
mDCs (106 cells per mouse), together with recombinant
IL-12, failed to promote healing in mice chronically
infected with L. amazonensis (Vanloubbeeck et al., 2004).
Therefore, simply providing in vitro-activated DCs or
primed Th1 cells is not sufficient to ensure healing in
L. amazonensis-infected hosts, and additional treatments
aimed at reducing intracellular parasite loads and/or
blocking parasite’s enzymatic activities are needed in
order to overcome the parasites in their persistent state.
Given the unique features for DC–amastigote interaction, DC-based vaccination studies should be extended
to hosts with established infection. Targeted delivery
of leishmanial antigens to endogenous DCs (Zubairi
et al., 2004) and the use of genetically engineered parasites that express the DC activator (Field et al., 2007) are
other attractive approaches.

Dendritic cells (DC)-based Vaccine Studies
in Mice

Vaccine Studies for Canine VL

Examination of the utility of DC vaccination as cellular immunotherapy for cancers has yielded some
encouraging results and prompted similar studies in
animal models of leishmaniasis. Although DC-based
vaccination may lack a conspicuous application in
the context of such infections predominately in developing countries, it serves as a valuable tool to define
DC-targeted control methods. Using L. major infection
as a model, Moll and colleagues have provided solid
evidence that a single i.v. injection of ex vivo antigenpulsed Langerhans cells (LCs) (Berberich et al., 2003),
myeloid DCs (mDCs) (Ramirez-Pineda et al., 2004), or
plasmacytoid DCs (pDCs) (Remer et al., 2007) (5  104–
5  105 cells per mouse) is sufficient to induce protective immunity against a single or repeated parasite
challenges in susceptible BALB/c mice. Interestingly,
antigen-pulsed LCs and pDCs can mediate protection
independent of additional DC stimuli (CpG, TNF-α,
LPS, or CD40 ligation); however, an overnight exposure to CpG motifs is required for antigen-loaded

Foxes, wild canines and dogs, and domestic dogs are
important reservoirs for maintaining the population
of Leishmania parasites that can lead to VL in humans
and considered major targets in vaccine control of VL
(Lemesre et al., 2007; Reithinger and Davies, 2002).
Serological studies have estimated that 2.5 million dogs
(16.7%, from 15 million dogs tested) in European countries are infected with Leishmania parasites, and higher
(33–36%) seroprevalences have been reported in South
American countries. Dogs 8 years old and above usually show the highest seroprevalence (up to 40–50%).
In 2002, it was reported that the Leishmania parasite has
infected more than 1000 hunting dogs in 21 U.S. states
and the Canadian Province of Ontario (Enserink, 2000);
however, the basis for this infection is unknown. Given
that only a quarter of the seropositive domestic dogs
develop clinical signs, eliminating infected dogs may
not be an accepted option for dog owners. Thus, developing vaccines for canine leishmaniasis is a viable alternative for reducing the number of parasites in infected
dogs and, subsequently, transmission of the parasites.
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To this end, a few phase I/II vaccine trials have
been performed in dogs, with killed Leishmania promastigotes, purified leishmanial fractions, or recombinant DNA (Giunchetti et al., 2007; Kullberg et al.,
2002). For example, an FML-enriched fraction of
L. donovani was used in a phase III vaccine trial against
symptomatic canine VL, with a nearly 80% clinical
efficacy. The experimental vaccine conferred about
90% protection from disease progression when used
for the immunotherapy of asymptomatic dogs (BorjaCabrera et al., 2002, 2004). At present, Leishmune®
vaccine, which is composed of the FML antigen isolated from the aqueous extract of stationary-phase
promastigotes of L. donovani (the Sudan strain), is the
first licensed vaccine against canine VL and scaled up
for commercialization in Brazil (Patent/INPI number:
PI1100173-9) (Nogueira et al., 2005). The potential of
Leishmune in the interruption of the natural transmission of the disease was assessed in vaccinated (n  32)
and control (n  40) dogs in a Brazilian epidemic area.
The animals were injected on the flank with three s.c.
doses of Leishmune with a 21-day interval between
injections. Eleven months after vaccination, the vaccinated dogs showed a 100% seropositivity to the FML
and a complete absence of clinical signs and parasites
in skin, lymph node, and blood for leishmanial DNA,
indicating the Leishmune-vaccinated dogs were noninfectious (Nogueira et al., 2005). In the MeshkinShahr district, Iran, a double-blind randomized
efficacy field trial was conducted with aluminum
hydroxide (alum)-precipitated L. major (alum-ALM)
vaccine plus BCG against canine VL. The vaccine
group (n  182) and control dogs (n  165) were
injected intradermally with a single dose of vaccine
(200 kg of protein in 0.1 ml) or saline mixed with BCG.
During a 16-month follow-up period, the incidence
of Leishmania infection was 3.7% and 12% in the vaccinated and control groups, respectively, and the efficacy of the vaccine was 69.3% (Mohebali et al., 2004).
In contrast, a phase III field trial of a tandemly
linked, multi-subunit recombinant leishmanial polyprotein (also known as Leish-111f) formulated in
monophosphoryl lipid A (MPL®) adjuvant was conducted in a VL endemic area of southern Italy. After
three monthly injections before the transmission season, immunized dogs showed no protection against L.
infantum infection and disease progression, suggesting
a limited utility of this vaccine to prevent Leishmania
infection in dogs under field conditions (Gradoni
et al., 2005). While variations in vaccine efficacy observed
in different field trials emphasize the need to optimize
the vaccine formula for different endemic regions, the
development of such vaccines to reduce parasite loads
in domestic dogs is highly advantageous. Other control

strategies, including insecticide-impregnated dog
collars and immunizing dogs with a sand fly salivabased vaccine, would also be useful in reducing the
canine and human disease incidence.

Vaccine Trials in Human Volunteers
An ideal vaccine for human leishmaniasis should
be safe, free of animal products, require a minimal
number of immunizations, and provide long-term
protective immunity. An effective vaccine against
complex diseases, such as leishmaniasis, would also
require a multivalent cocktail of several antigens
containing a broad range of protective epitopes that
would cover a wide range of MHC types in a heterogeneous population. Vaccines made of killed whole
parasites can meet some of these requirements but
have shown only limited protection in studies in
Rhesus monkeys (Amaral et al., 2002) and humans
(Velez et al., 2005). A recent phase III trial with three
i.m. injections of merthiolate-killed L. amazonensis
(Leishvacin®) in 2597 healthy volunteers (Columbian
soldiers) confirmed that the vaccine was safe but
offered no protection against CL caused by Leishmania
panamensis, according to findings during a 1-year
follow-up survey in the field setting (Velez et al.,
2005). Due to issues related to the use of live parasites
and killed whole parasites, more attention has been
given to second-generation vaccines against leishmaniasis as well as suitable adjuvants for human use.
Recently, scientists in the United States have generated Leish-111f, formulated in MPL adjuvant, referred
to as Leish-111f–MPL-SE (Coler et al., 2002; Coler and
Reed, 2005; Skeiky et al., 2002). This single recombinant
polyprotein (111 kDa) is composed of three immunodominant leishmanial antigens (TSA, LmSTI1, and LeIF),
previously identified in the context of host response
to infection in infected donors and BALB/c mice, as
well as their ability to elicit partial protection against
L. major infection in BALB/c mice. MPL, a detoxified
form of lipid A derived from the LPS of Salmonella
minnesota R595, was used as an immunostimulatory
adjuvant because of its ongoing clinical trials for a
range of vaccines, including malaria, hepatitis B, genital
herpes, allergy desensitization, and human papillomavirus (Coler and Reed, 2005). The Leish-111f–MPL-SE
was shown to protect BALB/c mice against L. major
infection to a degree equal or superior to those
seen with any of the individual components of the
vaccine construct or SLA, a soluble Leishmania lysate
(Coler et al., 2002; Skeiky et al., 2002). These studies demonstrate the feasibility of manufacturing a
single recombinant vaccine comprising multiple,
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protective antigens and the potential use of MPL-SE as
a substitute for IL-12. Thus, Leish-111f is the first antileishmanial human vaccine to enter phase I, doubleblind, dose–response trials in healthy volunteers (Coler
et al., 2002; Coler and Reed, 2005).

VACCINES FOR BLOCKING
THE TRANSMISSION CYCLE OF
LEISHMANIASIS: TARGETING SAND
FLY-SPECIFIC COMPONENTS
About 30 different species of sand flies can carry and
transmit Leishmania parasites. Old World Leishmania
parasites are transmitted by sand flies of the genus
Phlebotomus, while New World ones are transmitted by
flies of the genus Lutzomyia. These tiny, sand-colored,
blood-feeding flies (Fig. 63.1A) breed in forested areas,
caves, or the burrows of small rodents. Sand flies
become infected by ingesting amastigotes while taking
blood from infected reservoir hosts or humans. When
an infected sand fly takes blood meals, it injects a few
hundred metacyclic promastigotes together with some
of its saliva. The natural infection rates of sand flies with
Leishmania parasites vary in different field studies but are
generally low (0.05–2%). Thus, animals and humans in
endemic areas are more often bitten by uninfected sand
flies and, therefore, mount anti-saliva antibodies, as well
as a cell-mediated, delayed-type hypersensitivity reaction at the bite site (Belkaid et al., 2000).
Sand fly saliva and its vasodilator peptide, maxadilan, have multiple immunomodulatory properties, in favor of establishing Leishmania infection at the
initial stage of infection and exacerbating the infection in several murine models of CL (Andrade et al.,
2007). Interestingly, mice can also be protected against
L. major infection when pre-exposed to noninfected
sand flies or pre-immunized with sand fly salivary
gland extracts (SGE) or one of its components, such
as Lutzomyia longipalpis maxadilan or a Phlebotomus
papatasi SP-15 protein (Valenzuela et al., 2004). These
results indicate that, at least in mice, a vaccine targeting sand fly-specific components would be efficient in
changing local responses in the skin whenever a sand
fly bites, making the microenvironment more difficult
for the parasite to colonize. This type of vaccine has
an advantage over vaccines targeting parasite-specific
components because of repeated boosts during sand
fly bites in nature. If proven effective in human trials,
it would be a useful component of the strategy for the
control of leishmaniasis and other vector-transmitted
diseases as well. A major challenge for this type of vaccine is to define protective antigens that are shared by
several sand fly species and the optimal immunization

regimen for infection with Leishmania species other
than L. major (Thiakaki et al., 2005).

MAJOR CHALLENGES IN VACCINE
DEVELOPMENT FOR LEISHMANIASIS
In many respects, Leishmania parasites and
Mycobacterium tuberculosis share some common features
in their biology and relationship with mammalian hosts:
slow growth in vitro, multiplying in an acidic environment within the phagolysosome, actively suppressing
the macrophage’s effector functions, causing chronic
and persistent infection, and requiring IFN-γ- and NOinduced Th1 responses for the control of the disease. In
comparison to other pathogens, Leishmania parasites
have several unique features that can be utilized for
vaccine development: (1) Unlike influenza viruses or
T. brucei, which are notorious for antigenic switches or
variations, leishmanial proteins have limited antigenic
variation; (2) unlike pathogenic bacteria, Leishmania parasites do not secrete toxin for direct cytolysis; (3) there
is limited cross-reactivity between leishmanial and host
proteins (i.e., repeated injections of dead parasites or parasite antigens do not result in leishmaniasis); (4) a battery of mouse models has been developed for the study
of CL (and to a lesser extent VL), and a hamster model is
increasingly being used in vaccine studies for VL; (5) in
most cases, parasites freshly isolated from leishmaniasis
patients can be used to directly infect animals (mouse,
hamster, dog) for the study of protective immunity or
pathogenesis. Therefore, with the advent of effective culture conditions for the various stages of the life cycles,
together with a wealth of information on the genome
of L. major and protective immunity to this pathogen, it
is tempting to speculate that L. major would be the first
efficient vaccine for control of parasitic diseases. Why do
we still not have a vaccine for CL?

KEY ISSUES
Developing an efficient vaccine for the control of
leishmaniasis is not as easy as it is in the case of bacterial or viral infections (Modabber et al., 2007). The
major challenges and critical issues include:
●

Leishmania parasites have a very large diploid
genome and complex, poorly understood
regulation of stage-specific proteins, and molecular
tools for genetic manipulation to delete or add a
gene are not as widely used as they are for other
microorganisms.
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The transmission cycle involves insects and
small animal reservoirs, and there are complex
interactions between the parasite and its sand
fly vector and between the parasite and its
mammalian hosts.
Diverse parasite species are responsible for a broad
spectrum of clinical manifestations—one parasite
species can result in different clinical forms,
and one clinical form can be caused by different
parasite species.
Disease pathogenesis is due to inadequate immune
responses to parasite infection.
Impairment in protective Th1 responses would be
IL-4- and IL-10-dependent or -independent.
Most reported vaccine studies reveal short-lived
(or partial) protection in experimental models.
Thus, the induction of protective immunity
for leishmaniasis is complex, relying on the
generation of cellular immune responses that are
of considerable strength, longevity, and anatomical
distribution to effectively fight the pathogen.
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ABSTRACT
Leptospirosis, caused by pathogenic Leptospira, is a globally important zoonotic disease that affects humans in both
rural and urban settings. This disease may occur in both industrialized and developing countries; in particular,
leptospirosis has become an important public health concern in Asia and Latin America. However, even in
endemic areas, it remains under diagnosed due to nonspecific, broad spectrum of clinical manifestation, lacking
clinical suspicion, and shortage of established early diagnostic methods. Leptospirosis in humans is transmitted by
direct contact with infected animals or by exposure to water or soil contaminated by the urine of infected animals.
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The spectrum of the disease is wide, ranging from asymptomatic infection to severe disease affecting multiple
organs with high mortality. Much attention has recently been paid in the severe pulmonary form of leptospirosis,
which is globally emerging as an important clinical form of the disease.
The efficacy of a vaccine for preventing leptospirosis has been recognized, but serovar-specific protection
limits the effectiveness of currently available vaccines and a globally accepted vaccine has not been developed.
Progress has been made in the areas of pathogenesis of Leptospira and immunity against leptospirosis; in particular,
pathogenic mechanisms in kidney and lung, identification of adhesion proteins and role of cell-mediated
immunity against leptospirosis. However, the molecular mechanism still remains inadequately understood due
to lack of genetic tools to study pathogenic Leptospira. The whole-genome sequences of pathogenic Leptospira have
been completed. More recently, random mutagenesis in pathogenic Leptospira has been successful using the Himar1
mariner transposon. Genome information and this technique will facilitate the identification of virulence factors
as well as the understanding of the pathogenesis of leptospires, which is promising to develop a new effective
vaccine for leptospirosis.

INTRODUCTION
Leptospirosis is a worldwide zoonotic disease
affecting humans in both rural and urban settings,
and in both industrialized and developing countries
(Levett, 2001; Bharti et al., 2003; Cachay and Vinetz,
2005; McBride et al., 2005; Ricaldi and Vinetz, 2006).
It is well known that leptospirosis vaccine prevents

the disease (Koizumi and Watanabe, 2005). However,
the development of a new vaccine is urgently needed
because currently available vaccines have disadvantages, including short duration of immunity, adverse
reactions, and serovar-specific effectiveness. In this
chapter, we have summarized recent progress on
basic research of leptospirosis, which may contribute to the development of new effective vaccines for
leptospirosis.
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HISTORY OF THE DISEASE
Leptospirosis is a zoonosis distributed worldwide,
caused by infection with pathogenic Leptospira. The syndrome, an infectious disease (leptospirosis) with jaundice and nephritis, was first reported by Weil in 1886,
whose name was given to severe leptospirosis (Weil’s
disease) (Weil, 1886). Although this is regarded as the
first description of severe leptospirosis, an apparently
identical syndrome and its endemicity was described
before Weil’s report (Levett, 2001; Faine et al., 1999).
The causative agent of Weil’s disease was discovered
by Inada and colleagues in Japan in 1914–1915. They
could consistently succeed in transmitting infection
to guinea pigs from patient’s blood. They detected a
spirochete in the liver tissue of a guinea pig injected
with the blood of a patient suffering from Weil’s disease. Besides the discovery of the causative organism
of the disease, they clarified the source and route of
infection, its pathology and morbid anatomy, distribution of the organisms in the tissues, excretion of the
spirochetes, its division, filterability, and morphological characterization (Kobayashi, 2001). In October 1915,
German groups reported independently the detection
of spirochetes in the blood of guinea pigs inoculated
with the blood of patients (Hübener and Reiter, 1915;
Uhlenhuth and Fromme, 1915). After Inada’s work was
published in English, the occurrence of leptospirosis
was confirmed rapidly in Europe (Faine et al., 1999).
Although the etiologic agent of Weil’s disease
was demonstrated in 1915, it is now recognized that
Leptospira was first described by Stimson (1907). He
observed spirochetes with hooked ends in the tubules
of the kidney of a patient who was believed to have
died of yellow fever, and called them Spirochaeta
interrogans due to their resemblance to a question mark.
As mentioned above, Inada’s group described the
role of rats as a source of human infection soon after
the discovery of Leptospira. Leptospirosis in domestic
animals, such as dogs and livestock, was recognized
during the 1920s and 1930s and the late in 1930s,
respectively (Faine et al., 1999).

ETIOLOGIC AGENT

FIGURE 64.1 Leptospira interrogans. Department of Bacteriology,
National Institute of Infectious Diseases.

TABLE 64.1 Leptospira species and their
pathogenicity
Species

Pathogenicity

L. alexanderi

⫹

L. biflexa

⫺

L. borgpetersenii

⫹

L. broomii

⫹

L. fainei

⫾

L. inadai

⫾

L. interrogans

⫹

L. kirschneri

⫹

L. meyeri

⫾

L. noguchii

⫹

L. santarosai

⫹

L. weilii

⫹

L. wolbachii

⫺

⫾, Pathogenic status not clear. Referred from Levett
et al. (2006); World Health Organization (2003).

Classification
Leptospires are spirochetes that belong to the genus
Leptospira, the family Leptospiraceae, in the order
Spirochaetales (Fig. 64.1) (Faine et al., 1999). The family
also contains other genera Leptonema and Turneriella
(Faine et al., 1999; Levett et al., 2005). Leptospira consists

of both pathogenic and saprophytic (nonpathogenic) species. Leptospira species are defined according to DNA relatedness and there are now 13 named
species and 4 unnamed genomospecies (Table 64.1)
(Brenner et al., 1999; Levett et al., 2006). Leptospires
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are divided into numerous serovars defined by a crossagglutination–adsorption test. There are more than
230 serovars recognized among pathogenic Leptospira
and over 60 serovars of nonpathogenic leptospires.
Antigenically related serovars are grouped into
serogroups (Faine et al., 1999).
Leptospires are helicoidal bacteria, usually 6–20 μm
long and 0.1 μm diameter. One or both ends of the cells
distinctively hooked (Faine et al., 1999). The leptospiral
cells are composed of cytoplasmic membrane and peptidoglycan cell wall, which are surrounded by an outer
membrane. Two flagella (axial filaments) are located
at each end of the cell and in the periplasmic space.
Leptospires are obligate aerobic spirochetes with optimal growth at pH 7.2–7.6 and temperature 28–30°C.
The long chain fatty acids are sources of both carbon
and energy. Leptospires are cultivated in artificial
media containing either 8–10% rabbit serum or Tween
80/bovine serum albumin, and in low-protein or
protein-free media (World Health Organization, 2003).

Antigens Encoded by Agent
Lipopolysaccharide (LPS)
Leptospires possess LPS, which is absent in the
outer membrane other pathogenic spirochetes,
Borrelia and Treponema. Variations in the carbohydrate
composition of LPS reflect the antigenic diversity (serovars) among pathogenic leptospires (Faine et al., 1999).
Leptospiral LPS has lower endotoxic activity than
enterobacterial LPS (Nahori et al., 2005). It was recently
found that the LPS O-antigen content of leptospires in
liver and kidney of acutely infected guinea pigs was
markedly reduced compared with those in the kidney of chronically infected rats (Nally et al., 2005a).
This result suggests that regulation of O-antigen
synthesis may be different between disseminated
acute infection and chronic infection in animals.

PROTEIN ANTIGENS
The immunogenic proteins, especially the outer
membrane surface proteins of pathogenic Leptospira,
may be effective as immunogens and potential virulence
determinants. Protein antigens, which are recognized
by human patient sera and experimentally infected or
immunized animals sera, have been described and some
of them have been cloned and characterized (Haake
et al., 1991, 1993, 1998, 1999, 2000; Shang et al., 1996; Park
et al., 1999; Guerreiro et al., 2001; Branger et al., 2001;
Nally et al., 2001, 2005b, 2007; Matsunaga et al., 2002,

2003, 2006; Cullen et al., 2002, 2003, 2004, 2005; Haake
and Matsunaga, 2002; Palaniappan et al., 2002; Koizumi
and Watanabe, 2003a, 2003b, 2004; Artiushin et al., 2004;
Hsieh et al., 2005; Verma et al., 2005). Proteomic analysis
combined with available genome sequence identified
several novel outer membrane proteins (Nally et al.,
2005b). Furthermore, a surfaceome strategy has been
developed and potential surface-exposed proteins have
been identified (Cullen et al., 2005). These analyses have
been performed using in vitro cultivated leptospires.
Recently, Nally et al. (2007) have developed a method
of characterization of the proteome of hydrophobic
membrane proteins in Leptospira expressed during acute
infection relative to that of in vitro cultivated Leptospira.

PROTECTIVE IMMUNE RESPONSE
Antibody
The primary mechanism of immunity to Leptospira is
believed to be solely humoral (Adler and Faine, 1977).
Protective immunity was conferred by passive transfer
of monoclonal antibody alone (Jost et al., 1986, 1989).
These antibodies were directed against leptospiral LPS.
Active immunization with LPS and epitopes derived
from LPS protected experimental animals from lethal
challenge (Schoone et al., 1989; Sonrier et al., 2000); very
low levels of antibody were protective (Schoone et al.,
1989). The protective immunity conferred by leptospiral LPS as an immunogen is generally serovar-specific
(Sonrier et al., 2000). Interestingly, sera from patients
with leptospirosis cross-reacted with antigens from nonpathogenic (saprophytic) Leptospira biflexa serovar Patoc
(strain Patoc I) (Addamiano and Babudieri, 1968; Turner,
1968). Matsuo and colleagues extracted the antigenic
components from L. biflexa Patoc I by a hot phenol–water
method, which strongly reacted with not only anti-L.
biflexa serum, but also with various antisera against
pathogenic leptospires, regardless of their serovars or
serogroups. Nuclear magnetic resonance studies demonstrated that the main structural part of the antigenic
components of LPS had a repeating disaccharide of
→3)-β-D-Manp-(1→4)-β-D-Manp-(1→ (Matsuo et al.,
2000a). Furthermore, not only antisera against various
pathogenic leptospires, but also sera from patients with
leptospirosis, reacted with exocellular mannans from
Rhodotorula glutinis that have the same structural backbone of →3)-β-D-Manp-(1→4)-β-D-Manp-(1→ (Matsuo
et al., 2000b; Gorin et al., 1965). Administration of
L. biflexa LPS preparation to hamsters was protective
against a challenge with virulent L. interrogans serovar
Manilae without any side effects (Matsuo et al., 2000c).
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Since protein-conjugated polysaccharide vaccines
against Haemophilus influenzae type b, pneumococci and
meningococci have been successful; it is assumed similar conjugated polysaccharide vaccines for leptospirosis
could be developed.
In addition to antibody against LPS, sera from
patients with leptospirosis contain antibodies against
several protein antigens (Guerreiro et al., 2001). Protein
extracts prepared from a pathogenic Leptospira can
induce protective immunity against challenge with a
heterologous serovar strain in an experimental animal
model (Sonrier et al., 2000). Some leptospiral protein
antigens have been shown to elicit protective immunity
in animal models. Immunization with recombinant
proteins, such as OmpL1 and LipL41, and Lig proteins conferred protective immunity (Haake et al.,
1999; Koizumi and Watanabe, 2004; Palaniappan et
al., 2006). Vaccination using an adenovirus vector and
plasmid vector encoding the lipL32/hap-1 gene induced
cross-protection in the gerbil model of leptospirosis
(Branger et al., 2001, 2005) (see “2Vaccines” section).

Cell-Mediated Immunity
Although immunity against leptospiral infection
was thought to be primarily humoral (Faine et al.,
1999), recent studies point to a role for cell-mediated
immunity in protection from leptospirosis. Peripheral
blood mononuclear cells (PBMCs) from cattle immunized with a killed Leptospira borgpetersenii serovar
Hardjo vaccine proliferated and produced IFN-γ after
in vitro stimulation with leptospiral antigens (Naiman
et al., 2001). CD4⫹ αβ T cells and WC1.1⫹ γδ T cells
were the main source of IFN (Naiman et al., 2001,
2002; Rogers et al., 2005). CD4⫹ T cells were shown to
be required for γδ T cells (Blumerman et al., 2007). The
PBMCs from Hardjo-vaccine immunized cattle also
responded to stimulation with serovar Grippotyphosa
antigen preparation (Brown et al., 2003). PBMCs from
nonvaccinated cattle also responded to leptospiral
antigens, but the responses were lower than those
of vaccinated cattle. The low cell-mediated immune
response in unvaccinated cattle may be associated
with lack of protection from chronic infection (Naiman
et al., 2002). Thus, protective immunity against serovar
Hardjo infection in cattle correlates with establishment of Th1 immunity. Pronounced expression of
Th1 cytokines mRNAs was also detected in hamsters
after inoculation with Leptospira (Vernel-Pauillac and
Merien, 2006). An uncharacterized leptospiral glycolipoprotein elicited in vitro production of TNF-α and
IL-10, and upregulated the expression of CD69 and
HLA-DR on human PBMCs (Diament et al., 2002). This

glycoprotein also induced IL-6 production and monocyte expansion in human PBMCs (Dorigatti et al.,
2005). The heat-killed leptospires also induced the
production of IFN-γ, IL-12 and TNF-α in human
whole blood in vitro (de Fost et al., 2003). Naïve
human PBMCs from healthy individuals proliferated
and produced IFN-γ, IL-12, and TNF-α in vitro after
stimulation with L. interrogans (Klimpel et al., 2003).
High numbers of leptospires caused the expansion of
γδ T cells, while low numbers of leptospires induced
αβ T cells. In patients with acute leptospirosis the
number of peripheral blood γδ T cells increased significantly (Klimpel et al., 2003; Barry et al., 2006). The
in vivo role of γδ T cells in protection from leptospiral
disease remains to be elucidated.

EPIDEMIOLOGY
Significance as Public Health Problem
Leptospirosis has worldwide distribution. Based
on global data collected by International Leptospirosis
Society surveys, 300,000–500,000 cases of leptospirosis are estimated to occur annually (World Health
Organization, 1999; Hartskeerl, 2006). However, this
number is probably an underestimate and the true
extent of leptospirosis remains unknown due to lack
of worldwide surveillance. The incidence of human
infection is higher in tropical areas than in temperate
regions and in developing countries than in industrialized countries. Leptospirosis is currently recognized
as a globally important public health problem, especially in Asia and Latin America (Bharti et al., 2003;
McBride et al., 2005; Ricaldi and Vinetz, 2006). In these
tropic areas, large outbreaks of leptospirosis are most
likely to occur after floods, hurricanes, or other disasters, which affect both rural and urban areas (Ko et al.,
1999; Trevejo et al., 1998; Sanders et al., 1999; Easton,
1999; Mudur, 2005; Maskey et al., 2006). Occupational
exposure, such as rice farming and other agricultural
activities is still significant in rural areas of the tropics (Tangkanakul et al., 2000; Sharma et al., 2006).
Leptospirosis has also become an urban problem in
the tropics. Outbreaks occur in poor urban slum communities during the same seasonal period of heavy
rainfall annually (Ko et al., 1999; Bharadwaj et al.,
2002; Johnson et al., 2004; LaRocque et al., 2005). In
urban slums, infrastructural deficiencies, such as open
sewers, produce the ecological conditions for rodentborne transmission and contribute the transmission of
leptospirosis during epidemics (McBride et al., 2005).
Risk for infection in urban dwellings is not limited to
tropical areas as the importance of urban leptospirosis
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was recognized in a U.S. inner-city population (Vinetz
et al., 1996). In metropolitan Tokyo, more than 20%
of rats harbor leptospires and patients with Weil’s
disease are thought to be due to contact with environments contaminated with rat urine (our unpublished
data).
Leptospires infect the proximal renal tubules of various mammals and are excreted in the urine of carrier
animals. Probably every known species of mammals
is a potential carrier and excretor of leptospires (Faine
et al., 1999). Important animal reservoirs of leptospirosis for human transmission are rats and mice near
human habitats, domestic animals such as cattle and
swine, companion animals, especially dogs, and wild
animals, especially rodents. Leptospirosis in humans
is transmitted by direct contact with infected animals
or by exposure to water or soil contaminated by the
urine of infected animals (Faine et al., 1999).
Leptospirosis has been considered to be primarily
an occupational disease associated with activities such
as rice and other agricultural practices, mining, sewer
maintenance, livestock farming, and fish farming
(Levett, 2001). There is a significant risk associated with
recreational exposures occurring during water sports
such as swimming, canoeing, and rafting (Reisberg
et al., 1997; Narita et al., 2005; Nakamura et al., 2006;
Nardone et al., 2004), and in travel and adventure tourism (Reisberg et al., 1997; van Creel et al., 1994; Sejvar
et al., 2003; Jansen et al., 2005). The large outbreaks of
leptospirosis in recreational activities are associated
with competitive events (Morgan et al., 2002), even
in international adventure race (Sejvar et al., 2003). In
endemic areas, humans contract leptospirosis from
activities of daily life (Johnson et al., 2004).

Potential as Biothreat Agent
Leptospira is not considered as a potential biothreat
agent. However, there is merit to the attention of leptospirosis in bioterrorism since its clinical manifestation
can mimic those of viral hemorrhagic fevers (Bharti
et al., 2003; Monsuez et al., 1997).

CLINICAL DISEASE
Leptospirosis is an acute febrile illness. The spectrum of symptoms in leptospirosis is extremely broad;
from asymptomatic infection or mild manifestation
to severe disease including jaundice, renal failure,
hemorrhage, and death. Asymptomatic seroconversion is common in human infection occurring in up
to 70% of all serologically identified cases (Ashford

et al., 2000; Phraisuwan et al., 2002). Acute leptospirosis starts with the initial symptoms such as fever,
chills, headache, myalgia, and conjunctival suffusion
after an incubation period of 2–30 days (usual range is
5–14 days) (Levett, 2001; Faine et al., 1999). About 90%
of recognized infections are mild and self-limited. Five
to ten percent of the patients develop severe forms of
disease, such as Weil’s disease characterized by jaundice, renal failure, hemorrhage, and severe pulmonary
hemorrhage syndrome with or without jaundice and
renal failure. Mortality rate can be as high as 5–15%
and 30–60% (Dolhnikoff et al., 2007), respectively.
The jaundice in leptospirosis does not seem to be
associated with hepatocyte damage, but seems to be
more related to the cholestasis of sepsis (Bharti et al.,
2003). Serum bilirubin levels may be very high and
transamilase levels are typically increased only for
2–3 times above normal level, suggesting leptospirosis
rather than viral hepatitis (Faine et al., 1999).
Renal involvement is common in leptospirosis; the
majority of the patients have abnormalities on urinalysis. Blood urea and creatinine elevate rapidly (Faine
et al., 1999). Acute renal failure (ARF), which occurs
in 10 to over 60% of cases (Visith and Kearkiat, 2005),
frequently accompanies hypokalemia and nonoliguria, even polyuria. In the patients with ARF, oliguria
is a significant predictor of death (Daher et al., 1999).
Thrombocytopenia occurs in up to 50% of the patients
with leptospirosis, which does not seem to result from
disseminated intravascular coagulation (Edwards
et al., 1982, 1986; Nicodemo et al., 1997).
Pulmonary involvement in leptospirosis has recently
gained much more attention as several epidemics of
severe pulmonary form of leptospirosis have been
reported (Ko et al., 1999; Zaki and Shieh, 1996; Yersin
et al., 2000; Seijo et al., 2002; Vijayachari et al., 2003;
Segura et al., 2005). Occurrence of respiratory manifestation in leptospirosis varies from 20% to 70%.
Symptoms can be mild and nonspecific, including chest
pain, cough, and dyspnea but the presence of severe
pulmonary hemorrhage with or without acute respiratory distress syndrome is associated with higher mortality. Respiratory symptoms usually appear between
fourth and sixth day of disease and may lead to death
in less than 72 h (Dolhnikoff et al., 2007).
Aseptic meningitis may be found in up to 25% of
cases. Cardiac involvement is probably more common than is recognized, including myocarditis, nonspecific electrocardiogram abnormalities, and atrial
fibrillation (Plank and Dean, 2000). Leptospirosis
involves ocular manifestation. Conjunctival suffusion is a common clinical finding in the acute stage
of illness (Martins et al., 1998). Uveitis is a rare but an
important sequel of leptospirosis (Rathinam, 2002),
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which is presumed to occur by an immune-mediated
process; although isolation and/or DNA detection of
Leptospira has been demonstrated in aqueous humor
of patients (Mancel et al., 1999).
Leptospirosis has diverse clinical manifestations easily
confused with many other diseases in tropics, such as
dengue fever or dengue hemorrhagic fever, malaria,
and scrub typhus (Sanders et al., 1999; LaRocque
et al., 2005; Zaki and Shieh, 1996; Wongsrichanalai
et al., 2003; Suputtamongkol et al., 2004; Karande et al.,
2005). The differential diagnosis also include influenza,
HIV seroconversion, and hantavirus infections (Bharti
et al., 2003).

TREATMENT
Controversy remains about efficacy of antibiotics in treating leptospirosis (Pappas and Cascio, 2006).
However, many experts recommend the use of antibiotic therapy for severe leptospirosis and clinically and
epidemiologically suspected cases (McBride et al., 2005;
Vinetz, 2003; Yang et al., 2005). Although optimal treatment of leptospirosis is not clearly defined (Pappas
and Cascio, 2006; Griffith et al., 2006), doxycycline is
recommended for mild disease and severe cases of
leptospirosis should be treated with intravenous penicillin (World Health Organization, 2003; McClain et al.,
1984; Watt et al., 1988). Recent clinical trials support the
use of cephalosporins (Suputtamongkol et al., 2004;
Panaphut et al., 2003). Intravenous ceftriaxone was
shown to be as effective against severe leptospirosis as
intravenous penicillin. The median duration of fever
was same in both groups and there was no significant
difference in the duration of organ dysfunction and the
overall mortality rate between two groups (Panaphut
et al., 2003). Another study revealed that cefotaxime
and doxycycline were each as effective as penicillin for
treatment of severe leptospirosis. The mortality rate,
time to defervescence, and progression of dysfunction
of vital organs was similar among the three groups
(Suputtamongkol et al., 2004).
A wide range of antimicrobial agents has an activity
against Leptospira in vitro and/or animal models, but
their relevance in clinical outcomes remains unknown
(Pappas and Cascio, 2006; Griffith et al., 2006).
The utility of doxycycline (200 mg/week) in preventing susceptible population from the disease
has shown in a study using U.S. soldiers in Panama
(Takafuji et al., 1984). Doxycycline prophylaxis in
endemic areas or recreational activity was also shown
to be protective; although these results were not
statistically significant (Sejvar et al., 2003; Gonsalez et al.,
1998; Sehgal et al., 2000).

In severe cases, supportive treatment for dehydration, hypotension, renal failure, and pulmonary
involvement is also required. Nitric oxide inhalation has been anecdotally resulted in marked clinical
improvement of pulmonary hemorrhage (Borer et al.,
1999). Corticosteroids have been shown to reduce mortality and change the outcome significantly when they
were used early in the management of pulmonary
leptospirosis (Shenoy et al., 2006).

PATHOGENESIS
Pathogenic leptospires enter into bloodstream via
small abrasions and breaches of skin, conjunctiva, and
mucosa (Faine et al., 1999). Pathogenic Leptospira is
able to translocate through polarized Madin-Darby
canine kidney cell monolayers rapidly, suggesting that
evasion from killing by host cells permits pathogenic
leptospires to quickly reach the bloodstream and disseminate to multiple organs (Barocchi et al., 2002).
Leptospires circulate and survive in the bloodstream in
the initial phase of disease, indicating that they are able
to escape from killing by the complement system, especially the alternative pathway. Pathogenic leptospires
showed serum resistance whereas nonpathogenic
Leptospira was sensitive (Meri et al., 2005; Verma et al.,
2006). Serum resistance was found to correlate with the
binding of the soluble complement regulator factor H
on the pathogenic leptospiral cell surface. As a consequence, pathogenic leptospires deposited much less C5,
C6, C8, and C5b-9 on their surfaces than the nonpathogenic Leptospira, resulting in serum resistance of pathogenic leptospires (Meri et al., 2005). Verma et al. (2006)
have recently identified the human factor H-binding
protein of Leptospira, LfhA. LfhA is a putative lipoprotein and located in the outer membrane of the cells.
LfhA is expressed during natural infection, suggesting its relevance in the protection of leptospires from
complement-mediated killing and immune evasion.
The primary lesions to small endothelial blood
vessels caused by Leptospira lead to hemorrhage and
localized ischemia in multiple organs. Several hemolysins have been identified in leptospires (Artiushin
et al., 2004; Segers et al., 1990; Lee et al., 2000, 2002;
Zhang et al., 2005; Hauk et al., 2005). These hemolysins are divided into two groups, sphingomyelinase or nonsphingomyelinase hemolysins. SphH is
a pore-forming hemolysin which shows cytotoxic
activity on mammalian cells (Lee et al., 2002). Lk73.5
showed cytotoxicity on equine pulmonary endothelial cells and is suggested to be expressed only in
vivo (Artiushin et al., 2004), although its orthologous
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protein gene in the other serovar strain was transcribed in vitro (Zhang et al., 2005).
Pathogenic Leptospira disseminates hematogenously
to various tissues, where leptospires colonize. Leptospires interact with various cultured cells, including
fibroblasts, macrophages, microglial, endothelial, and
epithelial cells (Barocchi et al., 2002; Vihn et al., 1984;
Thomas and Higbie, 1990; Merien et al., 1997, 2000;
Cinco et al., 2006). A 36 kDa fibronectin-binding protein identified only in virulent Leptospira functions
as an adhesion protein (Merien et al., 2000). Lsa24
was recently shown to be a laminin-binding protein
(Barbosa et al., 2006). This protein has been identified
as LfhA (Verma et al., 2006) described above. Lig proteins are surface-exposed outer membrane proteins
punctuated by tandem repeats of about 90 amino
acids of bacterial immunoglobulin (Ig) like domains
(Palaniappan et al., 2002, 2004; Matsunaga et al.,
2003; Koizumi and Watanabe, 2004). LigA consists
only of Ig-like domains, whereas LigB has an additional unique domain at the C terminus. Expression
of Lig protein and lig mRNA was lost after attenuation of Leptospira kirshneri and L. interrogans, suggesting that Lig proteins are associated with virulence
(Matsunaga et al., 2003). Expression of Lig proteins,
surface exposure of LigB, and extracellular release
of LigA are all enhanced by physiological osmolarity (Matsunaga et al., 2005). It has been recently
demonstrated that Lig proteins bound to extracellular matrix (ECM) proteins such as fibronectin, collagen and laminin, and fibrinogen (Choy et al., 2007).
Unique Ig-like domains of both LigA and LigB are
responsible for the interaction with fibronectin.
In kidney, Leptospira colonizes and multiplies in
proximal tubule epithelial cells resulting in ARF and
tubulointerstitial nephritis (Yang et al., 2001). Yang
et al. (2002) have shown that leptospiral outer membrane proteins (LOMPs) extracted from pathogenic
Leptospira, but not from nonpathogenic Leptospira
stimulated the production of a set of pro-inflammatory chemokine such as CCL2/MCP-1, CCL5/
RANTES, TNF-α in cultured mouse proximal tubule
cells. Toll-like receptor (TLR) 2 pathway mediated the induction of these chemokines, at least
CCL2/MCP1, caused by LOMPs (Yang et al., 2006a).
Recombinant LipL32, one of the most abundant outer
membrane lipoproteins in Leptospira (Haake et al.,
2000), also stimulates the TLR2-mediated induction
of expression and secretion of CCL2/MCP1 (Yang
et al., 2006a). They also showed that LOMPs also
induced upregulation of chemokines CXCL2/MIP-2
and CXCL1/KC through the TLR2 pathway (Hung
et al., 2006b, 2006a). CXC chemokines, including
CXCL8/IL8, CXCL1/KC/GRO-α, and CXCL2/MIP-2,

are molecules that are potentially responsible for
the infiltration of leukocytes and the initiation of
tubulointerstitial nephritis (Tang et al., 1997). Thus, the
production of these chemokines and subsequent influx
of leukocytes in kidneys results in the development of
tubulointerstitial nephritis in Leptospira infection.
If untreated, tubulointerstitial nephritis caused by
leptospiral infection leads consequently to interstitial
fibrosis (Sterling and Thiermann, 1981; Penna et al.,
1963). Sustained expression of TGF-β1 leads to the
accumulation of ECM proteins through an increase of
ECM synthesis and a decrease of ECM degradation,
which result in tubulointerstitial fibrosis (Yamamoto
et al., 1994; Baricos et al., 1999). It has been shown that
LOMPs induced the increase of the production of type I
and IV collagen, but not the enhancement of their
degradation, through TGF-β1/Smad-dependent pathway in cultured human renal proximal tubular cells
(Tian et al., 2006).
Leptospirosis causes a unique ARF with hypokalemia and nonoliguria. Hypokalemia is secondary
to renal potassium wasting. Patients infected with
Leptospira santarosai serovar Shermani were suspected
to have a defect in the thick ascending limb (TAL)
sodium reabsorption (Wu et al., 2004). LOMPs from L.
santarosai, but not L. interrogans, inhibited the function
of Na⫹–K⫹–Cl⫺ cotransporter NKCC2, a major transporter for apical sodium reabsorption by TAL, and
the expression of mNKCC2 mRNA in mouse TAL cells
(Wu et al., 2004). On the other hand, Andrade et al.
(2007) showed that expression of sodium/hydrogen
exchanger isoform 3, which plays an important role
in reabsorption of sodium and fluid by the proximal tubule, was significantly decreased in kidneys
of hamsters infected with L. interrogans. These results
suggest that Leptospira species specifically target different transporters. Alternatively, it has been shown
that leptospiral glycolipoprotein endotoxin and its
nonesterified unsaturated fatty acid components are
a potent inhibitor of renal Na⫹–K⫹ ATPase (Burth
et al., 1997, 2005). Leptospirosis patients showed an
increased in serum concentrations of oleic and linoleic
acid but a decrease in serum albumin concentrations.
Correlation between disease severity and serum oleic
acid:albumin or oleic plus linoleic acid:albumin ratio
was revealed (Burth et al., 2005).
Severe pulmonary hemorrhage leptospirosis is now
recognized as an important public health problem.
Two mechanisms, a toxin-mediated and/or an
immune-mediated
mechanism,
are
suggested
(Dolhnikoff et al., 2007). The amount of leptospiral
antigens was not correlated with the severity of the
lesion in lung autopsy (Nicodemo et al., 1997). Fewer
leptospires were detected in infected hemorrhagic lung
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tissues than in liver and kidney, which are without
evidence of hemorrhage, in guinea pigs (Nally et al.,
2004). These observations would support a host
immune-mediated mechanism. Disseminated intravascular coagulation has shown to have no relation to
pulmonary hemorrhage (Nicodemo et al., 1997). Nally
et al. (2004) have demonstrated that IgM, IgG, IgA,
and C3 were deposited along the alveolar basement
membrane in infected guinea pigs, suggesting that an
autoimmune process may be the cause of severe pulmonary hemorrhage leptospirosis. Deposition of Ig
in alveolar septum and alveolar space was observed
in human autopsy, which showed diffused pulmonary hemorrhage although diagnosis of leptospirosis
was made only by Warthin-Starry stain in the lung
autopsy (Yang and Hsu, 2005). The etiology of pulmonary edema is also unclear. It has been documented
that resolution of pulmonary edema occurs as a consequence of active sodium transport across the alveolar
epithelium (Matthay et al., 2002). Andrade et al. (2007)
also observed that leptospiral infection decreased
the expression of the alpha subunit of the epithelium
sodium channel (α-ENaC) and induced the expression
of the Na⫹–K⫹–Cl⫺ cotransporter NKCC1 in lungs of
hamster model of leptospirosis. This result suggests
that leptospirosis profoundly influences the sodium
transport capacity of alveolar epithelial cells, resulting in impaired pulmonary fluid clearance and subsequent disturbance of lung function and increased
susceptibility of the lung to injury.
Ocular leptospirosis is widely considered to be an
immune-mediated disease in both humans and horses
(Rathinam, 2002), although isolation and/or DNA
detection of Leptospira has been demonstrated in aqueous humor of both uveitic people and horses (Mancel
et al., 1999; Faber et al., 2000). A leptospiral DNA fragment that encodes cross-reactive protein with equine
cornea has been cloned (Lucchesi and Parma, 1999).
Verma et al. (2005) have recently identified novel leptospiral lipoproteins, LruA and LruB. Eye fluids of
uveitic horses contained significantly high titers of Ig
specific to both lipoproteins. Further, antisera raised
against these proteins reacted with equine ocular components, suggesting an immune-mediated process in
leptospiral uveitis. The relevance of this finding in
human ocular leptospirosis remains to be confirmed.
In addition to leptospiral virulence determinants
and mechanisms, host factors are presumably related
to pathogenesis of leptospirosis. Elevated plasma
levels of tumor necrosis factor-α are associated with
disease severity and mortality among patients with
leptospirosis (Tajiki and Salomão, 1996). Recently,
Lingappa et al. (2004) found the association between
human leukocyte antigen (HLA)-DQ6 and the risk of

infection due to swallowing of waters contaminated
with leptospires in an outbreak of leptospirosis.

Immune Response to Infection
Innate immunity relies on signaling by TLRs to
alert the immune system against bacterial infections (Gerold et al., 2007). TLR activation leads to the
release of cytokines that allow for effective innate and
adaptive immune responses. Werts et al. (2001) have
shown that leptospiral LPS activates human macrophages through TLR2 instead of TLR4, which is a
central component for Gram-negative bacteria. Lipid
A is the active component of LPS responsible for its
toxic activity and functions. The structure of leptospiral lipid A moiety has been recently deciphered
(Que-Gewirth et al., 2004). It has been revealed that
leptospiral lipid A possesses some peculiar characteristics compared with lipid A from Gram-negative bacteria. Species specificity of recognition of leptospiral
lipid A/LPS has been reported (Nahori et al., 2005).
Lipid A stimulated cells through murine TLR4/MD2
but not through human TLR4/MD2, nor murine and
human TLR2. On the other hand, LPS activates human
cells through TLR2/TLR1 whereas both TLR2 and
TLR4 are involved in signaling against LPS in murine
cells. Mice are resistant to Leptospira infection while
humans are not. The species specificity of TLRs for
recognition of LPS may be a part of an effective innate
immune protection against leptospirosis in mice but
not in humans.
In the mouse model of leptospirosis, it has been
demonstrated that TLR4 plays a crucial role in protection from acute lethal infection and control of leptospiral burden in tissues during sublethal chronic infection
(Viriyakosol et al., 2006). Heat-killed Leptospira did
not stimulate cytokine induction in TLR4⫺/⫺ macrophages whereas cytokines were induced in both
TLR2⫺/⫺ and CD14⫺/⫺ macrophages, indicating that
cytokine responses in macrophages correlated with
leptospiral clearance in vivo. Induction of cytokines
by leptospiral cells was abolished by polymixin B,
suggesting that these TLR4-dependent but CD14 and
TLR2-independent responses are likely mediated by a
leptospiral ligand(s) other than LPS.

VACCINES
History
The efficacy of a vaccine for preventing leptospirosis was shown soon after Leptospira was proven to be
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the causative agent of Weil’s disease in Japan. The heatkilled whole cell vaccine made from Leptospira cultures
dramatically protected coal miners from Weil’s disease
in Kyushu where the disease was endemic (Wani, 1933).
The development of killed whole cell vaccine against
leptospirosis in the middle of the last century has been
reviewed (Babudieri, 1959), and subsequent results of
vaccine field trials were published (Torten et al., 1973;
Fukumura, 1984; Chen, 1985; Ikoev et al., 1999; Sánchez
et al., 2000; Yan et al.,2003; Martínez et al., 2004).

Current Licensed Vaccines
●

●

●

Weil’s disease and Akiyami combined vaccine
(Denka Seiken, Japan) (Koizumi and Watanabe, 2005)
Formalin-killed whole cell vaccine
The concentrations and serovars are 2.5 ⫻ 108 cells/
ml each of Australis, Autumnalis, and Hebdomadis
and 5 ⫻ 108 cells/ml of Copenhageni.
Initial vaccination: two subcutaneous injections of
1.0 ml of vaccine given at a 7-day interval.
Booster injection: subcutaneous injection of 1.0 ml
of vaccine given within 5 years after the second
initial dose.
For children (7–13 years): half dose of adult (mentioned above)
SPIROLEPT (Thea Laboratories, France) (http://
sante-az.aufeminin.com/w/sante/m3514716/
medicaments/spirolept.html, 2007; Laurichesse
et al., 2007)
Formaldehyde-killed whole cell vaccine
Supplied as a syringe with a 1-ml dose of vaccine
2 ⫻ 108 cells Leptospira interrogans serogroup
Icterohaemorrhagiae
Target population: people who, because of their
profession or their activities of leisures, are in
contact with contaminated waters or animals.
Initial vaccination: two subcutaneous injections at
a 15-day interval.
Booster injection: 4–6 months after the second
initial dose
Ulterior booster: every 2 years
No data is available for the children.
Leptospirosis vaccine (Shanghai Institute of
Biological Products, China) (Yan et al., 2003; http://
www.siobp.com/CPJS/YFZP_13.htm, 2007)
Polyvalent vaccine (strains/serovars not specified) composed of outer envelope fraction of leptospiral cells
Target population: 7–60 years in epidemic area of
leptospirosis. People who go to epidemic area and
have not been vaccinated before.

Initial vaccination: two subcutaneous injections
(1st: 0.5 ml; 2nd: 1 ml) at a 7 to 10-day interval.
Booster injection: subcutaneous injection of 1 ml
of vaccine at 1 year after the second initial dose.
Children (7–13 years): 1/2 dose of adult (mentioned above)
Child (under 7) not exceed 1/4 dose of adult, if
needed
●

Finlay Institut, Cuba (Martínez et al., 2004; http://
www.leptonet.net/html/vaccination.asp, 2007)
Vax-SPIRAL
Trivalent vaccine: Leptospira interrogans serovars
Canicola, Copenhageni, and Mozak.
Inactivated vaccine

The antibody titers (MAT titers) after vaccination
were significantly lower than those developed after
natural infection and seroconversion occurred with
low frequency (about 20–60%), although a high seroconversion rate has been reported (90–100%) (Koizumi
and Watanabe, 2005; Torten et al., 1973; Ikoev et al.,
1999; Laurichesse et al., 2007; Martínez Sánchez
et al., 1998; Sánchez et al., 2002). However, protection
was reported to be high in such populations and efficacy rates of whole cell vaccines were about 60–100%
(Fukumura, 1984; Sánchez et al., 2000; Martínez et al.,
2004). Concerning the duration of immunity induced
by killed vaccines, one study reported that the duration of immunity ranged between 6 months and 1 year
at best while other studies reported a duration of at
least 3 years (Babudieri, 1959; Fukumura, 1984; Chen,
1985). To maintain immunity, the French vaccine recommends a booster every 2 years and the Japanese
vaccine at least every 5 years.
These vaccines (at least Japanese and French
vaccine according to the product summary) must not
be used during pregnancy.
Side effects of the whole cell vaccines have been
reported, which included both systemic (such as fever,
headaches, chill, malaise) and local reactions (such as
redness, swelling, pain) at various frequencies.

Vaccines in Development
Although killed whole cell vaccines are used for prevention of human leptospirosis, there still remain several problems. In addition to issues on persistence of
immunity and adverse events, the effectiveness of the
killed vaccine is generally serovar-specific (Fukumura,
1984; Chen, 1985; Philip and Tennent, 1966). There are
more than 230 serovars among the pathogenic leptospires. The local variability in serovars of endemic
leptospiral strains complicates the development of a
vaccine that can be used worldwide (Levett, 2001; Faine

V. PARASITE VACCINES

68_P369408_Ch64.indd 1300

11/5/2008 4:44:14 PM

VACCINES

et al., 1999). Thus, new vaccine strategies are directed
to the exploration for antigens that can generate crossprotection against various serovars. The immunogenic proteins, especially the outer membrane surface
proteins, of pathogenic Leptospira, may be effective as
immunogens. The identification of proteins, which are
conserved among pathogenic leptospires and can elicit
cross-protection against various serovars, has become
a major focus of leptospirosis research (see “Protein
Antigens” section). Subunit vaccines would also
have fewer side effects than killed whole cell vaccine.
Sera from patients with leptospirosis have antibodies
against several protein antigens (Naiman et al., 2002).
Protein extracts prepared from a pathogenic Leptospira
can induce protective immunity against challenge
with a heterologous serovar strain in an experimental
animal model (Narita et al., 2005). These data point to
the potential use of leptospiral protein(s) as candidates
for a new vaccine that could induce good protection
against diverse serovars.
OmpL1 is a transmembrane porin (Haake et al.,
1993; Shang et al., 1995), and LipL41 is a surfaceexposed outer membrane lipoprotein (Shang et al.,
1996). OmpL1 and LipL41 act synergistically to induce
immunoprotection in a hamster model of leptospirosis, although neither of the individual proteins
induces protective immunity (Haake et al., 1999).
Southern and western blot analyses revealed that
ompL1 gene product and LipL41 protein were present
in various pathogenic leptospiral serovars, but not in
nonpathogenic leptospires (Haake et al., 1993; Shang
et al., 1996). Patients with leptospirosis have antibodies against these proteins in their sera (Haake et al.,
2000; Flannery et al., 2001). Whether or not these proteins will confer cross-protection against a heterologous challenge remains to be determined.
LipL32 is one of the most abundant proteins in
Leptospira (Haake et al., 2000). LipL32 is a surfaceexpressed outer membrane lipoprotein that is conserved, both genetically and immunologically, in the
various pathogenic leptospires (Haake et al., 2000;
Cullen et al., 2005). LipL32 antigen induces the production of antibody in patients with leptospirosis
(Flannery et al., 2001). LipL32 is also called hemolysisassociated protein-1 (Hap-1) showing hemolytic activity alone or synergistically with another hemolysin
(Lee et al., 2000; Hauk et al., 2005). Vaccination using
an adenovirus vector and plasmid vector encoding the
lipL32/hap-1 gene induced cross-protection in a gerbil
model of leptospirosis (Branger et al., 2001, 2005).
Lig proteins are surface-exposed outer membrane proteins and their expression is upregulated
during infection of mammalian hosts (Palaniappan
et al., 2002, 2004; Matsunaga et al., 2003; Koizumi and
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Watanabe, 2004). The lig genes are present among various pathogenic, but not nonpathogenic, leptospires
(Matsunaga et al., 2003; Koizumi and Watanabe, 2004;
Palaniappan et al., 2004). Sera from human patients
infected with different leptospiral serogroup strains
reacted with Lig proteins (Koizumi and Watanabe,
2004; Croda et al., 2007). Furthermore, in a mouse
model of leptospirosis, the Lig proteins elicited protective immunity against challenge, not only with
the homologous serovar Manilae infection (Koizumi
and Watanabe, 2004), but also the heterologous serovar Icterohaemorrhagiae (our unpublished data). Lig
proteins also conferred protection against leptospiral
infection in hamster model (Palaniappan et al., 2006).
The ability to rapidly determine full-length genome
sequences has opened a new approach to vaccine design
that may be relevant for the treatment of bacterial infections (Plotkin, 2005). The strategy of “reverse vaccinology,” in which the full-length genome is “mined” by
various computer algorithms, for genes that encode
proteins with desired characteristics, has been applied
to some bacteria and novel vaccine candidate sequences
have been identified (Rappuoli, 2001; Serruto et al.,
2004). The full-length genome sequences of two strains
of L. interrogans, serovar Lai and serovar Copenhageni,
and two strains of L. borgpetersenii serovar Hardjo have
been published (Ren et al., 2003; Nascimento et al.,
2004a; Bulach et al., 2006). A full-length genome analysis
of serovar Copenhageni strain has been used to identify
candidate antigens for a leptospiral vaccine (Gamberini
et al., 2005). A total of 206 genes had been selected and
150 of them were expressed in Escherichia coli, purified, and used for immunoblotting with leptospirosis
patient sera. A total of 16 proteins reacted with convalescent patient sera in immunoblotting. Four of the 10
proteins tested were highly conserved among different
pathogenic leptospires.
The other group identified 226 genes as potential
vaccine candidates against L. interrogans using in silico
analysis (identification of genes that encode surfaceexposed proteins), comparative genome hybridization (genes conserved in the 10 pathogenic leptospiral
serovar strains) and transcriptional analysis (genes
have high transcriptional level in vitro) (Yang et al.,
2006b). Further research that evaluates the protective
activity of these candidates is needed.
The availability of genome sequences of Leptospira
also enabled investigation of the transcriptome using
microarray technology. Following excretion in the urine
from reservoir animals, L. interrogans is able to survive
in the environment for weeks (Koizumi and Watanabe,
2005), and then be transmitted to humans, which
involves a shift from ambient temperatures to 37°C
and more and an upshift in osmolarity during the early
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stage of infection. Recent microarray analyses identified
the genes that are induced or repressed when Leptospira
cultivated at 20 or 30°C is shifted to temperatures at
37 or 39°C or Leptospira is shifted to culture media
supplemented with sodium chloride to physiologic
osmolarity (Qin et al., 2006; Lo et al., 2006; Matsunaga
et al., 2007). Several genes that were induced by physiological osmolarity were also upregulated by temperature shifts (Matsunaga et al., 2007). In contrast to
L. interrogans, L. borgpetersenii cannot survive in nutrient
poor environments and is transmitted by direct contact
with Leptospira containing body fluids. Recent comparative genomic analysis revealed that L. borgpetersenii has
undergone genome reduction relative to L. interrogans
(Bulach et al., 2006). Many genes encoding environmental sensing, metabolite transport, and utilization
functions are especially absent or pseudogenes in
L. borgpetersenii but not in L. interrogans. Transcriptome
analysis on osmolarity shift also demonstrated that
genes that were repressed at physiological osmolarity
were much more likely than other genes to be impaired
in L. borgpetersenii, suggesting that physiological
osmolarity is a key signal for the environment-to-host
transmission (Matsunaga et al., 2007).

as well as our understanding of the pathogenesis of
leptospires. As new information evolves, insights will
be gained into ways to improve existing, and develop
effective new, vaccines for leptospirosis.

PROSPECTS FOR THE FUTURE
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Both the mechanisms of Leptospira pathogenesis
and nature of protective immunity against leptospiral infection are still poorly understood, in particular,
due to the lack of efficient genetic tools. It has been
reported that genetic transformation using a shuttle
vector has been successfully undertaken, followed
by gene knockouts by allelic exchange in the saprophytic Leptospira (Girons et al., 2000; Picardeau et al.,
2001; Bauby et al., 2003). However, these techniques
have not been successful for pathogenic leptospires.
Although the availability of full-length genome
sequences of Leptospira strains will be helpful for
elucidating the pathogenesis of Leptospira, it has
revealed that about 41% (serovar Lai), 31% (serovar
Copenhageni), and 23% (serovar Hardjo) of the total
genes in Leptospira encode unique hypothetical proteins that do not show homology with any other bacterial proteins (Ren et al., 2003; Nascimento et al., 2004a,
2004b; Bulach et al., 2006). To analyze the function of
these Leptospira specific gene products, it is essential
to develop genetic analysis tools for pathogenic leptospires. More recently, Bourhy et al. (2005) showed
that the Himar1 mariner transposon permits random
mutagenesis in pathogenic Leptospira. This technique
will accelerate the identification of virulence factors

KEY ISSUES
●

●

●

Leptospirosis is a globally important zoonotic
disease that affects humans in both rural and urban
settings, and in both industrialized and developing
countries. Large outbreaks of leptospirosis occur
especially in Asia and Latin America.
The effectiveness of currently available vaccines
is generally serovar-specific. Thus, new vaccine
strategies are directed to the exploration for
antigens that can generate cross-protection against
various serovars.
The availability of full-length genome sequences
and genetic tools of pathogenic Leptospira will
open new ways to elucidate the pathogenesis
of Leptospira and immune mechanism(s) against
leptospiral infection, as well as to develop a new
effective vaccine for leptospirosis.
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ABSTRACT
Malaria is the most important parasitic disease with its vast distribution across the tropics and subtropics, immense
public health burden, and tremendous economic impact on affected populations. Efforts to control malaria are
being conducted on multiple fronts including vector control through residual house spraying, distribution of
insecticide-treated bednets and improved diagnosis and treatment, including the development of new drugs and
drug combinations effective against resistant strains. Despite these efforts, malaria remains prevalent in at least 87
countries with approximately 40% of the world’s population living at risk; the greatest burden of malaria falls on
young children with one child dying from malaria every 30 s. Civil disturbance, inadequate health infrastructure,
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and poverty contribute to the lack of effective control. Experience with other infections such as smallpox, measles,
and polio demonstrates that vaccines can be a highly effective and cost-efficient method of controlling an infectious
agent with global impact.
The complexity of the malarial parasite has made the task of developing an efficacious vaccine difficult. Malaria
is a vector-borne disease caused by a protozoan parasite of the genus Plasmodium, and transmitted by the bite of an
Anopheles mosquito. The Plasmodium parasite has a complex life cycle with multiple stages, differential expression
of antigens with each stage, and a high degree of antigenic variability. Additionally, unlike smallpox, measles,
and many other infectious agents, protective immunity develops slowly, requires repeated infections, is never
strong enough to prevent reinfection, and is quickly lost in the absence of exposure. Despite these challenges,
there are two models of immunity that support the feasibility of developing a malaria vaccine: (1) immunization
with radiation-attenuated sporozoites, which induces sterile protection against the sporozoite and liver stages
of the parasite and (2) naturally acquired immunity, which is characterized by partial protection against the
asexual blood stages. These models provide the basis for many of the malaria vaccine candidates currently under
development, including vaccines designed to prevent infection (targeting sporozoite and liver stages) or to prevent
disease (targeting blood stages). In addition, the sexual stages of the parasite can be targeted by vaccines designed
to prevent transmission, an intriguing approach aimed at communitywide as opposed to individual benefit.
Currently, over 50 malaria vaccine candidates have reached various stages of clinical development. Most
are subunit vaccines based on one or few antigens, and target one particular stage of the parasite life cycle. The
subunit vaccines are constructed using a variety of platforms, including synthetic peptides or recombinant protein
in adjuvant, viral vectors, DNA plasmids, and prime-boost combinations of these platforms. As it has become
more apparent that a single antigen may not be sufficient to induce strong protective immunity against such a
complex organism, a multiantigen, multistage approach is also being explored. More recently, there is focus on the
attenuated whole parasite approach, which precludes the need to identify the antigens or immune mechanisms
associated with protection.
This chapter will provide a summary of the history, biology, epidemiology, and clinical pathology of this
important disease, and will then review progress in developing an effective malaria vaccine for widespread use.

INTRODUCTION
Malaria is the most important parasitic disease in
the world, taking into account its global distribution,
the number and severity of infections, and the appalling
public burden. With an annual worldwide incidence
exceeding 600 million clinical cases caused by the two
most common malaria species, Plasmodium falciparum
and P. vivax (Mendis et al., 2001; Snow et al., 2005),
leading to 1.1–2.7 million deaths (attributable primarily to P. falciparum) (World Health Organization,
2005), malaria causes great suffering among people living in tropical and subtropical regions, with a disproportionate impact on infants, children, and pregnant
women (Abdullah et al., 2007). Malaria is endemic in at
least 87 countries, notably much of sub-Saharan Africa
and large areas of Latin America, South Asia, Southeast
Asia, and the Western Pacific, currently inhabited by
at least 40% of the world’s population, placing 2.5 billion people at risk (Guerra et al., 2006, 2007, 2008; Hay
et al., 2004) (Fig. 65.1). Sub-Saharan Africa experiences
the greatest impact, with adverse effects on health,
economic development, and educational achievement
(Fernando et al., 2003; Gallup and Sachs, 2001; Kihara
et al., 2006; Sachs and Malaney, 2002; Worrall et al.,
2007). In this region, malaria has been estimated to

directly or indirectly decrease the gross domestic
product by 1–5% (Gallup and Sachs, 2001; Sachs and
Malaney, 2002). Malaria also poses a threat to travelers, often constituting the most significant health
risk for those visiting malarious areas, whether via
international or within-country travel (Richie, 2004).
Development projects relying on the influx of personnel from nonmalarious areas can be compromised,
contributing to the economic burden. As an added
concern, coinfection with malaria can adversely influence the severity of other pathogens, such as HIV, and
vice versa (Abu-Raddad et al., 2006).
Although the application of control measures such
as insecticide-treated bednets and residual insecticide
spraying, and the introduction of efficacious new drug
regimens such as artemisinin combination therapies
(ACTs) can significantly reduce the burden of malaria
in a given community (Bhattarai et al., 2007; Bosman
and Mendis, 2007; Rieckmann, 2006), historically such
interventions have proven difficult to sustain. This is
due to a variety of causes, including costs, poor public
health infrastructure, civil disturbances, the development of insecticide resistance by the vector, and drug
resistance by the parasite. As exacerbating forces, climate
change or environmental disruptions can create more
favorable habitats for mosquito breeding, leading
to the expansion of vector populations into regions
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FIGURE 65.1

Global risk of P. falciparum malaria. The map is derived from nationally reported case-incidence data, medical intelligence, and temperature and aridity boundaries
for the dominant Anopheles vectors, with risk expressed as the number of people infected per 1000 per annum (the annual parasite incidence, or API) (Guerra et al., 2008). Dark shading indicates stable malaria (API  0.1 per 1000 per annum), intermediate shading indicates unstable malaria (API  0.1 per 1000 per annum), and light shading indicates no risk.
The distribution of P. vivax adds additional countries, particularly in subtropical regions, including areas well outside the tropics such as Korea (data not shown). Reprinted with
permission from PLoS Medicine. (Guerra et al., 2007, 2008; Hay and Snow, 2006). Copyright licensed to the Malaria Atlas Project (MAP; http://www.map.ox.ac.uk) under a Creative
Commons Attribution 3.0 License (http://creativewemones.org).
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of irrigation or higher altitudes (Afrane et al., 2006;
Githeko et al., 2006). For these reasons, a strongly protective, long-lasting malaria vaccine would provide an
extremely cost-effective intervention, and is therefore
considered an urgent international health priority. The
ongoing efforts to create a vaccine constitute one of
the great public health enterprises of our time.
Preventing malaria through immunization is a fascinating biomedical challenge, and has drawn scientists
from many disciplines and spawned major achievements, including the sequencing of the P. falciparum
genome (Gardner et al., 2002) as well as the genomes
of several other Plasmodium species (Hall et al., 2005),
the establishment of online databases containing extensive genomic, transcriptomic, and proteomic information (Di Girolamo et al., 2005; Le Roch et al., 2003;
Winzeler, 2006; Zhou et al., 2008) and the development
of large reagent repositories (Adams et al., 2000). Great
progress has been made elucidating, at the molecular
level, the biology and antigenic structure of this complex parasite (Conway, 2007; Cowman and Crabb,
2002). After decades of effort, however, a licensed
vaccine is still not available and the leading candidate in development is only modestly effective. This
chapter will provide a synopsis of the history, biology,
epidemiology, and clinical expression of this important disease and then will review the progress being
made toward developing an effective malaria vaccine
for widespread use.

HISTORY
Malaria has most certainly been afflicting humans
for centuries. Early medical writings from India,
China, and Assyria described illnesses characterized
by intermittent fevers (Cox, 2002). The early writings of the Sumerians, the first civilization that settled
between the Tigris and Euphrates rivers, frequently
described fevers typical of malaria (Desowitz, 1991).
Around the same time, the Chinese medical volume dated from 2700 B.C., the Nei Ching, provided
an account of tertian and quartan fevers, and accurately described the spleen enlargement that often
follows. The Nei Ching purported that these fevers
were caused by an imbalance of the Yin and Yang,
and prescribed medicinal plants as cures (Cox, 2002;
Desowitz, 1991). Around 1600 B.C., the Hindu epic
religious texts, the Vedas, provided records of fevers
that caused severe illness and death, suggesting that
malaria was prevalent in India at that time (Desowitz,
1991). Hippocrates, in the fifth century B.C., accurately
described clinical manifestations of malaria including the tertian and quartan fevers and the enlarged,

stiff spleens (Cox, 2002; Desowitz, 1991). Hippocrates
speculated that this illness was caused by an external
agent, particularly the vapors and mists coming from
the marshes. Indeed, the name of this disease, malaria
(mal means bad; aria is air), which was adopted in
the mid-eighteenth century, reflects this belief that
malaria was caused by a miasma rising from the
swamps in the environs of Rome. This observation
was made when travelers from the city developed the
telltale signs of the infection within a week or two of
visiting the countryside. The theory that malaria was
caused by evil air rising from marshy waters was further supported by repeated observations of a decline
in malaria cases after draining of swamps (Desowitz,
1991).
Despite the assortment of historical texts describing this distinct illness over the centuries, it was not
until 1880, when Alphonse Laveran first observed the
crescent-shaped gametocyte of P. falciparum, the causative agent of falciparum, or malignant tertian malaria,
that the true etiologic agent was discovered (BruceChwatt, 1987; Desowitz, 1991). From the blood of a
feverish soldier stationed in Algeria, Laveran discerned
several different morphologies of the malarial parasite,
including “crescent-shaped bodies” (the gametocytes
of P. falciparum), “rounded bodies with dancing/lashing surface filaments” (the exflagellating male gametocyte), and “ring-like hyaline bodies” within red
blood cells (ring stages) (Desowitz, 1991). Finally, in
the 1890s, Ronald Ross and Battista Grassi proved that
the gametocytes are taken up by the female Anopheles
mosquito during a blood meal, thereby demonstrating the route of transmission of this deadly infection
(Desowitz, 1991).

ETIOLOGIC AGENTS
Classification
Malaria is a vector-borne disease caused by a protozoan parasite of the genus Plasmodium, transmitted by the bite of a female Anopheles mosquito. Of the
numerous species of Anopheles occurring worldwide,
approximately 60 are involved in malaria transmission (Oaks et al., 1991). Because of the nocturnal habits of the Anopheles mosquito, malaria is transmitted
between the hours of dusk and dawn. The Plasmodium
parasites belong to the protozoan Order Apicomplexa,
which includes other pathogens such as Babesia,
Toxoplasma, and Cryptosporidium. Apicomplexa are
morphologically distinguished by the presence of a
specialized complex of apical organelles (micronemes,
rhoptries, and dense granules) involved in host-cell
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invasion (Binder and Kim, 2004; Cowman and Crabb,
2006). There are scores of species of Plasmodium that
infect a wide variety of hosts (e.g., reptiles, amphibians, birds, and a variety of mammals including nonhuman primates (NHPs)), but only four that primarily
or exclusively infect humans: P. falciparum, P. vivax,
P. malariae, and P. ovale (Fig. 65.2). A fifth species,
P. knowlesi, resides in NHPs but can be transmitted
to humans and has been recognized as an important
zoonotic infection in parts of Malaysia (Cox-Singh
et al., 2008; Vythilingam et al., 2006). The human
malarias are thought to have originated in Southeast
Asia from simian species, from where they spread to
Africa and Europe (Cox, 2002). Malaria was probably
introduced into the Americas in the sixteenth century,
and was a significant public health problem in the
USA through the first half of the twentieth century
until its eradication in 1951.

Plasmodium Life Cycle
The life cycle of Plasmodium is shown in Figs 65.2
and 65.3. The infection begins when sporozoites
(Fig. 65.2A) are injected into cutaneous or subcutaneous tissue or directly into microvessels of the blood
or lymphatics with the saliva of the feeding mosquito
(Jin et al., 2007). Sporozoites deposited into interstitial
spaces disperse rapidly using a gliding motility and
are able to identify and enter blood vessels. Movies of
this process, made using intravital cinematography,
can be seen online (Vanderberg and Frevert, 2004).
The circulatory system carries the sporozoites to the
liver, where they invade hepatocytes. Recent evidence
suggests that sporozoites initially penetrate the cell
membranes of several cells, first Kupffer cells then
multiple hepatocytes, passing through the cytosol and
exiting again, leaving behind components of their surface coat and sometimes destroying the hepatocyte on
traversal (Ishino et al., 2004; Mota et al., 2001). Movies
of this process are likewise available on the Internet
(Frevert et al., 2005).
After the unexplained migration, which results in
a local inflammatory response and the presentation of
surface coat antigens to the immune system (Bongfen
et al., 2007), sporozoites invade their host hepatocyte
nondestructively, by inducing an invagination of the
cell membrane, resulting in the formation of a parasitophorous vacuole within which the sheltered parasite
can obtain nutrients from the host cell as well as from
the interstitial fluids beyond. After increasing manyfold in size, the parasite undergoes asexual (clonal)
replication, known as exoerythrocytic schizogony,
whereby it divides into thousands to tens of thousands
of merozoites, depending on the species (approximate
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range 2000–40,000) (Fig. 65.2B). When the nuclear and
cytoplasmic division processes are complete, merozoites
are released into the circulation. It has recently been
shown in the murine malaria species, P. berghei and
P. yoelii, that merozoites may be released in membranebound packets called merosomes or extrusomes, which
potentially circumvent phagocytic cells in the liver as
well as neutralizing antibodies (Baer et al., 2007; Sturm
et al., 2006).
Liver stage development is generally completed in
5–14 days, with some variation by species. For P. falciparum and P. malariae, all parasites complete development, and merozoite progeny are directly released into
the bloodstream. The liver stage parasites from P. vivax
and P. ovale, however, can enter a state of dormancy
(hypnozoite forms), reactivating weeks, months, or
years later to complete development, leading to relapse
of the blood stage infection. Remarkably, a relapse of
P. ovale has been recorded 4 years after primary infection (Trager and Most, 1963). In some areas, such as
Korea, the hypnozoite life form has enabled P. vivax
to adapt to seasonal climates where cold winter eliminates the activity of the vector; the parasite remains
dormant for several months, emerging the following
spring when renewed vector activity permits transmission. These relapses are to be contrasted with
recrudescences, which occur regularly with all species of human malaria and constitutes new waves
of blood-stage parasites originating from subpatent
populations of blood-stage parasites. Relapse and
recrudescence both cause recurrent parasitemia in P.
vivax and P. ovale, and can be difficult to distinguish,
whereas only recrudescences cause recurrent parasitemia in P. falciparum and P. malariae.
Merozoites released into the bloodstream invade
erythrocytes. Protein products of the apical organelles
of the parasite (rhoptries, micronemes) engage
receptors on the erythrocyte membrane propelling invagination and, as in the liver, formation of a
parasitophorous vacuole (Charpian, 2008) (Fig. 65.4).
Once inside the erythrocyte, parasites enter a second
trophic period in which the parasite enlarges, similar in nature but not as long lasting as the trophic
period in the liver. The early trophozoite is known
as the ring form because of its unique ring-shaped
morphology (Fig. 65.2C, D). The enlargement of the
trophozoite is accompanied by the ingestion of erythrocyte cytoplasm and the proteolysis of hemoglobin.
A by-product of this metabolism, hemozoin, accumulates as refractile, pigmented granules visible within
the infected erythrocyte and within macrophages
that have ingested erythrocyte debris (Egan, 2007;
Goldberg, 1993; Hanscheid et al., 2007). The enlarging trophozoite undergoes clonal nuclear divisions,
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FIGURE 65.2 The malaria parasite. (A) Scanning electron micrograph of a P. cynomolgi sporozoite superimposed on SEM of liver sinusoidal sieve plates; parasite is approximately 10 μm in length (photograph composite by Ute Frevert; http://www.med.nyu.edu/parasitology/
faculty/ufrevert.html) (Cochrane et al., 1976; Wisse et al., 1985). (B) Hematoxylin and eosin stain of 6-day old P. falciparum schizont in chimpanzee liver surrounded by normal-appearing parenchyma; 40 μm diameter (can range to 80 μm) (10 μm bar) (photograph by John Sacci). (C),
(D) Giemsa stain of thin smear and thick smear of P. falciparum blood culture, showing ring-infected erythrocytes; erythrocytic stage schizont
is seen on the left with individual merozoites ready for release; this form normally not seen in peripheral blood due to cytoadherence and
sequestration (photographs by Ted Hall). (E)–(H) Giemsa stain of characteristic erythrocytic stages of P. falciparum (banana-shaped gametocyte), P. malariae (band-shaped trophozoite in a normocyte), P. vivax (large amoeboid trophozoite in a reticulocyte with Schuffner’s dots in the
erythrocyte cytoplasm), and P. ovale (fibrionated edge to the parasitized oval erythrocyte, also with Schuffner’s dots), from a child with quadruple infection (photographs by Purnomo) (Purnomo et al., 1999).
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Merozoite invasion of erythrocyte. This figure
illustrates a functionally critical element of host-parasite biology—the invasion of the erythrocyte. The interaction begins with
low-affinity binding between the surfaces of the two cells, followed
by apical reorientation powered by an actin–myosin motor. Once
the apical end contacts the erythrocyte surface, a tight junction is
formed utilizing a different set of parasite proteins secreted from the
apical organelles. This junction migrates circumferentially along the
merozoite, leading to invagination and shedding of the merozoite
surface coat. Finally, the erythrocyte membrane reseals, leaving the
parasite encased in the parasitophorous vacuole. The entire process takes about 30 s. The secretion of key parasite proteins after the
apical end is juxtaposed may obstruct access by antibodies, making
it difficult to block the process. At least 48 proteins are associated
with the merozoite surface and apical organelles (Cowman and
Crabb, 2006), including MSP1, AMA1, and EBA175. Reprinted with
permission from Alan Cowman, Brendan Crabb, and Jake Baum
(http://www.wehi.edu.au/facweb/indexresearch.php?id  16).

FIGURE 65.3 Plasmodium life cycle. Parasite morphology,
mobility, host-cell specificities, patterns of protein expression, and
resulting immunologic vulnerabilities vary from stage to stage. The
induction of antibodies is particularly important for vaccines targeting sporozoites, the induction of cell-mediated immune responses
for targeting liver stages, and the induction of both antibodies and
antibody-dependent cytotoxic responses for targeting blood stages.
The ideal vaccine will induce all these responses against multiple
stages. The depiction of the life cycle in the insect vector is simplified; see text for details. Reprinted by permission from Macmillan
Publishers Ltd (Richie and Saul, 2002).

generating a blood-stage schizont (Fig. 65.2C), which
releases merozoites when the erythrocyte ruptures.
P. falciparum or P. vivax, each produce approximately
5–40 merozoites per schizont (depending on the
species), leading to logarithmic expansion of the parasite population.
Most of these parasite progeny will again undergo
asexual growth and schizogony, the cycle lasting 48 h
for P. falciparum, P. vivax, and P. ovale, 72 h for P. malariae,
and 24 h for P. knowlesi. However, a proportion develops

into the sexual forms of the parasite—micro- and
macrogametocytes—which are targeted for ingestion
by a female Anopheles mosquito. Conversion to
gametocytes differs by species, P. vivax developing
gametocytes soon after release from the liver stage,
P. falciparum developing gametocytes after several
days (Mota et al., 2001; Weatherall et al., 2002).
The ingestion of the gametocytes by the mosquito
induces gametogenesis, which consists of exflagellation of the microgametocyte, further development of
the macrogametocyte into the macrogamete, and fertilization of the macrogamete by the motile microgamete, all taking place in the mosquito midgut. The
now diploid zygote develops into a motile ookinete
that traverses the intestinal wall and transforms into an
oocyst on the external gut surface. Within the oocyst,
the parasite undergoes multiple rounds of asexual
replication, including reductive divisions restoring
the haploid state (Sinden, 1991). The oocyst releases
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thousands of sporozoites, which travel through
the insect hemocoel to the salivary glands. After
penetrating the salivary glands and entering the
lumen, they are ready to be injected into another
human host. The duration of the sporogonic cycle varies by species and is temperature-sensitive, but may
typically take 14–18 days.

Antigens Encoded by Plasmodium
Proteins on the sporozoite surface, including the circumsporozoite protein (CSP) and the thrombospondinrelated adhesion protein (TRAP) (Roussilhon et al.,
2007) (also called the sporozoite surface protein 2, or
SSP2) enable gliding motility, invasion of hepatocytes
(binding to heparin sulfate proteoglycans), and additional functions (Garcia et al., 2006; Sibley, 2004; Sinnis
and Coppi, 2007; Sinnis and Nardin, 2002). Many
additional proteins are likely expressed on the sporozoite surface. Following hepatocyte invasion, additional proteins, such as liver stage antigen 1 (LSA1),
UIS3 (UIS, upregulation in sporozoites) and UIS4 are
newly expressed or expressed in greater quantity.
These liver stage proteins play hundreds of roles in
the complex interaction between parasite and host,
permitting the breakdown of host-cell structure, the
establishment of a new architecture, and the uptake
of nutrients from outside the cell. These events occur
through the interface of the parasitophorous vacuole
membranes as well as through various channels and
pores.
Rapid progress is now being made functionally
characterizing preerythrocytic stage (sporozoite plus
liver stage) proteins by using the technique of targeted genetic disruption (gene knockout) (D’Ombrain
et al., 2007; Labaied et al., 2007; Mueller et al., 2005a).
Absence of a particular protein may halt development at a certain stage, and the morphological and
molecular characteristics of these arrested parasites
provide information regarding the role of the missing
molecule.
As hepatic stage schizonts mature, erythrocyte proteins are expressed. Merozoite surface molecules are
involved in the attachment, apical reorientation and
invasion of erythrocytes (Fig. 65.4), including several
merozoite surface proteins (MSPs), the apical membrane antigen 1 (AMA1) and the erythrocyte-binding
antigen 175 (EBA175), all leading vaccine candidates.
Key invasion proteins may be secreted after completion
of reorientation of the parasite and approximation of
the apical organelles with the erythrocyte membrane.
This last-minute release lessens the accessibility of
plasma and thus the susceptibility to antibody attack.

Invasion itself is an active process characterized by a
ring of attachment that migrates up the oval cylinder
of the merozoite, pulling/pushing it into the expanding parasitophorous vacuole. Once within the erythrocyte, additional proteins are expressed to mediate
nutrition and growth, and a system of channels and
pores develops, as within the hepatocyte (Merckx
et al., 2008). Of particular interest are the antigens
expressed on the surface of the infected erythrocyte,
some of which are highly immunogenic and elicit
antibody responses that limit parasite replication. The
best studied erythrocyte surface protein is P. falciparum
erythrocyte membrane protein 1 (PfEMP1), encoded
by approximately 50–60 different genetic loci within
the parasite genome (var gene family). By expressing
alleles in sequence on knobby protruberances appearing on the surface of infected erythrocytes during the
late trophozoite/schizont stages, PfEMP1 undergoes
antigenic variation, and this is likely an important factor responsible for the successive, recrudescent waves
of parasitemia that characterize malarial infection.
PfEMP1 is also one of the molecules responsible for
sequestration of mature blood stages in the microvasculature (see “Pathogenesis” section below).
The final stage of the parasite, the gametocyte,
expresses its own set of proteins in preparation for
ingestion by the mosquito and the subsequent sudden change of environment resulting from transition
from human blood to the mosquito midgut (Kooij
and Matuschewski, 2007; Matuschewski and Mueller,
2007). Mature gametocytes appear relatively silent
metabolically and immunologically, circulating in
the blood and possibly arresting in skin microvessels
(Gautret et al., 1996) until ingested by the vector.

PROTECTIVE IMMUNE RESPONSES
SSPs are considered to be potential targets for
antibody responses, and indeed, sporozoites coated
with antibodies recognizing CSP are immobilized,
leading to a process called the circumsporozoite
reaction whereby the surface coat is shed (McCarthy
and Clyde, 1977; Vanderberg et al., 1969). Videos of
this process can be viewed on the Internet (Vanderberg
and Frevert, 2004). Antibody-mediated attack is thus a
potential mechanism for vaccine-induced immunity
during the first minutes following inoculation by the
mosquito, offering an opportunity to disrupt gliding
motility and thus immobilize the sporozoites in the
skin or block the ligand-receptor binding required
for hepatocyte invasion. Once the sporozoite has
successfully entered a host hepatocyte, the ability of
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antibodies to affect development is restricted, although
there is evidence that antibodies to antigens such
as LSA1 and EXP1 expressed by liver stage parasites may nevertheless be associated with protection in endemic settings (John et al., 2008; Meraldi
et al., 2004).
In the liver, cell-mediated immunity emerges as
the primary protective response, as demonstrated
by the transfer of protection in conjunction with the
adoptive transfer of splenocytes recognizing sporozoite and liver stage antigens (Khusmith et al., 1991,
1994, Rodrigues et al., 1991). Protection results from
the recognition by lymphocytes of parasite molecules
expressed on the surface of infected hepatocytes in
the context of Class I MHC molecules. The parasite
is killed by CD8 cytotoxic T lymphocytes (CTL)
or through the induction of nitric oxide triggered by
interferon-gamma, with both CD8 and CD4 T cells
playing a role (Doolan and Martinez-Alier, 2006). In
addition, natural killer cells may contribute to protection (Hansen et al., 2007).
During liver stage development, parasites are
relatively few in number (likely less than 100) and
restricted to a single organ, whereas blood stage
parasites occur in billions and circulate throughout
the body. Thus, the liver stage provides a window
of opportunity for completely aborting the infection.
For this reason, many vaccine developers are focused
on targeting liver stage antigens and inducing potent
cell-mediated immunity (Hill, 2006b). Ideally, vaccines will induce both antibody- and cell-mediated
responses thereby targeting both sporozoites and liver
stages, to provide high-grade resistance to infection
(Schofield et al., 1987).
After release from hepatocytes, the parasite enters
the blood and is again susceptible to antibody attack.
Merozoite surface proteins are considered prime candidates for inclusion in vaccines and in fact comprise
the majority of vaccines in development. Antibodies
to these proteins can prevent merozoite adherence,
apical reorientation, and invasion of the erythrocyte,
an effect measured in vitro through growth inhibition assays (Bergmann-Leitner et al., 2006; Miura
et al., 2007b). Following erythrocyte invasion, parasite proteins expressed on the surface of the erythrocyte represent another target, and antibodies could
potentially interrupt nutrient uptake or cytoadherence (see “Pathogenesis” section below). Parasitized
erythrocytes have decreased deformability, and if
prevented from sequestering in postcapillary venules
through antibody-mediated reversal of cytoadherence are subject to removal from circulation by
splenic macrophages and other immune cells of the
reticuloendothelial system. Antibodies recognizing
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surface-expressed parasite proteins can also facilitate
parasite killing through antibody-dependent cellular
cytotoxicity (ADCC) (e.g., IgG1 or IgG3) (BouharounTayoun et al., 1990, 1995).
The effect of antibodies targeting blood-stage proteins has been demonstrated in vivo, through the transfusion of immunoglobulin purified from semi-immune
human adults to children with acute malarial infection. The children experience clinical improvement
and a reduction in the number of circulating parasites
(Bouharoun-Tayoun et al., 1990; Sabchareon et al.,
1991). It has been more difficult to demonstrate a dominant role for cell-mediated immunity in blood stage
infection in vivo (Kumar and Miller, 1990; Weidanz
et al., 1990). One supportive finding is the protection
observed in humans following immunization with a
whole parasite blood stage vaccine, which appeared to
be associated with cell-mediated immune responses in
the absence of detectable antibody (Pombo et al., 2002).
Another protective mechanism targeting blood
stage infection is the potential neutralization of malarial toxins released from infected erythrocytes at the
time of rupture. Parasite-derived molecules, such as
the glycosylphosphatidylinositol (GPI) sequences
that anchor many membrane-bound parasite proteins, have pyrogenic and other toxic properties.
It is hypothesized that a significant component of
naturally acquired immunity (NAI) is derived from
the ability of antibodies to neutralize malarial toxins (Schofield et al., 1987, 2002). Although targeting
malarial toxins released on schizont rupture might not
limit parasite multiplication, it could lessen the clinical expression of the infection by curtailing cytokine
release and other inflammatory events.
Finally, antibodies may potentially play a role in
preventing sporogony in the mosquito gut. Antibodies
induced by a vaccine containing gamete or gametocyte proteins normally not expressed or not exposed
in the human host can be passively imbibed by a feeding mosquito, and then attack the parasite proteins
newly expressed or newly exposed in the mosquito
gut. This can be demonstrated in an in vitro/in vivo
model in which human blood harboring gametocytes is used for membrane feeding by mosquito vectors. When the mosquito guts are examined several
days later, oocyct numbers can be reduced if an antibody targeting various sexual stage proteins is added
to the blood prior to its ingestion (Arevalo-Herrera
et al., 2005; Miura et al., 2007a). This has given rise to
the search for a transmission-blocking vaccine, which
would benefit a given vaccine recipient not through
protection against infection but by reducing transmission throughout the community (see “TransmissionBlocking Vaccines” section below).
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EPIDEMIOLOGY
Significance as a Public Health Problem
Worldwide, P. vivax and P. falciparum are the most
common of the four human malarias. Both are prevalent throughout much of the tropical regions of South
and Southeast Asia, the Western Pacific and Latin
America, with P. vivax often the predominant species. In sub-Saharan Africa, however, P. falciparum
nearly always predominates. This is particularly true
in West Africa where P. vivax may be virtually absent
due to the high prevalence of the Duffy negative phenotype, which precludes erythrocyte invasion by
P. vivax (see “P. vivax Vaccines” section below).
P. malariae is also widespread across the tropics, often
occurring in sympatry with other species and occasionally found to be the predominant species. P. ovale
has the most limited distribution; occurring in subSaharan Africa, in the region of New Guinea and in
parts of the Philippines and Southeast Asia (Carter and
Mendis, 2002; Collins and Jeffery, 2005; Lysenko and
Beljaev, 1969).
Malaria epidemiology can be characterized by
several indices, two of the most important being
the prevalence of malarial infection, determined as
the number of positive blood smears relative to the
number examined (often separately determined by
age group), and the incidence of malarial infection,
measured as the rate of acquiring new infections. The
latter is formally measured by tallying new-onset
parasitemia in cohorts of drug-cleared volunteers
followed prospectively for a defined period, but as
this is labor intensive, costly, and entails risks for the
volunteers, incidence is usually approximated by the
easier-to-measure, closely related entomologic inoculation rate (EIR), which is the number of infective
bites received per person per year (Beier et al., 1994).
This is calculated by capturing human-landing mosquitoes during nocturnal surveys and determining the
proportion that harbor sporozoites.
The need to provide a general classification of
malaria burden in a given geographic area has led to
distinguishing different levels of endemicity, focusing on prevalence: hypoendemic areas have a prevalence less than 10% and lower EIRs/transmission
rates; mesoendemic areas have a prevalence ranging
from 11% to 50% and moderate EIRs/transmission
rates, while hyperendemic areas show a prevalence
of 50% or more and have higher EIRs/transmission
rates. In some classification systems, spleen rates in
young children have been incorporated into the determination of endemicity but this system is not used
commonly at the present time.

The conduct of point prevalence surveys to measure prevalence, of prospective cleared-cohort studies
to measure incidence or of nocturnal mosquito landing collections to measure EIR can be impractical for
characterizing the malaria burden across a nation. As
a result, countrywide data are usually assembled by
determining the annual parasite incidence (Branch
et al., 2005) defined as the annual number of parasite-specific local malarial infections by geographic
unit (Guerra et al., 2006, 2007, 2008). API figures are
based on available medical intelligence, usually febrile
malaria cases reported from health clinics supplemented with the results of surveys where blood smears
are taken from residents with fever. API emphasizes
clinical malaria and provides less information on the
potentially large number of asymptomatic infections
that may be present. It is useful as a surveillance technique for monitoring increasing or decreasing trends
in the burden of malaria.
Another approach to characterizing malaria epidemiology focuses on the continuity of transmission and
resulting patterns of clinical immunity, defining three
categories: (1) stable malaria (2) unstable malaria,
and (3) epidemic malaria (Carter and Mendis, 2002).
Superimposed on this is the seasonality of transmission, which usually reflects patterns of rainfall. In
stable malaria, a population is exposed to a fairly constant rate of malarial infection throughout the year,
with at least one clinical infection experienced by most
individuals on an annual basis. In these regions, regular exposure to infection allows for the development
of naturally acquired protective immunity (Hviid,
2005; Schofield and Mueller, 2006). The risk of clinical malaria in these regions is therefore age-dependent, with the greatest morbidity occurring in infants
and young children (5 years) who have had few
exposures to infection and whose ability to mount an
effective immune response may be limited, relative to
adults, by age-dependent differences in the immune
system (Reyburn et al., 2005; Schofield and Mueller,
2006). In contrast, teenagers and adults, although frequently infected, experience clinical malaria less frequently, and when they do, the symptoms are usually
mild. This protected state in older children and adults,
called naturally acquired immunity (NAI), is characteristic of the high transmission areas of sub-Saharan
Africa. However, the development of an effective protective immunity has also been noted in other areas of
the world with lower, but stable levels of transmission
(Baird, 1995; Baird, et al., 1998; Branch et al., 2005). To
add to the complexity, there may be significant differences in age-dependent clinical expression of disease
within high transmission areas, with the highest transmission areas characterized by the development of
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severe malarial anemia in infants and young children
and the somewhat lower transmission areas characterized by cerebral malaria in older children (Snow and
Marsh, 2002).
In unstable malaria, there may be permanent
malaria transmission; however, there are large fluctuations in the rate of exposure to infection among
individuals. The irregularity of transmission may
result in greater intervals between infection precluding the development or maintenance of effective
protective immunity. In areas of unstable malaria
(Fig. 65.1), the risk of clinical malaria is less agedependent, and individuals tend to be susceptible to
the severe complications of malaria throughout life.
This phenomenon may partially explain the frustrating fact that as malaria control is successfully
instituted in a given region, and the level of endemicity is reduced, the public health impact of the infection may remain unchanged or even worsen (Dicko
et al., 2007; Mbogo et al., 1995; Snow and Marsh, 2002)
(Fig. 65.5). This is important when planning for the
fielding of a partially protective malaria vaccine,
because the semieradication of the parasite may serve
to increase the susceptibility of the general population to clinical malaria, and thus sustain or increase
morbidity and mortality rates despite progress against
the parasite.
In the third broad category, epidemic malaria,
there is a sudden increase in vector populations, or
alternatively malaria may be reintroduced to an area
from which the parasite (but not the vector) has been
eradicated. Devastating malaria epidemics occurred
in the early 1930s in South Africa (Sharp and le Sueur,
1996), in 1958 in Ethiopia (Fontaine et al., 1961), and in
1986 in Madagascar (Mouchet et al., 1998), and have
been a recurrent feature in many areas with periodic
excessive or failing rainfall, illustrated by the history of epidemics in India (Bouma and van der Kaay,
1996). Epidemics often occur in situations where there
has been limited previous exposure and thus limited opportunity to acquire protective immunity, and
partly for this reason, epidemic malaria can cause
extreme morbidity and mortality throughout a population, especially with P. falciparum infection, with
mortality rates exceeding 10%. Factors precipitating
epidemic malaria in a population can relate to importation of the disease by travelers, failure of public
health surveillance, deforestation, and climate change.
There is concern that global warming could abruptly
expand the range of malaria transmission by increasing vector populations at higher altitudes and by
shortening the duration of the sporogonic cycle in the
mosquito, which is temperature-dependent (Munga
et al., 2006; Patz and Olson, 2006). Epidemic malaria
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FIGURE 65.5 Relationship between all-cause mortality rate
in early childhood and P. falciparum malaria transmission intensity in Africa. Box plot showing median , 25%, 75% quartile ranges
around the median (box depth), and upper and lower limits of
all-cause childhood mortality per 1000 children aged 0–4 years
per annum at four transmission intensities. Malaria transmission
above a certain threshold is associated with significant increases
in mortality rates, as shown in this figure by the striking increase
(approximately two-fold) in all-cause annual mortality rates comparing low-endemicity areas (category 1, childhood infection prevalence ranging from 0% to 24%) to low-to-moderate endemicity areas
(category 2, prevalence 25–50%). As transmission intensity rises
further, there appears to be a plateau effect, with mortality rates
associated with moderate-to-high endemicity areas (category 3,
prevalence 51–74%) and with high-endemicity areas (category 4,
prevalence 75–100%) similar to those associated with low-to-moderate endemicity areas. These data suggest that a malaria control
strategy such as vaccination may not significantly improve childhood mortality rates unless substantial reductions in prevalence
of malaria are achieved. Note that in this analysis, a covariate such
as differences in socioeconomic status among the 26 sites included
in the data set could influence both rates of malarial infection and
all-cause mortality. Reprinted from Advances in Parasitology, Vol
52, Snow and Marsh, 2002, with permission from Elsevier.

could also become a significant concern following the
fielding of a successful malaria vaccine. If the vaccine
eradicates malaria from areas with high vector capacity and then the parasite is reintroduced later, either
due to waning vaccine coverage or to the evolution
of resistance to the vaccine by the parasite, epidemic
malaria could result.
Across these categories, EIR may range widely, from
less than 1 to greater than 1000 infective bites per year.
In general, higher EIRs characterize stable malaria, but
transmission can also be stable at lower EIRs, and both
very low (Lindblade et al., 1999) as well as very high
EIRs may characterize epidemic malaria.

Pregnancy-Associated Malaria (PAM)
At all levels of endemicity, including highly
endemic areas characterized by the acquisition and
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maintenance of NAI, pregnant women are at greater
risk for clinical malaria than nonpregnant women. The
risk is especially great when experiencing a first pregnancy, a phenomenon originally described by Clark
in 1915 during studies conducted during malaria epidemics (Clark, 1915). It is now well established that
pregnancy is associated with an increased frequency
(up to 12-fold in some studies) and density of parasitemia with P. falciparum, as well as increased severity of infection (Brabin, 1983, 1991; Brabin et al., 1988;
Bruce-Chwatt, 1983; Menendez, 1995, 2006; Okoko et
al., 2003). When it occurs during pregnancy, malaria
increases the risk of maternal mortality twofold, and
is the most common cause of maternal death in hyperendemic areas (Brabin, 1991). This is a major health
challenge, given that each year approximately 24 million women living in malaria-endemic regions become
pregnant.
Malarial infection during pregnancy is associated
with adverse fetal and infant outcomes, including
abortions, stillbirths, premature delivery, congenital
malaria, intrauterine growth retardation, low birthweight (LBW), and infant death (Okoko et al., 2003;
Uneke, 2007). Placental malaria is often a key mediator
of these adverse fetal outcomes because the accumulation of parasites in the placenta and the associated
maternal immune response can interfere with the
efficient transfer of oxygen and nutrients to the fetus
(Ismail et al., 2000; Menendez et al., 2000; Okoko et
al., 2002). The most severe fetal consequences, such
as abortions, stillbirths, and congenital malaria, are
frequently encountered in regions of unstable or
epidemic transmission (Menendez et al., 2000), while
in regions of high, stable transmission, the primary
adverse infant outcome is LBW (Guyatt and Snow,
2004). LBW in turn is associated with diminished
survival in the first year of life (McMormick, 1985),
mediated in part by an increased risk of acquiring
other infections. In fact, it is estimated that 5.7% of
infant deaths in sub-Saharan African are indirectly
associated with maternal malarial infection (Guyatt
and Snow, 2001), and approximately 200,000 infants
die each year as a result of malaria during pregnancy
(Steketee et al., 2001).
One reason proposed for the increased risk of
malaria during pregnancy may be the pregnancyassociated alteration in the immune system to prevent immunological rejection of the fetus. Specifically,
the proinflammatory Th1, cell-mediated response is
downregulated, while the Th2 response is enhanced.
This immunologic shift has been hypothesized to
increase the susceptibility of pregnant women to
many infections, particularly intracellular organisms
requiring strong cell-mediated immunity, such as

Plasmodium. In addition, the placenta provides a novel
sequestration site for P. falciparum. It is believed that
placental malaria results from a specific population
of parasites that preferentially sequester and cytoadhere to chondroitin sulfate A in the placenta through
the binding of PfEMP1 variants binding preferentially
to this molecule (Fried and Duffy, 1996; Fried et al.,
2004; Hviid, 2007; Rogerson et al., 1995, 2007). Natural
protective immunity against PAM is acquired during
the course of multiple pregnancies, with the development of anti-PfEMP1 antibodies recognizing placental
infected erythrocytes. This proposed mechanism for
explaining the severity of malaria in first pregnancies
and for the reduction in risk in multiparous women
has instigated research into developing a pregnancyspecific malaria vaccine with CSA-binding PfEMP1 as
the primary antigenic target (see “Pregnancy-Specific
Vaccines” section below).
It is worth noting that P. vivax also contributes to
PAM and its complications, and in fact P. vivax is an
important cause of congenital malaria (Lesko et al.,
2007).

Potential as a Biothreat Agent
Malaria is generally considered to have low potential as a biothreat agent, as it can be transmitted only
by the insect vector, by parenteral administration (e.g.,
blood transfusion) or transplacentally. It also has an
incubation period of a week or more if transmitted via
mosquito bite, so there is time to administer presumptive treatment in case of exposure to infectious mosquitoes. Therefore, it cannot be effectively weaponized.
On the other hand, malaria is amenable to abuse by
terrorists, e.g., if infected mosquitoes are released surreptitiously in crowded areas in a nonmalarious area.

CLINICAL DISEASE
In contrast to liver-stage infection, which is entirely
without clinical signs, symptoms, or changes in
routine hematological or chemical parameters, the
multiplication of parasites within the blood results in
an accelerating clinical syndrome, particularly in nonimmune individuals. The classic fevers of blood stage
malaria coincide with the synchronous lysis of millions
of infected erythrocytes and are probably mediated
by pyrogenic parasite-derived products such as GPI,
as mentioned previously. These malaria toxins precipitate the release of inflammatory cytokines such as
tumor necrosis factor, contributing to headache, body
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aches, fever, chills, nausea, vomiting, diarrhea, general
weakness, and prostration. These symptoms are similar to those of other infectious organisms, however; so
the diagnosis of malaria requires the demonstration
of parasites on a Giemsa-stained blood film. On the
other hand, the characteristic malaria paroxysm, when
observed in the right setting, is a strong indicator of
the diagnosis.
A paroxysm typically begins with dramatic shaking
chills (rigors) lasting 10–15 min or longer, which may
rattle the bed and often completely incapacitate the
sufferer. This period, during which the infected individual may experience a feeling of extreme cold, is
followed by a hot stage, in which the patient appears
agitated, restless, and disoriented. The body temperature may exceed 40°C, and the patient may complain
of severe headache, backache, and pain in the limbs.
This is followed by a defervescent phase, during
which the patient sweats profusely and generally feels
better, although left with weakness and fatigue, and
often falling asleep. Body temperature may be normal
upon awakening, and the patient may remain free of
symptoms and able to go about daily activities until
the onset of the next paroxysm 2–3 days later.
Paroxysms can occur in tertian cycles (48 h for each
cycle, called tertian because fever occurs on the first
and third days) or quartan cycles (72 h) depending on
the species. P. falciparum, P. vivax, and P. ovale have a
tertian cycle and P. malariae a quartan cycle, reflecting the underlying periodicity of blood stage schizogony. Quite often, however, the classic periodicity is
not present because there are multiple asynchronous
cohorts of parasites infecting the blood at the same
time, so fevers come and go without a recognizable
pattern.
The first wave of parasitemia, if controlled by the
immune system or by subcurative drug therapy, will
in nearly all cases be followed by recurrent waves
of parasites (termed recrudescences, as previously
described). In addition, patients with infections
caused by P. vivax or P. ovale may experience malaria
relapse weeks, months, or more than a year following
the primary infection.

Complications
Uncomplicated malaria, as caused by all five species
infecting humans, can be extremely debilitating, particularly in nonimmune individuals. As the infection
progresses, white blood cell and platelet counts fall,
and the red blood cells are gradually depleted as a
result of direct lysis and diminished production from
germinal centers. After several days, enlargement
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and tenderness of the liver and spleen may occur.
The severity of infections with P. vivax, P. ovale, and
P. malariae generally does not progress beyond this
point, with serious complications generally limited to
individuals with preexisting conditions. In contrast,
P. falciparum frequently leads to progressive clinical
deterioration, engendering a variety of severe complications. In sub-Saharan Africa, where the majority of falciparum-related deaths occur, approximately
1 in 100 pediatric cases of P. falciparum malaria will
progress to severe disease (Greenwood et al., 1991).
Cerebral malaria is one of the most dreaded complications of P. falciparum infection. It is characterized
by decreased level of consciousness, progressing from
delirium to obtundation, stupor, coma, and death.
Patients may present with a severe headache followed by drowsiness, increasing confusion and prostration. Seizures are a key feature of cerebral malaria
and may often herald the onset of coma. Other serious complications of falciparum malaria which may
occur with or without altered consciousness include
hypoglycemia, hyperpyrexia, hyperparasitemia, pulmonary failure, renal failure, jaundice, bleeding disorders, sepsis, severe metabolic acidosis, and a variety
of other conditions. The clinical manifestations of severe
disease are thus varied, giving rise to malignant tertian
malaria’s reputation as a great imitator, mimicking
meningitis, encephalitis, stroke, hepatitis, pulmonary
edema, acute abdomen, acute renal failure, and many
other conditions. All manifestations of severe malaria
have, in common, the need for immediate diagnosis and institution of parenteral antimalarial therapy
with maximum supportive care. The World Health
Organization has published a list of criteria for severe
malaria, aiming to promote appreciation for the importance of the diagnosis and the institution of appropriate treatment (World Health Organization, 2005).
Most patients surviving severe malaria will recover
completely. However, some patients, particularly
pediatric patients, may experience increased intracranial pressure, brain ischemia, and in some cases
transtentorial herniation during the infection. Those
that recover may be left with significant neurological
sequellae, including cortical blindness, hemiparesis,
generalized spasticity, cerebellar ataxia, hypotonia,
or more subtle neurological deficits (Weatherall et al.,
2002).
Another prominent syndrome of severe and complicated malaria is severe malarial anemia (SMA),
which is particularly common in areas of sub-Saharan
Africa with high transmission intensities (Snow and
Marsh, 2002). In these settings, SMA is often the leading cause of malaria-related mortality in infants and
young children (Obonyo et al., 2007).
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The other species of human malaria may, on occasion, lead to complicated disease, although it is unusual. P. vivax can cause fatal splenic rupture (Mokashi
et al., 1992; Ozsoy et al., 2004; Yagmur et al., 2000;
Zingman and Viner, 1993), and there are now several
reports that this species may cause other severe complications reminiscent of P. falciparum (Barcus et al.,
2007; Kochar et al., 2005; Kumar et al., 2007; Lomar
et al., 2005). Chronic P. malariae has classically been
associated with nephrotic syndrome (Collins and
Jeffery, 2007). The zoonotic parasite, P. knowlesi, has
been reported to lead to fatal complications (CoxSingh et al., 2008), possibly associated with its very
rapid growth in the blood—the only species infecting
humans with a 24 h cycle.

TREATMENT AND PROPHYLAXIS
A large arsenal of drugs exists for the treatment
of uncomplicated malaria, although there is often a
problem with their availability in a given location
(Lufesi et al., 2007). Unfortunately, there has been a
recent series of distributions of fraudulent drugs that
lack antimalarial activity in several countries (Newton
et al., 2008). For standard treatment and prevention of
malaria, the reader is referred to Griffith et al. (2007),
Magill (2006), and Whitty et al. (2006). Malarone or
mefloquine are highly effective, but additional regimens, such as ACTs, sulfadoxine/pyrimethamine, chloroquine (for sensitive strains of P. falciparum and for the
nonfalciparum species), or quinine/doxycyline can be
highly effective, with special considerations required
for pregnant women and infants (Coll et al., 2008). In
countries where artemisinin derivatives are available
(compounds derived from the Chinese herbal plan
Artemesia diminuta), there are often a variety of ACTs
in the market, such as artemether-lumefantrine (Hatz
et al., 2008). Artemisinin compounds cause a rapid
knockdown of parasite populations in the blood, and
when combined with a second agent to synergize
in the killing of parasites and to prevent the recrudescence of resistant organisms, they are extremely
effective antimalarials, and indeed are transforming the treatment of malaria in countries where they
have been adopted as first-line therapy (Bosman and
Mendis, 2007). These same compounds are now the
treatment of choice for severe P. falciparum malaria
(Day and Dondorp, 2007), and if available should be
selected in favor of parenteral quinine or quinidine.
The lack of artemisinin compounds in the USA is
being addressed by a partnership between the Walter
Reed Army Institute of Research and Sigma-Tau

Pharmaceutical, the latter planning to seek licensure
of artesunate for parenteral use during the latter half
of 2008 (A. Magill, personal communication).
In addition to the immediate institution of
parenteral antimalarials, patients with severe malaria
require emergent and intensive supportive care to
control seizures, hypoglycemia, brain edema, respiratory failure, acidosis, dehydration, sepsis, renal
failure, and other complications. Many experimental
compounds and procedures, such as administration
of steroids and antitumor necrosis factor have been
tested and found not to improve the success of treatment (Hoffman, 1988; Warrell, 1982; van Hensbroek,
1996; Enwere, 2005). Even with optimal support,
treatment of severe malaria may be unsuccessful,
and mortality rates can rise to 50% in remote areas
where intensive care, dialysis, and mechanical respiratory support are not available, although they are
generally much lower (Ranque et al., 2008; Winkler
et al., 2008). A major improvement in the treatment
of severe malaria has accompanied the development
of rectal administration of artesunate, which can now
be given in an outpatient setting while the patient
is being transported to the hospital and can be lifesaving (Karunajeewa et al., 2007).
Ironically, the treatment of severe malaria can
be poor in highly developed countries. This is due
primarily to lack of experience by physicians working
in parts of the world where malaria in not endemic.
The travel history may not come to light, diagnostic
procedures may be inadequate, and in some cases the
required drugs may not be available (Magill, 2006).
Travelers or their family members must insist that caregivers consider malaria as a cause of illness, and in
some cases proactively help to identify clinicians qualified to care for this potentially devastating infection.
Many drugs that kill blood stage parasites do not
kill hypnozoites, with the exception of 8-aminoquinolines such as primaquine (Crockett and Kain, 2007). If
a patient has been diagnosed with P. vivax or P. ovale,
a course of primaquine should be initiated as part of
follow-up care in order to prevent relapse.
Many of the same drugs used for treating malaria
are used for malaria prophylaxis and therefore
prescribed for the traveler. Weekly chloroquine is
the drug of choice only in those few areas of the
world where chloroquine-resistance has never been
reported, including parts of the Caribbean and parts
of the Middle East. In most other areas, weekly
mefloquine, daily Malarone, or daily doxycycline are
recommended, with daily primaquine another possibility in those with normal glucose-6-phosphate
dehydrogenase activity. Tafenoquine is under study
as another potential prophylactic agent (Crockett and
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Kain, 2007). Malarone, primaquine, and tafenoquine
have the advantage of killing parasites during liver
stage development, and thus their administration can
be stopped a week after departure from a malariaendemic area, whereas the blood schizonticides such
as chloroquine or mefloquine need to be continued
for a month to wait for all parasites to exit the liver
and enter the blood, where they can be killed by these
drugs, and are thus less convenient for short trips.
As a general rule, the prescription of a drug for
malaria prophylaxis for a given individual should be
performed by a travel medicine specialist, taking into
account drug-resistance patterns in the area to be visited, the traveler’s age and pregnancy/lactation status, and various key aspects of the traveler’s medical
history (seizures, heart disease, drug allergies) and
preferences (weekly vs. daily administration, tolerance of side effects (Senn, 2007)). The complexity of
prescribing the best antimalarial and the difficulties of
side effects and compliance are major reasons why a
“fire and forget” vaccine would be particularly helpful
for travelers.
In addition to treatment and prophylaxis, antimalarial drugs are gaining increasing importance as tools
of public health. It has now been shown that intermittent “presumptive treatment” (IPT) of malaria during
key stages of life where the risk of clinical and severe
malaria is greatest, namely infancy, early childhood,
and pregnancy, can markedly reduce morbidity and
mortality. Thus, IPT for infants (IPTi) (Sokhna et al.,
2008) and pregnant women (IPTp) (Asa et al., 2008)
has been instituted as national health policy in some
countries although implementation has proven to be
challenging (Hill and Kazembe, 2006).
The evolution of resistance to antimalarial drugs has
historically been and currently remains an exceedingly
important problem, especially for P. falciparum (Ekland
and Fidock, 2007) but also for P. vivax (Baird, 2004) and
occasionally P. malariae (Maguire et al., 2002). There
must be continuous monitoring for this phenomenon
in endemic areas (Laufer et al., 2007; Price et al., 2007;
Vestergaard and Ringwald, 2007), and the institution
of national treatment policy changes regarding firstand second-line drugs when significant resistance is
detected. A component of retaining the upper hand
against the parasite is the ongoing development and
licensure of novel antimalarial drugs.

POSTEXPOSURE
IMMUNOPROPHYLAXIS
It has long been known that treatment with immunoglobulin derived from semi-immune adults can lead

to reductions in parasite density and clinical improvement (Bouharoun-Tayoun et al., 1990; Sabchareon
et al., 1991) and that the presence of partial immunity
enhances the curative effect of drug treatment, even
permitting clearance of parasites that are resistant
to the drug employed (Enevold et al., 2007). In addition, immune sera can assist in the identification of
antigenic targets, aiding the development of effective
vaccines (Lundquist et al., 2006; McIntosh et al., 2007;
Nixon et al., 2005). However, due to the availability of
excellent antimalarial drugs, there is no application
for postexposure immunoprophylaxis.

PATHOGENESIS
Description of the Disease Process
The pathogenesis of malarial infection relates
directly to the biological events associated with each
stage of the life cycle, which differ markedly in the
degree to which they disrupt normal host processes.
Although sporozoites migrate destructively through
the liver parenchyma, their numbers are few (500 are
deposited in the skin during a 15 min mosquito bite,
with typical numbers reaching the liver in nature
likely far fewer) (Jin et al., 2007), damage is localized,
and there is no detectable compromise in liver function. Tissue sections taken from infected mouse livers
reveal an inflammatory reaction at the site of sporozoite migration (Mota and Rodriguez, 2004), but this is
clinically silent. In marked contrast, blood stage infection by all five malarial parasites infecting humans
precipitates a dramatic clinical syndrome, including
extensive erythrocyte destruction, toxin release, febrile
response, and a host of metabolic derangements.
P. falciparum infection, however, has an additional
feature arising out of its distinct pattern of sequestration in the deep venous microvasculature of organs
throughout the body including the brain, lung, liver,
kidney, dermis, bone marrow, and placenta (Schofield
and Grau, 2005; Trampuz et al., 2003). This sequestration characterizes the late trophozoite and schizont
stages of the parasite, explaining why P. falciparum
schizonts are rarely seen in the peripheral blood.
It follows the direct binding to endothelial cells of
parasite antigens expressed on the surface of infected
erythrocytes (with modified host erythrocyte surface
proteins contributing). As mentioned previously, an
important parasite protein responsible for binding is
PfEMP1, the immunodominant antigen undergoing
sequential expression of antigenically variant alleles
enabling repeated immune escape and recrudescent
parasitemia. Other molecules are involved as well,
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and a variety of receptors expressed on endothelial cells bind PfEMP1 and other ligands, including
ICAM1 and VCAM1 (Sherman et al., 2003).
Although cytoadherence is a primary factor in
sequestration and the associated disruption of normal flow, additional processes contribute, including
rosetting (the binding of nonparasitized erythrocytes
to parasitized erythrocytes), reduced red cell deformability, and the accumulation of unbound, uninfected
erythrocytes as a result of locally poor vascular flow.
This vascular “log jam” leads to the local release of
inflammatory cytokines and an associated cascade of
events that precipitate serious metabolic derangement
including local tissue hypoxia and acidosis. As a general rule, it appears that the site of sequestration determines the degree of organ compromise. For example,
sequestration in the cerebral vasculature results in
cerebral malaria, sequestration in the kidney results in
acute renal failure, etc. Sequestration in the placenta
is a special case that explains the prevalence of severe
disease in pregnant women, particularly primagravida. The awareness that sequestration is an important
contributor to severe disease has led to the concept
of developing vaccines or immunotherapies that prevent or reverse cytoadherence, thereby protecting the
patient against the adverse manifestations of malaria.
Although sequestration is a major factor associated with pathogenesis, there are a host of additional
pathogenic features of malarial infection, including
the release of malaria toxins, the destruction of erythrocytes, and the enlargement of the spleen. In the latter case, chronic malaria contributes to the debilitating
and potentially fatal tropical splenomegaly syndrome,
also called hyperreactive malarial splenomegaly due
to the associated increases in IgM and hyperplasia of
the lymphoreticular system (Singh, 2007).
The consequences of malarial infection are so severe
and the parasite so common that selection pressures
have been exerted on the human population, making
malaria, as expressed by one expert, “the strongest
known force for evolutionary selection in the recent
history of the human genome” (Kwiatkowski, 2005).
These selection pressures have led to the genetically
based adaptive mechanisms that in the presence of
endemic malaria provide a selective advantage. Many
of these have been described, including the changes
in proteins and their structure underlying sickle cell
anemia, the thalassemia, G6PD deficiency, ovalocytosis and many similar conditions including a role
in shaping the ABO blood grouping. More recently,
additional polymorphisms have been described affecting human immune system and inflammatory genes
that likewise confer a selective advantage by offering protection against severe malaria. The reader is

referred to excellent reviews for a detailed description
of the field (Hill, 2006a; Kwiatkowski, 2005; Timmann
et al., 2007).

IMMUNE RESPONSE TO INFECTION
While many protective immune mechanisms
have been demonstrated, as described in “Protective
Immune Responses” section above, the immune
response to natural infection is complex and also
fundamentally different from the persistent sterile
immunity that follows many acute infectious diseases.
The parasite is adept at living chronically in the host,
either by evading the immune response, or by actively
limiting its potency. NAI is never sufficient to prevent
infection or to prevent the circulation of parasites at
low levels or the generation of gametocytes that can
infect a mosquito, even after a lifetime of exposure.
The mechanisms whereby malaria evades or suppresses the immune response are diverse, including:
1. escape in time (the entry of merozoites into an
erythrocyte is completed in less than 30 s),
2. escape within host cells (avoids exposure to
plasma and thus to antibodies and complement),
3. sequestration of maturing blood stages in the
microvasculature (escaping splenic filtration),
4. presentation of immunodominant repeat
sequences to divert the immune responses
(e.g., CSP repeat sequences),
5. inhibition of expression of host costimulatory
molecules (e.g., CD80) needed for activation
of lymphocytes (Sponaas et al., 2006; Steers
et al., 2005),
6. inhibition of antigen processing and/or expression
of MHC Class I or II molecules on the surface of
antigen presenting cells (Steers et al., 2005),
7. stimulation of regulatory T cells (Tregs—CD4,
CD25, FOXP3) to downregulate T-cell
responses against the liver and blood stage
parasites (Hisaeda et al., 2008),
8. allelic/antigenic variation of key antigens (e.g.,
PfEMP1),
9. induction of blocking antibodies that limit the
effectiveness of antibodies otherwise able to
disrupt vital molecular pathways such as MSP1
processing and erythrocyte invasion (Uthaipibull
et al., 2001),
10. mimicry of host sequences of commensal
microorganisms in order to fall under the
umbrella of tolerance (Good et al., 1993; Wide
et al., 2006),
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The more closely parasite biology is studied, the
more it appears that the parasite is capable of orchestrating the immune response to its advantage, enabling chronic infection and ongoing production and
transmission of gametocytes. In sum, the natural
immune response to acute infection can be considered ineffective if judged by the host’s ability to eliminate the parasite, although, as described previously, a
degree of clinical immunity gradually develops with
repeated exposure. Countervailing this perversion of
immune function in order to induce a highly effective
immune response is a significant challenge for vaccine
developers.

VACCINES
The development of a malaria vaccine represents one of the most important scientific and public
health enterprises of our time (Epstein et al., 2007a).
Attempts began early in the twentieth century
(Desowitz, 1991), but despite tremendous advances
in our understanding of the parasite and of the host
immune response, the goal remains elusive. Providing
high-level protection against the malarial parasite will
entail overcoming multiple hurdles and likely require
a complex vaccine design (Mahanty et al., 2003).
Some of the principal impediments to progress are as
follows.
1. Stage-specific antigen expression: Plasmodium
expresses a different, complex array of antigens on
its surface and on the surface of the infected host
cell at each stage of its life cycle, reflecting different
tissue environments and growth requirements.
The predominant antigens expressed during the
preerythrocytic stages are largely distinct from
those expressed during the asexual or sexual blood
stages. A vaccine targeting one stage of the parasite
life cycle would have to be 100% effective in order
to prevent progression to the next stage where
growth would occur unchecked, or alternatively
the vaccine would have to include antigens from
multiple stages. This indicates that a simple

vaccine based on one or two antigens is unlikely to
be broadly protective.
2. Allelic variation: Key antigens demonstrate
extensive allelic diversity (de Souza-Neiras et al.,
2007; Ferreira et al., 2007; Mahajan et al., 2005),
with the encoding genes harboring significantly
greater variability than immediately adjacent
flanking regions of DNA, indicating that the
antigens have experienced strong immune
selection favoring polymorphism (Amodu et al.,
2007). It is not surprising that, given the history
of selection, immune responses are generally
allele-specific, with cross-protection developing
only gradually following repeated exposure, if
developing at all. Therefore, vaccines based on
a single allele are unlikely to provide protection
in the field where multiple alleles are circulating
and where individuals may typically be infected
by multiple strains (Fig. 65.6). The finding that
a newly discovered antigen exhibits extensive
polymorphism is usually interpreted as prima
facie evidence of the importance of the antigen
as an immunological target. However, this same
information conveys the difficulty of employing
the antigen effectively as a vaccine candidate.
One way to circumvent allelic variation is
to design chimeric immunogens or combine
immunogens into mixtures or epitope strings that
induce cross-protective responses or responses
targeting multiple alleles. The evaluation of
these vaccines will require careful assessment of
allele-specific vs. cross-protective responses when
tested in the field. To enable this detailed analysis,
investigators are characterizing the genetic

Proportion of cases (%)

11. presentation of variant sequences to induce
altered peptide ligand antagonism (Plebanski et
al., 1997),
12. use of alternative pathways for key processes
such as the invasion of erythrocytes (Baum et al.,
2005; Stubbs et al., 2005), and
13. inhibition of the respiratory burst in Kupffer cells
(Usynin et al., 2007) and many others.
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FIGURE 65.6 Multiplicity of infection in peripheral, placental,
and cord blood in Senegalese women. The graph shows the number
of parasite genotypes detected by PCR in peripheral (black bars),
placental (white bars), and cord (hatched bars) blood at the time of
delivery. These data are based on the diversity exhibited by only
the MSP1 and MSP2 antigens, therefore likely underestimating the
true multiplicity of infection in these samples. Journal of Clinical
Microbiology, Vol 43, Jafari-Guemouri et al., 2005, with permission
from American Society for Microbiology.
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polymorphisms present in parasite populations at
vaccine testing sites so that trials can be adequately
powered to detect allele-specific protective effects
(Takala et al., 2007).
3. Antigenic variation: Individual Plasmodium
parasite clones have the ability to sequentially
replace and thereby antigenically vary key
protective proteins, exemplified by PfEMP1
expression on the surface of the infected
erythrocyte (Kyes et al., 2007). A review of var
and other variant gene families discovered in
P. falciparum including rif, stevor, and Pfmc-2TM,
is provided by Dzikowski et al. (2006). To date, is
has not been possible to identify conserved and
immunogenic sequences inducing strongly crossprotective responses targeting these antigens.
4. Genetic restriction of the host immune response:
Key immune responses to malarial antigens,
such as those targeting liver-stage parasites, are
cell-mediated and thus genetically restricted.
Individuals with different HLA haplotypes
respond to different T-cell epitopes from a given
antigen, or may not respond at all. Therefore,
vaccines designed to act via the induction of
cell-mediated immunity must contain a variety
of CD4 and CD8 T-cell epitopes in order to
provide broad population coverage, and this
may be difficult to achieve if vaccines are based on
one or two antigens (Doolan et al., 1997).
In the most general sense, barriers to developing a
malaria vaccine emerge from the contradiction inherent in the parasite’s ability to evade the host immune
response and establish a chronic infection. One may
wonder if the proposal to harness the immune response
to reject the parasite is not an exercise in futility.

Evidence for the Feasibility of Developing
a Malaria Vaccine
Two models of immunity help to allay the above
concerns, indicating that developing an effective malaria
vaccine is indeed feasible: (1) immunization with irradiated sporozoites and (2) repeated blood stage infection, through natural exposure or malarial therapy (the
treatment of neurosyphilis with malarial fevers in the
preantibiotic era).
Immunization with Irradiated Sporozoites:
Model of Sterile Immunity
In 1967, Nussenzweig et al. (1967) first demonstrated
that mice immunized with radiation-attenuated

sporozoites were protected against challenge with
fully infectious sporozoites. Similar studies in NHPs
likewise demonstrated protection or partial protection
(Collins and Contacos, 1972; Jahiel et al., 1970). These
findings were rapidly extended to humans, with
sterile protection (i.e., absence of blood stage infection) first reported in 1973 (Clyde et al., 1973a, 1973b;
Hoffman et al., 2002).
In this model, malaria-infected mosquitoes are
exposed to irradiation, which damages but does not
kill the sporozoites the mosquitoes are harboring.
The optimal dose of 12,000–15,000 cGy was empirically determined—higher radiation doses reduce protection, and lower doses lead to breakthrough blood
stage infections. The mosquitoes are allowed to feed
on hosts, or alternatively, crude preparations of irradiated sporozoites isolated from infected mosquitoes by
dissection may be injected intravenously in the case
of animal models. The weakened sporozoites travel to
the liver and undergo partial development, expressing
new antigens, such as LSA1, but then stop developing,
without releasing merozoites into the bloodstream.
A portion of the injected sporozoites migrate to the
lymph nodes rather than to the liver, where presentation of malarial antigens in germinal centers contributes to the immune response (Chakravarty et al.,
2007).
In humans, sterile protection has been induced
in 13 of the 14 volunteers by this method, provided that the infectious mosquito bites total at least
900–1000. In the few volunteers studied, protection was
induced following immunization with P. vivax as well,
although protection was not cross-specific (Hoffman
et al., 2002). Intriguingly, protection did appear to be
cross-protective among strains, suggesting that the
attenuated sporozoite approach could help to circumvent the problem of antigenic polymorphism that hinders the development of effective subunit vaccines.
This sterile protection induced in the irradiated sporozoite model is thought to be mediated by
CD8 T-cell responses recognizing preerythrocytic
stage antigens expressed on the surface of infected
hepatocytes, with CD4 T-cell responses and
antibody responses contributing (Jobe et al., 2007;
Tarun et al., 2007; Vanderberg et al., 2007); however,
the mechanisms of protection are not completely
understood, nor have the antigenic targets been identified. Although responses targeting the CSP contribute
to protection, they are not required and 100% protection can be achieved in the absence of these responses
(Gruner et al., 2007; Kumar et al., 2006).
In summary, the irradiated sporozoite model
demonstrates that it is possible to induce immune
responses directed toward antigens expressed by
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preerythrocytic stage parasites that completely prevent blood stage infection in humans. If these antigens
could be identified and the correct immune responses
generated, it should be possible to mimic the irradiated sporozoite vaccine by using a subunit approach
and thereby achieve high-level protection.
Repeated Exposure to Infection: Model of
Partial Immunity
NAI through repeated exposure to blood stage
parasites provides a second model of protection
supporting the feasibility of developing malaria
vaccines, in this case vaccines targeting blood stage
antigens. There appear to be two components to
this immunity, developing at different rates: (1) antidisease immunity and (2) antiparasite immunity.
In endemic areas, the risk of fatal malaria is highest
during the first 2–3 years of life and then considerably diminishes by age 5 with sufficient exposure.
Antidisease immunity develops rapidly during this
period, with a reduction in the risk of life-threatening disease after one or more infections (Gupta et al.,
1999). Antiparasite immunity develops more gradually, manifest as low-grade parasitemias with spontaneous clearance (Branch et al., 2005). The development
of both clinical and parasitological immunity has also
been observed with malarial therapy for the treatment
of neurosyphilis (Collins and Jeffery, 1999a, 1999b,
2005, 2007; Collins et al., 1989, 2004; Molineaux et al.,
2002).
The protection underlying NAI is thought to be
mediated by antibody responses targeting blood
stage antigens, since immunoglobulin preparations
from semi-immune African adults reduced symptoms
and parasitemia when administered to children with
acute malarial infections (Bouharoun-Tayoun et al.,
1990; Sabchareon et al., 1991). Additionally, it has been
shown that antibody responses to specific blood stage
antigens, such as MSP1, are associated with clinical
resistance to malaria in residents of endemic areas.
In summary, NAI demonstrates the feasibility of
developing a partially protective vaccine targeting
blood stage parasites that limits parasite density and
reduces the risk of clinical disease and death.
These two models broadly define approaches to
malaria vaccine development: (1) preerythrocytic
stage vaccines (antiinfection vaccines) aimed at mimicking the irradiated sporozoite model that entirely
prevent blood stage infection by killing sporozoites
and developing liver-stage parasites, and (2) erythrocytic stage vaccines (antidisease vaccines) that
mimicking NAI, reducing parasite density, morbidity,
and mortality in infected individuals.
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Although this classification is supported by a strong
rationale, the distinction is often blurred. For example,
it has been demonstrated that a vaccine based on the
CSP, a preerythrocytic stage protein not expressed by
blood stage parasites, may reduce the frequency of
clinical episodes in African children for a period of at
least 18 months following immunization, with an even
stronger effect on reducing severe disease (see discussion of the RTS,S vaccine below), thereby mimicking
NAI. It is presumed that the mechanism is related to
reduced liver-stage parasite burden and reduced frequency of merozoite release into the blood, which
may limit genetic diversity of the circulating parasites
and thus the likelihood of a pathogenic strain entering
the blood (Enosse et al., 2006).
In addition to preerythrocytic- and erythrocyticstage vaccines, there is a third category —transmissionblocking vaccines—which target the sexual stages
(gametocytes) of the parasite and aim to reduce or
prevent transmission, and these are generally placed
in a group by themselves (see “Transmission-Blocking
Vaccines” section below).

History of Malaria Vaccine Development
Protein-Based Vaccines
As just described, the first substantial advances
in malaria vaccines were achieved in the 1960s and
1970s with the demonstration that irradiated sporozoites could provide sterile protection, but no further
development of this approach was attempted due to
the impracticality of a vaccine delivered by a mosquito bite. Consequently, most development efforts
during the past 30 years have focused on the subunit
approach, which involves formulating defined partialor full-length antigens to induce potent immune
responses targeting the antigens involved in key biological processes required for parasite development.
The subunit approach was launched with great enthusiasm in the early 1980s following the identification
and cloning of the first preerythrocytic-stage antigen,
the CSP (Dame et al., 1984; Yoshida et al., 1980). It was
anticipated by many that this discovery would rapidly
lead to an effective vaccine.
Early studies in animal models using CSP or CSP
epitopes as the vaccine antigen were promising, but
when tested in humans, several formulations including
peptide–protein conjugates and recombinant proteins
failed to provide consistent protection against experimental sporozoite challenge, although in a few individuals sterile protection was achieved (Ballou et al.,
1985; Brown et al., 1994; Fries et al., 1992; Heppner
et al., 1996; Herrington et al., 1987; Rickman et al.,
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1991; Sherwood et al., 1996). Early vaccines were limited by suboptimal epitope configuration and adjuvant formulation. It was not until the antigen was
engineered as the virus-like particle RTS,S and adjuvanted with a proprietary oil-in-water emulsion that
it induced protection (Gordon et al., 1995; Stoute et al.,
1997). This vaccine, RTS,S/AS02a, is discussed in
“RTS,S” section below as it remains a leading candidate vaccine. Other efforts to develop CSP or CSP
epitopes as vaccine antigens, including formulation as
multiantigen peptides (MAPs) or virus-like particles
similar to RTS,S, but utilizing hepatitis B core antigen
rather than hepatitis B surface antigen, have induced
strong immune responses but failed to protect or were
sidelined due to reactogenicity (Nardin, 2000, 2001,
2004; Edelman, 2002; Oliveira, 2005; Walther, 2007;
Gregson, 2008).
Several blood stage antigens were also cloned
and sequenced in the 1980s, identified from cDNA
expression libraries screened with growth-inhibitory
serum obtained from semi-immune humans living
in malaria-endemic areas or from Aotus monkeys
exposed to repeated P. falciparum infections (Ardeshir
et al., 1985; Kemp et al., 1983). Many of the identified antigens remain leading vaccine candidates to
this day, although, disappointingly, none has proven
to protect against infection when tested in humans.
There have been some encouraging findings, however: the Combo B vaccine, derived from three blood
stage antigens (MSP1, MSP2, and RESA) formulated
in Montanide ISA 720, was tested in 5–9-year-old children in Papua New Guinea and reduced the parasite
density in the study group not pretreated with sulfadoxine-pyrimethamine, relative to the comparator
group (Genton et al., 2002). This finding corresponded
to a paucity of the 3D7 allele of MSP2 (the allele
included in the vaccine) in the infections acquired
by vaccine recipients during the observation period,
whereas the nonvaccine FC27 allele showed no differences among study groups, implying that vaccination
did protect against infection with parasite harboring the 3D7 allele. These finding have encouraged
vaccine developers, and the search for an effective
blood stage vaccine remains viable.
Another development enterprise that figured prominently in the field was led by Dr. Manuel Patarroyo of
the National University of Colombia. This vaccine,
called SPf66, combined three synthetic peptides from
blood stage antigens, joined with epitopes from the
CSP. SPf66 was tested extensively in South America,
Africa, and Asia in the 1990s in a variety of settings
and age groups. After the completion of these studies,
a meta-analysis of 10 randomized, placebo-controlled trials involving nearly 10,000 study subjects was

performed to assess the value of the SPf66 vaccine. This
revealed moderate (28%) efficacy against P. falciparum
infections in South America, but, disappointingly,
no significant protection in trials conducted in Africa
or Asia (Graves and Gelband, 2006). The vaccine has
not been developed further.
DNA Vaccines
In the early 1990s, a novel vaccine platform—
immunization with “naked” DNA—was first tested
against malaria. A murine model was used to demonstrate that intramuscular administration of
recombinant DNA plasmids encoding the CSP of P.
yoelii permitted the uptake of the plasmids by host
cells and subsequent expression of the malaria transgene, and induced an immune response affording
protection against sporozoite challenge (Sedegah
et al., 1994). Because of the intracellular synthesis
and processing of the antigenic targets, DNA vaccines allow for HLA presentation of Class I T-cell
epitopes via the endogenous presentation pathway,
thereby inducing the cytotoxic T lymphocyte (CTL)
responses believed to contribute to the destruction
of developing liver stage parasites. DNA has the
advantage that transgenes can be switched without changing manufacturing processes, codon usage
can be optimized or harmonized (Hillier et al., 2005;
Narum et al., 2000, 2001), key epitopes can be strung
together (Doolan et al., 1997) or genes can be shuffled to increase antigen coverage and immunogenicity
(Cai et al., 2007).
Based on these considerations and the demonstration of protection in mice, the U.S. Navy engaged in
a program called MuStDO (multistage DNA vaccine
operation) in the late 1990s to develop DNA vaccines for preventing malaria in humans. The first two
clinical trials demonstrated safety (Epstein et al.,
2004; Le et al., 2000) and induced CTL and interferon
gamma responses targeting CSP (Wang et al., 1998,
2001). However, there were no measurable antibodies, a departure from the murine model in which
both CTL and antibodies were routinely induced by
DNA immunization. Assuming that multiple antigens would be required for protection, a mixture of
five plasmids encoding preerythrocytic stage antigens
(CSP, SSP2/TRAP, EXP1, LSA1, and LSA3) was tested
with or without a sixth plasmid encoding human
granulocyte macrophage-colony stimulating factor
(hGM-CSF). As in the initial trials, cell-mediated
immune responses were detected, but there were negligible antibody responses and no protection against
sporozoite challenge (Wang et al., 2005). Based on the
results of this trial, further testing of naked DNA as
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a stand-alone regimen was not pursued. Now, after a
gap of several years, intensive efforts to optimize the
platform have resulted in improved immunogenicity.
Electroporation has dramatically increased tranfection
efficiency (Cemazar and Sersa, 2007), and this, along
with many additional improvements (Laddy and
Weiner, 2006), may soon bring DNA back to the forefront of vaccine development.
Even as the testing of DNA as a stand-alone
regimen was sidelined, the importance of DNA as a
priming agent was recognized. Volunteers primed
with three doses of DNA encoding CSP and boosted
with RTS,S/AS02A (see “RTS,S” section below) more
than a year later showed stronger cell-mediated
immunity than volunteers receiving RTS,S/AS02A
without priming (Wang et al., 2004). These data, supported by similar findings in animal models, established the value of naked DNA as a priming agent
able to induce long-lasting memory T cells capable of
improving the immunogenicity and protection of a
booster vaccine given subsequent to the DNA prime
(see “Prime-Boost Strategy” section below).

(MVA), avian poxviruses such as canary pox or fowl pox
(FP), human adenoviruses attenuated via geneticallyengineered gene deletions, simian adenoviruses
(Sridhar et al., 2008), viral replicon particles (VRPs,
derived from Venezuelan equine encephalitis virus),
and the yellow fever vaccine vector (Tao et al., 2005).
One of the first studies of malarial antigens delivered
by a viral vector involved the recombination of seven
different malaria genes into a NYVAC poxvirus platform, creating the NYVAC Pf7 vaccine (Tine et al.,
1996), a joint effort by the U.S. Army and Virogenetics,
Inc. When tested in the clinic, this vaccine was immunogenic and achieved a modest level of protection
against experimental sporozoite challenge: one out of
35 volunteers was sterilely protected and the onset of
parasitemia was delayed relative to controls in others
(Ockenhouse et al., 1998). Many considered this to be
a promising result meriting further study, but the vaccine was not pursued further. Other viral platforms,
such as adenovectors, are now entering clinical testing
and will be described below in “Vaccines Currently
under Development” section (Li et al., 2007).

Virally Vectored Vaccines

Prime-Boost Strategy

In the late 1990s and early 2000s, efforts shifted to
viral vectors as a possibly better way to deliver DNA
encoding malarial antigens. Viral vectors retain a key
attribute of DNA, namely the intracellular synthesis of the parasite protein by a eukaryotic host cell,
leading to Class I as well as Class II presentation and
thus the induction of both CD8 and CD4 T-cell
responses. Eukaryotic host cell synthesis favors native
protein folding, which is difficult to achieve when
parasite proteins are synthesized by a prokaryote such
as E. coli, although this problem with bacterial expression can be overcome with codon harmonization or
special refolding steps during the manufacturing
process (Hillier et al., 2005). However, unlike DNA,
viral vectors may target particular host cells such
as dendritic cells, and are intrinsically designed for
efficient cell entry and transfection. Moreover, viral
vectors provide a stimulatory danger signal that activates the innate immune system via Toll-like receptors (TLRs), enhancing immunogenicity. As an added
attribute, viral vectors can be designed to express
multiple transgenes placed into different expression
cassettes. Although in some cases manufacturing and
scale-up can be more difficult for viral vectors than for
DNA, and there may be concerns regarding the adequacy of attenuation, these challenges can generally
be addressed successfully.
Promising viral vectors include attenuated mammalian poxviruses such as Modified Vaccinia Ankara

The most recent evolution in the history of subunit vaccines is sequential immunization with two
different vaccine platforms, which has proven superior to immunization with either platform alone.
Some platforms are more effective as priming agents
(e.g., DNA), while others can serve both to prime and
boost (adenovirus, poxvirus). The superiority of heterologous over homologous regimens may relate to the
ability of heterologous regimens to reduce competition between the antigen expressed by the transgene
and the multiple viral antigens expressed by the
vector, since the transgene is the only protein
expressed in common between the two immunizations,
enabling an anamnestic response to the target antigen.
The heterologous approach may also avoid neutralization by antivector responses induced by the prime,
leading to higher host cell transfection rates and therefore enhanced transgene expression when the boost is
administered.
In a remarkable series of clinical studies, the
malaria vaccine development program at Oxford
University systematically explored a variety of heterologous prime-boost regimens in humans, focusing on
DNA or FP followed by MVA (Dunachie et al., 2006a,
2006b; Moore and Hill, 2004). In most of these studies, the immunogen was ME-TRAP, a multiepitope
string coupled to the full-length preerythrocytic stage
antigen TRAP (SSP2) (McConkey, 2003) spliced into
a DNA plasmid or poxvector, although the CSP was
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also studied (Walters and Sperandio, 2006). These regimens achieved markedly improved cellular immune
responses, and were associated with a calculated
average 92% reduction in liver stage burden combining data from several human trials (Bejon et al., 2005).
In a few studies, there were volunteers sterilely protected against sporozoite challenge, with delays in
onset of parasitemia exhibited in others (Webster
et al., 2005). These prime-boost regimens involving
DNA and poxvectors were transitioned to testing in
Africa, but, disappointingly, in two different Phase 2b
trials, no protection was observed (Bejon et al., 2006,
2007; Moorthy et al., 2004). These vaccines, like many
others, have been sidelined while efforts are underway
to improve the viral platforms.
Many clinical trials testing heterologous primeboost regimens can be anticipated in the coming years.
Tempering the excitement, however, is an awareness
of the difficulties associated with developing two different vaccines for use in one regimen, including the
challenges of forming the business partnerships that
are often required, the complex administration schedules and increased expense. These concerns currently
motivate efforts to improve homologous regimens to
the point where they may equal the immunogenicity
of heterologous regimens.
Other Platforms
Bacteria have been evaluated as delivery systems for
several decades. The transgene is expressed from plasmids residing in the host bacterium. Efforts to develop
Salmonella as a delivery platform for malarial antigens
continue, e.g., at the University of Maryland (Chinchilla
et al., 2007) and the University of Newcastle (McKelvie
et al., 2008). Bacillus Calmette-Guérin (BCG), a live
and attenuated strain of Mycobacterium bovis, is also
under development as a platform for malaria vaccines
(Beveridge et al., 2007; Rapeah and Norazmi, 2006;
Zheng et al., 2002). Protozoa, including Toxoplasmosis
have also been used as delivery systems for malarial
antigens (Charest et al., 2000).
Whole Organism Vaccines
Spurred by the many challenges facing subunit vaccines, the last 5 years have seen the reemergence of the
whole organism approach. During more than 40 years,
irradiated sporozoites provided a highly meritorious
model but pointedly lacked viability as a licensable
product (Luke and Hoffman, 2003). Rather than targeting an identified biological process, the whole organism approach seeks to identify the best immunogen,
presenting to the immune system a complex array of

antigens that are tested for protection (Pinzon-Charry
and Good, 2008). In this approach, neither the antigens nor the protective immune mechanism needs to
be identified. This empirical approach is supported by
the fact that most licensed vaccines have been developed in this fashion, and consist of whole, attenuated
organisms or material isolated from whole organisms
such as a toxin or crude antigen preparations.
Most pathogens are less complex than Plasmodium,
however, which has a genome comprising more than
5300 genes. Moreover, most of these pathogens can be
easily cultured, facilitating attenuation and enabling
scale-up for mass production. The only stage of any
human malarial parasite that can be routinely and easily cultured is the blood stage of P. falciparum, and this
requires human blood as the substrate—thus, there
has never been a way to attenuate preerythrocytic
stages via repeated passage nor to collect significant
quantities of immunogen from the preerythrocytic
stage of any malarial parasite or from the blood stage
of any species other than P. falciparum. In terms of the
irradiated sporozoite model, the only way to produce
sporozoites is from mosquitoes.
There are multiple additional barriers to a whole
sporozoite vaccine, including administration (using
mosquitoes as the method for administration is not
practical), suitability for parenteral injection (the mosquito “factory” for producing sporozoites originates
in swamp-like open trays of water hardly amenable to
good manufacturing practices), and storage (the sporozoites must be maintained in a metabolically active
state in order to undergo partial development in the
liver and induce protective responses). Finally, there
are concerns about attenuation, since a single sporozoite completing liver-stage development could turn a
protective vaccine into a lethal malarial infection.
Remarkably, many of the barriers have been overcome by creative bioengineering, enabling the revitalization of the attenuated sporozoite concept. There are
now at least two approaches under development, both
supported by the Malaria Vaccine Initiative at PATH,
with funds provided by the Bill and Melinda Gates
Foundation. One approach is based on sporozoites
genetically attenuated via irradiation and the other is
based on genetic attenuation via targeted gene deletion (knockout). There are intriguing data suggesting
that a whole, attenuated blood stage vaccine may be
feasible as well (Pombo et al., 2002). The attenuated
whole organism approach is now on an accelerating
development track, in parallel with subunit vaccines,
and the malaria vaccine field is galvanized to observe
the outcome of the first clinical trials.
Within this historical framework, the next section
will review a selection of active vaccine candidates
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focusing on those in clinical development. There are
many additional vaccines not described, most of
which have not yet reached clinical testing. Exhaustive
lists of candidates have recently been published, and
are available for perusal on the Internet (World Health
Organization Rainbow Table; Moran et al., 2007).

Vaccines Currently under Development
Preerythrocytic Stage Vaccines
Preerythrocytic stage malaria vaccines have induced
complete protection against blood stage infection
by targeting sporozoites and liver stage parasites.
Partially effective preerythrocytic stage vaccines have
reduced liver stage parasite burden and the frequency
and severity of clinical episodes of malaria.
Vaccines Based on Circumsporozoite Protein
CSP forms the surface coat of the sporozoite and is
involved in sporozoite invasion of hepatocytes, with
a recently described role in sporozoite morphogenesis (Kappe, 2004). Humans protected with irradiated
sporozoites generate antibodies and lymphocytes
recognizing CSP (Egan et al., 1993; Krzych et al.,
1995), and sera induced by CSP have been shown to
inhibit sporozoite invasion (Hollingdale et al., 1987)
and CTL to destroy infected hepatocytes (Franke
et al., 2000). The antigen is protective in animal models (Bharadwaj et al., 1998; Charest et al., 2000; Doolan
et al., 1996; Lanar et al., 1996; Sedegah et al., 1994; Wang
et al., 1995), and CD8 and CD4 T-cell responses
to specific epitopes within CSP have been described
(Doolan and Good, 1992; Marussig et al., 1997;
Zevering et al., 1998). Although there have been many
vaccine compositions based on CSP, only the RTS,S
recombinant protein vaccine, developed in 1987, has
consistently induced protective responses in humans,
and only when formulated in particular adjuvant
systems (Ballou and Cahill, 2007; Heppner et al., 1996,
2001, 2005).
RTS,S (CSP) (Adjuvanted Hybrid CSP-HepB Particle) The
world’s leading malaria vaccine, RTS,S, is the product
of a twenty year collaboration initiated in 1984
between the Walter Reed Army Institute of Research
(WRAIR) and GlaxoSmithKline Biologicals (GSK)
(Ballou and Cahill, 2007; Heppner et al., 1996, 2001;
2005). The CSP antigen in RTS,S is a hybrid protein
containing part of the tandem repeat region of CSP
(R), a contiguous segment of the C-terminal flanking
region harboring key T-cell epitopes (T) and the Nterminus of the hepatitis B surface antigen (HBsAg)
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(S). This fusion protein (RTS) is expressed by the yeast
Saccharomyces in 1:4 ratio with unfused HBsAg (S).
The RTS and S proteins spontaneously assemble into
virus like particles with CSP arrayed on the surface.
RTS,S was first successfully adjuvanted with GSK’s
proprietary adjuvant AS02A (an oil-in-water emulsion
containing the two immunostimulants QS21 and
MPL) and more recently with the liposomal AS01B
and with AS02D, two additional proprietary adjuvant
systems developed by GSK (Mettens et al., 2008).
In a meta-analysis of Phase 2a trials, RTS,S/AS02A
was shown to have induced sterile protection against
experimental sporozoite challenge in 41% of malaria
naïve adult volunteers (95% CI [22–56%], p  0.0006)
and partial protection in the majority of those not sterilely protected, as evidenced by a significant delay in
onset of parasitemia (Kester et al., 2001). A subsequent
Phase 2b trial conducted in semi-immune Gambian
adults with lifetime exposure to malaria demonstrated
a 34% reduction in the incidence of first parasitemia
(95% CI [8–53%]) over a 16-week follow-up period,
providing evidence for protection against naturally
transmitted malaria (Bojang et al., 2001).
Following these promising results, the vaccine
advanced to Phase 1 studies in children in the Gambia
and Mozambique, where it was shown to be safe and
immunogenic (Bojang, 2005). Subsequently, a Phase
2b, randomized, double-blind, controlled trial conducted in children 1 to 4 years of age in Mozambique
demonstrated an overall reduction in time to the first
clinical episode of malaria of 30% (95% CI [11–45%])
at 6 months, with a one year extension to the surveillance period showing sustained protection (35%, 95%
CI [22–47%]) (Alonso et al., 2004, 2005) (Fig. 65.7).
Furthermore, RTS,S/AS02A showed 58% (95% CI
[16–81%]) and 49% (95% CI [12–71%]) protection
against severe malaria during these same observation periods, at 6 and 18 months, respectively (Alonso
et al., 2004, 2005). Most recently, RTS,S/AS02D
reduced the rate of new onset parasitemia in infants
over a six month observation period by 66% (95% CI
[43–80]%) (Aponte et al., 2007). These results demonstrate the potential of RTS,S to reduce the burden of
malaria in endemic areas, and have established it as a
leading malaria vaccine candidate.
A large Phase 3 trial is scheduled to begin in late
2008 in seven countries across Africa under a partnership agreement between GSK and PATH MVI,
a grantee of the Bill and Melinda Gates Foundation
(Ballou and Cahill, 2007), with costs shared between
GSK and MVI. This Phase 3 trial will determine if the
encouraging findings in Mozambique extend to other
geographic areas encompassing diverse populations
and transmission conditions. If all goes well in the
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FIGURE 65.7 Kaplan-Meier curves for the cumulative proportion of children with at least one episode of clinical malaria.
Protection against clinical malaria was sustained for 18 months in
1–4-year-old children living in Mozambique, following immunization with RTS,S/ASO2A. Reprinted from The Lancet, Vol. 366,
Alonso et al., 2005, with permission from Elsevier.

Phase 3 trial, the sponsor, GSK, anticipates submitting
its file to the European Medicines Agency for a positive opinion under the Article 58 procedure by 2011.
In anticipation of a successful outcome to this Phase 3
trial, the processes required for host country approval
and national public health policy decision-making are
already being developed.
RTS,S Combinations There have been several efforts to
improve RTS,S by (1) prime-boost combination with
other vaccine platforms including DNA (Epstein et
al., 2004) and poxvirus (Dunachie et al., 2006b) and
(2) through combination with other preerythrocytic
(TRAP/SSP2) and blood stage (MSP1) antigens.
None has led to significant improvements, and in
one case (combination with TRAP/SSP2) appeared to
have compromised the protection afforded by RTS,S
(Ballou and Cahill, 2007; Heppner et al., 2005). On the
horizon are prime-boost regimens pairing RTS,S with
adenovirus, a combination that strongly boosts cellmediated immune responses without compromising
the already excellent antibody responses (Hutchings
et al., 2007; Rodriguez et al., 2008; Stewart et al., 2007).
Although the clinical development pathway for an
adenovirus-recombinant protein prime-boost regimen
for CSP has not been defined, it is a high priority.
Ad35.CS (Gene Encoding CSP) (Adenovirus Serotype 35) The
National Institute of Allergy and Infectious Diseases
(NIAID) at the National Institutes of Health (NIH) has
partnered with the biotechnology company, Crucell,

to develop a CSP-based vaccine using an adenovirus
serotype 35 vector. This vaccine, called Ad35.CS, is
currently being tested in a Phase 1 trial by Vanderbilt
and Stanford Universities, and was demonstrated
to be safe and immunogenic (B.F. Hall, personal
communication). Assuming that appropriate safety
and immunogenicity criteria are met, NIAID currently
plans further evaluation of this product in clinical
trials in Africa and elsewhere.
Vaccines Based on TRAP/SSP2 TRAP/SSP2 is a
highly conserved SSP associated with gliding motility and hepatocyte invasion (Muller et al., 1993).
Immunization with TRAP/SSP2 has induced protection or partial protection against sporozoite challenge in mice (Khusmith et al., 1991; Schneider et al.,
1998; Wang et al., 1996), monkeys (Bhardwaj et al.,
2003), and humans (Dunachie et al., 2006a; Webster
et al., 2005). CD8 T-cell-dependent cytolytic activity
mediated by HLA-restricted epitopes in TRAP/SSP2
has been identified in humans immunized with irradiated sporozoites (Wizel et al., 1995a, 1995b) as well
as humans living in malaria-endemic areas (Aidoo
et al., 1995).
TRAP/SSP2 1 Multiepitope String (Gene Encoding this
Antigen) (MVA and FP) Adrian Hill at Oxford,
whose pioneering clinical studies of prime-boost
regimens were described earlier, is developing
TRAP/SSP2 for delivery by a simian adenovirusvector (Reyes-Sandoval et al., 2008). The antigen is
expressed as a fusion protein linking the TRAP/
SSP2 molecule to a multiepitope string of T- and
B-cell epitopes (ME-TRAP). A clinical trial funded
by the Medical Research Council and the Wellcome
Trust is currently underway at the Jenner Institute
to test this approach, in collaboration with the
biopharmaceutical company, Okairòs. Future plans
include using simian adenovectors in prime-boost
approaches with MVA and building internal
adjuvants into the vector to enhance immunogenicity,
a project supported by the Foundation for NIH (Bill
and Melinda Gates Foundation Grand Challenge in
Global Health Program). Clinical trials of blood stage
antigens delivered by simian adenovirus and MVA
vectors are also planned.
Vaccines Based on Liver-Stage Antigen 1 LSA1
is a 230 kDa preerythrocytic stage protein containing a large central region consisting of over eighty
17 amino acid residue repeat units flanked by highly
conserved C- and N-terminal regions (Fidock et al.,
1994; Zhu and Hollingdale, 1991). LSA1 is expressed
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only by liver stage parasites, not by sporozoites; currently, its function is not known. Humans immunized
with irradiated sporozoites demonstrate proliferative
responses against LSA1 (Krzych et al., 1995), and people living in endemic regions demonstrate interferon
gamma responses (John et al., 2004; Migot-Nabias
et al., 2000) and CTL responses (Hill et al., 1992)
against specific LSA1 epitopes. A study conducted
in Kenya indicated that high levels of IgG targeting
LSA1 are associated with protection from infection
(John et al., 2008).
FMP011 (LSA1) (Recombinant Protein) Based on these
data, WRAIR and GSK developed an LSA1-based
recombinant protein vaccine, called falciparum
malaria protein 011 (FMP011) (Hillier et al., 2005). After
demonstrating immunogenicity in mice and NHPs
(Brando et al., 2007; Pichyangkul et al., 2008), FMP011
was tested in malaria-naïve healthy adult volunteers
using AS02A and AS01B as adjuvants. In a Phase 1/2a
clinical trial, the vaccine was shown to be safe and to
induce strong antibody responses and strong CD4
T-cell responses. However, no protection or delay
in parasitemia was observed following sporozoite
challenge (J. Cummings, personal communication),
indicating that a different quality of immune response
may be required to achieve protection with LSA1. An
adenovirus construct containing the same sequence
used to make FMP011 was tested in a prime-boost
regimen with FMP011, and this regimen induced
high CD8 responses in mice (Rodriguez et al., 2008)
suggesting that adenovirus protein prime-boost may
prove more effective for the induction of a protective
immune response in humans than FMP-11 alone.
Vaccines Based on Liver Stage Antigen 3 LSA3 is
a relatively conserved preerythrocytic stage antigen
selected by differential immune responses from irradiated sporozoite immunized volunteers, either
protected or not upon challenge. Using lipopeptide
formulations, DNA, adjuvated peptide, or recombinant protein, the antigen is protective in mice
(Sauzet et al., 2001) and induces CD4 Th1-related
protection against P. falciparum challenges in Aotus
monkeys (Perlaza et al., 2003) and chimpanzees
(BenMohamed et al., 2004; Daubersies et al., 2000).
PfLSA-3-rec (LSA3) (Recombinant Protein) A vaccine
based on LSA-3 is being developed by the Institute
Pasteur, as a recombinant protein and, under
consideration, as a lipopeptide. The recombinant
protein construct, PfLSA-3-rec, has been formulated
in adjuvant and is being tested at Radboud University
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Nijmegen Medical Centre in the Netherlands with
funding by the European Commission, for safety,
immunogenicity, and protective efficacy against
experimental sporozoite challenge in humans.
Vaccines Based on Multiple Preerythrocytic Stage
Antigens
FP9-PP and MVA-PP (Gene Expressing Polyprotein Linking
LSA3, STARP, Pfs16, Exp1, TRAP/SSP2, LSA1) (MVA
and FP) Adrian Hill at Oxford has constructed
a polyprotein 3240 amino acids in length called
L3SEPTL that includes six preerythrocytic stage
antigens: LSA3, sporozoite threonine and asparagine
rich protein (STARP), exported protein-1 (Exp1), Pfs16
(an integral membrane protein expressed by sexual
stage parasites as well as sporozoites), TRAP/SSP2,
and LSA1 (Prieur et al., 2004). This linked sequence
of genes has been cloned into DNA, MVA, and FP
vaccine delivery platforms. A Phase 1/2a trial was
conducted in 2006 at Oxford University using primeboost combination of FP and MVA; although the
vaccine was safe and moderately immunogenic, there
was no protection against experimental sporozoite
challenge (A. Hill, personal communication).
Vaccines Based on Sporozoites
PfSPZ
(Metabolically
Active,
Radiation-Attenuated
Sporozoites) PfSPZ is a metabolically active,
nonreplicating (attenuated by radiation) sporozoite
vaccine being developed by Stephen Hoffman at
Sanaria, Inc, a biotechnology company aiming to
induce complete protection against malarial infection
by using sporozoites as immunogens. The company
has overcome the previously discussed biological
and manufacturing obstacles by designing a process
meeting regulatory and commercial standards for
safety, purity, potency, and stability (Fig. 65.8). With
scale-up, this process should allow for the production
of enough vaccine to fulfill global requirements.
PfSPZ will be assessed for safety, tolerability,
immunogenicity, and protective efficacy in healthy
adult volunteers in 2009. The clinical trial will be
conducted by the U.S. Naval Medical Research
Center and the University of Maryland Center
for Vaccine Development, with support provided
by PATH MVI. The trial will explore whether or
not the high levels of protection demonstrated in
humans 30 years ago following the delivery of fresh,
radiation-attenuated sporozoites via mosquito bite
can be reproduced by a commercially viable product
that is cryopreserved, thawed, and delivered via
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(A)
(B)

FIGURE 65.8 Manufacturing sporozoites. (A) Feeding sterile mosquitoes on sterile gametocytemic blood cultures is part of the manufacturing process required to produce sporozoites for injection. (B) Approximately 2 weeks later, the sporozoites are harvested from the salivary
glands and then purified. Photographs by Robert C. Thompson, Sanaria, Inc.

needle and syringe. Sanaria had recently established
two partnerships to develop and test sporozoites
attenuated by a different approach, targeted gene
deletion. One is with Columbia University and the
second is with Top Institute Pharma, the Radboud
University Nijmegen Medical Centre, and the Leiden
University Medical Center.
Genetically Attenuated Sporozoites (Gene Knockout
Sporozoites) The initial development of targeted
gene deletions to create genetically attenuated
sporozoites took place at the Seattle Biomedical
Research Institute in collaboration with the University
of Heidelburg (Mueller et al., 2005a, 2005b) and
independently at Leiden University (van Dijk et al.,
2005). The basic approach is to identify genes in
a murine malaria model that, when deleted from
the genome, lead to arrested development in the
liver. These gene knockout parasite lines are tested
for protective efficacy by immunizing mice with
the knockout sporozoites and then challenging
with intact sporozoites. Those attenuated parasites
inducing protective responses with no occurrence of
breakthrough blood stage infection are reproduced in
P. falciparum by knocking out the orthologous genes,
ideally creating a double knockout to ensure adequate
attenuation (Jobe et al., 2007; Labaied et al., 2007). A
major project based on this approach is led by Stefan
Kappe at the Seattle Biological Research Institute in
partnership with the Walter and Elisa Hall Institute
in Melbourne and the Walter Reed Army Institute
of Research (WRAIR), supported by the Foundation
for NIH (Bill and Melinda Gates Foundation Grand
Challenges in Global Health Program). Investigators

have deleted preerythrocytic stage-essential genes
from the P. falciparum genome, and will test these
attenuated lines in a clinical trial conducted at
WRAIR, delivering the sporozoites via mosquito
bite. It is hoped that this vaccine will induce high
levels of protection, and that the protection will prove
long-lasting, since studies in the rodent models have
indicated that 100% protection against sporozoite
challenge can last up to 180 days after immunization
with gene knockout sporozoites (Tarun et al., 2007).
If successful in this proof-of-principle study, the
vaccine will be engineered into a GMP production
system such as that being developed for the PfSPZ
vaccine.
Intact Sporozoites An interesting proof-of-principle trial
has been conducted at Radboud University Nijmegen
Medical Centre in the Netherlands to see if immunity
to preerythrocytic stage malaria can be induced by
intact sporozoites. In this clinical trial, led by Robert
Sauerwein, volunteers are being exposed three times
to the bites of infectious mosquitoes while protected
against blood stage malaria with chloroquine.
Following immunization, volunteers are challenged
to look for protective immunity. While immunization
with intact sporozoites under chloroquine protection
is not likely a feasible strategy for a commercial
vaccine, the trial will have significant bearing on
research into whole sporozoite vaccines.
Asexual Erythrocytic Stage Vaccines
Asexual erythrocytic (blood) stage vaccines are
designed to limit parasite density, or to counter the
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effects of malaria toxins, thereby reducing the clinical
manifestations of malaria.
Vaccines Based on Merozoite Surface Protein 1
MSP1 is one of the best characterized blood stage
antigens and is a leading vaccine candidate. It is a
195 kDa protein, the most abundant of the nine GPIanchored proteins on the surface of the merozoite. It
undergoes proteolytic cleavage to yield four fragments (as seen on SDS-PAGE analysis of merozoite
extracts), including the C-terminal 42 kDa fragment,
MSP1-42. This fragment undergoes another cleavage
to yield a 19 kDa fragment (MSP1-19) and a 33 kDa
fragment, which are involved in merozoite invasion,
with the 19 kDa fragment internalized during invasion. Antibodies to the C-terminal region of PfMSP1
inhibit merozoite invasion in vitro (Long et al., 1994),
confer passive immunity in rodents (Burns et al.,
1989, 2004), and are associated with resistance to
clinical malaria caused by P. falciparum in humans in
some (Branch et al., 1998; Egan et al., 1996; Riley
et al., 1992) but not all (Osier et al., 2008) studies. The
presence of anti-MSP1 antibodies, particularly IgG,
has been associated with a decrease in blood stage
infections and febrile illness (Huaman et al., 2008).
Antibodies against MSP1 appear to be an indicator of
NAI, and may reduce severe complications of malaria
including severe malarial anemia (Dobano et al.,
2008). For these reasons, MSP1-based vaccines have
been extensively investigated as potential antidisease
vaccines for use in endemic regions. There have been
more than 20 different MSP1 constructs in various
stages of preclinical and clinical development (Genton
and Reed, 2007). Two development projects will be
described.
FMP1/AS02A (MSP1-42) (Recombinant Protein) This
recombinant protein vaccine was developed by
WRAIR and GSK with support from USAID, and has
progressed farthest in clinical trials among the MSP1-42
vaccine candidates. The vaccine uses the MSP1-42
from the 3D7 clone of P. falciparum and is expressed
in E. coli and formulated with the adjuvant AS02A.
A Phase 1 trial conducted in malaria-naïve adults
in the USA demonstrated that the vaccine was safe
and immunogenic (Ockenhouse et al., 2006a); a
second Phase 1/2a trial in which FMP1/AS02A was
delivered alone and also in combination with RTS,S
confirmed these findings but did not show any
protection induced by FMP1 alone or any significant
enhancement of the protection afforded by RTS,S
when given in combination (J. Cummings, personal
communication). FMP1/AS02A without RTS,S was
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transitioned to Africa, where it was demonstrated to
be safe and immunogenic, initially in two Phase 1b
trials conducted in malaria-exposed adults, one in
Kenya conducted by the Kenya Medical Research
Institute (KEMRI) and Walter Reed Project (Stoute
et al., 1997, 2007) and the second in Mali conducted
by the Malaria Research and Training Center (MRTC),
University of Bamako, with support from the
University of Maryland (Thera et al., 2006), and then
in a Phase 1b trial conducted in children in Kenya by
KEMRI/WRAIR (Withers et al., 2006). These studies
were followed by a Phase 2b trial also in Kenyan
children, also conducted by the KEMRI/WRAIR with
additional support from PATH MVI; unfortunately,
this trial did not demonstrate any protective effect in
reducing parasitemia or clinical malaria (B. Ogutu,
personal communication), although a subanalysis
aimed at identifying any allele-specific effects is
ongoing (C. Ockenhouse, personal communication).
While the FMP01 vaccine, which is based on the 3D7
allele, has been sidelined from further testing due to
relatively poor induction of growth inhibitory activity
in vitro and the lack of cross-strain protection seen in
the Phase 2b trial, the FVO version of the MSP1-42
vaccine (FMP010) remains under clinical development
by WRAIR/GSK and will soon be tested in a Phase 1
study adjuvanted with AS01B.
MSP1-42-C1/Alhydrogel  CPG7909 (MSP1-42) (Recombinant
Protein) The Malaria Vaccine Development Branch
(MVDB) at NIAID is developing a second MSP142-based vaccine, a recombinant protein containing
a mixture of the 3D7 and FVO alleles formulated on
Alhydrogel. The vaccine antigens are produced in
E. coli and then refolded. Both the FVO and 3D7
forms of MSP1-42 when formulated independently on
Alhydrogel proved modestly immunogenic in a first
Phase 1 study (Huaman et al., 2008; Malkin et al., 2007).
The antibodies generated in response to vaccination
recognized both forms of the protein equally whereas
the T cells predominantly recognized the immunizing
allele. A second trial evaluated a vaccine composed of
both the FVO and 3D7 alleles of MSP1-42 (MSP1-42-C1)
formulated on Alhydrogel with or without the Tolllike receptor 9 immunostimulant CPG 7909; this
trial was recently completed in the USA by the Johns
Hopkins University. The vaccine combination was
demonstrated to be safe, and the addition of CPG 7909
significantly enhanced the antibody response over
Alhydrogel alone (L. Martin, personal communication).
Despite the enhancement in specific antibody
levels, parasite growth inhibition in vitro was only
moderately enhanced by the immunostimulant. Thus,
further development of the CPG 7909 formulation
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of MSP1-42-C1/Alhydrogel has recently been halted
by MVDB.
Vaccines Based on Apical Membrane Antigen 1
AMA1 is an 83 kDa membrane protein originating
from micronemes in the apical complex, expressed
on the surface of merozoites and involved in erythrocyte invasion (Mitchell et al., 2004). The AMA1 gene
appears to have extensive cross-species homology;
unlike many other malarial antigens it has no repeat
residues. Antibodies to AMA1 have a strong inhibitory effect on parasite growth in vitro (Kocken et al.,
2002), but this potential advantage as a vaccine candidate is balanced against the protein’s high degree of
genetic polymorphism (Bai et al., 2005; Escalante et al.,
2001; Healer et al., 2004). This polymorphism probably
indicates the importance of AMA1 as a target of
protective immunity and therefore underlines the
difficulties to be faced in designing a broadly protective formulation without including multiple alleles, although there is recent progress in developing
chimeric constructs that induce cross-protective
responses (Dutta et al., 2007). Antibodies against
AMA1 have been associated with protective immunity in malaria-endemic areas (Polley, 2004; Gray et al.,
2007; Osier et al., 2008), and immunization with AMA1
has afforded protection in animal models (Anders et
al., 1998; Burns et al., 2004; Narum et al., 2000; Salazar
et al., 2002). Recently, it has been discovered that
AMA1 is present on the surface of sporozoites as well
as merozoites and plays a role in hepatocyte invasion
(Silvie et al., 2004), indicating that an AMA1 vaccine
may be able to target both the preerythrocytic and
erythrocytic stages of the parasite. This leading vaccine candidate (Remarque et al., 2008) is being developed in parallel as a recombinant protein by several
different institutions. Three development efforts will
be described.
AMA1-C1 (AMA1) (Recombinant Protein) The AMA1-C1
vaccine developed by MVDB at NIAID is the AMA1
construct farthest along the clinical testing pathway. It
contains recombinant AMA1 proteins representing the
ectodomains from both the FVO and 3D7 alleles of P.
falciparum, expressed in Pichia pastoris and formulated
with the adjuvant Alhydrogel. The inclusion of two
alleles aims to address the antigenic heterogeneity
of AMA1. Clinical trials conducted in malaria-naive
adult volunteers in the USA demonstrated that the
vaccine was safe and elicited functional antibody
responses inhibiting the growth of asexual stage
P. falciparum parasites in vitro (Malkin et al., 2005).
Subsequent Phase 1 studies conducted in adults and

children in Mali by the MRTC also showed the vaccine
to be safe and immunogenic in endemic populations
(Dicko et al., 2008). Based on these results, the vaccine
was advanced to a Phase 2b trial in a 2–3-year-old
pediatric population in Bancoumana, Mali, but did
not show any protection against parasitemia or
clinical disease during the first 5 months of followup (A. Dicko, personal communication). As with its
MSP1-42 vaccine, MVDB is combining AMA1-C1/
Alhydrogel with CPG-7909, and this new formulation
is undergoing clinical testing in adults in the USA
and in Doneguebougou, Mali (MRTC). This vaccine
was found to be safe in both populations and to
enhance the specific antibody response over the same
formulation without the addition of CPG 7909, so it
is advancing to Phase 1 evaluation in young children
in Mali and will be considered for Phase 2b efficacy
testing. A third formulation, AMA1-C1/ISA 720,
is being tested in malaria-naïve adults in Brisbane,
Australia. This trial is still ongoing, and no safety
issues have been noted to date (L. Martin, personal
communication).
FMP2.1/AS02A (AMA1) (Recombinant Protein) The
FMP2.1 vaccine was developed by WRAIR and GSK
with support provided by USAID. It consists of the
ectodomain of the 3D7 allele, is produced in E. coli,
and formulated with AS02A. Safety, tolerability,
and immunogenicity were demonstrated in a Phase
1 study conducted in healthy adults in the USA
(Polhemus et al., 2007), and the vaccine was then
transitioned to Mali where safety and immunogenicity
were confirmed in adults (Thera et al., 2008) and
children (M. Thera, personal communication). There
followed a Phase 2b efficacy trial, conducted in
Bandiagara by the Malaria Research and Training
Center (University of Bamako) in partnership with
the University of Maryland; this trial was recently
completed and protection (and other) results are
pending. WRAIR has also conducted a Phase 1/2a
challenge study in malaria-naïve adults in the USA
comparing AMA1 formulated in the adjuvants AS01B
and AS02A. Although the vaccine was immunogenic
and strongly induced growth-inhibitory antibodies,
there was no protection against sporozoite challenge
(M. Spring, personal communication). However,
it is difficult to rule out an antidisease effect using
the experimental challenge model; information on
antidisease effect should be forthcoming from the
pediatric Phase 2b trial recently completed in Mali.
PfAMA1-FVO[25-545] (AMA1) (Recombinant Protein)
In a third development effort, the AMA1 ectodomain
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from the FVO allele expressed in P. pastoris is being
developed by a European/African consortium,
including the Biomedical Primate Research Centre
(BPRC) in Rijswijk, the European Malaria Vaccine
Initiative (EMVI), the MRTC in Mali and, as the sponsor,
the African Malaria Network Trust (AMANET). After
Phase 1 testing at Radboud University Nijmegen
Medical Centre in the Netherlands, comparing several
adjuvants, the vaccine was advanced to Mali, where a
clinical trial conducted in Bandiagara demonstrated
that the vaccine, formulated in Alhydrogel, was safe
and immunogenic in African adults (M. Thera, personal
communication). The future of this vaccine is unclear,
given the lack of protection seen with the MVDB
product in Mali and the pending protection results
from the WRAIR/GSK product.
Vaccines Based on Merozoite Surface Protein 3
MSP3 is another merozoite surface protein associated
with erythrocyte invasion. MSP3 is supported as a
vaccine candidate by epidemiological evidence from
endemic areas, where antibody levels to both conserved and polymorphic regions may be positively
associated with protection against clinical malaria
(Polley, 2007; Osier, 2007; Roussilhon et al., 2007;
Osier et al., 2008) and also by studies in NHP models
where immunization led to protection against blood
stage challenge (Carvalho et al., 2004, 2005; Hisaeda
et al., 2002). One development effort will be described.
MSP3-LSP (MSP3) (Long Synthetic Peptide) The
merozoite surface protein 3 long synthetic peptide
(MSP3-LSP) vaccine, developed by Pierre Druilhe
at the Institute Pasteur, comprises the conserved C
terminal region of the molecule (amino acids 186–276)
associated with the induction of cytophilic antibodies
stimulating monocyte-mediated protection against
blood stage malaria (Oeuvray et al., 1994; Singh et
al., 2004). The vaccine, formulated on Montanide
ISA 720 or on aluminum hydroxide, was studied in
a Phase 1 trial at the University of Lausanne, and was
found to be immunogenic for antibodies, proliferative
responses,
and
interferon-gamma
production
(Audran et al., 2005). Immunoglobulin isolated
from 60% of the vaccine recipients up to a year after
immunization inhibited P. falciparum erythrocytic
growth in a monocyte-dependent manner in vitro
and in P. falciparum-infected humanized SCID mice
in vivo (Druilhe et al., 2005). Due to unacceptable
local reactogenicity associated with the Montanide
preparation in the initial trial, subsequent studies
have used the aluminum hydroxide adjuvant. In a
follow-on Phase 1 trial in malaria-exposed adults
in Burkina Faso, the vaccine was well tolerated
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and induced lymphoproliferative responses, but
did not increase antibodies which were already at
high levels in these malaria-exposed adults (Sirima
et al., 2007). MSP3-LSP is currently being studied
in two Phase 1 trials in children, one conducted by
the National Institute for Medical Research (NIMR)
in Tanzania and the second by the Centre National
de Recherche et de Formation sur le Paludisme in
Burkina Faso, under sponsorship from AMANET,
and safety profiles appear favorable to date. The
vaccine is progressing to Phase 2b efficacy testing in
Sotuba, Mali.
Vaccines Based on Other Blood Stage Proteins
Vaccines based on other merozoite surface proteins are
being developed, including the development of MSP2
at LaTrobe University in Melbourne, Australia, in association with Q Pharm, Brisbane, Australia, and MSP4
and MSP5 at Monash University also in Melbourne.
Both projects are receiving support from PATH MVI.
In addition, the extramural program at NIH is developing the erythrocyte binding antigen EBA-175, which
has undergone Phase 1 clinical testing. Another blood
stage candidate, the serine repeat antigen (SERA), is
being developed by Osaka University and BIKEN
Pharmaceuticals in Japan. This vaccine, called SE36, is
a recombinant protein consisting of the amino terminal
domain (amino acids 17–382) of P. falciparum SERA 5,
produced in E. coli and formulated on alum. A Phase 1
clinical trial has been conducted in malaria-naive
adults in Japan by Toshi Horii.
Vaccines Based on Multiple Blood Stage Proteins
PfCP-2.9 (MSP1-19  AMA1-domain III) (Recombinant
Fusion Protein) This vaccine is a fusion antigen
consisting of the C-terminal region of AMA1 and
the 19 kDa portion of MSP1 produced in P. pastoris
and formulated on Montanide ISA 720 (Pan et al.,
2004). It is being developed by Shanghai Wanxing
Bio-Pharmaceuticals and the Second Military Medical
University in Shanghai with support from WHO and
PATH MVI. The safety and immunogenicity of this
vaccine were demonstrated in a Phase 1 clinical trial
conducted in malaria-naïve adults at the Shanghai
Changhai Hospital (Hu et al., 2008), and a second
trial is planned for the same site prior to a decision
whether or not to test the vaccine in endemic areas.
GMZ2 (GLURP 1 MSP3) (Recombinant Fusion Protein)
This recombinant protein hybrid of two blood stage
antigens, glutamate rich protein (GLURP) and MSP3,
produced in Lactococcus lactis and formulated in
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aluminum hydroxide, has been developed by Michael
Theisen at Statens Serum Institut in Copenhagen. The
vaccine was studied in a dose escalation Phase 1 trial
in malaria-naive adults at Tübingen University in
Germany, under sponsorship by EMVI. The vaccine
is currently undergoing Phase 1 testing in adult
Gabonese at the Medical Research Unit of Albert
Schweitzer Hospital in Lambarene under sponsorship
by AMANET. GLURP, formulated as a long synthetic
peptide rather than as a recombinant protein, had
previously been studied as a single antigen vaccine
at Radboud University Nijmegen Medical Centre
in the Netherlands in a Phase 1 trial sponsored by
EMVI, where it was well tolerated and induced
antibodies inhibiting the growth of P. falciparum
in vitro (Hermsen et al., 2007). However, further
development of GLURP as a single antigen, either
as a long synthetic peptide (which proved difficult
to manufacture) or as a recombinant protein (which
has not yet been manufactured as a GMP product),
has been sidelined pending results of the GMZ2
trials. GLURP is supported as a vaccine antigen by
epidemiological data showing a strong association
between antibody responses and protection against
clinical malaria (Lusingu et al., 2005; Meraldi et al.,
2004; Nebie et al., 2008; Soe et al., 2004) and by the
induction of protective responses in NHPs (Carvalho
et al., 2004, 2005).
Vaccines Based on Whole Blood Stage Parasites
Blood Stage Whole Organism Vaccine Whole blood stage
parasites are being pursued as immunogens in a development effort similar to the development of PfSPZ
and genetically attenuated sporozoites. Michael Good
and colleagues at the Queensland Institute for Medical
Research demonstrated that repeated low-dose infections (injecting only 30 P. falciparum-infected red blood
cells) followed by drug-treatment-induced protection in malaria-naïve adults, as seen on challenge
with a homologous strain of blood stage parasites
(Pombo et al., 2002). The majority of volunteers
(80%) developed immune responses, including T-cell
responses (both CD4 and CD8 T cells) and interferon-gamma production, but no antibody responses.
These results, supported by animal models also
showing protection following blood stage immunization, including against heterologous strain challenge
(Elliott et al., 2005), have led to plans for a doseescalation Phase 1 trial. The candidate vaccine will
consist of crude (killed) preparations of blood stage
parasite delivered in adjuvant to potentiate cell-mediated immune responses, and will be tested in malarianaïve adults (M. Good, personal communication).

Multistage Vaccines
The complexities of the malarial parasite, with
antigenically distinct life cycle stages and extensive polymorphisms identified in leading candidate
antigens, have led investigators to conclude that a
multiantigen, multistage vaccine may be required
to induce robust protective responses (Doolan and
Hoffman, 2001). Multistage vaccines may, in particular, provide a safety net of protection should parasites break through the first (preerythrocytic) barrier
of defense, thereby functioning as both antiinfection
and antidisease vaccines (Fig. 65.9). Two such efforts
are here described.
PEV302 and PEV301 (CSP ⴙ AMA1 Peptides)
(Virosome) This vaccine is a two-component vaccine
developed by the Swiss Tropical Institute and Pevion
Biotech Ltd, consisting of peptides derived from CSP
and AMA1 formulated in two influenza virosomes,
called PEV302 and PEV301, respectively. The virosomes
are composed of natural and synthetic phospholipids
mixed with influenza surface glycoproteins, forming
spherical vesicles that enhance the delivery and immunogenicity of peptide antigens. In a first clinical trial
conducted by the Swiss Tropical Institute in malarianaïve adults, the vaccine induced relatively strong,
long-lived antibody responses that inhibited sporozoite
migration and hepatocyte invasion in vitro (Genton et
al., 2007; Okitsu et al., 2007). In a second clinical trial,
three doses of the PEV301/302 mixture were tested
alone and in combination with the Oxford ME-TRAP
vaccine delivered as an MVA-MVA-FP prime-boost
regimen. Encouragingly, there was evidence of protection in the virosome-alone group (Thompson et al.,
2008a). Based on these results, the vaccine, which will
contain 4–5 small synthetic peptides, is being transitioned to a Phase 1 trial in Tanzania, to be conducted
by the Bagamoyo Research and Training Unit.
NMRC-M3V-Ad-PfCA (Genes Expressing CSP ⴙ
AMA1) (Adenovirus Serotype 5) Developed by the
Naval Medical Research Center in partnership with
GenVec, Inc and with support provided by USAID and
the U.S. Dept. of Defense, this vaccine is comprised
of a mixture of two recombinant adenovirus vectors
(serotype 5) encoding CSP and the AMA1 ectodomain,
respectively. Currently, a Phase 1/2a clinical trial is
underway at the U.S. National Naval Medical Center
to test the safety, immunogenicity, and protective
efficacy of this vaccine. A second adenovectored vaccine, also comprising two constructs, includes five antigens: CSP, LSA1, Ag2/CelTOS, MSP1-42 and AMA1.
This vaccine will be tested in 2009 with support from
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FIGURE 65.9 Two-tiered malaria vaccine. The solid line (A) portrays the normal development of Plasmodium in a malaria-naïve host.
Following inoculation of sporozoites by mosquito bite, hepatocytes are infected (intersection of line with Y-axis), develop for five or more days
and release merozoites into the blood. The parasite then multiplies many orders of magnitude, inducing clinical symptoms which in a naïve host
can be severe. The incubation period in the liver provides a window of opportunity for a vaccine-induced immune response to abort the developing infection; this effect is portrayed by the dotted lines. (B) If all parasites are killed, there will be no blood stage infection (dotted line intersects X-axis). If a few parasites get through this first line of defense, the blood stage infection may be less clinically severe because the immune
system has more time to respond, causing parasitemia to peak at a lower density, resulting in milder disease (dotted line B). The prediction
that a preerythrocytic stage vaccine can reduce blood stage severity in this fashion is born out by the impact of RTS,S on reducing morbidity in
children in Mozambique (Alonso et al., 2004) (Fig. 65.7). A blood stage vaccine, on the other hand, acts directly to limit the parasite multiplication in the blood (dashed lines, C), preventing disease even if not the infection. This prediction is born out by the impact of the Combo B vaccine on reducing parasite density (Genton et al., 2002). The two-tiered approach (preerythrocytic  erythrocytic) could be supplemented with a
third component—a transmission blocking vaccine—to prevent the spread of vaccine-resistant mutants. Reprinted by permission from S. Karger,
A.G. Basel (Kumar et al., 2002).

PATH MVI. Ag2 (antigen 2, or CelTOS ) (Kariu et al.,
2006) is a novel preerythrocytic stage antigen recognized by lymphocytes from human volunteers immunized with irradiated sporozoites and protected against
sporozoite challenge (Doolan et al., 2003b).

parasite lines (Avril et al., 2008). These promising
results support further research and investigation into
the potential for a pregnancy-specific vaccine. Several
such vaccine development projects are underway in
various institutions, including the Seattle Biological
Research Institute and the University of Copenhagen.

Pregnancy-Specific Vaccines
Two genes from the 50 member var gene family
encoding PfEMP1, var1CSA, and var2CSA are associated with the CSA-binding ability of P. falciparum parasites in the placenta that underlies PAM. Var2CSA, in
particular, has been shown to be consistently upregulated in various CSA-binding P. falciparum genotypes,
and is an important antigenic target under consideration for development of a pregnancy-specific vaccine
(Gamain et al., 2007). Studies in mice showed that
monoclonal antibodies against P. falciparum variant
surface proteins expressed by CSA-binding parasites
inhibit CSA binding (Avril et al., 2006) and that polyclonal antibodies raised in rabbits to defined VAR2CSA
Duffy binding-like (DBL) domains from PfEMP1 or
induced by DNA vaccines encoding VAR2CSA recognize certain polymorphic VAR2CSA epitopes held in
common across geographically diverse CSA-binding

Transmission-Blocking Vaccines
Transmission-blocking vaccines are designed to
protect the community by reducing transmission rates,
even though not directly protecting individual vaccine recipients. Proponents of transmission-blocking
vaccines reason that if a sufficient proportion of the
population were to be immunized, malaria-related
morbidity and mortality would be reduced, much as
occurs through the use of bednets, which also reduce
rates of transmission. Transmission-blocking vaccine
would thus result in a special type of herd immunity
in which none of the individuals would be immunologically protected against the infectious agent. With
this type of immunity, a single infectious person entering the community could still spread the infection to
others. The levels of immunity needed in a population
for a given effect on malaria transmission have been
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modeled and suggest that current candidate vaccines
should be sufficient to provide a significant reduction
in transmission intensity (Saul, 2008).
Transmission blocking is achieved by targeting proteins expressed during the sexual stages of the parasite (Pradel, 2007). Antibodies are passively imbibed
by the mosquito during feeding and attack newly
revealed sexual stage antigens in the gut of the mosquito, preventing the formation of oocysts and thus
sporozoites.
The MVDB of the U.S. NIH is developing several
transmission-blocking vaccines against P. falciparum
and P. vivax. The leading candidate antigens, Pfs25,
Pfs28, Pvs25, and Pvs28, are expressed on the surface of the ookinete (Pf signifying the P. falciparum
antigen, Pv the P. vivax antigen). Pfs25 was originally
produced in S. cerevisiae as a recombinant protein
TBV25H. TBV25H was formulated on Alhydrogel and
tested in two clinical trials, but the product was not
pursued further, due in part to concerns over hypersensitivity reactions (Kaslow, 2002; Y. Wu, personal
communication). More recently, Pvs25, also expressed
as a recombinant protein by S. cerevisiae, was formulated on Alhydrogel and assessed in a Phase 1 study.
The vaccine was safe and immunogenic, and antibody
from the volunteers inhibited parasite development in
a membrane feeding assay, with antibody titers correlating with the degree of inhibition (Malkin et al.,
2005, 2007), a correlation which has been confirmed
by more recent work (Miura et al., 2007a). A second
trial assessed Pfs25 and Pvs25, formulated, individually, with Montanide ISA 51. The trial was halted due
to systemic reactogenicity including erythema nodosum and leukemoid reaction, although Pfs25/ISA51
induced transmission-blocking antibody responses
(Y. Wu, personal communication). New formulations
are now under development at MVDB. Other efforts to
develop transmission-blocking vaccines are being pursued at the Johns Hopkins Bloomberg School of Public
Health in Maryland (LeBlanc et al., 2008), Nijmegen
Medical Center, The Netherlands (Outchkourov et al.,
2008), and the Ehime University in Matsuyama, Japan
(Arakawa et al., 2005).
An important role for transmission-blocking vaccines may be their combination with preerythrocytic
or erythrocytic stage vaccines in order to prevent
the transmission of vaccine escape mutants and thus
stave off the degradation of vaccine efficacy over time
through the gradual spread of vaccine-resistant parasite strains. A significant challenge for testing the efficacy of transmission-blocking vaccines, whether used
alone or in combination with other malaria vaccines,
will be developing field-based indices for measuring
transmission intensity as an outcome variable. Field

trials may require randomization of villages to treatment arms and then comparison of community-specific
transmission rates or clinical disease incidence.
P. vivax Vaccines
The burden of P. vivax across the world is huge,
with 2.6 billion people at risk and 50–70 million cases
annually (Guerra et al., 2006, 2007, 2008; Mendis
et al., 2001). In many areas outside of Africa, P. vivax
may often be the dominant malaria species present.
Moreover, the clinical manifestations of infection (Song
et al., 2003) are equivalent in terms of morbidity to
those of uncomplicated P. falciparum malaria. Clearly, a
vaccine for preventing P. vivax is sorely needed.
However, less attention and resources have been
applied to P. vivax than to P. falciparum (Herrera
et al., 2007). Although the potential severity and
sheer numbers of P. falciparum infections are the most
important reasons for this difference, there are others.
One relates to the ease of maintaining blood stage
parasites in culture, which is routine for P. falciparum
(Trager and Jensen, 1976). P. vivax requires reticulocytes as host cells for efficient invasion and growth,
and this has hindered the establishment of routine culture, although there has been significant
progress (Chotivanich et al., 2001; Golenda et al.,
1997; Panichakul et al., 2007; Suwanabun et al., 2001;
Udomsangpetch et al., 2007). In the case of P. falciparum, blood stage parasite material can be obtained
from in vitro cultures, and with the development
of techniques to induce gametocyte production
(Campbell et al., 1982), sporozoites, and liver stage
material as well. These sources of parasites have not
been available for P. vivax, creating a major impediment for those studying the biology of this species.
The lack of in vitro culture has also hindered vaccine testing, as there has been no sporozoite challenge model available since the cessation of malarial
therapy. Malarial therapy was accomplished by direct
human to human blood passage, or in some instances
sporozoites were obtained by feeding mosquitoes on
gametocyte donors. Recently, this deficit has been
partially overcome by Socrates Herrera at the Malaria
Vaccine and Drug Development Center in Cali
Colombia. Relying on the availability of P. vivax cases
at local health clinics for providing the donations of
gametocytemic blood required to infect the mosquitoes, two successful challenges have been conducted.
This should significantly accelerate progress in developing and testing P. vivax vaccines.
Some of the most notable progress in developing
P. vivax vaccines reflects distinct differences between
the biology of P. vivax and P. falciparum. P. vivax invades
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erythrocytes by binding to the Duffy antigen/receptor
for chemokines (DARC), a different entry mechanism
than for P. falciparum. Remarkably, the invasion of
erythrocytes appears to be totally dependent upon this
one molecular interaction, since lack of DARC results
in the erythrocyte being refractory to P. vivax invasion
(Miller et al., 1976), with heterozygotes demonstrating
reduced infection (Kasehagen et al., 2007). This dependence on the Duffy antigen is thought to explain why the
parasite is uncommon or even absent from many parts
of Africa, where the Duffy negative phenotype is common, particularly in West Africa.
The parasite-binding ligand, the Duffy-binding
protein (DBP), is released from micronemes during the process of invasion. Studies in endemic areas
have indicated a possible association between the
presence of antibodies to the DBP and protection
against clinical malaria (Ceravolo et al., 2008), and
erythrocyte invasion can be inhibited in vitro by antibodies directed to DBP (Grimberg et al., 2007; Singh
et al., 2002). Recently, the crystal structure and binding epitopes of DBP have been defined (Hans et al.,
2005; McHenry and Adams, 2006; Singh et al., 2006;
VanBuskirk et al., 2004). It appears that the receptorbinding site of this molecule is relatively conserved,
and thus may be amenable to the development of a
cross-protective vaccine.
With these supporting data, the DBP has emerged
as a vaccine candidate. Vaccines based on the DBP
have been tested for immunogenicity and protective efficacy in Aotus monkeys (Arevalo-Herrera
et al., 2005), and a focused effort to develop this antigen as a vaccine for human use is underway at the
International Centre for Genetic Engineering and
Biotechnology in New Delhi, India, led by Chetan
Chitnis and supported by the PATH MVI.
Other P. vivax antigens under development as vaccines include PvCSP, which has been tested in humans
as a mixture of three synthetic peptides (Herrera et al.,
2005), PvTRAP (Castellanos et al., 2007), PvAMA1
(Kocken, 1999), PvMSP1 (Kaushal et al., 2007), and
several novel antigens (Gaur et al., 2007). An interesting PvCSP chimeric recombinant protein that incorporates important sequence variation in an effort to
increase cross-strain protection has been developed
and manufactured at WRAIR and is slated for clinical
testing (Yadava et al., 2007).

DISCOVERY/BASIC SCIENCE
Success in making a vaccine against malaria is
hardly assured, given that there are no licensed
vaccines against any human parasitic infections.
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Fortunately, the scientific community is engaged in
wide-ranging basic research that should improve the
chances of success.
One of the most prominent contributions has been
the sequencing of malarial genomes, including those
of P. falciparum (Gardner et al., 2002), P. vivax (Carlton,
2003), and several murine and NHP malarias (Carlton
et al., 2002; Hall et al., 2005). This work has led to the
elucidation of malaria transcriptomes (Kaiser et al.,
2004; Le Roch et al., 2003; Tarun et al., 2008; Watanabe
et al., 2007; Zhou et al., 2008), proteomes (Hall et al.,
2005; Tarun, 2007; Lasonder et al., 2002), interactomes
(Date and Stoeckert, 2006; LaCount et al., 2005), and
other derivatives. This has opened an entirely new
field of endeavor, namely, malaria functional genomics or, more broadly, systems biology (Fraunholz, 2005;
Winzeler, 2006).
Among many applications, these complex data sets
enable the use of reverse genetics for designing vaccines. In this “genomes to vaccines” approach, screening procedures are developed for down-selecting
antigen candidates, starting with the 5300 open
reading frames contained in the P. falciparum genome,
which are available in public domain databases, such
as PlasmoDB (Stoeckert et al., 2006), maintained by
David Roos at the University of Pennsylvania (www.
plasmodb.org), and Comparasite (http://comparasite.hgc.jp/), which includes full-length cDNA
sequence data from seven subdatabases of apicomplexa protozoa (Watanabe et al., 2004). These screening algorithms have led to significant progress in
the identification of new candidate antigens (Doolan
et al., 2003a; Villard et al., 2007), although lack of reagents, particularly for liver stage parasites (Gruner
et al., 2003), the difficulty with expression and poor
immunogenicity of many malarial antigens (Aguiar
et al., 2004), and the problem of developing screening
tools revealing the protective potential of candidate
antigens have hindered progress. With new interest in the identification of novel vaccine candidate
antigens by funders such as the Bill and Melinda
Gates Foundation, these efforts will surely bring
payoffs for vaccine development. At least one novel
antigen, currently known as antigen 2 (Ag2) (Doolan
et al., 2003b), was identified using reagents from
human volunteers immunized with irradiated sporozoites. Ag2 is slated for clinical testing in 2009 through
a partnership between the Naval Medical Research
Center, GenVec, Inc and PATH MVI. An independent
group in Japan also discovered the same antigen, calling it CelTOS (Kariu et al., 2006).
Genomic data have impacted other related disciplines. For example, they have allowed the development of high-throughput processes for identifying
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the crystal structure of proteins (Vedadi et al., 2007)
to support our understanding of parasite molecules
and to assist in identifying new antimalarial drugs;
the development of protein microarrays to permit the
serological screening of hundreds of malaria proteins
(Sundaresh et al., 2006) in order to reveal the complex
patterns of humoral responses associated with protection (Gray et al., 2007); and the elucidation of the evolutionary history of malarial parasites (Wootton et al.,
2002). An important aim of the genomics revolution is
the creation of a full haplotype map of P. falciparum,
which should be particularly helpful in confronting the
problem of antigenic polymorphism that challenges
subunit vaccines (Carlton, 2007).
Genomics data from the host side have also had a
major impact on the research on malaria. For example, high-density oligonucleotide microarrays have
allowed the examination of a full panel of host
immune response genes for up- or downregulation
during the course of malarial infection. Generating
expression profiles from the peripheral blood mononuclear cell transcriptome in this fashion may help
to define the functionally complex networks of
gene and protein interactions that underlie protective as well as detrimental immune mechanisms
(Ockenhouse et al., 2006b; Schaecher et al., 2005).
A large project, funded by the Gates Grand Challenges
in Global Health Program, aims to define the natural variations in the human genome that determine
an individual’s susceptibility to malarial infection
(Ntoumi et al., 2007).
Another area of tremendous progress has been
the development of genetically altered or transgenic
models, both for the parasite and the host. From the
parasite’s side, targeted genetic disruption has been a
very productive technique for elucidating the function of
the missing protein, such as UIS4 (Mueller et al., 2005a),
TRSP (Labaied et al., 2007), or PfEMP1 (D’Ombrain
et al., 2007), to cite just three examples. In cases
where absence of the antigen may preclude growth,
replacement with an ortholog may be revealing. For
example, replacing the native CSP of the P. berghei parasite with the CSP of P. falciparum allowed the demonstration that protective immunity could be induced
by irradiated P. berghei sporozoites in the absence of
PbCSP, indicating that other antigens besides CSP
contribute to and are sufficient for protection (Gruner
et al., 2007). As another example, the expression of the
ookinete antigen P25 from P. vivax in P. berghei allowed
the determination of transmission-blocking activity
in sera from a clinical trial of Pvs25 (Ramjanee et al.,
2007). A similar model has been generated for Pfs25
(Mlambo et al., 2008). In some cases, it has been useful to express hybrid molecules including segments of

both the native and transgenic molecule together, such
as the integration of PfCSP repeat residues into PbCSP
expressed on the surface of the P. berghei sporozoite
to permit testing the protective efficacy of PfCSP vaccines targeting the repeat region in a murine model
(Persson et al., 2002).
Of particular benefit has been the transfection of
malarial parasites with green fluorescent protein
(Mikolajczak et al., 2008; Ono et al., 2007) or luciferase
(Franke-Fayard et al., 2006), permitting the visualization of biological processes, including the injection of
parasites into the skin by the mosquito (Vanderberg
and Frevert, 2004), their migration through the liver
(Frevert et al., 2005), intracellular trafficking of the
enzyme falcipain 2 within the infected erythrocyte
(Dasaradhi et al., 2007), and the dynamics of sequestration and its role in pathology (Franke-Fayard
et al., 2006). The expression of GFP by parasites has
also allowed the purification of parasitized erythrocytes (Janse et al., 2006) and hepatocytes (Tarun et al.,
2008), greatly facilitating the generation of parasite
material for transcriptomic and proteomic analyses.
From the host side, transgenic mice have permitted
the partial development of P. falciparum in an otherwise nonpermissive host (Morosan et al., 2006) and
have been used to study the pathogenesis of malaria
(Hernandez-Valladares et al., 2007) and the immunological mechanisms of protection (Romero et al., 2007;
Thompson et al., 2008b). A fully “humanized” mouse
model permissive for the human malarial parasites
is a long-term goal. RNAi-mediated gene silencing
has been another useful technique for manipulating
the host in order to better understand the functions
of key molecules involved in host–parasite interactions (Brown and Catteruccia, 2006). For example,
this technique has helped to elucidate antiplasmodial
protective mechanisms taking place in the mosquito
gut (Abraham et al., 2005; Dinglasan et al., 2007).
There are many other areas where basic research
may greatly impact malaria vaccine development,
ranging from the axenic culture of sporozoites from
gametocytes (Hurd et al., 2003) to the development
of in vitro platforms for assessing immunogenicity
(Byers, 2007). These studies contribute not only to
the field of malaria vaccines, but to our basic understanding of the requirements for developing vaccines
against other difficult pathogens.

PRECLINICAL DEVELOPMENT
Although not widely recognized by the medical
community, the genus Plasmodium is primarily a parasite of reptiles and birds, which harbor the majority of
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malaria species. Plasmodium is also found in a variety
of mammals, including both Old and New World primates (Coatney, 1971) and a small number of African
rodents (Peters et al., 1978). Several of these parasites
have been adapted as laboratory models, with the
murine species P. yoelii and P. berghei used most commonly. The natural host for the rodent malarias is the
African thicket rat, but the laboratory mouse is susceptible to both sporozoite and blood stage challenge.
Both outbred and inbred mice including immunodeficient and transgenic strains have been valuable for
defining the mechanisms of protective immunity to
malaria which have proven to be remarkably diverse
(Doolan and Hoffman, 2000). Murine models have
also been useful for testing and developing novel vaccine platforms (Gilbert et al., 2002; Hedstrom et al.,
1994), and for assessing the protective potential of
antigens (Khusmith et al., 1991).
The NHP malarias have played an important role
by providing a model system closer to humans for
evaluating protective efficacy. Some New World
NHPs are directly susceptible to blood stage infection with human parasites, such as the owl monkey,
Aotus, while others, like the rhesus macaque, require
a simian parasite such as P. knowlesi. The original
selection of antigens for the SPf66 vaccine was made
in Aotus (Rodriguez et al., 1990), and this model has
also been used effectively to demonstrate the protective potential of key antigens such as MSP1 (Siddiqui
et al., 1987) and AMA1 (Stowers et al., 2002) and to
explore novel technologies such as DNA vaccines and
DNA adjuvants (Gramzinski et al., 1997; Jones et al.,
1999) and prime-boost approaches (Jones et al., 2001).
P. knowlesi in the rhesus monkey, a model for which
a reliable sporozoite challenge is available (unlike
P. falciparum in Aotus), has been very useful for demonstrating proof-of-principle for the protection afforded
by prime-boost approaches (Rogers et al., 2002).
Rodents and larger animals can also be used
to test immunogenicity and safety of P. falciparum or
P. vivax vaccines directly if a protection read-out is not
required, and thus can be used to effect improvement
in technologies without having to construct vaccines
using murine or simian malaria species. Examples
include the assessment of antigen mixtures (Sedegah
et al., 2004), novel pairing of antigens and adjuvants
(Pichyangkul et al., 2008), and prime-boost immunization regimens (Stewart et al., 2007).
To effectively use these animal models, new antigens and technologies are typically assessed first
in the mouse, such as the initial testing of DNA vaccines (Sedegah et al., 1994), and are then transitioned
to a larger species such as NHP before proceeding to
humans. The value of the NHP step, particularly the

use of Aotus blood stage challenge, has been debated
(Heppner et al., 2001; Stowers and Miller, 2001), but
is clearly useful in many cases. In each model, if the
goal is to demonstrate protection, vaccines need to
be reformulated using the antigens of the Plasmodium
species infecting the selected host, with the exception
of blood stage challenge in Aotus and Sciurius. There
is thus reliance on the assumption that orthologous
antigens fulfill the same function and will demonstrate the same protective potential following transition to humans. Unfortunately, this is not always born
out, and a “species gap” is often revealed. For example, in many cases, it has proven relatively straightforward to protect mice, harder to protect monkeys, and
extremely difficult to protect humans. Moreover, novel
technologies may work well in the mouse system, e.g.,
adjuvanting DNA plasmids with granulocyte macrophage-colony stimulating factor (Weiss et al., 1998)
but not in the human system (Wang et al., 2005). The
models are thus a mixed blessing, aiding progress but
potentially misleading at the same time.
Counterbalancing this drawback is the existence of the human challenge model for P. falciparum,
which allows an immediate assessment of vaccine
efficacy, often in the initial first-in-humans trial.
Disappointing results in the clinic prompt investigators to return to preclinical research, leading to an
iterative vaccine development strategy, as exemplified by the development of CSP as a vaccine antigen
which was formulated multiple times for human
use, with intervening animal studies in most cases,
before success was achieved (Ballou and Cahill, 2007).
This iterative approach, illustrated in Fig. 65.10, has
enabled malaria vaccine investigators to pioneer and
test novel technologies, demonstrating their potential for human applications, and in some cases make
improvements.

CLINICAL TRIALS
The clinical trials associated with the development
malaria vaccines have a number of distinguishing
attributes that collectively place them in a unique
position in the field of vaccinology. There are no other
vaccines against human pathogens that currently
combine such an urgent need with the ability to (1)
experimentally challenge volunteers in nonendemic
areas and then (2) transition to the field where natural
exposure provides attack rates high enough to permit
the reliable assessment of efficacy using sample sizes
in the hundreds and follow-up periods of 6 months
or less. These favorable testing parameters allow
for the efficient evaluation of the safety, tolerability,
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FIGURE 65.10 Iterative approach to malaria vaccine development. As there are no licensed vaccines against any parasitic infection to serve as a
model, many developmental efforts have started with discovery research in an effort to understand the biological processes underlying host–parasite
interactions at the molecular level. Protective antigens need to be identified, and protective immune responses revealed. This understanding is used
to construct hypotheses regarding how a vaccine could be rationally designed. Prototype vaccines are then designed on the basis of these hypotheses,
selecting delivery systems, including adjuvants and immunostimulants, to induce the identified protective immune responses against the identified
target antigens. Reagent grade vaccines are produced (e.g., using P. yoelii, P. berghei, or P. knowlesi antigens) and tested to establish proof of principle in
animal models. Typically, this is done with a challenge to allow testing for protection. Vaccines meeting preestablished go criteria are committed to the
clinical testing pathway. At this point, a vaccine based on P. falciparum antigens must be made, processes worked out for manufacturing, and toxicology
and immunogenicity studies performed prior to clinical testing. As described in the text, Phase 1 studies may be combined with a Phase 2a sporozoite
challenge, allowing for rapid assessment of efficacy. If protection is not adequate, the vaccine is returned to the preclinical level for optimization and
possible reentry into the clinical pipeline (circular pathway around the I [iteration] in the diagram). If protection is achieved in the clinic, vaccines
can move forward to testing in endemic areas. In the case of blood stage vaccines, for which experimental sporozoite challenge is less useful, vaccines
can move forward to endemic areas on the basis of safety. Printed with permission from Gary Nabel, Vaccine Research Center, National Institutes of
Health.

immunogenicity, and protective efficacy of vaccines,
leading some investigators to conclude that malaria
could be selected as a “focus disease” for testing and
optimizing novel vaccine technologies that could
then be applied to other infectious agents such as
HIV where experimental challenge is impossible and
field trials require thousands of individuals carefully
selected for high risk and requiring years of follow-up
(Gay et al., 2007).
Experimental malaria sporozoite challenge, described
in the preceding section, is possibly the vaccine developer’s most powerful tool. It is effected through the
bites of five infected mosquitoes and has proven to
be a safe procedure (Church et al., 1997; Epstein et al.,
2007b; Hoffman, 1997; Verhage et al., 2005). It is generally well tolerated, although a proportion of volunteers will miss 1–2 days from work as a result of
infection. Treatment is initiated when the blood smear
becomes positive as detected by traditional microscopy,
although PCR, which permits diagnosis 1–2 days earlier
than microscopy, has opened the possibility of accelerating diagnosis and treatment and thereby further
limiting clinical manifestations.

Sporozoite challenge is very useful for testing the
efficacy of preerythrocytic stage vaccines designed to
prevent infection, but is less useful for testing blood
stage vaccines aiming to limit disease, due to the
requirement to treat immediately upon diagnosis,
which obviates the possibility of monitoring symptoms.
It is theoretically possible to use PCR to measure the
rate of multiplication in the blood during the roughly
2-day window between PCR diagnosis and microscopic diagnosis through repeated PCR measurements
and calculation of a slope (Bejon et al., 2005; Hermsen
et al., 2004), but the wide fluctuations in parasite density resulting from cyclic sequestration can be problematic for this approach. The consensus is that the efficacy
of a blood stage vaccine designed to reduce disease is
best tested in endemic areas with the incidence of clinical disease used as the outcome measure.
Based on these considerations, there is agreement
regarding the terminology used for describing the
phases of malaria vaccine testing. Phase 1 is divided
into 1a and 1b according to whether the safety testing is performed in malaria-naïve or malaria-exposed
individuals, the former typically enrolled at trial sites

V. PARASITE VACCINES

69_P369408_Ch65.indd 1344

11/5/2008 4:45:49 PM

CLINICAL TRIALS

located in nonendemic areas and the latter in endemic
areas. Similarly, Phase 2a refers to experimental sporozoite challenge and Phase 2b refers to natural challenge in the field. Phase 3 has the same meaning as
used generally.
Experimental blood stage challenges have been
employed in the past (Cheng et al., 1997; Pombo et al.,
2002) and remain an acceptable approach, but need
refinement and standardization. Another potential
evolution in challenge procedures is being pursued
by Sanaria, Inc, which is developing the capability
for generating a cryostabillate of sterile, living sporozoites that could be injected by needle and syringe.
This would permit a standardized challenge in the
absence of an insectary, although it is unclear if needle injection can provide data as applicable to protection against mosquito transmission as the traditional
mosquito bite challenge. Finally, there are efforts
underway at Radboud University Nijmegen Medical
Centre in the Netherlands to generate multiple parasite strains for sporozoite challenge in order to permit assessment of heterologous strain protection (the
current challenge available in the USA, Great Britain,
and the Netherlands employs the 3D7 clone or parent
NF54 strain).
An important question for clinical trials research
is the degree to which experimental challenge predicts protection in the field. RTS,S proves that there
is indeed predictive value, but because efficacy has
been calculated by different methods in Phase 2a
and 2b trials, it is difficult to establish a conversion
factor. The time-to-event analysis used for the RTS,S
field trials yields a higher figure for efficacy than if a
simple proportional reduction in events analysis had
been used. As a second example with data available
from both Phase 2a and 2b trials of the same vaccine,
the ME-TRAP antigen delivered with heterologous
prime-boost regimens that sometimes sterilely protected volunteers in Phase 2a trials at Oxford (Webster
et al., 2005) provided no protection when tested in the
Gambia (Moorthy et al., 2004) or Kenya (Bejon et al.,
2006, 2007).
There are several areas of active debate when considering trials in endemic areas. Four are discussed:
1. Case definitions: The design of field trials is
complicated by the difficulty of defining incident
malaria when a large proportion of the population
chronically harbors the parasite in their blood,
as typically occurs in sub-Saharan Africa. Case
definitions vary, and often involve a threshold
parasitemia combined with clinical measures such
as fever. The selection of the threshold parasitemia
is critical, and can strongly influence subsequent
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efficacy measurements (Mwangi et al., 2005;
Rogers et al., 2006).
2. Radical cure: A second question is whether or not
to provide radical cure (elimination of all liver
and blood stage parasites through drug treatment)
during vaccination. Radical cure allows a clearer
assessment of incident parasitemia, but may also
provide an unrealistic estimate of efficacy since
a licensed vaccine is likely be delivered to both
uninfected and infected individuals, and in the
latter case the presence of malarial parasites could
suppress the immune response to immunization
(Ocana-Morgner et al., 2003). In addition, radical
cure might increase the risk of subsequent clinical
malaria (Owusu-Agyei et al., 2002), and at least
in one trial, appeared to adversely affect the
protection afforded by the vaccine (Genton et al.,
2002).
3. Outcome measures: A third question relates to
identifying the most useful outcome measure,
e.g., incident parasitemia, clinical disease, severe
disease, or mortality. One solution to this question
is to establish multiple cohorts, each designed to
assess a particular outcome measure, so that data
on several can be collected. For each outcome,
there is a trade-off in costs associated with
achieving an adequate sample size to measure
accurately. These questions have been addressed
in several reviews (Greenwood, 2005; Guinovart
and Alonso, 2007). Moreover, there is controversy
regarding the most appropriate statistical analyses,
such as the debate over proportional vs. time-toevent calculations for efficacy. The World Health
Organization sponsored a meeting in June 2008 to
discuss this question.
4. Molecular epidemiology: A fourth issue
involves the need to match the testing of subunit
vaccines based on particular alleles to field
sites where these alleles circulate in the parasite
population. Although obviously a cross-protective
vaccine is desired, initial proof-of-concept field
trials could attain a measure of success if the
vaccines demonstrate allele-specific protective
effects, indicating that a multiallele vaccine
might be broadly effective. These considerations
illustrate the concept of molecular monitoring
during vaccine trials (Felger et al., 2003) and
have led to sophisticated analyses of parasite
haplotypes at field sites where testing a particular
vaccine candidate is contemplated (Takala et al.,
2007).
The clinical testing of malaria vaccines would be
greatly facilitated if there were a surrogate marker for
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efficacy. Currently, this does not exist, even for RTS,S,
for which it has been a challenge to define immune
correlates of protection. It can be anticipated that
as more effective vaccines are developed, it should
be possible to better define a surrogate marker to
facilitate vaccine evaluation.

PROSPECTS FOR THE FUTURE
The development of an effective malaria vaccine
for global use faces complex scientific challenges, as
illustrated by the many failed vaccines and associated barriers described in this chapter. The scientific
challenges are compounded by a variety of economic
and socio-political obstacles. For example, the fact
that the primary burden of malaria is shouldered by
the world’s poorest people, who often live in regions
facing critical health, and social and economic issues,
reduces the financial incentive for pharmaceutical
companies which might otherwise prioritize malaria
vaccine development. Moreover, the scientific enterprise involves testing novel platforms and delivery
systems as well as addressing complex safety issues
that are beyond the means of the malaria-endemic
countries.
As a result of these disjunctions, malaria vaccine
development has evolved into a “north-south” collaboration. Financial resources and research capacity from more affluent, malaria-free countries have
joined with outstanding health institutes and initiatives present in less-prosperous malaria-endemic
countries across Africa, Asia, and Latin America
where the commitment to developing malaria vaccines is strongest and where there is willingness to
establish the clinical trials capacity needed to field
test candidates as they come through the product
pipeline (Kilama et al., 2007). Donor agencies have
stepped forward to assume research and development
costs, and interested scientists, clinicians, and pubic
health officials have joined in collegial association to
provide the needed innovation and leadership. The
importance of malaria prevention for international
travelers (Richie, 2004) and existing market incentives (Group, 2005) encourage the involvement of
developed countries and industry. In addition, military establishments, which have experienced the
disastrous impact of malaria in conflicts played out
across the tropics throughout history (Aronson et al.,
2006; Beadle et al., 1994; Shanks and Karwacki, 1991),
have a vested interest and are adding resources to
the fight. Pharmaceutical firms and biotechnology
companies are leading development efforts in many

cases, and will shoulder increasing responsibilities
as candidate vaccines pass initial safety and efficacy
hurdles thereby establishing a more favorable economic equation. International organizations such as the
World Health Organization and the World Bank serve
to coordinate and fill existing gaps, such as assuring
adequate clinical trials capacity (Moran et al., 2007).
A recent product of this global partnership is the
Malaria Vaccine Technology Roadmap, a document
providing a framework for the coordinated development of malaria vaccines (Roadmap, 2005).
With the evolution of these public–private partnerships and the presence of promising vaccine candidates in the pipeline, the malaria vaccine enterprise
appears to have a reasonable chance of success. If a
potent malaria vaccine is combined with other control modalities available and in development, such
as altering the genetic structure of vector populations
to reduce vectorial capacity, we can contemplate, as a
long-term strategy, the eradication of malaria.

KEY ISSUES
●
●

●

●

●

●

●

●

●

●

●

Identification of the most protective antigens.
Identification of protective immune mechanisms
targeting these antigens.
Developing vaccine delivery systems including
adjuvants and immunostimulants that potently
induce these protective responses.
Developing formulations of antigens with
sufficient valency to protect all vaccinees against all
parasite strains despite (1) stage-specific expression
of antigens, (2) allelic polymorphism, (3) antigenic
variation, and (4) genetically restricted host
responses.
Developing immune surrogates and validated
animal models.
Developing standardized assays allowing
comparison among vaccine candidates.
Developing vaccines with adequate safety
profiles.
Developing vaccines targeting all five species of
malaria infecting humans.
Establishing cost-effective processes for manufacturing and scale-up.
Developing workable marketing and licensure
strategies enabling industry to shoulder the costs,
risks, and responsibilities associated with the
development, manufacture, sale, and distribution
of malaria vaccines.
Developing strategies to assure adequate
distribution and administration of malaria vaccines
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in malaria-endemic areas in coordination with existing vaccines and in spite of poverty and human
displacement.
Developing processes for detecting and eliminating
vaccine-resistant parasite strains.
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ABSTRACT
Hookworm infection is a chronic intestinal nematode infection that affects approximately 576 million people
worldwide, predominantly those living in poor rural areas of the tropics. The two hookworms that infect humans—
Necator americanus and Ancylostoma duodenale—are transmitted via skin contact with fecally contaminated soil.
Hookworm infection causes significant morbidity due to chronic anemia and protein malnutrition. Current control
efforts based on periodic mass anthelmintic administration are inadequate and unsustainable. Development
of vaccines against hookworm infection is therefore a global health priority. Vaccine development has so far
concentrated on the more prevalent N. americanus. Antigens expressed during the larval stage of this worm’s life
cycle, such as Na-ASP-2 and Na-SAA-2, have been identified and are being developed as candidate vaccine antigens.
The first candidate vaccine—Na-ASP-2 formulated with Alhydrogel®—is currently in phase 1 clinical testing in
an endemic area of Brazil. Antigens such as Na-GST-1 that are expressed during the adult stage of the parasite’s
life cycle and are essential to the worm’s use of host hemoglobin as an energy source are also being developed
as vaccine components. An eventual antihookworm vaccine will combine at least two hookworm antigens, one
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targeting the larval stage and another targeting the adult worm living in the gastrointestinal tract. Such a vaccine
will be incorporated into existing deworming programs that target preschool and school-aged children living in
areas of high transmission, to reduce the morbidity—primarily anemia and protein malnutrition—attributed to this
parasite. Antihookworm vaccine development is being conducted in partnership with vaccine manufacturers in
middle-income endemic countries such as Brazil, in order to ensure that the populations who need the vaccine the
most will have timely access to it once efficacy is shown in phase 3 testing.

INTRODUCTION: HOOKWORM
DISEASE BURDEN
Hookworm infection, together with ascariasis
and trichuriasis, comprise a group of human parasitic diseases known as the soil-transmitted helminth

infections (STHIs). The STHIs are among the most
common infections of humans, with an estimated 807
million, 604 million, and 576 million people infected
with either the roundworm, Ascaris lumbricoides, the
whipworm, Trichuris trichiura, or the hookworms
Necator americanus and Ancylostoma duodenale, respectively (Bethony et al., 2006). STHIs occur almost

FIGURE 66.1 Goegraphic distribution of hookworm infection in the world.

exclusively in areas of poverty where they inflict great
human suffering by causing chronic infections in children that result in retardation of physical, intellectual, and cognitive development (WHO, 2005). These
health effects result in the loss of up to 39 million

disability-adjusted life years (DALYs) annually (Chan,
1997), a disease burden roughly equivalent to that of
malaria. In addition, the STHIs exert a powerful negative influence on economic development and disrupt the education of children (Miguel and Kremer,
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2004; Bleakley, 2007). The STHIs belong to a unique
category of neglected tropical diseases that have the
following features: (1) they are ancient afflictions that
have plagued humankind for centuries; (2) they occur
predominantly in rural areas of low-income countries;
(3) they cause long-term suffering and chronic disability; (4) not only do they occur in settings of poverty
but, due to their chronic negative health and educational effects, the STHIs actually perpetuate poverty;
(5) despite their considerable health, educational, and
economic impact, they are frequently overlooked by
the global medical and public health communities;
and (6) because the STHIs afflict primarily the most
impoverished, pharmaceutical companies have no significant commercial incentives to develop new drugs,
vaccines, or diagnostics that target these infections
(Hotez et al., 2006d; Hotez et al., 2007).
Among the STHIs, human hookworm infection
is the most important in terms of disease burden
and cause of death. The epidemiology and impact
of hookworm disease has been reviewed (Brooker
et al., 2004). Briefly, it has been estimated that up to
65,000 deaths and 22 million DALYs are lost annually worldwide due to hookworm (Chan, 1997; WHO,
2002), although other investigators have derived
lower values (WHO, 2004), depending on the value
of the disability weights assigned to the severity of
anemia, malnutrition, and cognitive impairment that
result from hookworm infection (Bethony et al., 2006;
Hotez et al., 2006b). Currently, the greatest numbers
of cases occur in sub-Saharan Africa (Bethony et al.,
2006), where hookworm is frequently co-endemic
with malaria (Brooker et al., 2006; Hotez et al., 2006c),
and in Asia (Bethony et al., 2006). However, significant pockets of endemic hookworm transmission also
occur in Central America, Brazil, and other tropical
regions of the Americas (de Silva et al., 2003; Hotez,
2004; Fleming et al., 2006). As recently as the late
1980s and early 1990s, some of the highest prevalence
and intensity of hookworm infection occurred in the
People’s Republic of China (Hotez et al., 1997; Brooker
et al., 2004). However, as a result of aggressive economic reforms and the resultant reduction in poverty and improved water and sanitation, significant
progress has been made in the control of this disease
in China (Hotez, 2002, 2007). Of the two major hookworms, N. americanus and A. duodenale, the former
accounts for more than 70% of infections worldwide
(Hotez et al., 2003a) and is especially prevalent in
Africa, Southeast Asia, and the Americas (Chan et al.,
1997), making it the major target of interventions; all
current hookworm vaccine development is focused
on N. americanus. Other members of the genus
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Ancylostoma,
including
Ancylostoma
caninum,
Ancylostoma ceylanicum, and Ancylostoma braziliense,
primarily infect animals but may also cause human
disease, although none have a significant public health
impact (Brooker et al., 2004).
Hookworms cause injury through intestinal blood
loss that results from attachment of adult parasites to
the mucosa and submucosa of the small intestine with
resultant rupture of capillaries in the mucosa and
arterioles in the submucosa (reviewed by Hotez et al.,
2004a, 2004b). Adult hookworms inject anticoagulants, antiplatelet aggregating agents, and connective
tissue hydrolases into the attachment site (Cappello
et al., 1995; Ledizet et al., 2005), which results in a free
flow of host blood into the intestinal lumen, some of
which is ingested by the adult hookworms, which
then lyse the red blood cells (Don et al., 2004) and
degrade the ingested hemoglobin by an orchestrated
cascade of hemoglobinases, to be used by the worms
as an energy source (Williamson et al., 2004).
Hookworm-related anemia results when blood loss
is sufficient to deplete the iron reserves of the host.
This depends on a number of factors including the
number of adult hookworms present (Lwambo et al.,
1992), the species of infecting hookworm—each adult
A. duodenale hookworm causes greater blood loss
than N. americanus (Albonico et al., 1998)—and the
preexisting iron reserves of the host. Children and
women of reproductive age, especially pregnant
women, typically have lower iron reserves and are
therefore particularly susceptible to developing this
condition (Bundy et al., 1995; Stoltzfus et al., 1997b;
Brooker et al., 2004). The hallmarks of hookworm
disease, therefore, are iron deficiency and iron deficiency anemia (Hotez et al., 2004a). In some regions
of sub-Saharan Africa, hookworm disease in children and pregnant women is almost as important as
malaria as a cause of anemia (Brooker et al., 1999),
and is a major cause of anemia in Brazil (Brooker
et al., 2007). In addition, heavy hookworm infection
can lead to the loss of significant amounts of plasma
protein, resulting in hypoalbuminemia, hypoproteinemia, and protein malnutrition. The basis by
which chronic hookworm infection and disease results
in growth and cognitive delays in children is not fully
understood, but is conjectured to be related to the
nutritional consequences of the chronic blood loss
(Brooker et al., 2004). Hookworm-associated malnutrition may also be a contributing factor in the observed
adverse impact on childhood education, including
school performance and attendance (Miguel and
Kremer, 2004), and economic development (Bleakley,
2007) that is associated with this disease.

V. PARASITE VACCINES

70_P369408_Ch66.indd 1367

11/4/2008 6:57:40 PM

1368

HOOKWORM INFECTION

IMPACT OF ANTHELMINTIC
CHEMOTHERAPY (“DEWORMING”)
New awareness of the important health, educational, and economic consequences of chronic
hookworm infection and other STHIs have led the
UN agencies to develop disease-control programs in
endemic countries. In children, hookworm infection
frequently occurs concomitantly with ascariasis, trichuriasis, and schistosomiasis, and there is evidence
that hookworm may promote susceptibility to these
other helminth infections (Fleming et al., 2006). Because
school-aged children harbor the highest helminth burdens of any single group (Bundy, 1988; World Bank,
2003), the UN agencies have developed a strategy for
targeting this population by administering a single dose
of a benzimidazole agent (i.e., mebendazole or albendazole) and a single dose of praziquantel annually in
order to “deworm” the children of their STH and schistosome infections, respectively (Savioli et al., 2002). The
health and educational benefits of frequent and periodic deworming have recently been reviewed (World
Bank, 2003; WHO, 2005; Hotez et al., 2004b, 2006b)
and include improvements in physical growth, cognition, and host iron and hemoglobin status. In addition,
deworming has the potential to interrupt transmission
of A. lumbricoides and T. trichiura (de Silva et al., 2003).
Accordingly, in 2001, the 54th World Health Assembly
adopted resolution 54.19 urging member states to
deworm at least 75% of all at-risk school-aged children
annually by the year 2010 (www.who.int/wormcontrol).
Whether resolution 54.19 will be successful in controlling hookworm-related morbidity is not as obvious as it is for some of the other helminthiases (Hotez
et al., 2004a, 2005, 2006a). There are multiple reasons
for this concern:
1. As opposed to the other STHs, high-intensity
hookworm infections occur in both adult and
pediatric populations, so that school-based
deworming programs are not expected to significantly
reduce hookworm transmission (Chan, 1997) nor
have an impact on other vulnerable populations such
as pregnant women (Christian et al., 2004).
2. High rates of posttreatment hookworm reinfection
occur in areas of intense transmission. In some
cases, infection returns to pretreatment levels
within 4–12 months (Albonico et al., 1995).
3. Single-dose mebendazole has a high failure rate in
reducing hookworm burdens (Bennett and Guyatt,
2000; de Clercq et al., 1997).
4. The efficacy of mebendazole has been shown to
diminish with frequent use (Albonico et al., 2003),

and there are concerns that anthelmintic drug
resistance could emerge because of large-scale and
widespread use (Albonico et al., 2004). Resistance
to benzimidazoles has been well documented
for the nematode parasites of sheep and cattle
(Albonico et al., 2004).
These concerns have brought into question the
sustainability of hookworm control programs that
rely on regular administration of currently available
anthelmintic drugs (WHO, 2005), and have stimulated
the search for alternative or complementary control
tools such as new anthelmintic drugs and vaccines.

THE CASE FOR A VACCINE AGAINST
HOOKWORM
The high rates of hookworm reinfection that occur
following anthelmintic treatment with benzimidazoles
suggest that previous infection does not confer protective immunity. The absence of naturally acquired
immunity is also supported by epidemiological studies in endemic regions of China and Brazil, which
show increasing community prevalence and intensity
of infection with age (Liu et al., 1999; Gandhi et al.,
2001; Bethony et al., 2002; Fleming et al., 2006).
The lack of naturally acquired protective immunity
suggests that successful vaccine development could
prove to be more challenging than it was for existing
vaccines that employ live-attenuated viruses such as
those for measles and polio. In this sense, hookworm
vaccine development could be considered as complex
as the development of vaccines for malaria, tuberculosis, or even HIV-AIDS. However, during the first-half
of the twentieth century, William Cort’s group at the
John Hopkins School of Hygiene and Public Health
successfully developed vaccines containing live hookworm larvae that protected laboratory animals against
challenge infections with the canine hookworm A. caninum (reviewed by Hotez et al., 1996). This provided
“proof-of-principle” that development of a hookworm
vaccine was feasible. Both humans and dogs become
infected with hookworm when third-stage infective
larvae (L3) penetrate the skin or are ingested orally.
Subsequently, the larvae enter the peripheral circulation and migrate to the lungs where they break into
the alveolar space, ascend the bronchial tree, pass over
the epiglottis, and then enter the gastrointestinal tract
where they develop into adult hookworms. Studies
by McCoy (1931) and Foster (1935) showed that dogs
could be rendered resistant to larval challenge by
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first administering multiple doses of small numbers
of live L3. Dogs “immunized” with live L3 tolerated
challenges of several thousand larvae without developing anemia, even though the dogs did not develop
complete or sterilizing immunity. Instead, vaccineinduced protection was evidenced by significant
reductions in host hookworm burden (as measured
by fecal egg counts), to the point where vaccinated
dogs were protected against significant blood loss and
canine hookworm disease.
Ultimately, the canine challenge model was standardized through the use of subcutaneously injected
L3 (Otto and Kerr, 1939; Otto, 1941); using this model,
vaccination with irradiation-attenuated L3 (irL3) reliably resulted in protection as measured by significant
reductions in hookworm burden (Miller, 1971). These
studies prompted the development of a commercial
canine hookworm vaccine consisting of irradiationattenuated live A. caninum L3, which was licensed and
marketed initially in Florida and then in the Eastern
United States during the 1970s (Miller, 1971, 1978).
Although the irL3 vaccine was effective in preventing
canine hookworm disease, it was ultimately removed
from the market because of high production costs, the
need for the L3 to remain alive during storage, and
difficulties in explaining to pet owners and veterinarians how the vaccine could be effective without eliciting sterilizing immunity (Miller, 1978).
The immunological basis of the protection derived
from live L3 and irL3 vaccines was subjected to intense
study during the decades between 1930 and 1970
(reviewed by Hotez et al., 1987, 1996). These studies
pointed to the importance of antibodies directed against
antigens secreted by invading L3 (Cort and Otto, 1940).
A partial breakthrough in the understanding of the
humoral immunity elicited by hookworm vaccines was
the discovery and description of the “Sarles phenomenon” by Merrit Sarles and William Taliaferro at the
University of Chicago who demonstrated that serum
recovered from rodents immunized with Nippostrongylus
brasiliensis L3 formed immune precipitations around
the oral openings of L3 when incubated with them in
vitro (Sarles and Taliaferro, 1936; Sarles, 1938). This
phenomenon, together with studies demonstrating protection of nonvaccinated dogs by the passive transfer of
antibodies obtained from dogs immunized with either
A. caninum L3 or irL3 vaccines (Otto, 1940; Miller,
1967), highlighted the important role of antibodies
directed against L3 antigens. A recent reexamination of
the immunity induced by the A. caninum irL3 vaccine
confirmed that protection is associated with Th2-type
responses against specific L3 secreted antigens and that
anti-L3 antibody inhibits larval tissue penetration and
migration in vitro (Fujiwara et al., 2006).
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The mid-20th century studies highlighting the
importance of immune responses to L3 antigens
in mediating vaccine protection identified them as
potential human hookworm vaccine antigens (Hotez
et al., 1996, 1999, 2003). With respect to secreted antigens, A. caninum L3 have been shown to release
enzymes with protease and hyaluronidase activities,
which likely facilitate larval migration through tissues
(Hotez et al., 1990, 1992). However, the isolation and
biochemical characterization of the major L3 secreted
antigens were hampered by the minute quantities of
protein produced in L3 secretions. This limitation was
overcome by Hawdon and Hotez (1996), who were
able to obtain abundant amounts of secreted antigens
by incubating A. caninum L3 in vitro with a cocktail of
glutathione (or its derivatives) and an ultrafiltrate of
canine serum. It was presumed that these in vitro conditions mimicked the milieu encountered by larvae
during invasion of human tissues.
Three of the major L3 macromolecules released after
in vitro stimulation have been cloned and sequenced.
Two of these proteins, known as Ancylostoma
secreted proteins-1 (ASP-1) and -2 (ASP-2),
are members of the pathogenesis-related protein
(PRP) superfamily (Hotez et al., 1999). The PRPs are
produced in response to infection with pathogens
and other stresses, and consist of unique cysteinerich PR domains folded in an alpha helix–beta sheet–
alpha helix sandwich (Asojo et al., 2005a). ASP-1 is a
45-kDa protein containing two PR domains (Hawdon
et al., 1996; Asojo et al., 2005b), whereas ASP-2 is a
20–22 kDa single PR domain protein (Hawdon et al.,
1999; Asojo et al., 2005a). The function of the ASPs is
unknown, although X-ray crystallographic studies
suggest the possibility that they are proteases or
immunomodulatory proteins (Asojo et al., 2005a).
A third secreted antigen is the 62-kDa metalloprotease known as MTP-1 (Zhan et al., 2002a, 2002b). All
three antigens, which were originally described in
A. caninum, are also conserved in the human hookworms, N. americanus and A. duodenale (Zhan et al.,
2000; Asojo et al., 2005a, 2005b; Goud et al., 2005).
In addition to the secreted L3 antigens, two proteins found on the surface of invading larvae,
Ac-SAA-1 and Ac-16 (also referred to as Ac-SAA-2),
have also shown potential as larval-stage vaccine antigens and are currently being developed as alternative
larval vaccine antigens (Diemert et al., 2008; Fujiwara
et al., 2007; Zhan et al., 2004). Although it is a component of both the larval and adult stages of the
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hookworm life cycle, Ac-16 has been shown to be an
immunodominant larval surface protein that results
in reduced blood loss and fecal egg counts when used
as a vaccine in the canine parasite challenge model
(Fujiwara et al., 2007). The N. americanus homolog of
Ac-16 has already been identified and work is currently
underway to identify an ideal expression system to
produce it as a recombinant protein for clinical trials.
Studies have been undertaken to determine whether
ASP-1, ASP-2, MTP-1, SAA-1, and SAA-2 might be suitable vaccine candidates for subsequent process development, manufacture, and clinical testing. Because
inadequate quantities of natural products are available
for immunological studies, it was necessary to produce
these proteins as recombinant antigens in genetically
engineered expression hosts. Expression of cysteinerich ASPs in bacterial expression systems resulted in
production of insoluble recombinant protein products
that could not be resolubilized or refolded. Similarly,
recombinant MTP-1 as expressed by Escherichia coli was
an insoluble product. Instead, with the exception of
the two surface antigens, successful expression of soluble and properly folded larval recombinant proteins
required eukaryotic expression systems such as yeast
(Asojo et al., 2005a, 2005b; Goud et al., 2004, 2005) or
insect cells (Bethony et al., 2005).
Studies of the induced humoral immune responses
in dogs vaccinated with irL3 A. caninum determined
that among the secreted antigens, the resultant antibody responses are preferentially directed against
ASP-2, suggesting that this is the immunodominant
antigen associated with such vaccines (Fujiwara
et al., 2006). This evidence advanced ASP-2 as a plausible lead candidate antigen. When recombinant
A. caninum ASP-2 (Ac-ASP-2) was formulated with
the GlaxoSmithKline Adjuvant System 03 (AS03) and
used to vaccinate dogs (Bethony et al., 2005), or when
recombinant A. ceylanicum ASP-2 (Ay-ASP-2) was formulated with Quil A and used to vaccinate hamsters
(Goud et al., 2004; Mendez et al., 2005a, 2005b), high
levels of antigen-specific antibody were elicited, which
recognized the corresponding native antigen (Bethony
et al., 2005). In both cases, the vaccines elicited high
levels of protection in terms of reduction in adult
worm burdens, fecal egg counts, and host blood loss,
as compared to animals immunized only with adjuvant (Bethony et al., 2005; Goud et al., 2004; Mendez
et al., 2005b). Additionally, both anti-ASP-2 and antiL3 antisera from dogs were shown to inhibit larval
invasion in vitro (Bethony et al., 2005; Fujiwara et al.,
2005). The proposed mechanism of action of ASP-2
vaccines is that they elicit antibody responses that
inhibit larval invasion and thereby reduce the number
of L3 that develop into adult worms that inhabit the

host’s gastrointestinal tract, resulting in reduced
host worm burdens, fecal egg counts, and blood loss
(Bethony et al., 2005; Loukas et al., 2006).
The animal hookworm studies outlined above
suggested that ASP-2 is a promising vaccine antigen.
Additionally, studies of hookworm infection conducted
in endemic areas of Brazil and China determined that
individuals who naturally acquire anti-ASP-2 antibody responses following chronic exposure to hookworm larvae exhibit a significant reduction in the risk
of acquiring heavy hookworm infections (Bethony
et al., 2005). Therefore, ASP-2 was the first larval antigen selected for further development based on the
promising evidence from the cumulative in vitro,
animal challenge, and human immunoepidemiological
studies (Hotez et al., 2005, 2006a). Based on its efficacy
in the canine model and the ease with which it can be
produced as a recombinant protein (Fujiwara et al.,
2007), Na-SAA-2 (the Necator orthologue of Ac-16) has
been selected as the second-line larval antigen and is
currently undergoing early-stage process development
and scale-up expression.

PROCESS DEVELOPMENT AND
MANUFACTURE OF Na-ASP-2
AND Na-SAA-2
After selecting the N. americanus ortholog of ASP2 (Na-ASP-2) and SAA-2 (Na-SAA-2) as the lead larval antigens for further development, an organization
had to be created in order to oversee process development and cGMP manufacture of these two recombinant protein vaccines. As with other neglected
tropical diseases, the development of a vaccine against
hookworm infection is impeded by the absence of a
viable commercial market (Hotez and Ferris, 2006).
Although North American and European vaccine
manufacturers may be sympathetic to developing
vaccines for neglected tropical diseases, most are not
in a financial position to invest in such development
given their need to produce a profit and satisfy shareholders. Ultimately the development of N. americanus
larval antigens into vaccines for humans required the
creation of an entity now known as a product development public private partnership (PD-PPP) (Hotez
et al., 2005; Bottazzi et al., 2006). PD-PPPs began to
emerge during the late 1990s in response to a growing
demand for nonprofit organizations with the capacity
to produce health products for developing countries
(Hotez et al., 2006d). Similar to traditional pharmaceutical manufacturers, the PD-PPPs use industry practices and maintain a portfolio of products, but with
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the goal of improving public health rather than generating profits or reporting to shareholders (Widdus
and White, 2004). The PD-PPP known as the Human
Hookworm Vaccine Initiative (HHVI) was established
in 2000, and is based at the Sabin Vaccine Institute in
Washington, DC. The HHVI’s process development
and quality control is conducted at the laboratories
of the Department of Microbiology, Immunology,
and Tropical Medicine at The George Washington
University (GWU), whereas cGMP manufacture is performed at the Walter Reed Army Institute of Research
(WRAIR) and Instituto Butantan, a public sector vaccine manufacturer located in São Paulo, Brazil. The
Oswaldo Cruz Foundation (FIOCRUZ) in Brazil was
selected to undertake clinical development of the vaccine, with additional support from the London School
of Hygiene and Tropical Medicine. The Sabin Vaccine
Institute provides sponsorship of the product and program management of the HHVI.
Na-ASP-2 was selected as the first larval antigen for
process development and cGMP manufacture based
on the reasons listed above. Early efforts to express
Na-ASP-2 in E. coli resulted in the production of insoluble inclusion bodies that resisted attempts at either
resolubilization or refolding. A similar experience has
been reported for antigen 5, a PR protein from yellowjackets and paper wasps (Monsalve et al., 1999), which
may result from the protein’s high cysteine content
and subsequent aberrant disulfide bond formation.
Early success was achieved with insect cell expression
of Ac-ASP-2 (Bethony et al., 2005) although the yields
and expense of this expression host were considered
inappropriate for further vaccine development. Both
Ay-ASP-2 and Na-ASP-2 were successfully expressed
in the methanol-utilizing yeast, Pichia pastoris (Goud
et al., 2004, 2005).
The recombinant ASP-2 proteins were shown to
be soluble and secreted by P. pastoris at high yields; in
the case of Na-ASP-2, approximately 400 mg of purified protein were obtained per liter of fermentation
broth (Goud et al., 2005). Recombinant Na-ASP-2
is a 21.3 kDa protein with an N-terminal acidic tag
(EAEAEAF), the presence of which increases expression yield. The recombinant protein has a single Olinked monosaccharide, but no N-linked carbohydrates.
Antibodies generated against the recombinant protein
in rats both recognize native Na-ASP-2 on Western blots
and inhibit larval invasion in vitro (Goud et al., 2005).
Moreover, X-ray crystallographic analysis of the recombinant protein reveals that it contains a PR-1 domain
with an alpha helix–beta sheet–alpha helix sandwich,
which is characteristically found in other PR proteins
(Asojo et al., 2005a). Together, these data suggest that
recombinant Na-ASP-2 is correctly folded and displays

1371

conformational epitopes in a manner similar to the
native molecule.
Because Na-ASP-2 is highly stable and is secreted
in abundance by P. pastoris, a purification process was
developed that is relatively straightforward and simple. The purification steps include ultrafiltration and
microfiltration, two ion-exchange chromatography
steps, and a final purification step using gel filtration
chromatography (Goud et al., 2005).
Process development at the 10 L scale was followed
by a 60 L fermentation and 1/12th-scale purification
before the research seed stocks were transferred from
GWU to WRAIR for production of the master and
production cell banks, and cGMP manufacture at the
60 L scale. The final drug substance passed lot release
criteria for identity, sterility, purity, immune recognition, and stability using qualified assays, as well as
additional testing for residual DNA, monosaccharide
analysis, residual methanol, N-terminal amino acid
sequencing, host cell protein, and endotoxin content. Recombinant Na-ASP-2 was formulated with
Alhydrogel® based on previous studies showing that
Na-ASP-2 bound to this aluminum-containing substrate was immunogenic in rats and other laboratory
animals (Goud et al., 2005; Fujiwara et al., 2005). The
formulated drug product also passed lot release criteria for color and appearance, pH, identity, stability,
and immunological potency in rats. An investigational
new drug (IND) application was submitted to the Food
and Drug Administration (FDA) in December 2004,
and a phase 1 human trial of the vaccine was completed in 2006.

CLINICAL DEVELOPMENT OF THE
Na-ASP-2 HOOKWORM VACCINE
The overall goal of the HHVI program is to develop
a safe, efficacious, and low-cost human hookworm
vaccine that will contribute to reducing the global burden of disease caused by this infection by reducing the
likelihood of developing heavy infections in individual
vaccine recipients. The pathway chosen by the HHVI
for the clinical development of candidate hookworm
vaccines is to first test them in uninfected, healthy
adults in the United States, followed by age de-escalation studies in hookworm-endemic areas, culminating in “proof-of-principle” efficacy studies in children
exposed to hookworm infection. Following demonstration of a meaningful biologic effect on hookworm
infection, further product and clinical development
will be transferred to partners in endemic countries
with the capacity to develop and manufacture new
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vaccines, such as Brazil, India, or China (Bottazzi et
al., 2006; Hotez et al., 2006a; Loukas et al., 2006). The
HHVI has chosen Brazil as its first such partner, and an
agreement is now in place that provides a blueprint for
Instituto Butantan, one of Brazil’s largest public sector
vaccine manufacturers, to continue product development and for the Brazilian government to continue the
clinical development of a human hookworm vaccine
once proof-of-principle is established in a phase 2 clinical trial. The agreement also includes provisions for the
eventual industrial-scale manufacture of the vaccine
and sponsorship of pivotal phase 3 efficacy studies.
Following submission of the IND application for
the recombinant Na-ASP-2 Hookworm Vaccine to the
FDA in December 2004, and a clinical trial evaluating
the safety, reactogenicity, and immunogenicity of this
vaccine in healthy adults without evidence of hookworm infection and living in the United States was
started in March 2005 and completed in June 2006.
Thirty-six adults were enrolled in this randomized,
double-blind, dose-escalation phase 1 study comparing three different concentrations of the Na-ASP2 protein (10, 50, or 100 μg of recombinant protein)
adjuvanted with Alhydrogel® to a saline placebo
(Diemert et al., 2008). Individuals were administered according to a 0-, 2-, and 4-month schedule by
intramuscular injection and participants were followed until 6 months after the final vaccination. The
Na-ASP-2 Hookworm Vaccine was well tolerated
and did not induce any significant vaccine-related
adverse events. The most frequently observed adverse
events were injection site reactions including mildto-moderate pain, swelling, erythema, and pruritus.
Additionally, significant antigen-specific antibody and
cellular immune responses were observed.
Because this initial phase 1 study of the Na-ASP-2
Hookworm Vaccine demonstrated an acceptable
safety profile and encouraging immunogenicity in
a naïve population, a phase 1 trial of the Na-ASP-2
vaccine conducted in a hookworm-endemic area of
Brazil in healthy adult volunteers with documented
evidence of previous hookworm infection was initiated in June 2007 and is currently underway. In this
study, the same dose concentrations and vaccination schedule will be used as in the initial phase 1
trial conducted in the United States. This first study
of a hookworm vaccine in an endemic area will also
be a randomized, double-blind study comparing the
safety and immunogenicity of the Na-ASP-2 vaccine
to the hepatitis B vaccine. A second phase 1 study in
adults is necessary as neither the safety nor the immunogenicity of the vaccine in individuals chronically
exposed to hookworm can be confidently extrapolated
from studies performed in unexposed populations.

Assuming the phase 1 trial in Brazilian hookwormexposed adults yields no significant safety concerns,
clinical testing of the Na-ASP-2 vaccine will proceed
into the pediatric population in which an eventual
proof-of-principle study will be conducted; that is, in
preschool and/or primary school-aged children. This
target age group has been chosen for a number of reasons, but primarily because studies have shown that
although high intensities of infection and presumably
intestinal blood loss occur in both adults and children,
the health impact of hookworm infection in terms
of host blood loss resulting in anemia is greatest in
children (Stoltzfus et al., 1997a, 1997b). In addition,
future implementation of an effective human hookworm vaccine would likely be integrated into existing helminth control programs, which are currently
based on the delivery of anthelmintics to preschool and
school-aged children (Savioli et al., 1992). For these reasons, we believe that children are an appropriate study
population for a phase 2 study of the Na-ASP-2 vaccine.
The study design of the proof-of-principle phase 2
trial will consist of assessing the rate and intensity of
hookworm infection in vaccinated children, in comparison to those administered an active comparator
such as the hepatitis B vaccine. An important component of the study design of the phase 2 trial will be
pretreatment of infected individuals with either albendazole or mebendazole in order to eliminate the adult
hookworms that are already present in the gastrointestinal tract of study participants, prior to vaccination
(Diemert et al., 2008).
Estimation of vaccine efficacy will be assessed by
measuring the impact on worm burden, which will be
indirectly assessed by quantitative fecal egg counts.
Because a larval hookworm vaccine is unlikely to provide completely sterilizing immunity, but may instead
limit the number of invading L3 that reach the gastrointestinal tract and subsequently develop into adult
worms, the worm burden (i.e., number of worms per
individual) represents the most appropriate efficacy
endpoint (rather than the presence or absence of infection). Due to the difficulties in obtaining adult worm
expulsions, a commonly employed indirect measure of
infection intensity is the quantitative fecal egg count.
Measuring fecal egg counts is considered an appropriate indicator of the health impact of hookworm infection because of the demonstrated correlation between
egg counts and host worm burden, as well as the relationship between egg counts and host blood loss as
estimated by measuring the quantity of heme in fecal
samples (Stoltzfus et al., 1997a). Fecal egg counts, host
hematological indices such as hemoglobin concentration, and fecal heme measurements will accordingly be critical endpoints for assessing the potential

V. PARASITE VACCINES

70_P369408_Ch66.indd 1372

11/4/2008 6:57:41 PM

INDICATIONS AND USE OF THE HUMAN HOOKWORM VACCINE

efficacy of an experimental hookworm vaccine in a
proof-of-principle study (Brooker et al., 2005; Diemert
et al., 2008). Following demonstration of proof-ofprinciple, a phase 3 study will be required to demonstrate the impact of vaccination on clinical endpoints
such as episodes of anemia.
In summary, the aim of the HHVI’s clinical development of the Na-ASP-2 hookworm vaccine is focused
upon showing, in a proof-of-principle study, that the
vaccine is effective in reducing the intensity of reinfection with hookworm and the clinical outcomes of
hookworm disease (e.g., intestinal blood loss and iron
deficiency anemia) following anthelmintic treatment
of hookworm-infected children from an endemic area
of Brazil. The scope, scale, and design of the project
will potentially provide sufficient evidence for a middle-income country such as Brazil to continue the
clinical development of the vaccine. Na-SAA-2 is at
an earlier stage of development and will be advanced
depending on the results of the initial clinical trials of
the Na-ASP-2 antigen in Brazil.

DEVELOPMENT OF ANTIGENS
TARGETING ADULT HOOKWORMS
As outlined above, it is anticipated that a vaccine
based on a larval antigen such as Na-ASP-2 will reduce
the number of L3 entering the host gastrointestinal
tract, thereby reducing host worm burdens, fecal egg
counts, and blood loss (Goud et al., 2005). However,
in the event that the vaccine is only partially effective
in preventing infection, some L3 will still reach the
gastrointestinal tract and develop into blood-feeding
adult hookworms. In anticipation of this scenario, the
HHVI has initiated a second antigen discovery program to identify macromolecules that are required
by adult hookworms in order to utilize human blood
as a food source (reviewed by Hotez et al., 2003). It is
hypothesized that antibodies against these antigens,
some of which are enzymes, would interfere with
parasite feeding and thereby augment the reductions
in blood loss and fecal egg counts resulting from vaccination with Na-ASP-2. This hypothesis is a modernday version of the antienzyme antibody hypothesis
first proposed by Professor Asa Chandler in the 1930s
(Hotez and Cerami, 1983; Hotez et al., 1987). It is proposed that the second antigen would be added to a
larval antigen in order to develop a bivalent hookworm vaccine.
From the HHVI antigen-discovery efforts, three
candidate antigens have emerged. Two of these candidate antigens are proteases (hemoglobinases) that line
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the parasite alimentary canal and function to degrade
host hemoglobin (Williamson et al., 2004). The third
antigen is a glutathione S-transferase (GST-1) that
detoxifies host heme (Zhan et al., 2005). The aspartic protease-hemoglobinase, APR-1, and the cysteine
protease-hemoglobinase, CP-2, have both shown
promise as protective antigens in laboratory dogs in
terms of reduced host blood loss and fecal egg counts
(Loukas et al., 2004, 2005). In addition, vaccination of
dogs with APR-1 or GST-1 (with GlaxoSmithKline’s
AS03 adjuvant) or hamsters with these same antigens
formulated with Alhydrogel® has also resulted in
significant host worm burden reductions (Loukas et al.,
2005; Xiao et al., 2007). Activities are now being concentrated on advancing at least one adult-stage antigen,
such as either Na-APR-1 or Na-GST-1, through process
development, cGMP manufacture, and phase 1 clinical testing. Currently, GST-1 has been manufactured
according to cGMP at the 60 L scale, and should be
ready for clinical testing in early 2009.

INDICATIONS AND USE OF THE
HUMAN HOOKWORM VACCINE
The current aim of the HHVI is to develop a bivalent Human Hookworm Vaccine that contains an
antigen targeting the larval stage of the life cycle of
N. americanus and a second antigen targeting the adult
worm. This two-component vaccine is being developed as an intramuscular injectable product for the
prevention of disease—primarily anemia and protein
malnutrition—related to infection with this helminth.
The vaccine will most likely be used as part of an integrated hookworm control program, with areas of high
transmission being targeted to obtain the greatest
public health impact against this disease. The WHO
defines high-transmission areas as those in which the
prevalence equals or exceeds 70% or when the prevalence of moderate or heavy hookworm infections
(defined as greater than or equal to 2000 hookworm
eggs per gram of feces) is equal to or greater than 10%
(WHO, 2002).
Administration of the Human Hookworm Vaccine
to at-risk populations following deworming with
a benzimidazole anthelmintic agent (e.g., albendazole or mebendazole) is being explored. The idea of
prevaccination deworming with an anthelmintic is
derived from observations that: (1) larval-stage vaccines will not target adult hookworms already present
in the intestine (Zhan et al., 2003), and (2) in laboratory animals the presence of adult hookworms in
the intestine reduces the immunogenicity of ASP-2
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vaccines (Ghosh et al., 2006). Therefore, incorporation of the Human Hookworm Vaccine into existing
deworming programs is under consideration (Hotez
et al., 2005; Loukas et al., 2006; Hotez et al., 2006b).
The concept of linking anthelmintic deworming with
anthelmintic vaccination has also been proposed for
the future control of schistosomiasis (Bergquist et al.,
2005). In the major STHI-endemic countries, deworming is either conducted in schools or as a part of “child
health days” in order to target school-aged and preschool children, respectively.

ENSURING GLOBAL ACCESS TO A
HUMAN HOOKWORM VACCINE
Critical to the success of the HHVI is the ability to not only complete proof-of-principle testing
in humans, but also develop plans for the licensure,
industrial-scale manufacture, and distribution of hookworm vaccines. Given the large number of individuals at risk for hookworm infection and the observation
that almost all of them live in rural areas without easy
access to the cold chain, these goals will not be easily
attainable. Equally challenging is the absence of a viable commercial market for hookworm vaccines, given
that the vaccine recipients would be comprised almost
exclusively of individuals who live on less than $2 per
day (Hotez et al., 2005). Mahoney and Maynard (1999)
point out that there was a lag time of more than two
decades before hepatitis B vaccine was widely used
from the time of its initial development, so it is highly
desirable to identify mechanisms that could potentially shorten this time frame.
An important component of the global access strategy of the HHVI is to develop partnerships with vaccine manufacturers in middle-income countries with
endemic hookworm infections (Hotez et al., 2005,
2006a; Bottazzi et al., 2006). Several of these nations
are known as innovative developing countries (IDCs),
which are characterized by evidence of innovation
that exceeds expectations based on economic growth
(Morel et al., 2005). Among the criteria for innovation are patents, peer-reviewed papers, and ability to manufacture drugs and vaccines. The HHVI
has focused its initial efforts on tropical regions of
the Americas, especially in Brazil where proof-ofprinciple testing of experimental hookworm vaccines
will take place. Brazil is an IDC with two major vaccine manufacturers, FIOCRUZ Bio-Manguinhos and
Instituto Butantan. Through signed memoranda of
understanding, the HHVI is transferring hookworm
vaccine development and manufacturing technology

to Instituto Butantan, with clinical testing to be conducted by FIOCRUZ. In turn, the Brazilian government will commit to the purchase and distribution of
the hookworm vaccine for its own country with an
option to export the vaccine throughout the Americas.
To date, Instituto Butantan has successfully produced
GMP-grade Na-ASP-2.
Also of relevance to global access is the importance of improving health delivery systems (Loukas
et al., 2006). As noted above, a Human Hookworm
Vaccine could be integrated into existing deworming
programs, even though it would mean that vaccination would be conducted outside of the infant-based
Expanded Program on Immunization framework.
Therefore, discussions with the WHO and other
UN agencies are already underway to explore the
compatibility of vaccination and deworming, thereby
ensuring that an eventual Human Hookworm Vaccine
is integrated into large-scale control programs, either
as a part of school-based deworming programs or
preschool based child health days, as soon as possible after its development. Such early-stage efforts
are considered critical in order to avoid the hurdles
that prevented the timely deployment of the hepatitis
B vaccine in resource-limited settings. Despite the
enormous challenges in developing, testing, and
distributing a vaccine for a neglected tropical disease
such as hookworm, success in this endeavor could be
a significant public health breakthrough. Moreover,
this would represent an important step in achieving
several Millennium Development Goals (MDGs) for
sustainable development including specific MDGs in
the areas of infectious diseases, poverty reduction, and
child and maternal health (Hotez and Ferris, 2006).

KEY ISSUES
●

●

●

●

●

Over 500 million people worldwide are infected
with the hookworms Necator americanus and
Ancylostoma duodenale.
The major health impact of hookworm infection
is due to the resultant iron deficiency anemia and
protein malnutrition.
Current disease control efforts that focus on
periodic mass administration of anthelmintic
medications in endemic areas are not sustainable.
High rates of anthelmintic drug failure and the
potential emergence of drug resistance necessitate the
development of new and alternative control tools.
An efficacious vaccine would provide a powerful
control tool when integrated into existing mass
chemotherapy programs.
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ABSTRACT
Human onchocerciasis is a serious neglected tropical disease caused by Onchocerca volvulus and an important
cause of blindness and chronic disability in the developing world. Through mass drug administration of
ivermectin, onchocerciasis has been recognized by the World Health Organization as a potential candidate for
global elimination. However, formidable technical and logistical obstacles must be overcome before the goal of
elimination in Africa can be attained. In addition to difficulties of compliance in this region, evidence is building
for the existence of Onchocerca resistance to the drug ivermectin, which is at present the only drug used for the
mass treatment of this population. Therefore, additional tools are critically needed and include the need for a
vaccine against onchocerciasis to “complement” the present control measures and thus potentially eliminate this
infection from humans. An Onchocerca vaccine targeting the infective stage larvae could reduce adult worm burden
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and thus the number of microfilariae produced by the adult female worms, and the causative stage of pathology.
Importantly, protective immunity against Onchocerca larvae has now been definitively demonstrated in humans,
cattle, and mice, thereby providing the conceptual underpinnings that a vaccine can be produced against this
infection. Moreover, several recombinant Onchocerca antigens have been identified that are capable of inducing a
partial but significant reduction in the survival of a larval challenge using an experimental mouse model. Thus, the
research community is in an ideal position to proceed with the preclinical research needed in order to accelerate
the product development of an Onchocerca vaccine for human use.

INTRODUCTION
Human onchocerciasis (river blindness) is a serious neglected tropical disease caused by the filarial
nematode parasite Onchocerca volvulus and an important cause of blindness and chronic disability in the
developing world. Presently, it is estimated that 37
million people carry O. volvulus, with 90 million at
risk in Africa. Morbidity at present is estimated at
987,000 disability-adjusted life-years and there are
46,000 new cases of blindness annually. Through mass
drug administration of the donated drug ivermectin (Mectizan®), onchocerciasis has been recognized
by the World Health Organization as a potential candidate for global elimination, with a World Health
Assembly goal to establish community-based sustainable treatments in areas of meso- and hyperendemicity by 2010 (www.apoc.bf/en). However, formidable
technical and logistical obstacles must be overcome
before the goal of elimination can be attained, and
additional tools are critically needed to support the
control measures and thus potentially eliminate this
infection as a public health problem. These new control tool requirements include a need for a vaccine
against onchocerciasis to “complement” the present
control measures and further the goals of the existing control programs (Cook et al., 2001; Dadzie et al.,
2003; Hoerauf and Steel, 2004).
The rationale for why a vaccine is in critical need
includes the observations that: (a) the present control
measures are not going to succeed in the elimination of O. volvulus infection by themselves (Dadzie
et al., 2003); (b) evidence for emerging resistance to
ivermectin, the only drug used for mass treatment of
onchocerciasis (Osei-Atweneboana et al., 2007); and
(c) practical considerations in treating people for 14–35
years (Winnen et al., 2002; Boatin and Richards, 2006).
Importantly, protective immunity against Onchocerca
infective larval stages, also known as third-stage larvae or L3, has now been definitively demonstrated in
humans, cattle, and mice, thereby proving the conceptual underpinnings that a vaccine can be produced
against this infection (Abraham et al., 2002; Lustigman
et al., 2003; Tchakoute et al., 2006).

The value of developing a vaccine against
O. volvulus infection was recognized by the Edna
McConnell Clark Foundation. Their 15 years of support (1985–1999) provided the research foundation for
antigen discovery and development of animal models for testing the efficacy of vaccine candidates. This
chapter will highlight the current status of vaccine
development against onchocerciasis and the potential
for being able to accelerate vaccine development to
provide this crucial element required for the successful
elimination of onchocerciasis. Reduction in worm burden after vaccination, even if not absolute, will reduce
the number of microfilariae produced by the adult
female worms, and thereby reduce both pathology
and the rates of transmission within endemic regions.

DISEASE
Epidemiology
Onchocerciasis or “river blindness” is a human disease caused by the filarial worm Onchocerca volvulus
(Nematoda:
Secernentea;
Spirurida;
Filariidae;
Onchocerca). Adult worms can live for over a decade in
nodules under the skin and release millions of microfilariae that are responsible for the morbidity associated with infection. When the microfilariae die, they
cause skin rashes, lesions, intense and debilitating itching, and changes in skin pigmentation. Microfilariae
also migrate to the eye and can cause ocular lesions
resulting in blindness (Richards et al., 2001).
The distribution of onchocerciasis has been determined using rapid epidemiological mapping of
onchocerciasis in which the levels of endemicity are
assessed by onchocercal nodule prevalence in the
endemic adult population (Ngoumou et al., 1994;
Noma et al., 2002). More than 22,000 villages in Africa
(outside the Onchocerciasis Control Programme
(OCP) in West Africa) had been surveyed, allowing the identification of many new foci (Basáñez
et al., 2006). Presently, it is estimated that 37 million
people carry O. volvulus, with 90 million at risk in
Africa (APOC, 2005). The geographic distribution
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includes 28 countries in tropical Africa, where
99% of infected people live, isolated foci in 6 countries in Latin America and in Yemen (WHO, 2002)
(Fig. 67.1). Morbidity at present is estimated at 987,000
disability-adjusted life-years (www.who.int/tdr/diseases/oncho/diseaseinfo.htm). Onchocerciasis causes
46,000 new cases of blindness annually (www.apoc.
bf/en) resulting in 270,000 individuals being blinded
and an additional 500,000 with visual impairment,
making onchocerciasis the second leading cause of
infectious blindness worldwide. Although the importance of Onchocerca-induced blindness has long been
recognized, it was only in 1995 that research funded
by The Special Programme for Research and Training
in Tropical Diseases demonstrated that Onchocerca
skin disease had an even greater impact on human
health. Severe itching now accounts for 60% disability-adjusted life-years. Other skin manifestations are
not included in the disability-adjusted life-years estimates, even though they are highly prevalent and
have a major psychosocial and economic impact.
Based on the complexity of the life cycle and the
chronic nature of the disease progression, it is judged
that O. volvulus is not a potential biothreat agent.
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Life Cycle
Onchocerciasis is associated with fast flowing rivers
where Simulium blackfly vectors breed. When a parasitized female blackfly takes a blood-meal from a human
host, the infective Onchocerca larvae, pass from the
blackfly into the host’s skin and enter the host’s subcutaneous tissue, where they migrate, induce nodule
formation, and mature into adult worms over a period
of 6–12 months (Fig. 67.2). Female worms measure
33–50 cm in length and 270–400 μm in diameter, while
males measure 19–42 mm by 130–210 μm. The lifespan
of adult worms is up to 15 years. Developing female
adult worms either induce new nodules or enter existing nodules and cluster together with the resident
female worms, while the smaller male worms migrate
between nodules to mate. Fertilized eggs develop into
microfilariae that actively exit from the female worm.
A female worm may produce up to 1000 microfilariae
per day and the microfilarial lifespan is 1–2 years,
which results in millions of microfilariae residing in
the subcutaneous tissues. When the infected host is
bitten by female blackfly, microfilariae are transferred
from the host to the blackfly where they develop into

FIGURE 67.1 World distribution of onchocerciasis. Currently 35 countries around the world are affected by onchocerciasis; 28 in tropical
Africa, isolated foci in 6 countries in Latin America and Yemen.
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Blackfly (genus Simulium)
takes a blood meal and L3
larvae enter bite wound.

HUMAN STAGE

Infective stage

Migrate to blackfly's
head and proboscis

L3 Larvae

L1 Larvae

Human
subcutaneous
tissue

Blackfly (genus Simulium)
takes a blood meal and
ingests microfilariae.

Adults in
subcutaneous
nodules

Microfilariae penetrate
blackfly's midgut and
migrate to thoracic
muscles

Adults produce unsheathed
microfilariae that typically are
found in skin and lymphatics of
connective tissues, but also
occasionally in peripheral
blood, urine and sputum.
Diagnostic stage

BLACKFLY STAGE

FIGURE 67.2 Life cycle of O. volvulus. The illustrator of this figure is Giovanni Maki (Source: Basáñez et al. (2006)). From: River Blindness:
A Success Story under Threat? Basáñez, M.G., Pion, S.D.S., Churcher, T.S., Breitling, L.P., Little, M.P., et al. PLos Medicine Vol. 3, No. 9, e371
doi:10.1371/journal.pmed.0030371

infective larvae over a period of 6–12 days, which can
then be transmitted to a new human host when the
blackfly feeds again (www.dpd.cdc.gov/dpdx/html/
Filariasis.asp?body ⫽ Frames/A-F/Filariasis/body_
Filariasis_o_volvulus.htm).

Pathogenesis
Disease manifestations in the skin, lymphatics, and
eye are all caused by immune responses to the parasite
(Ottesen, 1995; Hoerauf and Brattig, 2002; Brattig, 2004;
Pearlman and Gillette-Ferguson, 2007). Adult worms
remain in subcutaneous nodules, which do not lead to
morbidity or significant disfigurement in the human
host. Nodule development occurs over a period of years
and persists for decades. Nodules measure between
2 mm and 6 cm depending on the immune status of
the host and the number of worms within the nodule. The principal cells of the granuloma surrounding

the nodule are macrophages that mature into epithelioid cells and fuse to multinucleate foreign body giant
cells. In addition, the granuloma is comprised of neutrophils, eosinophils, mast cells, lymphocytes, and NK
cells (Buttner and Racz, 1983; Brattig, 2004).
The pathology of chronic onchocerciasis is a consequence of long-lasting host inflammatory responses
directed at the microfilarial stage and the obligatory
symbiont Wolbachia (Ottesen, 1995; Pearlman and
Gillette-Ferguson, 2007). The skin is the principal
site of infection, containing the mass of microfilariae.
Live microfilariae appear to be unnoticed by host
cells, whereas degenerating microfilariae are often
surrounded by inflammatory cells that adhere and
degranulate resulting in fragments of the worms being
phagocytized by the adjacent cells (Buttner and Racz,
1983). The disease seen in the skin typically consists of
intense itching, swelling, and inflammation. A grading system was developed to categorize the degree of
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skin involvement: acute papular dermatitis—scattered
pruritic papules; chronic papular dermatitis—larger
papules, resulting in hyperpigmentation; lichenified
dermatitis—hyperpigmented papules and plaques,
with edema, lymphadenopathy, pruritus, and common secondary bacterial infections; skin atrophy—loss
of elasticity, skin resembles tissue paper, “lizard skin”
appearance; depigmentation—“leopard skin” appearance, usually on anterior lower leg. Onchocerciasis
represents a disease comprising a spectrum of manifestations and host responsiveness. The majority of
O. volvulus infected persons present the common generalized form of onchocerciasis presenting mostly varying mild or moderate skin dermatitis. These patients
are considered to be hyporeactive and patients with
high microfilarial loads show no obvious capacity
to effectively reduce the number of microfilariae and
adult filariae, while patients with lower microfilarial
densities intermittently present dermatitis with signs
of antimicrofilarial defense reactivities. Patients may
also have the rare hyperreactive form (sowda) which
exhibits extensive reactivity and skin pathology. These
patients show a severe chronic papular dermatitis and
hyperpigmentation, lichenification, and lymphadenopathy. The number of parasites in these patients is very
low and histological studies reveal massive perivascular infiltration in the large nodules, the regional lymph
nodes and the affected skin sites (Buttner and Racz,
1983; Mackenzie et al., 1985; Brattig, 2004).
Most importantly, visual impairment and blindness
develop as a result of microfilariae migrating into the
conjunctiva, the cornea, and the posterior regions of the
eye. Increasing numbers of degenerating microfilariae
in the eye leads to inflammatory responses that result in
bilateral blindness. In the area that is damaged, punctate
keratitis occurs, which clears up as the inflammation
subsides. However, if the infection is chronic, sclerosing keratitis can occur, making the affected area become
opaque. Over time the entire cornea may become
opaque, thus leading to blindness (Brattig, 2004).
All developmental stages and individual parasites
of O. volvulus are infected with an obligatory symbiont rickettsia, Wolbachia. The adult worms harbor the
Wolbachia in the hypodermis and in the female reproductive organs, where the bacteria are essential for the
development of microfilariae within the female adult
worm (Hoerauf et al., 2003; Taylor et al., 2005). The role
of Wolbachia in the pathogenesis of filarial disease has
been implicated by observations made after antifilarial therapy. Elevated Wolbachia DNA and even intact
Wolbachia are detected in the blood and are associated
with pro-inflammatory cytokines seen in patients with
posttreatment side effects (Cross et al., 2001; Keiser
et al., 2002). Furthermore, Wolbachia are required for
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recruitment of neutrophils to the Onchocerca nodules,
as the number of neutrophils in nodules from individuals treated with doxycycline to eliminate Wolbachia
is greatly reduced compared to untreated individuals
(Brattig et al., 2001). Production of TNF-α and nitric
oxide by mouse macrophages stimulated with filarial extracts is clearly associated with the presence of
Wolbachia (Taylor et al., 2000). Using a mouse model of
O. volvulus keratitis, it has been demonstrated that the
endosymbiotic Wolbachia bacteria are essential for the
pathogenesis of O. volvulus keratitis, as extracts from
O. volvulus worms depleted of Wolbachia by antibiotic
treatment do not induce corneal inflammation (Saint
Andre et al., 2002).
Epidemiological, clinical, and genetic data all suggest that O. volvulus exists as two strains in Africa
with the severe strain inducing ocular disease in a
large proportion of the infected population, while the
mild strain induces little ocular disease. It appears
that the pathogenic differences seen in severe and
mild strains O. volvulus are a function of the relative
Wolbachia burden in the parasite with the median ratio
of Wolbachia DNA to nuclear DNA significantly greater
in the severe strain of parasites than in the mild strain
(Higazi et al., 2005). Therefore, the pathogenesis of
onchocerciasis is dependent on the host immune
response to the microfilarial stage and to the endosymbiotic Wolbachia bacteria. The degree of pathology that
develops is dependent on the number parasites and
on the intensity and type of immune response that the
patient develops to the infection. Finally, the pathology
develops predominantly in chronic infections and is
not associated with the infective stage larvae.

Diagnosis
The demonstration of microfilariae in skin biopsies
(WHO, 1995) is the classic and definitive method for
diagnosis of onchocerciasis as well as determining the
intensity of infection. The use of techniques that are
based on polymerase chain reaction (PCR) using species specific probes for the “Oncho-150” repeat have
been shown to be effective for diagnosing O. volvulus
infection by detecting parasite DNA in routine skin
snips (Zimmerman et al., 1994). The technique is more
sensitive in detecting low-level infections than standard skin-snip methods, but does not give any indication of the number of skin microfilariae. PCR methods
are also used for surveillance of control measures, by
identifying O. volvulus infections in the blackfly or
the human host (Pischke et al., 2002; Rodriguez-Perez
et al., 2006). Immunodiagnostic tests that are capable of
detecting early infections have also developed (Harnett
et al., 1998). These tests were of special interest
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for identifying new infections in areas under vector
control (particularly the OCP area) and as a tool for
onchocerciasis surveillance (Lipner et al., 2006). For
larger epidemiological surveys such as “rapid epidemiological mapping of onchocerciasis,” palpation for
nodules, a less invasive diagnostic procedure, is being
used (Ngoumou et al., 1994; Noma et al., 2002). The
diethylcarbamazine patch test has been also shown
to constitute a valuable tool to evaluate the levels of
endemicity of onchocerciasis and to follow the intensity of transmission of O. volvulus (Ozoh et al., 2007).

Treatment and Control Measures
International programs supported by the World
Health Organization and many other organizations
have worked to control the impact of onchocerciasis using vector control with insecticides beginning
in 1974 and mass drug administration with ivermectin (Mectizan) beginning in 1987 (Peters and Phillips,
2004). Ivermectin is a highly effective microfilaricide
and inhibits female worm microfilarial production
for several months. Annual mass drug administration
reduces morbidity (Ejere et al., 2001; Tielsch and Beeche,
2004) and lowers transmission (Collins et al., 1992;
Boussinesq et al., 1997). The Onchocerciasis Control
Programme (OCP) in West Africa (1974–2002) greatly
decreased O. volvulus transmission in the 11 OCP
countries (Molyneux, 1995; Basáñez et al., 2006; Boatin
and Richards, 2006). Ivermectin without vector control has been the principal tool for the Onchocerciasis
Elimination Program in the Americas (OEPA,
1992–present) (Boatin and Richards, 2006) and the
African Programme for Onchocerciasis Control (APOC,
1995–present). In the Americas, where O. volvulus is
less common, OEPA has substantially reduced transmission and is on track to eliminate the disease (Boatin
and Richards, 2006). APOC has extended treatment to
19 countries beyond OCP through sustainable community-directed ivermectin treatment (Remme, 1995;
Richards et al., 2001). By the end of 2005, 400 million
treatments had been supplied in Africa by Merck’s
Mectizan Donation Program (www.mectizan.org),
with an estimated 40 million people treated by nearly
300,000 community distributors (www.apoc.bf).
Although vector control and periodic administration of ivermectin have resulted in significant reductions in disease rates in many regions of Africa (Abiose
et al., 2000), the present programs, relying only on
periodic administration of ivermectin, still have severe
limitations. Ivermectin is only effective against microfilariae, which cause blindness and dermatitis, but
has little activity against the long-lived adult worms.

Drugs that eliminate O. volvulus adult worms by targeting the endosymbiotic Wolbachia bacteria have
been developed, but they have limited populations in
which they can be used (Taylor, 2000; Richards et al.,
2001). Moreover, it is estimated that at least 25 years
of annual treatment at 65% total population coverage would be necessary to eliminate infection in areas
of medium to high levels of infection, and more dire
model predictions suggest that durations exceeding
35 years would be required if there was heterogeneity
in exposure to S. damnosum vector bites (Winnen et al.,
2002; Boatin and Richards, 2006). The predictions that
annual ivermectin treatments will need to be given for
anything from 14 to 35 years or more, not only creates
significant logistical obstacles, but also has lead to a
concern that resistance to ivermectin in O. volvulus will
eventually emerge. The potential emergence of drugresistant strains of the O. volvulus parasite have been
suggested initially by reports that showed incidence
of patients with onchocerciasis who failed to respond
to ivermectin treatment (Awadzi et al., 2004a, 2004b).
Significantly, a recent report from Ghana has provided
the first proof of ivermectin resistance in O. volvulus in
humans (Osei-Atweneboana et al., 2007). Additionally,
studies have associated ivermectin resistance with
genetic markers (Huang and Prichard, 1999; Kohler,
2001; Ardelli and Prichard, 2004; Ardelli et al., 2005,
2006a, 2006b; Eng and Prichard, 2005; Bourguinat et
al., 2006), particularly the β-tubulin gene in human
O. volvulus and the livestock nematode parasite
Haemonchus contortus (Eng and Prichard, 2005; Eng et
al., 2006). A report by Bourguinat et al. (2007) showed
that not only the β-tubulin genotype has changed after
4 or 13 ivermectin treatments but also female fertility
was affected. The finding that ivermectin treatment
selected for β-tubulin heterozygotes and that this selection was dependent on dose raises important concerns
for the current river blindness control programs.

PROTECTIVE IMMUNITY AGAINST
O. volvulus IN HUMANS AND ANIMAL
MODELS
Human
Protective Immunity in Humans is Associated
with Th1 and Th2 Responses against
O. volvulus L3
Two distinctive expressions of anti-L3 protective
immunity within the O. volvulus endemic population
have been described: (a) which impedes the development of a patent infection (microfilaria positive) in
the putatively immune (PI) individuals (Gallin et al.,
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1988; Ward et al., 1988; Elson et al., 1994; Turaga et al.,
2000); and (b) concomitant immunity to O. volvulus L3
that develops in the patently infected (INF) individuals with increasing age, and which is independent of
the immune responses that are induced by the adult
worms and microfilaria associated with patent infection. Concomitant immunity is believed to prevent
most of the newly acquired L3 infections from developing, and results in a stable adult worm burden in
the INF (Duke and Moore, 1968; Schulz-Key, 1990;
MacDonald et al., 2002).
Studies of the mechanisms of acquired immunity against O. volvulus infection in humans have
focused on identification of defined cellular and
humoral responses in the PI individuals as compared
to responses in the INF as well as in those associated
with concomitant immunity (reviewed in McCarthy
and Nutman (1996) and Hoerauf and Brattig (2002)).
Some of the initial studies produced conflicting results
(Turaga et al., 2000; Hoerauf and Brattig, 2002) in
terms of Th1 or Th2 dominance of cellular responses
in the PI to adult worm antigens. This may have been
due to examining immune responses against adult
worm antigens, which contain female, male, and
microfilariae stage antigens. However, when antigens
from L3, L3 in the process of molting into the fourthstage larvae (mL3), isolated female worms (F-OvAg),
and skin microfilariae (Smf) were used in studies with
PI and INF, an interesting differential cytokine profile emerged. First, although an IL-5 response was
present in both the PI and the INF toward L3 and
mL3 antigens, the PI had significantly elevated IL-5
responses to both L3 antigens. Second, a subgroup of
these individuals also had significantly elevated IFN-γ
responses toward L3 (27%) and mL3 (54.5%) antigens,
thus indicating an overall response of a mixed Th1/
Th2 profile. This raises the possibility that some of
the PI have more than one mechanism of anti-L3 protective immunity. In contrast, the F-OvAg and Smf
antigens induced only a Th2 type response in the PI.
However, the IL-5 response to F-OvAg in this group
was significantly higher than that in the INF, a group
that as a whole, exhibited only a Th2 phenotype in
response to all antigens. Moreover, while the PI produced significantly higher levels of GM-CSF toward
L3 and mL3 compared to the INF, there was no difference in the GM-CSF response between the two groups
toward the other antigens.
These observations demonstrated that the two
groups, PI and INF, although similar in their anti-FOvAg and Smf responses, are distinct in their anti-L3
and mL3 immunity. It also appeared that the PI could
be divided into two subgroups; those with elevated
anti-L3/mL3 IL-5 (e.g., Th2) and GM-CSF responses,
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and those with elevated anti-L3/mL3 IL-5 and IFN-γ
(e.g., mixed Th1/Th2), and GM-CSF responses. These
studies confirmed the hypothesis that immunological studies of the PI could lead to the identification of
immune mechanisms that play a role in anti-L3 protective immunity (Turaga et al., 2000).
Age-dependent resistance to super-infection (Day
et al., 1991), and acquired concomitant humoral
(Kurniawan-Atmadja et al., 1998) and cellular (Sartono
et al., 1997) immunity in infected individuals has been
described in lymphatic filariasis. The existence of antilarval immunity that is separate and distinct from that
directed against adult worms and microfilariae (concomitant immunity) has also been observed in individuals infected with O. volvulus. Studies have shown
that the proliferative responses to L3 increased significantly with age, while there was a downward trend
in response to F-OvAg. The responses in the INF
group against L3, mL3, F-OvAg, and Smf antigens in
the infected group were predominantly of the Th2type (higher frequency of IL-5 producers than IFN-γ
producers). However, when the cytokine responses
were analyzed in relation to age of the PBMC donors
(⫽years of exposure to O. volvulus), it appeared that a
differential stage-specific IL-5 response in the infected
group was observed. It appeared that a distinct IL-5
response was acquired with age against the L3 stages
and this response was independent of that induced
by F-OvAg and Smf antigens, which are associated
with patent infection. The responses against F-OvAg
and Smf antigens significantly decreased with age.
Moreover, in INF individuals who had GM-CSF
responses to L3, the amounts secreted were positively
correlated with IL-5. Thus, older INF, like the PI subjects as a whole (Turaga et al., 2000), had predominantly IL-5 responses to L3 and mL3 antigens, which
were accompanied by elevated GM-CSF. Similarly, a
Th1 response was also present in a subgroup of the
INF (MacDonald et al., 2002).
A Role for Antibodies in Protective Immunity
Against O. volvulus Larvae in Humans
Data from several studies support the view that
antibodies are part of the effector mechanism against
O. volvulus larvae. These include the correlation
between elevated antigen-specific IgG1 and/or IgG3
responses and the immune status of exposed individuals (Boyer et al., 1991; Soboslay et al., 1994, 1997;
Ottesen, 1995; Stewart et al., 1995; Faulkner et al.,
2001). When sera from INF and PI individuals were
analyzed by Western blots, significant differences
between their antibody responses to a broad range
of crude O. volvulus larval and adult stage antigens
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were also observed (Boyer et al., 1991; Luder et al.,
1996; Irvine et al., 1997; Soboslay et al., 1997). Whereas
both groups recognized many common antigens,
the PI sera reacted with some stage-specific antigens
uniquely (Irvine et al., 1997). In addition, a positive
correlation was seen between anti-L3-specific IgG3
and IgE cytophilic antibody responses and increasing
age of the infected subjects as well as elevated IgG1
response regardless of age (MacDonald et al., 2002).
L3 surface-specific antibodies were seen in 80% of
putatively immune individuals and in 83% of those
infected. Moreover, antibodies that bind specifically
to the surface of L3 but not to the surface of microfilariae were found in sera from infected subjects, and
the intensity of L3 surface recognition was positively
correlated with their age, thus suggesting a role for
antibodies also in concomitant immunity (MacDonald
et al., 2002). Similar results were also obtained in individuals infected with lymphatic filariasis (KurniawanAtmadja et al., 1998) where concomitant immunity
is more clearly defined (Day et al., 1991). In vitro
antibody-dependent killing of O. volvulus L3 and inhibition of molting of L3 to fourth-stage larvae has been
observed to be dependent on granulocytes and antibody from putatively immune and/or infected individuals (Greene et al., 1985; Leke et al., 1989; Johnson
et al., 1994).

A single study was performed to determine
whether or not chimpanzees could be immunized
against infection with O. volvulus. Four chimpanzees were immunized with irradiated L3 followed by
infection with L3. After 11–26 months, three out of the
four immunized chimpanzees developed microfilariae in the skin, whereas all four of the control animals
became patent. There were no significant differences
in the number of microfilariae found in the skin of the
immunized chimpanzees when compared with the
infected controls (Prince et al., 1992). This experiment
is difficult to interpret because adult worm burdens
cannot be determined in live chimpanzees, hence protective effects could be obscured by microfilariae production from very few adult worms. The reason why
the one vaccinated animal did not develop microfilariae in the skin could have been a result of a failure to
get infected by the challenge L3 (not all chimpanzees
develop patent infections after primary challenge
(Eberhard et al., 1991; Soboslay et al., 1991)) or could
have been the result of some immune protection. This
animal developed an antibody response to 11–12 kDa
L3 antigens of A. viteae (Luder et al., 1993). Serum
from this immunized and protected chimpanzee was
used for immunoscreening and resulted in the cloning and identification of Ov-CPI-2 (Lustigman et al.,
1991, 1992a), one of the 15 protective recombinant
O. volvulus antigens (rOvAgs) (Lustigman et al.,
2002).

Animal
O. volvulus in Chimpanzees
The chimpanzee is the only species aside
from humans that is susceptible to infection with
O. volvulus, although without the development of significant pathology (Duke, 1980). Studies have been
performed in chimpanzees to determine the immunological responses that develop following primary
and challenge infections. Antibody responses were
measured after primary infections with L3 against
antigens solubilized from adult worms and against
recombinant O. volvulus antigens (Weiss et al., 1986;
Eberhard et al., 1991, 1995; Soboslay et al., 1992; Luder
et al., 1993). When the infections developed, the
number of individual antigens recognized increased
as determined by Western blot analyses. In addition,
antibody responses in animals with microfilariae in
the skin could be distinguished from responses in
nonpatent animals (Soboslay et al., 1992). Lymphocyte
proliferation assays were performed with cells from
infected chimpanzees and it was observed that, after
a strong early response to parasite antigens, a reversible cellular hyporesponsiveness developed (Soboslay
et al., 1991; Luder et al., 1993).

Protective Immunity to Onchocerca ochengi
in Cattle
O. ochengi infection of cattle is an excellent analog of human Onchocerca infection (Trees et al., 2000).
Epidemiological evidence demonstrates crossreactivity between antigens from O. volvulus and O. ochengi
that extends to cross-protection of humans against
O. volvulus, by exposure to infected larvae of O. ochengi
(Wahl et al., 1998). The superficial location of the adult
worms of O. ochengi contained within nodules in the
infected cows has enabled studies measuring adult
parasite worm burdens. Treatment of cattle infected
with O. ochengi with ivermectin (Njongmeta et al.,
2004), melarsomine (Tchakoute et al., 2006), or oxytetracycline (Nfon et al., 2007) to control the infection did
not effect the susceptibility of these cattle to re-infection. Field studies, however, have provided evidence
that immunity develops in cattle to both microfilariae
and larval stages. Whereas adult burdens increased
with age in naturally infected cattle, microfilarial loads
decreased in older cattle despite the continuing fecundity of excised, adult, female worms (Trees et al., 1992).
Cattle have been identified in a number of studies
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that have naturally developed protective immunity to
infection and are considered putatively immune. The
cattle were maintained in endemic areas yet were not
infected with O. ochengi, based on the absence of nodules with adult worms and microfilariae in the skin
(Hoch et al., 1992; Trees et al., 1992; Wahl et al., 1994).
Putatively immune cattle were significantly less susceptible to challenge infections as compared to naïve
cattle based on acquisition of O. ochengi nodules. The
density of microfilariae in the skin was substantially
lower in the putatively immune cattle as compared to
their naïve counterparts. Furthermore, cattle immunized with O. ochengi irradiated third-stage larvae
were significantly protected against both experimental
(100% reduction in median nodule load) and field challenge (64% reduction in median nodule load) infections
(Tchakoute et al., 2006). Finally, calves immunized with
live O. volvulus larvae and subsequently challenged
with O. ochengi larvae had significantly fewer adult
O. ochengi parasites as compared controls (Achukwi
et al., 2007). In summary, these experiments demonstrate the feasibility of vaccinating a natural host against
Onchocerca infection and support the feasibility of
developing a vaccine against the infection in humans.
Immunity against Onchocerca spp.
Microfilariae
Vaccination of cattle with microfilariae of O. lienalis
was shown to enhance the clearance of microfilariae
subsequently transplanted into the same animal
(Townson and Bianco, 1982a). Moreover in natural
infections of cattle with O. ochengi, skin microfilarial
density falls with age in spite of increasing numbers
of fecund female worms, which suggests that a level
of stage-specific microfilarial immunity may develop
(Trees et al., 1992). Mice have also been used as surrogate hosts to investigate immunity against Onchocerca
spp. microfilariae. Mice can support the survival of
inoculated microfilariae for 3–4 months. Microfilariae
injected subcutaneously at the nape of the neck, concentrate in the ears, therefore recovery of microfilariae
from the ears post-mortem can be used as a measure of parasite survival (Townson and Bianco, 1982b;
Carlow et al., 1986). Using this model with O. lienalis,
significant protective immunity was conferred by
live, homologous primary infection, immunization
with microfilariae extracts and with live infections
that were abbreviated by drug treatment (Townson
et al., 1984; Carlow et al., 1986). Some protection was
also conferred by heterologous stages and species
but at a lower level (Townson et al., 1985; Carlow and
Bianco, 1987). Significantly, protection against O. volvulus microfilariae was also demonstrated in mice
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immunized with live homologous or heterologous
(O. lienalis) microfilariae (Bianco et al., 1991). The
mechanisms of protection have been extensively
studied using O. lienalis. Eosinophils are crucial and
IL-5 is dominant in the expression of microfilarial
immunity (Folkard et al., 1996; Hogarth and Bianco,
1999b). Using gene knockout mice, clearance of microfilariae following primary and secondary infections
was independent of IL-4 (Hogarth et al., 1995, 1998).
Exogenous IL-12 was used to ablate parasite-induced
IL-4 responses without eliminating the protective IL5-dependent responses (Hogarth and Bianco, 1999a).
Protective Immunity to O. volvulus
Larvae in Mice
A mouse model has been developed to study protective immunity against O. volvulus larvae. Although
O. volvulus L3 do not develop into adult worms in
mice, it is possible to study the effects of anti-L3
immunity by placing O. volvulus L3 in subcutaneous
implantable diffusion chambers, which are porous
to host antibody and cells. L3 develop equally well,
for a short period of time, in resistant hosts (such as
mice) as they do in the susceptible chimpanzee host
when implanted within diffusion chambers (Abraham
et al., 1993). To study protective immunity in this
mouse model, mice were immunized by injection of
normal, irradiated, or freeze-thaw-killed Onchocerca
spp. larvae, and then received challenge infections of
L3 contained in diffusion chambers. There was a significant reduction of ~50% in the survival of challenge
parasites in all the experimentally immunized mice
(Lange et al., 1993).
The mouse model was also used to establish the
mechanism of immune-mediated killing of O. volvulus
L3 in diffusion chambers in mice immunized with
irradiated L3. IL-5, but not IFN-γ, was found in diffusion chambers of immunized mice coincident with the
time of parasite killing. Elimination of either IL-5 or
IL-4 by monoclonal antibody treatment significantly
reduced the protective effects of vaccination against
O. volvulus L3 (Lange et al., 1994). The dependency on
Th2 cytokines was further corroborated in cytokinedeficient mice. Immunized IL-4-deficient mice did
not develop protective immunity, whereas IFN-γ
deficient animals developed immunity comparable
to immunized wild-type mice (Johnson et al., 1998).
The finding that immunity was dependent on IL-4
and IL-5 suggested a dependency on the antibody isotypes IgG1 and/or IgE. Two mouse strains, μMT mice
that lack all mature B cells and Xid mice that have
deficiencies in their B-1 cells, were used to determine
if antibody was required for protective immunity in
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mice immunized with irradiated L3. Immunity did
not develop in μMT mice but did develop in the Xid
mice. Furthermore, mice treated to eliminate IgE from
the blood did not develop protective immunity. The
role of granulocytes in protective immunity was also
determined in mice immunized with irradiated L3.
Immunity did not develop in mice if granulocytes,
including both neutrophils and eosinophils, were
eliminated nor did it develop if only eosinophils were
eliminated (Abraham et al., 2004).
Wolbachia from O. volvulus contains molecules with
LPS-like activity that induce an inflammatory response
from monocytes (Brattig et al., 2000). Various studies suggest that TLR4 is an important mediator in
the response to the Wolbachia endosymbiont and that
immunity to Wolbachia may be an integral component
of the immune response to the L3 of O. volvulus (Taylor
et al., 2000; Brattig et al., 2004). TLR4-mutant mice were
immunized against O. volvulus with irradiated L3 and
it was observed that antibody responses to Wolbachia
were absent in both wild-type and TLR4-mutant mice.
Protective immunity, however, did not develop in
the TLR4-mutant mice even though the Th2 immune
response was intact (Kerepesi et al., 2005). It can therefore be concluded that immunity induced by irradiated
L3 in mice is dependent on: (a) a Th2 response through
IL-4 and IL-5; (b) a B-2 cell response through production of parasite-specific IgE; (c) eosinophils as effector cells; and (d) signaling through TLR4. Protective
immunity to the larvae of O. volvulus is not, however,
dependent on an immune response to Wolbachia.

VACCINES
The development of an Onchocerca vaccine has
been the focus of research supported by the Edna
McConnell Clark Foundation who funded from 1985
to 1999 research projects aimed at the development of
a vaccine against infection with O. volvulus L3 (Cook
et al., 2001; Richards et al., 2001; Abraham et al., 2002;
Hoerauf and Brattig, 2002; Lustigman et al., 2002;
Nutman, 2002; Williams et al., 2002). This approach
has also been endorsed in 2002 during a “Conference
on the Eradicability of Onchocerciasis” at the Carter
Center (Dadzie et al., 2003) and later at a conference
convened in 2004 on the global program to eliminate
lymphatic filariasis (Hoerauf and Steel, 2004). Vaccines
are still the most economical, efficient, and effective
tool to control infectious diseases and might be the
only way to guarantee elimination of onchocerciasis as
initially envisioned by the World Health Organization.
The ultimate goal of such a vaccine would be to

complement the existing control programs and thus
to combine it with drug treatments in a program of
vaccine-linked chemotherapy (Hotez and Ferris, 2006;
Hotez, 2007). The objective is to induce protection that
is not necessarily sterile against the incoming infective
third-stage larvae but rather that reduces adult worm
burden. This will result in a reduction in the number
of microfilariae produced by the adult female worms,
a reduction in the development of pathology in the
skin and in the eye, and a decrease in the potential
for disease transmission. It is anticipated that continual natural exposure of the immunized individuals
to infective larvae from black flies would sustain the
protective immunity induced by immunization with
recombinant vaccine proteins, and that ultimately the
combination of vaccination with long-term chemotherapy with ivermectin could accelerate the eradication of onchocerciasis from sub-Saharan Africa.
Importantly,
protective
immunity
against
O. volvulus L3 has now been definitively demonstrated
in humans, cattle, and mice, thereby proving the conceptual underpinnings that a vaccine can be produced
against this infection (Abraham et al., 2002; Lustigman
et al., 2003; Tchakoute et al., 2006). Studies of other
filarial worms have clearly shown that the targets of
the protective host immune response were the L3 and
the molting L3 (Eisenbeiss et al., 1994; Le Goff et al.,
2000), and that excretory–secretory proteins from the
developing parasites induce protection (Lucius et al.,
1991). These studies also suggested that the protective immune responses could inhibit the development
of L3 to L4 (Horauf and Fleischer, 1997; Le Goff et al.,
2000; Abraham et al., 2001). Assuming that there are
common protective mechanisms against filariae and
that the target antigens are similar, it advocated pursuing O. volvulus L3, mL3, and excretory–secretory
antigens, and to also include larval proteins that are
homologous to the other filarial protective antigens.
Although irradiated larvae serve as successful
immunogens for inducing protective immunity in
mice, it is clear that these larvae could never be used
in a vaccine for use in humans because of safety and
practicality issues. A more reasonable approach for
immunization would be to use recombinant antigens as
the basis for the vaccine. The experimental O. volvulus
mouse model was subsequently used to screen recombinant antigens and protection was defined by significant reduction in the survival of L3 following
two immunizations with 25μg of respective purified
recombinant protein in the presence of an adjuvant.
While vaccine-induced immunity may function by
a different constellation of mechanisms than those
seen in PI and the individuals with concomitant
immunity, it is likely that some of the mechanisms
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developed naturally over time in humans will be
also induced by the recombinant O. volvulus protective antigens. The objective of an Onchocerca vaccine
will be to elicit in individuals living in endemic areas
defined anti-larvae immune responses similar to those
present in the PI and the individuals with acquired
concomitant immunity that will enable them to control effectively incoming O. volvulus L3 infections.

Identification of Protective O. volvulus
Larval Antigens
Two basic strategies were used to identify and clone
Onchocerca larval target-antigens to be tested as possible vaccine candidates. The first strategy was based on
the potential involvement of antibodies in protective
immunity. Attempts were made to identify the target
proteins by immunoscreening cDNA libraries using
immune sera from human or animal hosts. Although
this approach was used with success, it did not take
into account carbohydrate and other nonprotein determinants shown to be important in other helminth systems (Ellis et al., 1994; McVay et al., 1998, 2000; van
Der Kleij et al., 1999), and which could be crucial to the
generation of protective immunity. The success of the
immunoscreening effort relied mostly on the source
and specificity of the antibodies used and, hence, was
done mostly with serum samples from PI with the
goal of identifying antigens that were preferentially
recognized by the PI in comparison with the INF. In
addition, sera from vaccinated or immune animals
(chimpanzees, mice, or cows), polyclonal antibodies
raised against O. volvulus L3 or monoclonal antibodies
developed against specific parasite antigens were used
to screen the cDNA libraries, initially using cDNA
libraries constructed from adult worm stages of O. volvulus and later using cDNA libraries constructed from
O. volvulus larval stages, L3, mL3, and L4 (Joseph et al.,
1997, 1998; Lizotte-Waniewski et al., 2000).
Immunoscreening of the adult cDNA libraries
resulted in the identification and characterization of
⬎26 recombinant proteins. Because some of these
proteins were also expressed in larval stages as determined by in situ hybridization analysis, immunolocalization, stage-specific Western blot or PCR, they were
tested in the O. volvulus experimental mouse model
for vaccine efficacy. Immunoscreening of the larval
cDNA libraries resulted in the cloning of additional
proteins that were successful in stimulating significant
protection in mice (Abraham et al., 2001). Altogether,
out of 26 recombinant antigens that were identified by
immunoscreening and tested in the O. volvulus mouse
model, 12 induced partial but significant protection
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(39–69%) in the presence of Block Copolymer, alum,
or Freund’s Complete Adjuvant (Table 67.1). Eight of
them, Ov-CPI-2, Ov-RAL-2, Ov-RBP-1, Ov-103, Ov-B20,
OI5/OI3, Ov-CAL-1, and Ov-TMY-1 were cloned
from the adult library, and four of them Ov-ALT-1,
Ov-FBA-1, Ov-ASP-1, and Ov-B8 were cloned from
the L3 cDNA library. Only two of the protective antigens, Ov-CPI-2 and Ov-RAL-2, were cloned from both
libraries. Five of the protective antigens (Ov-CPI-2,
Ov-ALT-1, Ov-RAL-2, Ov-FBA-1, and Ov-B8) were
protective in multiple experiments. The level of protection with each recombinant protein was in the same
range as that induced by immunization with irradiated L3 (Lange et al., 1993; Taylor et al., 1994; Johnson
et al., 1998). Moreover, it appeared that immunization
with the recombinant antigens Ov-CPI-2, Ov-ALT-1,
and Ov-B8 also induced significant reduction in the
molting of L3 (Abraham et al., 2001).
The second strategy was to isolate molecules
thought to be vital in the infection process. These
would include proteins with vital metabolic functions or defense properties, which permit the parasite to survive in immunocompetent hosts. Targeting
such molecules would block the establishment of the
parasite in the host. In addition, antigens that are
not normally seen by the host but that are nevertheless accessible to host immune-effector molecules and
cells, the “hidden antigens,” were also thought to
be potentially useful as vaccine targets (Sher, 1988).
Isolation of the gene encoding a protein of interest
was achieved by either: (a) screening a cDNA library
using a heterologous probe (Henkle-Duhrsen and
Kampkotter, 2001); (b) PCR cloning using degenerate
primers (Henkle-Duhrsen and Kampkotter, 2001); (c)
purifying the protein followed by partial amino acid
sequencing and molecular cloning (Wu et al., 1996);
or (d) identifying the gene of interest by searching the
O. volvulus expressed sequence tag (EST) database or
the EST databases generated by the Filarial Genome
Project (Lizotte-Waniewski et al., 2000).
Out of 18 recombinant antigens that have been
cloned using the second strategy and tested in the
O. volvulus mouse model, four (Ov-ALT-1, Ov-CHI-1,
Av-ABC, and Av-UBI) induced partial but significant
protection (48–63%). Ov-ALT-1, Av-ABC, and Av-UBI
were protective in the presence of alum or Freund’s
Complete Adjuvant (Table 67.1). Chitinase, Ov-CHI-1,
effectively induced protection using DNA immunization (Harrison et al., 1999). Av-ABC and Av-UBI that
were used for immunization have been cloned from
the rodent filarial parasite Acanthocheilonema viteae as
the Onchocerca homologue of Av-ABC has not been
cloned as yet and the Av-UBI of A. viteae is completely
identical to Ov-UBI (Wu et al., unpublished).
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Onchocystatin,
(cysteine protease
inhibitor)

Novel, homolog
of vespid venom
allergen 5 and
the PR-1 protein
family
Novel, nematode
specific

Novel, filariae
specific

Novel, nematode
specific

Novel, nematode
specific
Novel, nematode
specific; retinoid
binding protein
Chitinase

Fructose 1,6
biphosphate
aldolase
Tropomyosin

Ov-CPI-2 (17)

Ov-ASP-1 (25)

Ov-RAL-2 (17)

Ov-ALT-1 (15)

Ov-103 (15)

Ov-B20 (52/65)

Ov-RBP-1
(20/22)

Ov-CHI-1 (75)

Ov-FBA-1(41)

Ov-TMY-1 (42)

Antigen (kDa)

Identity
(Function)

Body wall;
ES product

Basal layer of cuticle;
channels;
basal lamina

Cuticle, granules of
glandular esophagus

Body wall;
ES product

Cuticle; hypodermis;
ES product

In L3: Basal layer
of the cuticle;
hypodermis; basal
lamina; channels;
multivesicular
bodies. In Mf: surface

Granules of
glandular esophagus;
cuticle; channels

Hypodermis

Granules of
glandular esophagus;
ES

Hypodermis; basal
layer of cuticle;
separation of L3/L4
cuticles; secretory
vesicles; ES

Localizationa

Cattle anti-Ol-xL3

PI sera mice antiOv-xL3

ND

ND

Cattle anti-Ol-xL3

PI sera

PI sera
CI sera

PI sera
CI sera
mice anti-Ov-xL3

PI sera
CI sera
mice anti-Ov-xL3

Chimpanzee antiOv-xL3; PI sera;
CI sera

Immunogenicityb

15/3

29/7

0/0

1/2

3/2

5/0

223/18

6/4

50/1

59/9

Number of
ESTsc L3/mL3

Characteristics of the O. volvulus protective protein (Lustigman et al., 2002)

ND

ND

ND

ND

ND

Anti-Ov-103
and Ov Mf
(Lustigman
et al., 1992b)

Anti-Bm-ALT-2
and Bm L3 or
Mf

Anti-rAs16 and
Ascaris L3
(Tsuji et al.,
2004)

anti-Bm-ASP-1
and Bm L3 or
Mf (Anand
et al., 2006)

Anti-Ov-CPI2 and Ov L3
(Lustigman,
unpublished)

In vitro killing
assaysd

44% (alum)

51–54% (FCA)

53% (DNA)

42% (BC)

39% (alum)

30–69% (alum)

39–62% (alum)

51–60% (FCA)

44% (alum)
42% (FCA)

43–49% (alum)

ND

ND

Bm-chitinase
(Adam et al., 1996;
Wang et al., 1997)

Ov-RBP-1 in Av
model (Taylor et al.,
1995; Jenkins et al.,
1996)

ND

ND

ND

ND

ND

Ac-SAA-1 (Zhan
et al., 2004)

NDf

Ov-B20 in Av model
(Taylor et al., 1995;
Jenkins et al., 1996)

ALT-1 is a
filariae-specific
protein

rAs16 (Tsuji et al.,
2001, 2003, 2004)
rAc-16 (Hotez,
unpublished)

Ac-ASP-2 (Goud
et al., 2004)

Ac-cystatin
(Hotez,
unpublished)

Protection in
other helminth
models

Bm-ALT-1 (Gregory
et al., 2000) BmALT-2 (Anand et
al., 2006)

rWb-SXP
(Ramachandran
et al., 2004) rBmSXP-1 (Wang et al.,
1997)

Bm-ASP-1
(Anand et al.,
2006)

Ls-cystatin (Pfaff
et al., 2002)

Protection in
lymphatic filariae
models

Protection in animal models
Protection in Ov
mouse model (%)e
(adjuvant)

TABLE 67.1 Portfolio of the O. volvulus protective larval proteins
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PHD-finger
protein
ATP-bindingcassette
transporter
Ubiquitin

Calponin

Ov-B8 (66)

Av-ABC (18)

Av-UBI (30)

Ov-CAL-1 (45)

Longitudinal
muscles

Glandular
esophagus; body
wall

Cuticle; glandular
esophagus

Basal lamina;
secretory vesicles

Hypodermis; cuticle

ND

ND

ND

PI sera

PI sera

0/2

0/0

0/0

0/0

0/0

ND

ND

ND

ND

ND

42% (BC)

48% (FCA)

63% (alum)

37–46% (alum)

35% (BC)

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Abbreviations: Ov, O. volvulus; Ol, O. lienalis; Bm, B. malayi; Wb, W. branconfti; Ls, L. sigmodontis; Av, A. viteae; Ac, A. ceylanicum; As, Ascaris Suum; BC, block copolymer; ES, excretory–
secretory product.
a
Localization based on the native protein in larval stages (L3 and mL3) as determined by IEM.
b
Immunogenicity based on data obtained from protected humans, putatively immune individuals (PI), infected individuals who developed concomitant immunity (CI), and/or
antibodies from xL3 animal models (xL3 mouse model, cows, or chimpanzees).
c
The number of ESTs were determined by BLAST-searching the L3 and mL3 EST datasets (3510 and 5165 entries, respectively) using each individual gene sequence. A gene was
considered upregulated if the ESTs occurred at least five times in a particular stage.
d
Using in vitro cytotoxicity assays few antigens were shown to be a target for antibodies raised against the recombinant antigens of Ov-CPI-2 (Lustigman, unpublished) and
Ov-103 (Lustigman et al., 1992b). Although antibodies against the other vaccine candidates were not tested in vitro for their ability to inhibit molting or kill larvae, it appeared
that immunization with the recombinant antigens Ov-CPI-2 and Ov-ALT-1 also induced significant reduction in the molting of L3 (Abraham et al., 2001). Moreover, studies using
antibodies from mice immunized with the B. malayi homologous recombinant proteins of Ov-ALT-1 (Bm-ALT-2) and Ov-ASP-1 (Bm-ASP-1) have shown that anti-Bm-ALT-2
antibodies elicited 71–72% cytotoxicity in vitro against both L3 and Mf, while anti-Bm-ASP-1 antibodies induced 61–62% cytotoxicity in vitro against both L3 and Mf (Anand et al.,
2006). Interestingly, antibodies against the homologous proteins of Ov-103 in hookworms (Ac-SAA-1) and Ov-RAL-2 in Ascaris (rAs-16), when used in vitro inhibit invasion of L3
through dog skin or caused cytotoxicity in vitro against L3, respectively (Zhan et al., 2004; Hotez, unpublished).
e
Protection was determined in mice after two immunization with 25 μg of protein in the presence of an adjuvant or using a DNA vaccine , followed by challenge with 25 L3 within
diffusion chambers, and is defined by a significant (p ⬍ 0.05) percentage of reduction of L3 survival in the immunized mice vs. control mice.
f
ND, not determined.

Novel

OI5/OI3 (⬎200)
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Protection Induced by Recombinant O.
volvulus Antigens in Mice is Associated with
Th2 and/or Th1 Responses
The mechanism of adaptive protective immunity
induced by immunization with rOvAgs in mice was
studied by observing the type of adjuvant that effectively induced protective immunity and by analyzing
the isotypes of the antibody response (Abraham et al.,
2001; Lustigman et al., 2002, 2003). Freund’s Complete
Adjuvant has been shown to preferentially induce a
Th1 response characterized by IgG2a antibodies, and
alum preferentially induces a Th2 response characterized by IgG1, IgE, and eosinophilia (Kenney et al.,
1989; Forsthuber et al., 1996; Yip et al., 1999). Four
antigens, Ov-CPI-2, Ov-ALT-1, Ov-B8, and Ov-103,
induced protective immunity only in the presence
of alum. Unlike mice immunized with irradiated L3,
there was no increase in either eosinophil numbers or
levels of eotaxin in the diffusion chambers. The antibody responses to each of these antigens were dominated by IgG1 and IgE antibodies, which suggested a
Th2 response (Abraham et al., 2001). Two other antigens, Ov-FBA-1 (McCarthy et al., 2002) and Ov-RAL-2
(Lustigman et al., 2002), induced protective immunity
of ~50%, only when injected in Freund’s Complete
Adjuvant, with an apparent Th1 response based on
the adjuvant type and an elevated IgG2a antibody
response. Ov-ASP-1 induced significant levels of protective immunity when administered with alum (42%)
or Freund’s Complete Adjuvant (44%) (MacDonald
et al., 2004). The mechanisms of protective immunity
induced by the two adjuvants and Ov-ASP-1 differed in that IgG1 dominated the response induced by
alum and IgG2a dominated that induced by Freund’s
Complete Adjuvant. Hence, individual rOvAgs can
induce immunity through Th1, Th2, or both Th1 and
Th2 responses.
Based on these results it can be concluded that the
mechanisms of protective immunity induced with the
protective rOvAgs are different from those induced
with irradiated L3; some of the rOvAgs utilize a Th1
or a mixed Th1/Th2 response, and those that use a
Th2 response do not appear to require the collaboration of eosinophils. The protective immunity elicited
by irradiated L3 is Th2 and eosinophil-dependent.
Although the discrepancies between responses to
irradiated L3 and rOvAgs may be due to differences
in the immunization protocols, it was hypothesized
that they may reflect intrinsic properties of these antigens. This is also supported by observing that some
of the target L3 native proteins recognized by rOvAgspecific antibodies were not labeled by anti-irradiated
L3 antibodies (Abraham et al., 2001). However, they

are recognized by antibodies from PI or individuals
who developed concomitant immunity (Lustigman
et al., 2003), thus confirming that the rOvAgs induce
responses in mice that are more similar to those operating in humans.
The protection induced by DNA immunization
corresponding to Ov-CHI-1 was associated with an
IgG1-dominant response. Moreover, antibodies from
the vaccinated mice reacted with the cuticle of postinfective L3 larvae, implying that this may be the site
of immune attack following secretion of chitinase
(Harrison et al., 1999).

Characteristics of the Protective rOvAgs
The characteristics of the parasite proteins corresponding to 15 protective rOvAgs have been reviewed
previously (Abraham et al., 2001; Lustigman et al.,
2002) and are also described in Table 67.1. Eight of
the proteins, Ov-ALT-1, Ov-B8, Ov-RAL-2, Ov-B20,
OI5/OI3, Ov-CHI-1, Ov-RBP-1, and Ov-103 are parasite-specific antigens, whereas Ov-ASP-1 is a member
of the vespid venom allergen-like protein family
(Tawe et al., 2000). Six of the protective proteins are
homologs to recognized proteins of higher organisms.
Ov-CPI-2 (onchocystatin), Ov-TMY-1 (tropomyosin),
Ov-FBA-1 (aldolase), Ov-CAL-1 (calponin), Av-ABC
(ATP-binding cassette protein transporter), and AvUBI (ubiquitin) have 32%, 31%, 69%, 42%, 71%, and
98% amino acid identity, respectively, with human
proteins. An important concern associated with vaccine antigens belonging to conserved gene families
(e.g., enzymes, muscle proteins) is the risk of crossreactions with host or environmental antigens.
Whereas it was expected that many of the protecting antigens would be larval stage specific, only two
were actually L3 specific (Ov-ALT-1 and Ov-CHI-1)
(Wu et al., 1996; Joseph et al., 1998) and one (Ov-B20)
was limited to L1–L4 stages (Taylor et al., 1995); all
the other proteins were expressed in all stages of the
parasite. Many of the protective antigens are potentially upregulated in L3 and/or mL3 as determined
by the abundance of the transcripts of the protein in
stage-specific O. volvulus cDNA libraries, following
large-scale EST sequencing and clustering (LizotteWaniewski et al., 2000), which suggests their importance during the initial steps of infection in humans.
Moreover, localization of their corresponding native
proteins in L3 and mL3 has indicated that all the
protective antigens are found in one or more of the
regions in the larvae where antibodies from irradiated L3-immunized mice and/or PI bound. These
include the different layers of the cuticle, channels
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connecting the esophagus to the cuticle, and the basal
lamina surrounding the body cavity (Abraham et al.,
2001). In addition, many of the proteins were found
in secretory vesicles within the hypodermis and/or in
the granules of the glandular esophagus (Table 67.1)
which is significant because the glandular esophagus
is thought to be important for the molting process
(Joseph et al., 1998).
When the antibody responses to some of the recombinant proteins were analyzed with PI and INF serum,
it appeared that both groups recognized all protecting antigens similarly. Recognition of antigens by PI
and INF groups should not eliminate these antigens
as vaccine components because it appears that in
the INF concomitant immunity is acquired with age.
Importantly, analysis of the immunoglobulin class and
subclass responses to some of the protecting antigens
revealed that these proteins induced mainly cytophilic
antibodies, IgG1, IgG3, and/or IgE in PI and INF
(Bradley et al., 1995; MacDonald et al., 2002). For
example, elevated cytophilic antibodies (IgG1, IgG3,
IgE) and complement-fixing (IgG3) responses were
observed in infected subjects to the L3-specific recombinant antigen Ov-ALT-1, of which the IgG3 and IgE
responses increased with age (MacDonald et al., 2002).
In additional unpublished studies the IgG1, IgG3
against Ov-ASP-1, and IgG3 against Ov-CPI-2 and
Ov-RAL-2 increased with age in the infected human
population (Lustigman et al., unpublished results).
Further support to the possibility that such antibodies may have a role in antibody-dependent cellular
cytotoxicity effector mechanisms, came from observing that human neutrophils inhibited molting of L3 by
96–100% in the presence of purified human antibodies against Ov-CPI-2 (Lustigman et al., unpublished
results). Ov-CPI-2 is known to be essential for molting of L3 (Lustigman et al., 1996), and the molting
of the L3 challenge was inhibited in protected mice
(Abraham et al., 2001).
Importantly, many of the protective rOvAgs have
homologs that have been shown to also induce protection in other filariae host–parasite systems: (a) the
Ov-ALT-1 homolog from D. immitis is specifically recognized by antibodies from protected dogs (Frank
et al., 1996); the Bm homolog (Bm-ALT-1) induced
76% reduction in parasite survival in the presence of
Freund’s Complete Adjuvant (Gregory et al., 2000);
the closely related rBm-ALT-2 induced in the presence
of alum 74% reduction of L3 viability within a diffusion chamber implanted in jirds. When rBm-ALT-2
was combined with rBm-ASP-1 (the homolog of OvASP-1) for immunization they induced in jirds a 76%
reduction in worm burden that was associated with
increased IL-4 production and the presence of cytotoxic
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antibodies (Ramachandran et al., 2004; Anand et
al., 2006); (b) the L. sigmodontis Ov-CPI-2 homolog,
Ls-cystatin, induced in mice in the presence of alum
or Pam3Cys reduction in the numbers of patent
infections, i.e., less infections with microfilaremia
were observed in vaccinated animals (Pfaff et al.,
2002). Previous studies in O. volvulus have shown
that cystatin is present in the eggshell surrounding the microfilariae and thus potentially functions
during microfilarial development (Lustigman et al.,
1991, 1992a), which may explain the results obtained
in the L. sigmodontis model; (c) the Bm homolog of
Ov-RAL-2, Bm-SXP-1, in the presence of Freund’s
Complete Adjuvant induced in mice 30% reduction
in B. malayi L3 survival when the challenge infections
were contained in diffusion chambers (Ramachandran
et al., 2004). In another study, immunization of jirds
with Bm-SXP-1 in the presence of Freund’s Complete
Adjuvant or alum reduced microfilaremia and, in
some experiments, also adult worm burdens by 35%
(Wang et al., 1997); (d) the A. viteae chitinase was identified as the main target for antibodies from protected
jirds after vaccination with irradiated L3 (Adam et al.,
1996). Moreover, immunization of jirds with the Bmchitinase induced 48% reduction in worm burden
and ⬎90% in the number of circulating microfilariae
(Wang et al., 1997); and (e) the O. volvulus recombinant proteins Ov-RBP-1 and Ov-B20 were shown
to also induce protection against a challenge with
A. viteae in jirds (Taylor et al., 1995; Jenkins et al.,
1996).
Moreover, homologs of four of the rOvAgs were
tested for protection in other nematode host–parasite
systems, such as hookworm infection in dogs and
Ascaris in pigs, and were shown to elicit reduction in
worm burden or other protective measures: (a) the
Ov-ASP-1 homolog in hookworms, Na-ASP-2, is a
highly protective excretory–secretory protein (Ghosh
et al., 1996), and is in the process of testing for efficacy
in humans as part of the Human Hookworm Vaccine
Initiative (see Chapter 66) (Goud et al., 2005; Hotez
et al., 2006); (b) the hookworm homolog of Ov-103,
Ac-SAA-1, induced partial protection against hookworm infection (25%), 64% reduction in egg count
and significant reduction in blood loss (Zhan et al.,
2004); (c) Ac-cystatin, the hookworm homolog of OvCPI-2 elicited 22% reduction in worm burden in dogs
(Hotez, unpublished); and (d) rAc-16, the hookworm
homolog of Ov-RAL-2 induced in dogs 25% reduction in worm burden, 64% reduction in egg counts,
and a significant reduction in anemia (Hotez, unpublished). Moreover, a homolog of Ov-RAL-2 from
A. suum, rAs16, also induced in mice a 64% reduction
of recovery of larvae when coupled with cholera toxin

V. PARASITE VACCINES

71_P369408_Ch67.indd 1393

11/5/2008 4:46:42 PM

1394

ONCHOCERCIASIS

B subunit for immunization (Tsuji et al., 2001, 2003).
Pigs vaccinated with rAs16 coupled with cholera toxin
were also protected from migration of A. suum larvae
through the lungs, as indicated by a 58% reduction
in the recovery of lung-stage L3, compared with that
in nonvaccinated controls (Tsuji et al., 2004). Notably,
anti-rAs16 antibodies inhibited survival of L3 and
interrupted the molting of lung-stage L3 (Tsuji et al.,
2004).

PROSPECTS FOR THE FUTURE
Although it was previously considered that O. volvulus infection was on the cusp of being controlled using
ivermectin distribution, it is becoming increasingly
clear that without additional modalities, such as drugs
which kill or permanently sterilize the adult worms
or a vaccine, elimination of onchocerciasis from subSaharan Africa will remain an unfulfilled goal. A vaccine aimed at preventing infection (anti-L3) or blocking
transmission and/or pathology (anti-microfilariae)
could be the essential supplement for the successful
control or elimination of onchocerciasis. The process
would be to link the vaccine with drug treatments in
a program of vaccine-linked chemotherapy (Hotez and
Ferris, 2006; Hotez, 2007). Although the ultimate goal
of a vaccine against onchocerciasis has not yet been
achieved, fortunately, through the commitment of the
Edna McConnell Clark Foundation and researchers in
the field of filariasis, appropriate scientific infrastructure is now in place to meet this challenge. Research on
vaccine development has provided the foundation for
antigen discovery and development of animal models
for testing the efficacy of vaccine candidates, and consequently resulted with at least 15 vaccine candidates
that were shown to induce partial but significant protection against an L3 challenge using an experimental
mouse model. Moreover, protective immunity against
O. volvulus L3 has now been definitively demonstrated
in humans, cattle, and mice thereby proving the concept that a vaccine can be produced against this infection (Abraham et al., 2002; Lustigman et al., 2003).
Future steps for vaccine development would initially use the O. volvulus L3 mouse model to select a
subset of highly immunogenic antigens from the 15
recombinant vaccine candidates for further development and assessment. This subset of rOvAgs would
be then moved to product development and scale
up applicable for human use. The bovine O. ochengi
model has proven the feasibility of immunoprophylaxis against Onchocerca using irradiated L3 (Tchakoute
et al., 2006) and would therefore be a superb secondary

screen to verify the potency of recombinant vaccines
developed in the mouse model.
The availability of the O. volvulus EST database (Williams et al., 2002), the complete sequencing of the Brugia genome (Ghedin et al., 2004) and
Caenorhabditis elegans (www.wormbase), as well as the
rapidly expanding technologies in proteomics, functional genomics, and bioinformatics could provide the
needed tools for integrated comparative functional
genomics and result in the identification of additional Onchocerca larval proteins that could be used as
potential vaccine candidates (Hashmi et al., 2001). For
example, 47 essential C. elegans molting genes (⬎90%
reduction in molting due to gene-specific RNA interference) belonging to the categories: novel, proteases,
protease inhibitors, peroxidases, extracellular matrix,
sterol-sensing domain, DNA binding, nucleic acid
interacting, signaling, WD domains, and others have
been identified (Frand et al., 2005). It appears that 46
of them are also potentially encoded by filarial transcripts (Lustigman, unpublished), and may prove to
be excellent vaccine antigens.
An alternative approach that could be taken would
be to develop a vaccine targeting the microfilaria
stage. The microfilaria is responsible for the development of pathology and for transmission of the disease. Therefore, a vaccine against this stage would be
a terrific asset for control of the infection. A caveat for
this vaccine is the possibility that vaccination against
microfilariae would exacerbate disease development
caused by microfilariae. A possible way to circumvent
this issue would be to immunize people with parasite
antigens and not with Wolbachia-derived antigens.
It is anticipated that the vaccine against onchocerciasis will be administered to populations that may
have been treated for many years with ivermectin.
Therefore, longitudinal studies examining the immune
responses following long-standing ivermectin treatment need to be performed. Attempts to define the
nature of the targets of the posttreatment responses
should be undertaken by surveying all possible available antigens. With the advent of antibiotic therapy
against Wolbachia, studies following the changes in
immune responses following this treatment should
also be executed.
In conclusion, the human studies of onchocerciasis patients have suggested that protective immunity
can develop in humans. The experimental and natural infections of animals have demonstrated that protective immunity does develop and that vaccines can
protect animals from infection under natural conditions. The foundation studies on antigen screening
have been accomplished and now the challenge is to
optimize and formulate vaccines suitable for human
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usage. The development of drug resistance to the only
treatment available for control of onchocerciasis has
rejuvenated the impending critical need for a vaccine
against onchocerciasis.

KEY ISSUES
●

●

●

●

●

●

●

●

●

Human onchocerciasis is a serious neglected
tropical disease caused by O. volvulus and an
important cause of blindness and chronic disability
in the developing world.
Great progress has been made in reducing disease
burden through mass drug administration of
ivermectin.
Technical and logistical obstacles must be overcome
before the goal of elimination of this infection as a
public health problem can be attained.
Evidence for the existence of Onchocerca
unresponsiveness or resistance to the drug
ivermectin is building up. Therefore, additional
tools are critically needed and include the
need for a vaccine against onchocerciasis to
“complement” the present control measures
and thus further the goals of the existing control
programs.
An Onchocerca vaccine targeting the infective stage
larvae could reduce adult worm burden and thus
the number of microfilariae produced by the adult
female worms.
Protective immunity against Onchocerca larvae has
now been definitively demonstrated in humans,
cattle, and mice, thereby providing the conceptual
underpinnings that a vaccine can be produced
against this infection.
Several recombinant Onchocerca antigens have
been identified that are capable of inducing a
significant but partial reduction in the survival of
a larval challenge using an experimental mouse
model.
The foundation studies on antigen screening
have been accomplished and now the challenge
is to optimize and formulate vaccines suitable for
human usage.
It is anticipated that continual natural exposure
of the immunized individuals to infective larvae
from black flies would sustain the protective
immunity induced by immunization with
recombinant vaccine proteins, and that ultimately
the combination of vaccination aimed at preventing
infection (anti-L3) with long-term chemotherapy
with ivermectin could accelerate the eradication of
onchocerciasis from sub-Saharan Africa.

●

●

An alternative approach will be to develop a
vaccine against microfilariae, which is aimed at
blocking transmission and/or pathology.
It is anticipated that the vaccine against
onchocerciasis will be administered to populations
that may have been treated for many years
with ivermectin. Therefore, longitudinal studies
examining the immune responses following longstanding ivermectin treatment need to also be
performed.
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ABSTRACT
Schistosomiasis is one of the most important tropical diseases chronically infecting over 200 million people
worldwide, and an estimated 774 million people are at risk. It is the most important human helminth infection
in terms of morbidity and mortality. Frequently, individuals are coinfected with schistosomiasis, HIV/AIDS,
tuberculosis, and/or malaria, and increasing evidence indicates that schistosomiasis impacts the course of disease
and transmission of these important infections. A safe and highly effective drug for the treatment of schistosomiasis
is praziquantel. The mainstay of schistosomiasis control has been mass treatment programs that have reduced the
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burden of disease. However, individuals become rapidly reinfected, and drug cost and the infrastructure to sustain
repeated treatment may be unsustainable.
Currently, no effective vaccine exists for schistosomiasis, and only one vaccine candidate is being tested in
humans with no evidence for any efficacy yet. In spite of this slow progress, there has been about 40 years of
research toward development of a schistosome vaccine. A strong rationale exists for development of a schistosome
vaccine. There are good animal models for studying human schistosomiasis. High levels of protective immunity
can be induced in animals with radiation-attenuated infective larval stage of the parasite. Humans develop partial
immunity to schistosomiasis. Importantly, the parasite does not replicate in humans, and a vaccine with partial
efficacy can reduce the intensity of infection and therefore the burden of disease.
Initially, vaccine candidates were targeted toward preventing infection. Increasingly, attention has focused on
vaccine candidates that impair the fecundity of adult worms since the release of ova that become trapped in host
tissues is the primary cause of disease. It is the granulomatous responses to these ova and ensuing fibrotic changes
and chronic inflammation that cause organ failure, particularly the liver and kidneys, and the chronic anemia that
are the hallmarks of schistosome disease. Reducing fecundity will also reduce transmission.
Many different approaches have been undertaken to identify vaccine candidates producing a long list of antigens
delivered as recombinant antigens and DNA constructs with a variety of adjuvant formulations. These antigens
present a range of proteins from glycolytic enzymes (e.g., glutathione S-transferase), myofibrillar proteins since
schistosomes are highly motile organisms (e.g., paramyosin), proteins generated by the parasite that may modulate
the host response to the parasite (such as superoxide dismutases, which may impair neutrophil O2—killing of
parasites), and integral membrane proteins expressed on the parasite surface, such as tetraspanins. The levels of
protection have rarely exceeded 50% to any of these molecules or formulations and most have been less than 40%,
suggesting that there are fundamental characteristics about the parasite biology to avoid host immune responses
that need to be better understood in order to generate a more effective vaccine. In spite of these limitations, the
recent sequencing of the schistosome genome, and characterization of the parasite transcriptome and proteome in
different life-cycle stages, has identified many novel proteins. The analysis of these proteins firmly based on the
physiological process of the parasite has begun to yield a new generation of exciting vaccine candidates.

INTRODUCTION
Schistosomiasis is likely an ancient disease of
humans. Earliest records of human infection document the presence of schistosome ova in tissues of
Egyptian mummies ⬃1500 BC, and earlier etchings
from Egyptian temples show individuals urinating
blood, which is characteristic of human urinary schistosomiasis. It was not until 1852 that Theordor Bilharz,
working in Egypt, first described the disease and the
initial elements of its transmission. It was termed bilharzia and later referred to as schistosomiasis.
Five species infect humans; Schistosoma haematobium,
Schistosoma japonicum, Schistosoma mansoni, Schistosoma
mekongi, and Schistosoma intercalatum. S. mansoni and
S. haematobium are predominately human parasites
while S. japonicum is zoonotic in a wide range of
domestic animals as well as humans these species.
Closely related Schistosoma bovis, Schistosoma spindale,
Schistosoma margrebowiei, and Schistosoma mattheei
infect domestic livestock. Several of animal-specific
species can accidentally infect humans, notably S.
bovis and S. margrebowiei. The infective stage of the
parasite, referred to as cercariae, from other nonhuman schistosome parasites, particularly bird parasite
(e.g., Trichobilharzia sp.) may penetrate human skin

but fail to penetrate deeper and die. This can give rise
to an allergic condition called swimmer’s itch, or cercarial dermatitis, caused by release of antigens in the
skin.

Biology and Life Cycle
The life cycle is shown in Fig. 68.1. Unlike other
trematode infections, schistosomes have separate sexes
(dioecious). Adult parasites generally range from 0.8
to 1.6 cm in length, featuring two terminal suckers,
a complex tegument, a blind digestive tract, and reproductive organs. The body of the male worm forms a
grove, or gynaecophoric channel, into which the longer
and thinner female body is embedded (Gryseels et al.,
2006; Ross et al., 2002). The male worm provides important nutrients to the female and helps to anchor the
worm pair inside the vessel with prominent anterior
and ventral suckers.
The mammalian host becomes infected when freeswimming larvae released from freshwater snail intermediate hosts directly penetrate the skin. The cercariae
forces its way through the initial squamous cells of
epidermis, and further penetration of skin is facilitated
by release of an elastase and a series of proteolytic
enzymes produced by specific glands in the anterior
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FIGURE 68.1 Life cycle of S. masoni, S. japonicum, and S. haematobium (Reprinted from DPDx, the Centers for Disease Control and
Prevention website for parasite diseases, http://www.dpd.cdc.gov/dpdx/HTML/Schistosomiasis.htm).

portion of the parasite. After larvae successfully penetrate the skin, they transform into a tissue-migratory
larval stage, or schistosomula, which are about 300 μm
in size, whereupon the larvae undertake a complex
intravascular migration in which they eventually
accumulate in the vessels of the hepatic portal system.
Initially, the parasite migrates in the skin for 1–4 days
until they reach the venous circulation, are carried to
the lungs where they shift to the arterial circulation
and eventually concentrate in the liver, travel to the
portal vein, and mature into adult worms. Migration of
larvae from the skin to liver requires about 7–10 days,
and maturation to adult worms requires 3–6 additional weeks. The worm pairs migrate distally into the
mesenteric veins, that is, superior mesenteric veins
for S. mansoni and inferior mesenteric and hemorrhoidal veins for S. japonicum. For S. haematobium, adult
worms migrate past the hemorrhoidal veins into the
venus plexus surrounding the bladder and adjacent
organs. Females produce hundreds of ova each day
(S. mansoni and S. haematobium) to thousands per day
(for S. japonicum) for the life span of the worms that
can be up to 30 years. These eggs release potent proinflammatory molecules that disrupt tissue barriers

and enable the ova to transit from the endovascular space into the lumen of gut (S. mansoni and
S. japonicum) or bladder (S. haematobium), where ova
are excreted with stool or urine into the environment
and then hatch and infect snails to complete the life
cycle. Primarily the ova released into host tissues,
especially those that fail to exit into the feces or urine,
cause the pathology and disease associated with schistosomiasis. Infection intensity depends on exposure
because the parasite does not replicate in the human
host. The life cycle is completed when ova are passed
in the urine or feces and come into contact with fresh
water, whereupon they release miracidia, a ciliated
highly motile form of the parasite, which infect freshwater snails. S. haematobium infects Bulinus species,
S. mansoni infects Biomphalaria sp., and S. japonicum
infects Oncomelania sp. The distribution of schistosome
species depends on the ecology of their respective snail
hosts. After infection of the snail, parasites undergo
asexual replication to produce thousands of cercariae
per snail that are shed in the water to complete the
life cycle.
Schistosomiasis transmission is highly dependent upon water resource use and sanitation, usually
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associated with agricultural practices. Environmental
changes linked to water resource development (e.g.,
large- and small-scale dams), and irrigation, migration, and population growth have led to an increase
in the prevalence of schistosomiasis and spread into
areas where it was not previously endemic (Gryseels
et al., 2006; Ross et al., 2002; Li et al., 2007). The Diama
dam on the Senegal River introduced S. mansoni into
Senegal and Mauritania. The Aswan High Dam in
Egypt spread S. mansoni into Upper Egypt, which was
already infected with S. haematobium (Malek, 1975).
The spread of small ponds for collection of seasonal
rainfall throughout many areas of African have led
to the spread of S. haematobium since its snail intermediate host is able to estivate in the mud, when the
pond dries up, until the next rainfall. The soon-to-becompleted Three Gorges Dam on the Yangtze River in
China is near to a S. japonicum endemic area that could
lead to further spread of this parasite (Li et al., 2007).

Epidemiology and Significance
Schistosomiasis is estimated to have infected 207
million individuals in 74 countries worldwide, and
⬃1 billion individuals are at risk (Gryseels et al.,
2006). It is likely these estimates significantly underestimate worldwide prevalence because of the poor

sensitivity of existing diagnostic methods. Infections
occur throughout much of topical and subtropical
areas of the world (Fig. 68.2). The burden of infection
occurs in rural communities; however, with increasing travel, residents of major cities in China and Brazil
often become infected. North American and European
travelers are often at risk and occasionally become
infected. The heaviest burden of infection and disease is among adolescent children. Therefore, children
under the age of 4 years, in whom schistosome infections are uncommon, would be an important target
population for a schistosome vaccine.

Disease
Most diseases arise from inflammatory responses
directed to ova trapped in tissues, especially the
liver or gut (Wilson et al., 2007). These trapped eggs
release 40 different proteins (Jang-Lee et al., 2007) that
produce marked CD4 T-cell-dependent inflammatory responses, resulting in the recruitment of primarily eosinophils, monocytes, and B cells to produce a
granuloma around the egg. Importantly, the chronic
granulomatous inflammation promotes collagen
deposition with the consequence that ova trapped in
the liver, bladder, or ureters can impair organ function, notably the liver, resulting in hepatic periportal

Caribbean area

Schistomiasis-endemic areas
Hepatic/intestinal
Urinary
Both types
Very low risk

FIGURE 68.2 The global distribution of schistosomiasis. S. mansoni, S. japonicum, and S. mekongi represent hepatic/intestinal species and
S. haematobium and S. intercalatum urinary schistosomiasis (Reprinted from DPDx, the Centers for Disease Control and Prevention website for
parasite diseases, http://www.n.cdc.gov/travel/image.ashx?i263).
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(Symmer’s) fibrosis and cirrhosis, or obstruction of
the ureter, leading to obstructive hydronephrosis and
renal failure (King et al., 1988). Chronic schistosomiasis has been associated with hepatocellular carcinoma
and bladder cancer. An important aspect of disease
is when adult worms develop or migrate to other
organs. The residence of worms in veins surrounding the bladder, prostate, uterus, and vagina or near
the central nervous system are notable. The release of
ova from these aberrant sites produces inflammation
in critical tissues with devastating effects. Transverse
myelitis and seizures from the schistosomiasis, for
example, can be difficult to diagnose and produce
permanent neurological impairment (Pittella, 1997;
Betting et al., 2005).
Recently, it has been appreciated that light infections can also produce significant morbidity. Symptoms such as diarrhea, dysentery, and dysuria, which
cause chronic pain, can be disabling as well as the consequence of anema, undernutrition, exercise intolerance, stunting of growth, and learning and developmental delays (King et al., 2005). All these conditions
can also lead to increased absences of schools, which
compound learning and development. Schistosomiasis
is a chronic infection, and coinfections are common
with other important infections, notably HIV/AIDS,
tuberculosis, and malaria. Since schistosomes can
cause profound immune modulation in its host
(Wilson et al., 2007; King et al., 1996), there is growing
evidence that schistosomiasis can affect the natural
course of these co-infections and potentially increase
the transmission such as HIV/AIDS (Gallagher et al.,
2005; Brown et al., 2005, 2006; Kallestrup et al., 2005,
2006; Booth et al., 2004; Lyke et al., 2005, 2006).
Schistosomiasis also has an impact on the efficacy of
vaccine of children born to infected women (Malhotra
et al., 1999) and among older individuals infected with
schistosomiasis (Elliott et al., 2007).
The number of deaths attributable to schistosomiasis in sub-Saharan Africa is estimated at 280,000
per year (van der Werf et al., 2003), with 1.7 million
disability-adjusted life years (DALYs) from chronic
infections (Mathers et al., 2007). Thus schistosomiasis
has been recognized as the second most important
human parasite disease, following malaria, as a cause
of human suffering.

Treatment and Control and the
Importance of a Vaccine
Schistosomiasis can be treated with a single dose
of praziquantel (PZQ) to achieve over 90% cure rates
as determined by individuals becoming egg negative.

However, it is not known whether some worms survive treatment and transiently stop releasing ova. PZQ
is safe with few side effects and has become increasingly less expensive. The widespread use of PZQ has
led to reduction in severe disease; nonetheless, because
individuals become rapidly infected, the overall prevalence of schistosomiasis has actually increased 7–12%
in the past decade in spite of mass chemotherapy programs (Fenwick and Webster 2006). Although clinically significant PZQ resistance has not been reported
in humans, resistance to drugs related to PZQ already
exists in domestic animals (Bennett et al., 1997), and
a low efficacy of PZQ treatment has been reported in
Egypt and Senegal (Fallon et al., 1997; Ismail et al.,
1999). No safe, broad-spectrum alternative drugs for
treatment exist. Nearly all countries have an existing
infrastructure for vaccine delivery but few for drug
delivery. Therefore, a vaccine that produces even a
partial reduction in worm burdens could considerably
reduce pathology and limit parasite transmission. .

PROTECTIVE IMMUNITY
Animal Models
Most of what is known about protective immunity
and vaccine testing has been obtained in the laboratory mice and baboons, which are the favored nonhuman primate models (Nyindo and Farah, 1999;
Siddiqui et al., 2008). Human schistosome parasites
can infect these animal models. Both of these animal
models develop patent infections and pathology similar to that observed in humans. Studies of protective
immunity and vaccine testing in rats and other nonhuman primates, notably the rhesus, have also been
performed; however, both of these models spontaneously cure their infection (Moore and Meleney, 1952;
Ritchie et al., 1963; Maddison et al., 1979). The mechanism by which these latter hosts can spontaneously
eliminate infections may provide novel vaccine targets
for parasite elimination.
Since schistosome parasites do not multiple in the
mammalian host, protective immunity is primarily
measured as the reduction in adult worm burden of
vaccinated animals relative to controls. Typically, this
is assessed by euthanasia of animals followed by perfusion of the portal vasculature to flush out the worms.
Surrogates of worm burdens, such as assessing the fecal
and urine egg numbers and circulating antigen concentrations, have been insensitive and only partially correlate with the actual worm burden (Wilson et al., 2006).
This has been a major impediment for studying the levels
of protective immunity in humans and will complicate
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assessment of vaccine efficacy in human trials. For a vaccine to be protective, it need not generate sterile immunity because a significant reduction in the number of
worms would reduce the number of eggs produced, and
thus morbidity and transmission. Indeed, even if vaccine had little effect on the adult worm population but
markedly reduced worm fecundity, it would have a similar effect. This antifecundity effect can be measured by
reduction in egg output in the feces or urine and tissue
burden per adult worm pair. The effect on transmission
would be assessed by reduced viability of released ova,
using a miracidial hatching assay. Miracidia released
from hatched ova in water infect the snail intermediate
host to complete the transmission cycle.
A difficulty for measuring protective immunity
in animal models is the long delay from the time an
animal is challenged following immunization and
measurement of protection by portal perfusion, which
requires an interval of 5–6 weeks to allow maturation of parasites. An in vitro assay of immune-mediated protection would be of great value. One such
assay measured antibody-dependent cellular cytotoxicity of schistosome larvae in vitro, using serum
and cells from vaccinated animals, to predict vaccine
potential (Butterworth et al., 1974, 1982). Although it
has been used for decades, its ability to predict vaccine potential is limited, and the discordance of
ultrastructural changes associated with larval killing
in vivo and in vitro (McLaren et al., 1978; McLaren
and James 1985) has led the majority of researchers
in the field to consider this as a poor surrogate for
protective immunity.
Radiation-Attenuated Parasites Induce
Protective Immunity
The majority of studies that have evaluated mechanisms of protective immunity to schistosomiasis have
focused on studies of radiation-attenuated (RA) cercariae that infect various animal models but fail to mature
to sexually mature adults. Such studies have reliably
demonstrated 60–70% reduction in worm burdens
following challenge (Coulson, 1997). Certain mouse
strains produce even higher levels of protection, and
sterile immunity has been achieved when exposure to
irradiated cercariae is combined with immunization
with recombinant IL-12 (Wynn et al., 1995).
The mechanisms by which RA larvae confer protection in murine models have been evaluated in considerable detail (Coulson, 1997; Wilson et al., 1996). The
optimal radiation dose permits parasites to infect the
mouse skin but delays their migration to host vessels and, as a consequence, provokes more intensive
inflammatory responses in the skin and draining

lymph nodes compared to normal larvae. This has the
effect of boosting cell-mediated immunity, particularly
Th1-type immune responses. Upon challenge infection
with normal larvae, the primary site of attrition is in
the lung. Interestingly, this attrition does not appear to
result from killing of the lung-stage larvae; instead, a
primarily mononuclear infiltrate develops in the pulmonary capillaries upon challenge infection, which
impairs onward migration of the larvae (Smythies
et al., 1992). Some of the larvae enter pulmonary alveoli
and thus ends their intravascular journey. The production of IFN-γ and TNF-α is essential for this effecter
immune response (Wilson, 1998; Street, et al., 1999), and
protection occurs in μMT mice, which cannot make an
antibody response (Anderson et al., 1999), and emphasizes the cell-mediated basis for protection.
If mice are repeatedly immunized with RA cercariae,
usually three times, similar levels of protective immunity are achieved compared to singly immunized mice;
however, this tends to involve a substantial humoral
component. Adoptive transfer of IgG antibodies from
multiple immunized mice can confer protection to
naive receipts, whereas singly vaccination mice cannot (Delgado and McLaren, 1990). The maximal levels
of protection in nonhuman primates requires at least 5
exposure to RA cercariae producing up to 84% reduction
in worm burden (Kariuki et al., 2004). The strong correlation of the IgG antibody level directed to larval stage
antigens with levels of protection implies that humoral
immunity is a critical component of protective immunity
(Kariuki et al., 2004). Protection waned to an average of
72–53% if animals were challenged 3 versus 12 weeks
following vaccination with irradiated cercariae.
Although this was a single experiment, it highlights
that the duration of immunity to a schistosome vaccine
may be short, and approaches will be needed to sustain
significant levels of protection.
The use of irradiated larvae as a human vaccine
followed the demonstration of the effectiveness of
similar irradiated sporozoite vaccines against malaria
(Hoffman et al., 2002). The use of irradiated cercariae
as a vaccine has two important drawbacks. First,
if irradiation fails to attenuate all larvae and some
develop into adults, this could result in patent
infection, egg production, and ensuing disease as
described above. This concern is significant because
individuals would likely require exposure to thousands of larvae (Eberl et al., 2001), and even if only
1–5% were to mature to adults, this would represent a heavy infection with potentially adverse consequences. The second impediment has been the
short life span of irradiated larvae and impracticality
for their use in most endemic areas. Therefore,
attempts have been made to cryopreserve RA larvae.
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Cryopreserved larvae produce significantly lower
and highly variable protection in nonhuman primates and mice (Bickle and James, 1978; Murrell
et al., 1979; Damian et al., 1984; Lewis et al., 1984). The
lack of reproducibility for cryopreservation eventually resulted in individuals loosing interest for this
approach two decades ago. The recent success in the
cryopreservation or lyophilization of RA Theilera parva
sporozoites for subsequent successful vaccination suggests that reexamination of this approach for schistosomiasis is warranted (Marcotty et al., 2003; Mbao
et al., 2006). The cryopreservation of unicellular Theilera
parasites versus the more complex multicellular schistosome larvae may make this translation difficult.

Humans
Humans gradually acquire partial immunity to further infection following years of exposure such that
adults generally have lower prevalence and intensity of infection compared to children and adolescents
(Butterworth et al., 1985; Hagan et al., 1991; Roberts
et al., 1987; Medhat et al., 1998; Karanja et al., 2002).
Repeated treatment of individuals with PZQ accelerates
naturally acquired protective immunity, suggesting that
repeated priming of parasite antigens released upon
worm killing can boost the host immune responses
(Karanja et al., 2002). However, the level of protection
acquired has been difficult to measure because of the
surrogates to assess the presence and intensity of infections mentioned above, for example, fecal and urine egg
counts, and serum markers of infection, are insensitive
and imprecise. Another complication is the difficulty to
measure human exposure. These same issues will also
make vaccine testing in humans challenging and point
to the necessity for developing additional tools to better
assess exposure and biomarkers of infection.
In spite of these complications, human population
studies have demonstrated increased levels of crude
adult-driven IL-4, IL-5, IFN-γ, and other cytokines in
human serum in recall responses by peripheral blood
mononuclear cells with parasite protection to reinfection (Medhat et al., 1998; Roberts et al., 1993; Caldas
et al., 2000). Other studies have shown that parasitespecific IgE directed to crude preparation of adult
worms (Hagan et al., 1991; Rihet et al., 1991) and, in
some cases, certain recombinant antigens, for example, Sm22.6 (Fitzsimmons et al., 2004) also correlated
with protection. Despite the protective role of IgE,
high levels of IgG4 are also produced during infection
and potentially blocking the protective effects of other
immunoglobulins because IgG4 lacks opsonizing and
complement fixation capacity of other IgG subclasses

(Hagan et al., 1991; Caldas et al., 2000; Rihet et al.,
1992). The initial induction of IgE and IgG4 require
IL-4 and IL-13; however, the production of IgG4 also
requires IL-10. IL-10 plays a crucial role in the immunoregulation of host immune responses against schistosomiasis. Although the dissociation of IgE and IgG4
production might be feasible by differential regulation
of IL-4/IL-13 and IL-10, this might be difficult. Studies
have also showed that eosinophilia, particularly activated eosinophils (assessed by increased expression of
FcRI-β chain), correlate with protection (Ganley-Leal
et al., 2006a, 2006b). IgA antibodies may also have a
protective role based on a series of correlation studies with protective immunity in different parts of the
world (Caldas et al., 2000; Mutapi et al., 1997). Taken
together, these studies support the development of a
schistosome vaccine and indicate that such a vaccine
will likely require both cellular and humoral effector
mechanisms. The development of a vaccine that elicits
IgE and eosinophilia is unlikely to be pursued because
they risk developing atopic diseases. Because of obvious constrains for study of vaccines in humans, the
bulk of work in schistosome vaccine development has
centered on animals models.

SUBUNIT VACCINES
Given the difficulties for mass production, storage,
and distribution of irradiated larvae and the complex heterogeneity of producing a vaccine based on
crude parasite antigens, the focus has shifted to identification of individual parasite proteins as vaccine
candidates.

Crude Parasite Extracts for Identification of
Potential Protective Antigens
The immunization of mice with crude schistosomula larval extracts typically produced 51% protection
against cercarial challenge when administered subcutaneously to C57BL/6 mice with BCG as an adjuvant
(James, 1985). Immunity was primarily cell mediated
and required potent adjuvants such as BCG to elicit
protection (James, 1987). Similar levels of protection
were observed with crude adult worm extracts.
Paramyosin
In order to identify which fractions were most
important for eliciting protection, the crude antigen was
fractionated by gel filtration to identify the antigens
responsible for protection. This approach identified a
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fraction that contained a 97-kDa protein that was subsequently identified as paramyosin, an invertebrate
muscle protein (Lanar et al., 1986). The native protein
was subsequently purified and shown to induce about
30% protection with BCG as an adjuvant (Pearce et
al., 1988) and similar levels of protection (up to 53%)
without any adjuvant (Flanigan et al., 1989). We subsequently expressed the full-length Sm-97 using a vector provided by Dr. Charles Schoemaker but failed to
achieve more than 30% protection using BCG or alum
as an adjuvant (unpublished observations).
At about the same time, S. japonicum paramyosin
obtained from a Philippines strain of the parasites
demonstrated strong protection against cercarial
challenge when administered intraperitoneally without adjuvants (62–86%) (Ramirez et al., 1996). Native
and recombinant paramyosin proteins or DNA constructs from China confer protection against S. japonicum in mice, water buffaloes, and other mammalian
hosts (Wu et al., 2005; Chen et al., 2006). Recent studies of human antibody (Nara et al., 2007) and Th2type immune responses (Leenstra et al., 2006) to
S. japonicum paramyosin correlate with protection providing support for the protein as a leading S. japonicum vaccine candidate. More recently, several studies
have indicated that the exogenous form of paramyosin
may act to bind Fc fragments of immunoglobulins
(Loukas et al., 2001) and inhibit the terminal complement cascade (Deng et al., 2003, 2007), thus indicating an immunomodulatory role for the parasite.
Therefore, paramyosin may further act as a potential
vaccine candidate; unfortunately, the protein is poorly
expressed in soluble form. To improve expression,
various fragments have been cloned and the protein
expressed, although protection has been less than the
full-length molecule (Zhang et al., 2006).
GSTs
A different approach to identify antigens from crude
extracts was used to identify glutathione S-transferases
(GSTs) independently from two laboratories. In these
experiments, crude adult worm extracts were used to
immunize rats and then the immune sera to immunoprecipitate native proteins, one of which was the
28-kDa GST (Balloul et al., 1985). Antiserum raised to
this protein was able to induce cytotoxic activity of
schistosomula in vitro and subsequently shown to
reduce worm burdens from 52% to 67% with cercarial challenge following immunization with Freund’s
complete adjuvant or aluminum hydroxide (Balloul
et al., 1987a, 1987b). A great advantage for this protein is that the native protein can be readily prepared
using immobilized glutathione to which it binds with

high affinity. The 28-kDa GST was formulated with
aluminum hydroxide and generated from 0% to 80%
protection in baboons (mean 38%) (Boulanger et al.,
1991). This study also noted for the first time an antifecundity effect of immunization with Sm28GST. There
were a significantly reduced number of eggs per worm
pair recovered from the tissues of the exposed animals. This antifecundity effect was confirmed in mice
by immunization with recombinant protein as well as
antigenic peptides (Charrier-Ferrara et al., 1992).
In a separate research study, a 26-kDa GST was
identified from S. japonicum. It was cloned, expressed,
and shown to elicit a small level of protection against
adult worms (21%) but much greater antifecundity
effect (59% reduction in number of eggs per adult
worm pair) in pigs (Liu et al., 1995). The S. japonicum
GSTs have subsequently shown inconsistent protection in mice (Scott and McManus, 2000) but obtained
significant protection in sheep, water buffalo, and
cattle with various formulations—including BCG,
Freund’s adjuvant, and/or keyhole limpet hemocyanin (KLH)—with levels of protection up to 70%,
although most reduction in worm burdens were more
in the range of 30–40% (Wu et al., 2005; Shi et al., 2001,
2002; Xu et al., 1995; Taylor et al., 1998).
The research focus for GST as a potential vaccine candidate shifted to an emphasis on its antifecundity effect,
which would reduce both morbidity and transmission.
It was also tested in the patas monkey, which is an animal model used for S. haematobium or urinary schistosome infections. Vaccination with the heterologous
Sm28GST induced marked and persistent reduction in
egg excretion in the urine and feces by 55% and 74%,
respectively; however, it had no effect on worm burdens (Boulanger et al., 1995). When the S. haematobium
homologue to GST was cloned and expressed, it also
generated a similar reduction in egg excretion following
vaccination of patas monkeys using BCG and Freund’s
complete adjuvant but no effect on worm burden
(Boulanger et al., 1995). This antifecundity effect could
also be observed following vaccination of cattle against
S. bovis (Bushara et al., 1993), but not in goats or sheep,
although it produced a significant reduction in worm
burdens (Boulanger et al., 1994, 1999). The protective
effect on different species, particularly the antifecundity
effect of GST, has resulted in this antigen moving forward to human vaccine trials (described below).
Fatty Acid-Binding Proteins
Fasciola hepatica is a trematode parasite in the same
family as schistosomes and shares cross-reactive antigens with schistosomes. A 12-kDa F. hepatica antigen
was identified with cross-reactivity to S. mansoni and,

V. PARASITE VACCINES

72_P369408_Ch68.indd 1408

11/4/2008 6:59:21 PM

SUBUNIT VACCINES

when used to immunize mice, induced 52–77% protection against a heterologous challenge with S.
mansoni (Hillyer et al., 1988). Subsequently, a fatty acidbinding protein (Sm14) was cloned using polyclonal
sera from mice immunized with a saline extract of
S. mansoni adult worms. This recombinant protein
induced 37–67% reduction in worm burden in mice following cercarial challenge and 100% protection against
F. hepatica challenge (Tendler et al., 1996). This protein
was subsequently identified to have 44% sequence
identity to the fasciola Sm12 antigen. This raised the
possibilities that this vaccine could protect against
both schistosomiasis and liver flukes (Hillyer, 1995).
Although the S. japonicum homologue has 91% identity to Sm14, the recombinant antigen has consistently
failed to elicit significant protection in mice against S.
japonicum (Scott et al., 2000). A difficulty may be that
the antigen is not surface expressed and appears to be
localized in internal tissues.

Detection of Antigens Using Protective
Monoclonal Antibodies
With the advent of hybridoma technology to
develop monoclonal antibodies (MAbs), mice were
injected with various preparations of schistosome
extracts—eggs, larvae, adult worms—or vaccinated
with irradiated cercariae. From these studies, MAbs
were generated that could confer significant passive
protection in vivo to cercarial challenge (Smithers et al.,
1989). The antigens that these MAbs recognized were
identified by immunoaffinity purification of parasite
extracts. Three such antigen targets were subsequently
evaluated in detail in protection experiments.
Sm23 and Tetraspanins
The MAbs that recognized Sm23 was made by
cell fusion following immunization with schistosomula (Harn et al., 1985). The MAb reacted with newly
transformed larvae or schistosomula, 5-day schistosomula, but not lung-stage larvae. The antigen was
subsequently identified as a membrane tetraspanin
with two highly immunogenic extracellular domains.
Tetraspanins are four-transmembrane-domain proteins
homologous to receptors on T and B cells. Mapping B
and T epitopes (Reynolds et al., 1992) identified the
immunogenic domains. The epitopes were synthesized
as a multiple antigenic peptide (MAP), which was then
shown to produce significant protection in mice (Harn
et al., 1995). Subsequently, a recombinant form of the
molecule administered with aluminum hydroxide
failed to elicit protection in mice (Da’dara et al., 2003),
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although a DNA vaccine formulation injected alone or
with plasmids encoding IL-4 or IL-12 elicited 21–44%
protection (Da’dara et al., 2001). Administration of
a S. japonicum homologue (Sj23) in various formulations either failed to elicit protection or induced variable protection levels of generally 40% (Waine et al.,
1999; Zhu et al., 2003). However, a DNA formulation
injected with plasmids encoding IL-12 was found to
induce 51–59% protection in pigs to S. japonicum cercarial challenge (Zhu et al., 2004). Similar levels of
protection were observed in water buffaloes, using a
similar DNA vaccination formulation with IL-12. The
focus for these studies was to develop a vaccine that
reduced infection intensity in one of the major animal reservoirs for this infection in China (Williams
et al., 2002). Recently, the extracellular domains of
two additional tetraspanins, referred to as tsp1 and
tsp2, were expressed and administered to mice with
Freund’s adjuvant, tsp2 induced 57–64% reduction
and tsp1 34–52% reduction in worm burden (Tran
et al., 2006). This antigen is expressed on the surface of
adult worms but was not tested to determine if it was
also surface expressed in the larval stages. Putatively
resistant humans had significantly higher IgG antibodies directed to tsp2 compared to S. mansoni infected
but not resistant individuals. Together these data support tetraspanins as potentially valuable vaccine candidates for future studies.
Triose Phosphate Isomerase (TPI)
This 28-kDa protein was identified as the target of
the MAb that conferred partial protection in mice (41–
49%) (Harn et al., 1992). This antigen is present on all
stages of the parasite but only transiently expressed on
schistosomula. Similar to Sm23, T and B cell epitopes
were identified, and a MAP constructed (Reynolds et
al., 1994) with 45–65% protection was reported (Harn
et al., 1995). A DNA construct of S. japonicum homologue of TPI failed to induce protection in mice (Zhu
et al., 2002). However, a DNA construct administered
with or without a plasmid encoding IL-12 induced
46–48% reduction in worm burden following cercarial challenge, although this reduction in worm burden was greater for female worms (54–60%) (Zhu et
al., 2006). TPI is a ubiquitous glycolytic enzyme, is
intracellular, and is not surface expressed, however
it undergoes exocrine release from the cercarial preacetabular glands, during skin penetration.
9B-Ag
The MAb that recognized this antigen was originally generated from mice chronically infected with
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S. mansoni and boosted with a cercarial glycoprotein;
the MAb was able confer ⬃42% protection upon passive transfer (Hazdai et al., 1985). Isolation of the
native protein, which is multimeric and consists of
30- and 45-kDa subunits, conferred 40–50% protection
in mice from cercarial challenge (Tarrab-Hazdai et al.,
1998, 1999; Arnon et al., 2000). This antigen has not
been cloned, but various formulations of peptides and
mimotopes all gave similar levels of protection.

Identification of Vaccine Candidates
from Expression Libraries
New technologies spawned additional efforts for vaccine candidate discovery, and when recombinant DNA
technology became available in the early 1980s, a series
of antigens were identified by screening schistosome
cDNA expression libraries from different parasite stages
and by immune sera obtained from mice vaccinated
with RA sera or from putatively immune humans. Two
notable antigens emerged from this approach.
IrV5
This antigen was identified using immune sera from
mice vaccinated with irradiated cercariae and immunoaffinity-purified antigens (Dalton and Strand, 1987)
that were then used to immunize rabbits (Soisson
et al., 1992). One such antiserum recognized an antigen
on the surface of newly transformed schistosomula
and was then used to screen a larval expression library
to identify a 62-kDa fragment of a larger 200-kDa protein. This protein was found to be a myosin heavychain protein, designated IrV5. The recombinant
62-kDa fragment administered with a meningococcal
outer membrane protein as an adjuvant induced 75%
protection in mice (Soisson et al., 1992). Vaccination of
baboons with a similar formulation elicited a variable
range of protection in animals from no protection to
54% (Soisson et al., 1993). The subsequent expression
of the S. japonicum myosin protein fragment failed
to induce significant protection in mice or pigs, thus
holding out little promise for this molecule as a significant vaccine candidate (Zhang et al., 1998).

dehydrogenase (GAPDH) (Goudot-Crozel et al., 1989).
Interestingly, immune sera raised to this protein identified a motif on the larval surface, which is surprising
considering that this is also an abundant glycolytic
enzyme. It is possible that an isoform of this molecule
may be expressed on the larval surface or possibly
taken up from the host (Charrier-Ferrara et al., 1992).
The dominant T and B cell epitopes for this molecule
were identified and, when coupled to ovalbumin
in Freund’s adjuvant, produced modest protection
(Argiro et al., 2000). Protection was boosted to 32–38%
when the MAP was co-adsorbed to granulocytemacrophage colony-stimulating factor (GM-CSF) and
alum (Argiro et al., 1999).
Superoxide Dismutase (SOD)
Serum from putatively immune humans infected
with schistosome was used to screen an adult cDNA
library and found to recognize a gene encoding a
schistosome superoxide dismutase with a signal peptide (SP-SOD) (Smyth et al., 2003). Prior studies have
shown that granulocytes release oxygen radicals that
have been shown to be toxic for schistosome ova. The
addition of exogenous SOD can inhibit the granulocyte toxicity for schistosome ova as measured by
their metabolic activity and hatching (Kazura et al.,
1985). Therefore, it was reasoned that production of
SOD by schistosomes might protect themselves from
host granulocyte-mediated killing by oxygen radicals. Antibodies raised to cDNA encoding a cytosolic
SOD (CT-SOD) were immunolocalized to the tegument and subtegumental tissues in adult worms (Mei
and LoVerde, 1997). Proteomic studies of tegument
of adult worms and larvae have shown that SOD is
localized below the tegumental plasma membrane
(van Balkom et al., 2005; Braschi et al., 2006). A DNA
vaccine expressing the CT-SOD produced 44–60%
reduction in worm burden following cercarial challenge (Shalaby et al., 2003; Cook et al., 2004). Although
protection studies using a recombinant CT-SOD or the
SP-SOD that is expressed on the tegument have not
been performed, they show potential promise.

SECRETORY AND MEMBRANE
PROTEINS AS VACCINE TARGETS

GAPDH
This antigen was initially identified by Western
blot analysis of serum from putatively immune individuals (Dessein et al., 1988). The protein was subsequently purified, and antisera raised in rabbits
were used to screen an adult expression library that
identified a molecule as glyceraldehyde 3-phosphate

The availability of new technologies such as proteomics and microarray analysis along with the recent
sequencing of the S. mansoni and S. japonicum genomes
has opened new avenues for discovery of vaccine candidates (Ashton et al., 2001). This has led to a focus on
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identifying secreted antigens and tegumental antigens
as possible vaccine candidates.

Secreted Proteins
Molecules that are secreted by the parasite are likely
to be crucial enzymes for penetration of the epidermis and migration through host tissues. The acetabular glands at the anterior portion of the parasite
release elastase, which has been cloned and expressed
(McKerrow et al., 1985). More recently, proteomic analysis of cercarial secretions has also identified novel
metalloproteinases, a dipeptidyl peptidase, a serine
protease inhibitor, and several additional molecules that
have homologies to potentially immunomodulatory
molecules (Curwen et al., 2006). Although these proteins may be critical for invasion of the skin, they may
not represent ideal vaccine candidates since they are
primarily active in the epidermis before vascular entry,
which is not immediately accessible to the host immune
response. A potentially better target would be contents
of the head glands, which appear to release their contents following skin penetration (Crabtree and Wilson,
1985) and transformation to schistosomula. Indeed,
such proteins may facilitate migration within the dermis and penetration of the vessel wall (Curwen and
Wilson, 2003). Although there is a lack of information
on such secretions, examination of proteins released by
larval stages of the parasite through proteomic analysis can potentially accomplish this task. Both the cercariae and schistosomula appear to release potentially
immunomodulatory molecules, such as Sm16, which
has been shown to inhibit neutrophil migration and
lymphocyte proliferation in the dermis (Rao et al., 2002;
Rao and Ramaswamy, 2000). Such molecules may be
crucial for blocking host effector immune responses to
larval stages of the parasites, and by inhibiting such
molecules, host immunity may be much more effective
in eliminating parasites. Immunomodulatory molecules
released by adult worms, such as SOD as mentioned
above, may also be important. Other potential immunomodulatory molecules, such as serine protease inhibitors that could block the host clotting mechanism on
the adult surface (Blanton et al., 1994) or complement
regulatory protein homologues that could inhibit host
complement (Skelly, 2004).

Tegumental Antigens
Antigens expressed on the parasite tegument is an
obvious source of putative protective antibodies since
it is readily accessible to host immune responses and
likely expresses molecules critical for the host survival
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within the host (Skelly and Wilson, 2006). Schistosome
parasites are prodigious consumers of glucose, for
example, and consume their dry weight in glucose in
4 h. Several schistosome glucose transporter molecules
have been identified, cloned, and expressed on the
larval surface (Skelly et al., 1994). These recombinant
antigens could be useful vaccine candidates and have
the further advantage that an in vitro assay could be
developed to examine whether functional antibodies
are generated following vaccination. Functional antibodies would be evaluated to determine if they block
uptake of labeled glucose by parasites in culture.
The ability of tegumental antigens to induce protective immunity in mice has been approached by isolation of the tegument surface of parasites. The purity
and degree of enrichment of these fractions is unclear.
However, in one instance, the parasite surface was prepared by a freeze-thaw technique (Roberts et al., 1983),
which in subsequent analyses was found to contain
various membrane proteins but dominated by cytosolic
and cytoskeletal proteins (Braschi et al., 2006). Overall,
immunization of mice with these various fractions by
different studies resulted in induction of highly variable levels of protection in mice ranging from 0% to
⬃50%, but most were less than 30% (Smithers et al.,
1989; Maddison et al., 1978; Roberts et al., 1988; HotaMitchell et al., 1997). The generally unspectacular protection observed by this approach may relate to the
high amount of variability in the antigen preparations
used; however, a number of tegument-associated proteins have been identified (including the tetraspanins
described earlier) by this approach.

Calpain (Smp80)
Calpain is a calcium-activated neutral cysteine
protease. The large subunit of the molecule was first
identified by immunoscreening of a cDNA expression
library by sera from infected humans (Andresen et al.,
1991). Calpain was immunolocalized to the tegument
and underlying musculature of adult worms and
shown to be involved in surface membrane turnover
(Siddiqui et al., 1993) and inner tegumental membrane (Braschi and Wilson, 2006). This protein was
first implicated in protective immunity as the target of
a CD4 T cell clone that could induce peritoneal macrophages to kill schistosomula in vitro (Jankovic et al.,
1996). The same clone, when administered intraperitoneally, conferred 65% protection in irradiated mice
challenged with cercariae and IL-2, making calpain
the first vaccine antigen identified based on the T cell
reactivity. The large subunit of calpain was expressed
and shown to induce 29–39% protection in mice
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(Hota-Mitchell et al., 1997). Subsequent efforts to
improve this vaccine have focused on DNA vaccine constructs, with and without Th1-type cytokine
cDNAs, which increased protection to 42–57% in mice
and baboons (Siddiqui et al., 2003a, 2003b). The S.
japonicum calpain has also been cloned and the recombinant protein shown to induce 41% protection in
mice along with a demonstrable antifecundity effect
(Zhang et al., 2001a, 2001b; Ohta et al., 2004). Calpain
is expressed in all parasite stages, including the penetration glands and secretions of S. japonicum cercariae
(Kumagai et al., 2005).

Additional Membrane Proteins
A group of tegumental proteins with sequence
homology to cytoskeletal proteins have also been
assessed for protective potential. Notable is a 22.6kDa antigen that was recognized by IgE from patients
infected with schistosomiasis (Santiago et al., 1998)
and has homology to Sm22.6 (20.8-kDa protein) from
S. mansoni. The gene, in the form of a DNA construct,
elicited 29–30% protection in mice (Mohamed et al.,
1998). These proteins, however, exist on the cytoplasmic side of the tegument and are not surface expressed.
Aside from the tetraspanins previously described,
another membrane-spanning protein that is expressed
on the tegument surface has been recently identified
using bioinformatics and in silico analysis (Cardoso
et al., 2006a, 2006b), and preliminary results indicate
the corresponding recombinant protein is efficacious
in mice (Loukas et al., 2007). Additional surfaceexpressed proteins that warrant further study as
potential vaccine candidates have been identified
from the surface tegument of adult worms (Braschi
and Wilson, 2006). These include structural membrane proteins with large extracellular regions, such
as homologues to annexins and dysferlin, and other
accessible proteins on the surface with no homologues
of known function, such as Sm200.

Antigen Formulation and Vaccination with
Multiple Antigens
In order to enhance vaccine efficacy, combinations
of antigens as well as the use of more potent adjuvants to boost immunogenicity have been studied.
Unfortunately, several attempts to combine antigens
to boost protective efficacy have been generally unsuccessful. A DNA vaccine encoding paramyosin, Sm23,
TPI, calpain, and Sm28GST as a single polyprotein containing dominant epitopes failed to induce significant
protection in mice (Yang et al., 2000). Subsequently,

a cocktail DNA vaccine encoding Sj28GST, Sj14-3-3,
Sj23, and 62 kDa of myosin induced between 34% and
45% protection, irrespective of adjuvants used (Zhang
et al., 2001). To date, a cocktail of recombinant antigens has not been used, but current data indicate that
combining antigens does not improve vaccine efficacy. Perhaps these antigens induce similar protective
mechanisms, the targets are not diverse enough, or are
not consistently expressed on the parasite surface, or
there are certain characteristics of the host immune
response induced by chronic parasite infection that
limits further protection (see below).
The success of a vaccine is also dependent on generating the optimum immune response. This can be
accomplished either by varying the adjuvant or routine of immunization. This enhanced response is illustrated by administering the irradiated cercariae with
recombinant IL-12 to generate sterile immunity in
mice (Wynn et al., 1995) or soluble extracts of lungstage larvae to give 90% protection (Mountford et al.,
1996). With respect to a single vaccine candidate antigen, the greatest effort has been undertaken with
Sm28GST. MAPs have been assembled and coupled to
tetanous toxoid carriers (Auriault et al., 1988) or have
been incorporated in live vectors, such as Salmonella
typhimurium (Khan et al., 1994a, 1994b), Bordetella
pertussis (Mielcarek et al., 1997), or BCG (Kremer,
et al., 1996). The recombinant protein has also been
formulated in biodegradable particles (Baras et al.,
1999, 2000), linked to adjuvants to facilitate mucosal
administrations, such as cholera toxin B subunit, and
administered intranasally. A DNA vaccine has been
formulated with genes encoding IL-12, IL-18, and GMCSF, with the aim of enhancing the cellular immune
response. Motifs have been included in DNA vaccines
that contain CpG motifs to augment activation of antigen presentation cells or formulated with oligonucleotides corresponding to various CpG motifs. Overall,
these various formulations have not markedly
enhanced vaccine efficacy to Sm28GST (or to other
schistosome antigens evaluated with other various
formulations). These data suggest that beyond a certain point, additional protection may not be achieved,
even with the most potent adjuvants to Sm28GST or
perhaps to any one single antigen.

TRANSLATION FROM ANIMAL
STUDIES TO HUMAN CLINICAL TRIALS
With the optimism of identifying a number of potential vaccine candidates, the World Health Organization
sponsored independent testing of several of the most
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promising antigens, with the aim to move one or
more to human trials. These included IrV5, Sm14,
and Sm28GST as recombinant proteins, paramyosin
as the native protein, and TPI and Sm23 as MAPs.
The protein donors specified the adjuvants used.
Unfortunately, none of the antigens achieved the
target of 40% protection, and some lacked any significant protection in two independent laboratories
(Anonymous, 1996). This study also highlighted the
difficulty of producing protein of consistent quality in
sufficient amounts for more extensive vaccine studies.
In spite of these disappointing results, further studies
of some of the candidate antigens were undertaken to
correlate the cellular and humoral immune responses
in humans with the rationale that murine studies
might not predict immune responses in humans.
Lymphocytes and serum were obtained from welldefined populations of putatively immune versus susceptible humans in Brazil and Egypt. Although there
were distinct immune responses to these antigens,
there were no clear markers for either susceptibility
or resistance (Ribeiro de Jesus et al., 2000; Al-Sherbiny
et al., 2003). Thus, the decision was made not to proceed with any of the candidates, putting a considerable damper on further development of schistosome
vaccines.
In spite of the discouraging results, one vaccine
candidate, Sh28GST or BILHVAX, progressed to clinical trials. This is the only vaccine currently studied
in humans. The vaccine candidate was not tested in
independent animal trials or human immune correlate studies. The rationale for moving this vaccine
forward was the strong antifecundity effect it had in
patas monkeys (Boulanger et al., 1995, 1999). In Phase
I and II trials, the recombinant protein formulated
with alum was safe and highly immunogenic (Capron
et al., 2002). Phase III efficacy trials are reported to
be underway (Capron et al., 2005); however, no published studies on its clinical efficacy are available at
this time. It is unfortunate that more vaccine candidates have not progressed to human studies.
In order to facilitate the movement of more candidates to human studies, a better transition is required
from vaccine efficacy studies in murine models to
humans. This will require further testing in nonhuman
primates, the best model being the baboon (Nyindo
and Farah, 1999), followed by studies in chimpanzees (Eberl et al., 2001), although perfusion studies
cannot be performed in the latter species. Studies of
vaccine efficacy against S. japonicum in large animals,
for example, water buffaloes, pigs, and cattle have
demonstrated successful vaccine efficacy to several
candidate antigens that demonstrated poor efficacy
in mice. Several vaccine candidates have progressed
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to efficacy trials in nonhuman primates, for example, SOD and calpain, although results remain to be
published.

WHY ARE HIGH LEVELS OF
PROTECTION DIFFICULT TO ACHIEVE?
This question has been proposed in a recent review
of schistosome vaccines by Wilson and Coulson (2006)
and warrants careful consideration in approaches
to a schistosome vaccine. Out of the many different vaccine candidates tested, a few have achieved
greater than 40% protection under ideal conditions
using potent adjuvants. It is rare for a candidate protein vaccine to break 50% protection, and such results
are variable and require independent testing. Thus,
for some reason, there seems to be a ceiling of about
40–50% protection induced by any single protein.
There are several potential explanations. Many vaccine candidates represent cytosolic or subtegumental
antigens, and it is hard to fathom how host effector
immune responses recognize these parasite antigens.
Protection may not actually involve direct parasite
killing but rather impede parasite migration through
the host, particularly through the pulmonary vasculature as has been observed in the case of RA cercariae described previously (Smythies et al., 1992). Any
single antigen or group of antigens can elicit only so
many T cell clones that are recruited to the lung and
result in only partial blocking of their onward migration. This may also explain why individual antigens
or cocktails of antigens fail to achieve the levels of
protection observed with RA cercariae.
Among the antigens that are actually available on
the surface of the parasite as vaccine targets, these
may be only transiently expressed because the parasite goes through a series of transformations in the
process of maturation to the adult stage. Once the parasite fully matures, it then rapidly turns over its tegument, shedding its surface and consistently renewing
it (Skelly and Wilson, 2006). Therefore, antibodies or
cells adhered to its surface may be shed before they
could elicit a lethal blow to the parasite.
There are other mechanisms that the parasite
might employ to mitigate the host effector immune
responses. The parasite has been observed to acquire
host proteins on its surface that might partially mask
vaccine targets on its surface (Damian, 1965, 1987).
The parasite also acquire host proteins on its surface that can mitigate the host immune responses.
An example is the decay-accelerating factor (DAF),
which is an inhibitor of the alternative complement
pathway (Horta and Ramalho-Pinto, 1991; Pearce
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et al., 1990; Ramalho-Pinto, 1987; Ramalho-Pinto et al.,
1992). Similarly, paramyosin has also been shown to
bind human CD59, which inhibits activation of the
terminal pathway of the complement (Deng et al.,
2003). Interestingly, the parasite itself may also produce homologues of human complement regulatory
proteins (Braschi et al., 2006).
The parasite produces other proteins that might
impair recruitment or activation of host immunity. The cercarial preacetabular and, potentially,
head gland contents contain several immunoregulatory proteins. As mentioned previously, Sm16
can suppress dermal immune responses (Rao and
Ramaswamy, 2000), and it is likely that others exist.
For example, penetrating parasites have been shown
to promote eicosanoid synthesis in the skin (Fusco
et al., 1985). The vaccine candidate Sm28GST has been
shown to be responsible for producing prostaglandin D2 (Herve et al., 2003), which impairs migration
of Langerhan’s cells from the skin and consequently
antigen presentation (Angeli et al., 2001).
Another possible mechanism why vaccine candidates may not be fully effective is because they produce the wrong type of antibody. In humans, the
predominant isotype synthesized and directed against
schistosome antigens is IgG4, which recognizes similar epitopes to IgE (Hussain and Ottesen, 1988) and
can block IgE-mediated effector mechanisms (Hagan
et al., 1991). Several MAbs of different isotypes in both
rats and mice were found to block cytotoxic activity of other isotypes (Grzych et al., 1984) and murine
antibodies against the same targets (Yi et al., 1986) or
human infected serum (Dunne et al., 1987) for schistosomula in vitro.
It is likely that vaccines will be initially administered to children or adults previously or already
infected with schistosomiasis. A defining characteristic
of human schistosomiasis is the capacity to undergo
immune modulation. This is manifested by impaired
lymphocyte recall responses as measured by reduced
lymphocyte proliferation and cytokine production to
a variety of schistosome antigens. This is most pronounced as the parasites mature into adult worms and
begin release of ova (Wilson et al., 2007). This limitation may also serve to impair host immune responses
to vaccination (Elliott et al., 2007).
Compared to many infections, schistosomiasis
presents unique challenges to produce an effective
vaccine because of the multiple mechanisms the parasite has evolved to survive within its host for many
years. Therefore, development of a vaccine will likely
have to accompany a better understanding of how
they both limit the immune responses and provoke
and circumvent the host effector immune responses.

PROSPECTS FOR THE FUTURE
Overall, prospects for developing a schistosome vaccine are encouraging. There is now a much
broader international effort to develop a schistosome
vaccine, particularly among scientists from China
and Brazil, where the disease is endemic. These countries are providing substantial financial and personnel resources to move vaccine research forward.
The research community is posed to identify a new
generation of vaccine candidates now that the schistosomiasis genome, transcriptome, and proteome are
being defined for all life stages of the parasite. The
challenge is to integrate identification of the vaccine
candidates in the context of physiological processes
of the parasite. For example, vaccines that can generate antibodies capable of inhibiting the function of
critical molecules on the parasite surface such as glucose transport proteins, or molecules that circumvent
the host immune responses. Alternatively, a logical
approach may be to generate antibodies to proteins
in the parasite gut that are required for digestion. We
emphasize that critical targets are likely to be proteins
expressed on the surfaces of schistosomula and adult
worms. Additional targets include secretory proteins,
which may also serve in essential physiological processes for parasite migration in the host and avoidance
of the host immune response. The most vulnerable
stages of the parasites should also be identified, which
are likely to be tissue-migratory larval stages of the
parasite.
What can be reasonably achieved for a schistosome vaccine needs to be reconsidered. A high level
of protective efficacy, as observed for most bacterial
and viral vaccines currently in use, is unlikely to be
achieved in the near future because of the complex
and probably redundant mechanisms that the parasite
has evolved to survive within its host. Yet, even partial protection conferred by a vaccine can be of great
benefit because the parasite does not replicate within
the host. It is also likely that greater effort will be put
toward vaccines that limited parasite fecundity, for
example, a vaccine that protects more against disease than infection, which might be a more achievable target. In this context, schistosome vaccines will
be an important component for integrated control of
schistosomiasis that complements existing strategies,
including chemotherapy, health education, and vector
control. It should be emphasized that PZQ is the only
currently anti-schistosome drug in production, and
with expanding mass treatment programs, it is likely
that resistance will emerge. This makes development
of schistosome vaccines ever more important.
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Only a few vaccine candidates have achieved more
than 50% efficacy, with most less than 40% under
ideal conditions. Why there is this ceiling
to protective efficacy needs to be better understood.
A vaccine with an even partial efficacy will be of
great benefit because the parasite does not replicate
within its host.
The points in the schistosome life cycle that are
most susceptible to immune attack need to be
better understood.
A better understanding of what are the host effector
mechanisms that lead to parasite elimination in
large animal models following vaccination with
irradiated cercariae.
The genomes of S. mansoni and S. japonicum need to
be fully assembled, analyzed, and annotated. The
S. haematobium genome should be sequenced since
it is now the most prevalent human schistosome
species.
A concerted effort should be made to complete
the proteome and transcriptome for each stage
of life cycle for the three major human species of
schistosomiasis.
Surface-expressed or -secreted antigens from this
inventory of parasite proteins identified by these
new technologies are likely to be preferred vaccine
candidates.
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ABSTRACT
Trypanosoma cruzi is the etiologic agent of American trypanosomiasis or Chagas disease. It is normally transmitted by
the reduviid insect vector, and also by blood transfusion. It is estimated that 16–18 million people are infected in the
American continent, with ⬎50,000 deaths reported every year. Acute infection by T. cruzi can be lethal, though the
majority exhibit flu-like, nonspecific clinical symptoms. The disease usually evolves into a chronic stage, in which
⬎30% of infected individuals exhibit severe debilitation of the heart. The pathology of Chagas disease presents a
complicated and diverse picture in humans. The clinically relevant pathognomonic consequences of human infection
by T. cruzi are dilation and hypertrophy of the left ventricle walls and thinning of the apex. The major complications
and destructive evolutionary outcomes of chronic infection include ventricular fibrillation, thromboembolism, and
congestive heart failure. American trypanosomiasis poses serious public health care and financial concerns. The
currently available drugs, though effective against acute infection, are highly toxic and ineffective in arresting or
attenuating clinical disease symptoms in chronic patients. No effective vaccines are available.
Studies in animal models and human patients have revealed several mechanisms, including parasite
persistence, chronic inflammatory responses to self or parasite antigens, and sustained mitochondrial dysfunction
and oxidative stress, that contribute to the pathogenic outcome of Chagasic cardiomyopathy. Protective immunity
against T. cruzi infection requires the elicitation of Th1 cytokines, lytic antibodies and the concerted activities of
macrophages (φs), T helper cells, and cytotoxic T lymphocytes (CTLs). Several antigens, antigen delivery vehicles,
and adjuvants have been tested to elicit immune protection to T. cruzi in experimental animals; however, most of
these attempts have met with limited success, and the development of an efficacious prophylactic vaccine faces
many challenges. There is a critical lack of methods for prevention of infection or treatment of acute infection or
chronic disease. This chapter will summarize what is known about the parasite and the current state of knowledge
of pathogenesis and protective immunity. We will discuss the research efforts in vaccine development to date and
the challenges faced in achieving an efficient prophylactic vaccine against human American trypanosomiasis, as
well as the future perspectives.

HISTORICAL BACKGROUND OF
CHAGAS DISEASE
A detailed history of American trypanosomiasis is
presented in a review (Guerra, 1970). The chronicles
of colonization of the New World contain many indirect references to Chagas disease, then referred to as
Mal de Bicho in Brazil. The first description of the reduviid insect and its blood-sucking habits was made in
1590 by a missionary priest in Tucuman, Argentina. It
was ~300 years later when reduviids were shown to
be carriers of Trypanosoma cruzi. In 1908, a physician,
Carlos Chagas, was commissioned by Oswaldo Cruz,
then director of Manguinhos Institute, to the Lassance
region of Amazon Basin in Brazil to control a malaria
outbreak. During this visit, he noted a large number of
reduviid insects, referred to as “barbeiros” or “kissing
bug” infesting the poorly constructed rural dwellings.
He considered that these insects might be important
vector of human disease, and studied them and found
flagellates, resembling Crithidia, in their hindgut.
Armed with a vector and a possible agent, he allowed
the reduviid insects to feed on laboratory animals,
and subsequently found flagellated parasites in their
blood. The parasite was named, in honor of Oswaldo
Cruz, Schyzotrypanum cruzi, and later renamed
T. cruzi. Chagas continued his studies and, in 1908,
documented the first case of human T. cruzi infection

in a 2-year-old girl. Within a period of less than
2 years, he described salient characteristics of the
clinical disease, named Chagas disease after him
(Lewinsohn, 1979). Subsequently, Vianna, a colleague
of Chagas, made the first histopathological observation of amastigote nests in tissues, and Brunmpt
delineated the life cycle of T. cruzi. Cases of T. cruzi
infection were reported in Panama, Argentina,
and Uruguay from 1931 to 1936. The first case of
transfusion-mediated parasite transmission was
reported in 1952 in Sao Paulo, Brazil. During the next
10 years, it became evident that the chronic infection
is associated with pathologic lesions in the heart,
extensively described by Mott and Hagstrom (1965).
In 1974, the first observation of anti-heart antibodies
in chronically infected patients was made (Cossio
et al., 1974), and concurrently, others showed the
destruction of heart cells by T. cruzi-sensitized lymphocytes in vitro (Santos-Buch and Teixeira, 1974).
These observations initiated the hypothesis of Chagas
disease as an autoimmune disease.
The earliest studies documenting the immunologic
control of T. cruzi showed: the complement-dependent
phagocytosis and cytotoxicity to T. cruzi (Kierszenbaum
and Budzko, 1973); antibody-dependent, cell-mediated
cytotoxicity to bloodform trypomastigotes (Abrahamsohn
and Silva, 1977); macrophage activity against T. cruzi
(Hoff, 1975); and genetic resistance-versus-susceptibility
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of different inbred mouse strains to T. cruzi (Trischmann
et al., 1978). Much has been learned about the biology,
pathogenesis, and immunity to T. cruzi since its first
description in 1909, and the knowledge related to vaccine development against T. cruzi is summarized here.

VECTOR AND PARASITE
Vector Classification
The vectors of T. cruzi are insects of the order Hemiptera,
family Reduviidae, and subfamily Triatominae. Of the
118 species of triatomines identified, only a few, e.g.,
Triatoma infestans and Panstrongylus megistus in South
America; Rhodnius prolixus in Venezuela, Columbia,
and Central America; and T. barberi and T. dimidiata in
Mexico, are epidemiologically significant as vectors of
T. cruzi. T. sanguisuga is the primary vector of T. cruzi
in the southeastern US (Pung et al., 1998; Schofield and
Dias, 1999; Guzman-Bracho, 2001) (Fig. 69.1).

Parasite Classification
T. cruzi is a hemoflagellate protozoan of the
Sarcomastigophora phylum, Mastigophora subphylum,
Kinetoplastida order, Trypanosomatidae family, and is
characterized by the presence of one flagellum and a

single mitochondrion, which contains the kinetoplast,
a specialized DNA-containing organelle. T. cruzi isolates are grouped into two major phylogenetic groups,
i.e., I and II, on the basis of zymodemes and several
genetic markers. T. cruzi II consists of five related subgroups, IIa–IIe (Brisse et al., 2000). In South America,
T. cruzi I is associated with a sylvatic transmission
cycle and human disease north of the Amazon basin.
T. cruzi II is predominantly distributed in the Southern
Cone countries and also associated with a domestic
transmission cycle and infection of placental mammals (Barnabe et al., 2001a). In Mexico and the US,
the majority of human cases are linked to T. cruzi I
(Barnabe et al., 2001b; Bosseno et al., 2002). No direct
correlation between Chagas disease severity and parasite lineage has been established.

Life Cycle of T. cruzi
T. cruzi evolves during its life cycle into different
forms that are morphologically distinct and can also
be identified by the relative position of the kinetoplast
in relation to the cell nucleus and flagellum emergence
(Fig. 69.2) (Tyler et al., 2003). The infective, trypomastigote (15–20 ⫻ 2 μm) exists as a freely swimming,
extracellular, nonreplicative form in the bloodstream
of mammalian hosts. It may be ingested during a
bloodmeal by the triatomine insect vector. In the
midgut of the insect, trypomastigotes transform into
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FIGURE 69.1 Geographical distribution of triatomines of clinical importance and T. cruzi infection in humans.

69.2 Different morphological forms of T. cruzi.
(A) Epimastigote, (B) trypomastigote, (C) amastigote. Nu, nucleus; fg,
flagellum; um, undulating membrane; kt, kinetoplast; bb, basal body.
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epimastigotes (20 ⫻ 2 μm) that replicate by binary fission, and move to the hindgut and rectum, where they
transform into infective metacyclic trypomastigotes.
When an infected triatomine takes a bloodmeal and
defecates, metacyclic trypomastigotes are released in
the feces of the insect and may enter the body of the victim through the puncture wound caused by insect bite,
or through mucosal membranes of the mouth, nose,
or eyes. Trypomastigotes may also be transmitted by
transplacental transmission, blood transfusion, or laboratory accident. There is local inflammation at the entry
site where macrophages and/or local tissues are parasitized. Most cells can be parasitized, although there
appears to be a tropism for striated muscle, smooth
muscle, and neuroectodermal cells. Trypomastigotes
escape from the parasitophorous vacuole into the host
cell cytoplasm by an unusual mechanism involving
transformation of trypomastigotes into spherical, intracellular amastigotes (2–4 μm diameter) that replicate by
binary fission within the cytoplasm of the parasitized
cells. Within 4–5 days, amastigotes of heavily parasitized cells convert back into trypomastigotes, which
are released by cell lysis. The released trypomastigotes
may infect other cells or be ingested by the vector to
continue the life cycle (Fig. 69.3) (Tyler et al., 2003).

Diagnostic Measures
Parasitologic diagnosis of infection by T. cruzi
depends upon detection of trypomastigotes by microscopic examination of blood samples. Trypomastigotes

in patients may also be detected by indirect methods,
e.g., xenodiagnosis and hemoculture (Chiari, 1992).
The polymerase chain reaction (PCR) offers several
advantages in the sense that it can be more sensitive,
specific, and rapid than the above-mentioned methods. The majority of PCR assays used to detect T. cruzi
target the amplification of kinetoplast DNA, ribosomal DNA, or mini-exon sequences (Gonzalez et al.,
1994; Gomes et al., 1999; Pizarro et al., 2007).
Serological analysis is routinely conducted to
determine exposure to T. cruzi. Generally, specific
IgM to T. cruzi can be detected 1 week after infection, peaks by day 30, and decreases to undetectable levels in 3–4 months when IgG antibodies reach
their maximum level. T. cruzi-specific IgG antibodies
persist throughout the life of infected individuals.
Anti-T. cruzi antibodies are detected by various methods, including complement fixation, enzyme-linked
immunosorbent assay (ELISA), flow cytometry, direct
agglutination or indirect hemagglutination, indirect
immunoflourescence, and immunoblotting (Ferreira,
1992). T. cruzi-antigen-based serological analysis reagents
are commercially available in the endemic countries
and used for blood bank screening or seroepidemiological surveys. It is essential to perform multiple tests
to confirm seropositivity. In the US, an ELISA assay
that uses epimastigote lysate antigens for detection
of antibodies to T. cruzi in serum and plasma (OrthoClinical Diagnostics, Raritan, NJ) has been licensed
by the Food and Drug Administration, and used by
American Red Cross and other blood banks for screening the donors for T. cruzi infection.

Metacyclic
trypomastigote

Reduviid insect

Bloodmeal

Skin or
mucosa
Mammalian host

Trypomastigote
in bloodstream

Cell invasion
Muscle
Cell

Cell lysis
Amastigote

FIGURE 69.3 Life cycle of T. cruzi.
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IMMUNE RESPONSE TO T. CRUZI
Protective Immune Responses
High parasitemia and wide distribution of T. cruzi
in different organs and tissues after initial infection are a result of the parasites’ ability to evade or
suppress innate immune mechanisms. The acute
phase ends when the host mounts a potent immune
response that is largely effective in controlling the
parasite. Sterilizing immunity does not exist in T. cruzi
infection. The comparison in responses exhibited by
susceptible and resistant experimental models has
contributed to an understanding of protective immune
responses to T. cruzi. Natural killer (NK) cells appear
to be the first source of interferon-γ (IFN-γ) that, in
turn, augments IL-12 synthesis by φs (Gazzinelli et al.,
1992). Surface glycoproteins (mucins) and/or glycophospholipids (GIPLs) of T. cruzi are shown to stimulate the production of multiple cytokines, e.g., IFN-γ,
TNF-α, IL-1, and IL-6; and chemokines, e.g., MCP-1,
RANTES, and IP-10 by inflammatory φs (Almeida
et al., 2000, 2001; Almeida and Gazzinelli, 2001). These
cytokines induce φ activation and nitric oxide (NO)
production that is important in the killing of T. cruzi
(Martins et al., 1998). It is suggested that IFN-γ of NK
origin and IL-12 of φ origin skew the differentiation
of parasite-specific T helper cells toward a protective
Th1 phenotype (Abrahamsohn and Coffman, 1996).
Parasite-specific CD4⫹ T cells may assist in the control
of T. cruzi through secretion of Th1 cytokines (IFN-γ,
IL-2), amplification of the phagocytic activity of macrophages, stimulation of B cell proliferation and antibody production, and differentiation and activation
of CD8⫹ T cells (Brener and Gazzinelli, 1997). T. cruzi
antigen-specific CD8⫹ T cells are frequently present in
infected mice and humans (Wizel et al., 1997, 1998b);
and may contribute to T. cruzi control, either by cytolysis of the infected cells or secretion of Th1 cytokines
(IFN-γ) that induce trypanocidal activity (DosReis,
1997). A strong lytic antibody response enhances the
opsonization, phagocytosis, and complement-dependent
killing of the parasites (Krautz et al., 2000).
With progression to indeterminate and chronic disease,
blood parasitemia is absent, and parasite nests are rarely
detectable in cardiac tissue. The presence of parasitespecific antibodies is diagnostic of chronic T. cruzi infection. The mononuclear cells, φs, and IFN-γ-producing
CD8⫹ T cells represent the majority of the infiltrate
in experimental models (Tarleton, 1996) and human
cardiac biopsies (Reis et al., 1993). CD4⫹ T cells are
less prominent in the chronic myocardium of infected
mice (DosReis, 1997) and human patients (Higuchi
et al., 1997). It is likely that immune responses similar

1427

to those essential for control of acute parasitemia, i.e.,
substantial antibody response and activation of type 1
CD4⫹ and CD8⫹ T cells, are required to maintain control of T. cruzi during indeterminate and chronic phases
of infection and disease. The evidence is provided from
the experimental models and natural human infections demonstrating that absence or reduction in any
of these immune responses through targeted depletion,
immunosuppressive treatments, or infection-induced
immunosuppression can result in an exacerbation of
parasitemia (Sartori et al., 1995; D’Almeida et al., 1996;
Tarleton et al., 1996).

Pathologic Immune Responses
Along with their immunoprotective role, CD4⫹ and
CD8⫹ T cells are suggested to be involved in immunopathology. During acute infection in mice, CD4⫹ T
cells initiate unspecific, polyclonal activation of B
cells from spleen and lymph nodes, leading to an increased
number of nonspecific, IgG-secreting cells and hypergammaglobulinemia with disease progression (Minoprio
et al., 1987, 1989). GIPLs, at least in part, are responsible for triggering of polyclonal B lymphocytes (Bento
et al., 1996). CD4⫹ T cells that persist in chronic hearts
represent an autoreactive phenotype and are associated
with myocyte death, tissue destruction, and increased
animal mortality (Soares and Santos, 1999). In humans,
most of the initial humoral response is dominated by
antibodies to an epitope (Galα1-3Gal) expressed by
glycosylphosphatidylinositol (GPI) anchored mucins
of T. cruzi and is followed by polyclonal B cell activation and hypergammaglobulinemia with disease
progression. CD8⫹ T cells are the major T-cell subset found in the cardiac tissue of both experimental
animals and human patients and are thought to be
responsible for immunopathology during chronic
Chagas disease (Higuchi, 1999; Higuchi et al., 2003).

Regulatory Immune Responses
Because T. cruzi infection elicits a strong activation
of the immune system, it seems essential that immunoregulatory mechanisms be activated. IL-10 and
TGF-β cytokines are important negative modulators of
NO synthesis and trypanocidal activity of φs. A lack
of IL-10 results in an overwhelming inflammatory
response and animal deaths early in infection with
T. cruzi (Hunter et al., 1997). Several mechanisms, e.g.,
regulation of IL-2 expression (Tarleton, 1988), φ activation and NO synthesis (Abrahamsohn and Coffman,
1995), and selective apoptosis of T helper cells (Lopes
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and Dosreis, 1996), may act independently, or in
concert, to control the CD4⫹ T cell population in
infected mice. Parasite molecules (GIPLs) are shown to
block CD8⫹ T cell activation in vitro (DosReis et al.,
2002); however, no regulatory mechanisms have been
defined that may control CD8⫹ T cell population in
vivo. The occurrence of such regulatory mechanisms
in human patients, though expected, has not been
defined.

EPIDEMIOLOGY
Transmission and Geographic Distribution
The ancient sylvatic cycle of T. cruzi transmission
involves interaction between wild vectors and hosts in
different natural ecotypes of American continent. The
domestic cycle results from human–vector contact.
The reservoir hosts of T. cruzi include ⬎150 mammal
species, mainly small animals, that play an important
role in maintaining both sylvatic and domestic cycles
(WHO, 2002). Humans, followed by dogs, cats, and
rodents are important domestic reservoirs. T. cruzi is
widespread and endemic in almost all of South and
Central America, and Mexico (Fig. 69.1) (Schofield
et al., 2006; Cruz-Reyes and Pickering-Lopez, 2006).
Several studies have shown the presence of the insect
vector as well as infection of domestic dogs and wild
animals in the US (Yabsley and Noblet, 2002; Beard
et al., 2003; Hall et al., 2007; Hanford et al., 2007). Vectortransmitted human infections have been reported in the
southern US (Herwaldt et al., 2000) (Fig. 69.1).
Profound economic and social changes have stimulated rural-to-urban migration within the endemic
countries and towards the developed countries, e.g.,
the US and Canada. It is estimated that ⬎300,000
infected individuals live in the city of Sao Paulo;
⬎200,000 each in Rio de Janeiro and Buenos Aires
(Dias, 1992b); and ⬎100,000 infected immigrants
from Latin America live in the US (Kirchhoff, 1993).
These individuals may donate contaminated blood
and thereby expose many others to the risk of T. cruzi
infection (Dias, 1992a; Leiby et al., 1997). The infectivity risk, defined as the likelihood of infection from
receiving an infected transfusion unit, is estimated
to be ~20% for T. cruzi (WHO, 2002). Before serologic
screening of blood donors for antibody to T. cruzi was
implemented, infection rates through blood transfusion ranged from ⬍0.1% to 4% in Argentina, Brazil,
Chile, and Uruguay to ⬎10% in Bolivia (Schmunis
and Cruz, 2005). Transmission of T. cruzi infection by
solid-organ transplantation has been evident in Latin
America (Reis et al., 1995; Riarte et al., 1999).

In the US, five cases of T. cruzi transmission by
organ transplantation from infected donors have been
described (CDC, 2002a, 2006). Three blood banks,
situated in California and Arizona states, have conducted a large-scale serosurvey, and documented that
1 in every 4665 blood donations was seropositive for
T. cruzi-specific antibodies (CDC, 2002b). This study
led to FDA approval of first blood donor screening test
for Chagas disease in the US (CDC, 2007). Beginning
January 2007, American Red Cross and Blood Systems
Inc. have begun screening the blood donations for
presence of T. cruzi antibodies and it is expected that
all blood-collection establishments in the US will
implement screening test for T. cruzi infection in near
future. As of July 2007, 458 blood donations were
repeat reactive by ELISA and 124 donations were confirmed positive by radioimmunoprecipitation test in
the US (AABB Chagas’ Biovigilance Network, http://
www.aabb.org/Content/Programs_and_Services/
Data_Center/Chagas/chagas.htm).

Disease Burden
According to World Health Organization estimates
from 1998, ⬎120 million people are exposed to risk of
T. cruzi infection, ~18 million people are infected with
T. cruzi, and ~50,000 children and adults die annually,
because of the clinical complications of T. cruziinduced heart disease and lack of effective treatments
in endemic countries (WHO, 2002). Approximately
2–5% of fetuses carried by infected mothers are either
aborted or born with congenital infection. Revenue
loss, in terms of productivity declines due to sickness in prime years and medical costs, has an overwhelming effect on economic growth (WHO, 2002).
It is currently estimated that the total annual cost of
Chagas disease management in endemic countries is
⬎8 billion US dollars. When considered from a global
perspective, Chagas disease represents the third greatest tropical disease burden after malaria and schistosomiasis. American trypanosomiasis is recognized as
a potentially emerging infectious disease in the US
(Dodd and Leiby, 2004).

Potential as a Biothreat Agent
T. cruzi infection poses a minimal risk as a biothreat
agent due to a latency period of incubation ranging
~10–30 years prior to development of clinical disease.
Chagas disease is, however, an emerging infectious
disease in the US and no longer considered a disease of
the tropical, developing countries. Since January 2007,
the American Red Cross and other blood banks across
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the United States have implemented the donor screening for T. cruzi infection, highlighting the urgent need
for clinicians, laboratorians, and public health professionals to understand Chagas disease, its diagnosis,
and treatment.

CLINICAL DISEASE AND CONTROL
MEASURES
Clinical Manifestations of Chagas Disease
Infection by T. cruzi elicits nonspecific symptoms,
e.g., fatigue, fever, enlarged liver or spleen, swollen
lymph glands, and occasionally a characteristic swelling either at the site of entry in the skin, a Chagoma,
or in the conjuctiva of eyelid, Romana’s sign. Most
acute patients develop heavy parasitism of muscles
and some symptoms of cardiac involvement that
is usually unrecognized. The clinical manifestations
resemble myocarditis, with slight-to-moderate cardiac
enlargement. In a small proportion of acute patients
(⬍5%), more severe right- and left-sided heart failure
may occur with pulmonary and systemic congestion,
tachychardia, and other cardiac insufficiencies, occasionally resulting in fatal congestive heart failure.
T. cruzi can also invade the gastrointestinal and central
nervous systems, but, in general, damage to these systems is uncommon. The signs and symptoms of acute
disease resolve spontaneously in 4–8 weeks postinfection, and the majority of patients enter an indeterminate phase of infection. This phase is characterized by
very low or undetectable parasitemia, high parasitespecific antibody titers, and lack of clinical symptoms.
Between 10 and 20 years after an initial infection,
~40% of infected individuals become symptomatic.
The systemic changes during the chronic stage commonly develop in the heart, esophagus, and rectosigmoid colon, and less often in the central nervous
system (Kirchhoff et al., 2004).
Heart problems in chronic Chagasic patients are
evidenced by nonspecific symptoms such as palpitations, dizziness, and syncope. Typically, manifestations
of chronic disease are thromboembolism in the brain,
limbs, or lungs, congestive heart failure, and sudden
death—mainly due to ventricular fibrillation. Once
clinical symptoms appear, the prognosis is poor, and
fatality occurs within a short period (Rassi et al., 2000).
The principal defects in the conduction system present
as a mixture of arrythmias, e.g., tachycardia, bradycardia, ventricular fibrillation, and electrical impulse
blockages, e.g., right bundle branch and left anterior
fasicle block. Myocardial structural defects are mainly
cardiomegaly with hypertrophy and dilation of the
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chambers, apical aneurism in left ventricle, and clot
formation with thromboembolization (Rossi et al.,
2003). The histological examination of sections from
both autopsy and biopsy specimens reveal that tissue
fibrosis, inflammation, and hypertrophy of cardiac fibers are the chief pathological consequences of Chagas
disease. Fibrosis is most pronounced in the left ventricle and apex, and may correspond to increased collagen fiber deposition around the muscle bundles.
Inflammation varies in severity and its location may
be interstitial and/or diffuse. Echocardiography, serial
chest radiographs, and electrocardiography are the
most accurate and commonly employed methods for
detecting myocardial involvement in Chagasic patients
(Rocha et al., 2003).
Clinical manifestations of Chagas disease may also
be correlated with defective innervation and defective contraction within the myocardium. Pathogenic
changes in the parasympathetic branch of the autonomic nervous system are sometimes observed at
autopsy. Specifically, a reduction, or in some cases, a
complete absence of cells in the neuronal ganglia has
been described and may be indicative of a role for
impaired heart innervation in cardiac dsyfunction
associated with Chagas disease (Marin-Neto, 1998).
In some patients, clinical manifestations of Chagas disease include development of a megaesophagus and/or
megacolon. Repeated episodes of aspiration pneumonitis are common in patients with severe esophageal dysfunction. Patients with a megacolon suffer from chronic
constipation and abdominal pain. Ultrasonography,
computed tomography, and magnetic resonance imaging are excellent imaging modalities used to determine the extent of tumor and enlargement, but are
very expensive (Mattoso, 1981).

Control Measures
Vector Control
Three multinational, government-funded programs,
initiated in 1991, are underway to control the endemicity of T. cruzi infection in Southern Cone nations
of Argentina, Bolivia, Brazil, Chile, Paraguay, and
Uruguay (Schofield, 1992; Schofield and Dias, 1999).
The primary focus of these programs is the elimination of the domestic insect population through insecticide use, housing improvement, and education. These
efforts have been very successful in reducing the domiciliary infestation by triatomines in vast regions of
the endemic countries, and subsequently reducing the
prevalence of acute infection in young children (Dias
and Schofield, 1999; Schofield et al., 2006). The current goal is to eliminate vectorial T. cruzi transmission
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to humans throughout the Southern Cone by 2010.
Venezuela and Colombia have also implemented parallel insecticide spray and housing improvement initiatives (WHO, 2002). However, the operational cost
to sustain the insecticide spray programs, followed by
constant surveillance, is one of the major obstacles in
the success of the regional insecticide-based control
programs. Insecticide use in the long-term may not
be efficacious in blocking T. cruzi transmission, owing
to the development of drug resistance by triatomines.
Concern remains that reinfestation of homes by secondary sylvatic vectors, e.g., Triatoma sordida, in Brazil
and other South American countries, will compromise the long-term efficacy of vector control measures
(Moncayo, 2003). Successful elimination of disease as
a public health problem through interruption of transmission would not eradicate the parasite due to the
zoonotic nature of the disease.

drugs have not yet entered clinical trials possibly due
to lack of financial support from the major drug companies for the development of new drugs against
Chagas disease (Moncayo and Ortiz Yanine, 2006).
Treatment of chronic patients focuses on cardiac
management (Rocha et al., 2003) that requires a specialized clinical infrastructure, and thus, is expensive
and often beyond the reach of the patient. For example, in Brazil, considering that only 10% of infected
individuals would develop chronic disease, the medical costs for the obligatory treatment could reach
$250 million. Cardiac transplantation is an option for
patients with severe cardiac disease; however, immunosuppression can lead to reactivation of infection
with an intensity typical of acute Chagas disease,
invasion of transplanted heart by parasites, and heart
rejection.
No vaccines are currently available against T. cruzi
infection.

Blood Supply Screening
The problem of transfusion-transmitted Chagas
disease was apparent by the 1950s. However, it was
only in the 1980s, with the emergence of AIDS that
national and regional blood-screening programs
were implemented in endemic countries. Among the
18 countries in Latin America for which data are available, the degree of blood bank screening for T. cruzi
now reaches 100% of the donors in seven countries,
ⱖ99% in three, 75–95% in four, and 25–34% in three
(Schmunis and Cruz, 2005). In the US, an ELISA assay
that uses epimastigote lysate antigens for detection
of antibodies to T. cruzi in serum and plasma (OrthoClinical Diagnostics) has been licensed by the Food
and Drug Administration in January 2007, and used
by American Red Cross and other blood banks for
screening the donors for T. cruzi infection.

PATHOGENIC MECHANISMS IN
CHAGAS DISEASE DEVELOPMENT
Considerable debate exists regarding the pathomechanisms that are involved in Chagas disease
development. No universally accepted model exists
to explain the long latency period between infection
and disease development, why a subset of individuals in the indeterminate phase progress to chronic disease, or what instigates or perpetuates the damage in
the heart that ultimately results in Chagasic disease
symptoms. We briefly discuss the pathomechanisms
that are described in the literature.

Treatment

Immune-Mediated Pathology: Autoimmunity
or Parasite Persistence

Two drugs, benznidazole and nifurtimox, are generally approved for the treatment of T. cruzi infection,
and are effective in curing at least 50% of acute or
recent cases of infection (Coura, 1996). Both of these
drugs have serious and frequent side effects and are
not available to many patients either because they
are not registered in those countries or drug prices
are high. Anti-parasitic drugs are not effective once
the patients enter the chronic phase of infection and
disease progression (Rodriques Coura and De Castro,
2002). Several other drugs, e.g., posaconazole (Liendo
et al., 1998) and thioridazine (Lo Presti et al., 2004;
Bustamante et al., 2007) have shown promise in curing T. cruzi infection in murine models, however, these

A significant body of literature suggests that consistent inflammatory immune responses play a role
in the development and/or propagation of pathological lesions in Chagasic hearts (Pathologic Immune
Responses). In cardiac tissue, antibody- and cytotoxic
T lymphocyte (CTL)-mediated responses, as well as
the continuous production of cytokines and chemokines, may contribute to the selective destruction
of cardiomyocytes, neurons, or endothelial cells, and
the development of fibrosis in response to cytopathology (Brener and Gazzinelli, 1997). Two mechanisms,
autoimmunity and parasite persistence, are proposed
to sustain pathological inflammatory responses in
Chagasic hearts (Soares et al., 2001).
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The concept of autoimmunity is that polyclonal activation (Minoprio, 2001), molecular mimicry (Iwai et al.,
2005), or the presence of cryptic epitopes shared by the
host and parasites (Girones et al., 2001b) result in the
recognition of self-antigens by the immune response
elicited to control the parasite and, subsequently host
tissue destruction. A growing number of studies have
shown the pathogenic role of autoantibodies present
in the serum of chronic mice and patients that react
with various antigens in the heart, skeletal muscle, or
nervous tissue (reviewed in Kierszenbaum (1999)).
These include the β1-adrenoreceptor (Sterin-Borda
and Borda, 2000), ribosomal P proteins (Kaplan et al.,
1997), cruzipain (Giordanengo et al., 2000), and a novel
Cha protein (Girones et al., 2001a). Common antigens
between T. cruzi and human myocardial fibers (e.g.,
myosin) and auto-reactive T cells with specific cytotoxicity against myocardial fibers have been demonstrated
in humans (Cunha-Neto et al., 1995; Cunha-Neto and
Kalil, 2001). A cardiac myosin-specific autoimmune
response and myocarditis can be induced by injecting several doses of subcellular antigens of T. cruzi in
animals (Leon et al., 2004). The autoimmune theory,
thus, suggests that the humoral and cellular immune
reactions, elicited in response to T. cruzi infection, recognize self-antigens, are potentially harmful to the
host, and contribute to the development and/or propagation of pathological lesions in Chagasic myocarditis (Leon and Engman, 2003). The lack of evidence
that T. cruzi-induced self-reactive antibodies or T cells
can induce disease upon transfer into a naïve host precludes us from defining chronic Chagasic cardiomyopathy as an autoimmune disease.
It is now recognized that human infection of many
years’ duration is associated with a nearly consistent low level of parasitosis (Higuchi et al., 2003).
Recent studies using modern techniques, e.g., PCR,
immunohistochemistry, and confocal microscopy,
have detected parasite DNA or antigens in blood and
heart tissue biopsies of experimental animals and
chronic human patients (Anez et al., 1999; Mortara
et al., 2000; Salomone et al., 2000; Caliari et al., 2002).
It is proposed that parasite persistence provides sufficient, consistent antigens that work as a trigger for
the hypersensitive response against myocardial fibers,
leading to pathologic tissue injury, and, subsequently,
to cardiac insufficiency.

Vascular Mediators in Endothelium
Yet, clinical-pathological severity is not universally
correlated with the presence of parasites (Higuchi et al.,
1993) and chronic inflammation (Palomino et al., 2000).
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This leads to the suggestion that other mechanisms
must be involved. The hypothesis that vasculopathy
contributes to Chagasic heart disease has developed
from the observations indicating that both human and
experimental infections cause a reduction in blood
flow and an intense vasculitis. Bradykinin, a potent
vasodilator, and endothelin 1 (ET-1), and thromboxane
A2 (TXA2), two potent vasoconstrictors, have been
identified in Chagasic hearts. Kinins convey the vasodilating response through their interaction with vascular
receptors and lessen the detrimental effects of ischemia
(Yang et al., 2001). Despite increased kinin expression,
T. cruzi-mediated decrease in coronary flow was not
normalized in infected rats, suggesting impaired kinin
receptor function. Instead, activation of kinin receptors
on cardiovascular cells was shown to contribute to an
increased infectivity by T. cruzi (Scharfstein et al., 2000;
Todorov et al., 2003). TXA2 and ET-1 may potentiate
disease severity by promoting microvascular pathology, e.g., vasospasm, ischemia, and microthrombi
(Petkova et al., 2001). Vascular mediators, in conjunction with cytokines induced by T. cruzi infection, may
be significant to the development of microcirculatory
abnormalities that are well documented in Chagasic
hearts (reviewed in Mukherjee et al. (2003)).

Mitochondria Dysfunction and Oxidative
Stress-Mediated Damage
Our studies suggest that Chagasic myocardium
may be pre-disposed to sustained oxidative stress
associated with mitochondrial dysfunction (reviewed
in Garg (2005) and Zacks et al. (2005)). Cardiac tissue is extraordinarily dependent upon oxidative
phosphorylation for energy to perform its functions.
Accordingly, in cardiomyocytes, mitochondria are
abundant. Mitochondria are the main producers of
reactive oxygen species (ROS) in the heart and brain.
Under normal conditions, NADH-ubiquinone oxidoreductase (CI) and ubiquinol-cytochrome c reductase
(CIII) complexes of the respiratory chain release 2–4%
of electrons to oxygen, resulting in superoxide (O2⫺)
formation in mitochondria that is then converted to
highly toxic hydroxyl ion (OH⫺) and H2O2 by various
reactions (Ide et al., 1999; Chen et al., 2003). An alteration in CI and CIII activities may result in increased
ROS production in mitochondria (Ide et al., 1999; Chen
et al., 2003), and is found in the myocardia of T. cruziinfected mice (Vyatkina et al., 2004; Wen and Garg,
2004) and peripheral blood of seropositive Chagasic
subjects (Wen et al., 2006b). Manganese superoxide dismutase (MnSOD) is the major O2⫺ scavenger in mitochondria, and its decreased activity was noted during
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acute-to-chronic disease development in infected
murine myocardium (Wen et al., 2004). It was, therefore, proposed that a functional decline in the respiratory chain, increased ROS generation, coupled with an
inability to efficiently scavenge the mitochondrial free
radicals, predisposes Chagasic hearts to sustained ROS
during infection and disease development.
At low levels, ROS induces cytokine and chemokine production (Rahman and MacNee, 2000), thus
providing a potential mechanistic link between mitochondrial ROS generation and acute and/or chronic
inflammation in Chagasic cardiomyopathy. The
cytotoxicity of sustained oxidative stress is related
to ROS’ ability to oxidize cell constituents, including
proteins, lipids, and DNA, which lead to deterioration of cellular structure and function and, ultimately,
to cell death (Tsutsui, 2001; Martindale and Holbrook,
2002). The sustained occurrence of oxidative damage, as evidenced by consistent presence of protein
carbonylation and lipids peroxidation products, was
shown in the myocardium of an experimental model
of Chagas disease (Wen et al., 2004) and in peripheral blood of human Chagasic subjects (Wen et al.,
2006b; de Oliveira et al., 2007). Oxidative damage during Chagas disease may not only be due to increased
ROS formation but also exacerbated by inefficient
glutathione antioxidant capacity (glutathione peroxidase-GSH-glutathione reductase), as is noted in
infected mice (Wen et al., 2004) and human subjects
(Perez-Fuentes et al., 2003). Subsequently, recent studies have suggested that combinatorial anti-parasite/
antioxidant therapies would be useful in controlling
Chagas disease pathology. Treatment of experimental
animals with phenylbutylnitrone antioxidant (Wen
et al., 2006a) and human Chagasic patients with vitamin C and vitamin E antioxidants (Macao et al., 2007)
was shown to be effective in reducing the oxidative
insult–associated pathology in Chagas disease.
In summary, mitochondria are targets of a variety of endogenous and exogenous insults, including
inflammatory mediators, elicited by T. cruzi infection.
Depending upon the extent and duration of mitochondrial dysfunction, oxidative stress may initiate
or contribute to destruction of heart tissue and consequent dysfunction through sustenance of inflammatory responses and oxidative damage of the cardiac
components.

Other Mechanisms
Less well explored is the potential for the T. cruzi
strain or clonal variation to account for different clinical
outcomes (Tibayrenc, 1998). Human genetic differences

may also contribute to the dichotomy between indeterminate and chronic disease manifestations (WilliamsBlangero et al., 2003), although no conclusive evidence
for genetic differences is present to date.

Summary
We conclude that the contributions of parasite persistence, autoimmunity, vascular mediators, mitochondria dysfunction, oxidative stress, and potentially,
parasite strain or clonal variation and host genetics
are not mutually exclusive and could contribute in
part and/or act at distinct time points during T. cruzi
infection to initiate and sustain the observed, multifaceted cardiac pathology. The sum of these factors
may also determine the degree of pathophysiology
the infection may evoke and the severity of chronic
disease. An important implication of these studies
is that preventing infection or controlling the acute
parasite load below a threshold level would be effective in decreasing the tissue damage imposed by multiple pathogenic mechanisms and lead to decreased
disease severity. Obviously, these observations provided an impetus for vaccine development against
T. cruzi, which is also favored by the fact that the effector mechanisms capable of controlling parasite burden
were delineated.

VACCINE DEVELOPMENT
AGAINST T. CRUZI
Given the current knowledge about the status
of protective immunity from T. cruzi (see section
Protective Immune Responses), a successful vaccine
against the parasite is envisioned to elicit a long-term,
lytic antibody response, type 1 cytokines, and CTLs.
There are two stages of the parasite against which
vaccines can be designed. Vaccines against trypomastigotes as they enter host cells following the bite of an
infected triatomine, or the burst of an infected cell,
will prevent the initiation or persistence of infection,
and limit the parasitemia. Vaccines against intracellular replicative amastigotes would arrest the propagation of parasite in a host and prevent the parasite
from entering the blood. Both types of vaccines would
arrest or attenuate disease development in humans
and the reservoir mammalian host. In addition, vaccines against either stage of the parasite would prevent triatomine infection and, thus, interrupt or reduce
parasite transmission in both human and reservoir
populations, as well as in insects.
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TABLE 69.1 Traditional vaccination approaches against T. cruzi

Historical Perspective
Early efforts in developing prophylactic vaccines
against T. cruzi tested killed parasite preparations as
immunogens. Examples include T. cruzi killed by:
(i) chemical treatment, e.g., thimerosal, formalin, glutaraldehyde; (ii) physical methods, e.g., pulverization,
freezing and thawing, sonication, or pressure disruption; and (iii) irradiation. These antigenic preparations were tested for vaccine potential in various
animal models, including mice, guinea pigs, dogs,
and monkeys. Vaccination with chemically treated
T. cruzi failed to provide any protection from lethal
challenge infection. Other vaccination approaches
generated a degree of resistance to T. cruzi; immunized
animals controlled acute parasitemia and survived
(70–100%) acute infection (Table 69.1). Similar efforts
utilizing subcellular fractions, e.g., flagellar, soluble,
or membranes, as vaccines also demonstrated an elicitation of partially protective immunity. For example,
immunization with crude flagellar extracts enhanced
resistance to T. cruzi, evidenced by a 90% survival rate
of mice from challenge infection (Ruiz et al., 1986).
Immunization of mice with T. cruzi soluble extract
elicited IFN-γ and prevented death from an otherwise lethal infection (Garcia et al., 2000). Most of these
approaches utilized the epimastigote, the insect stage
of the parasite, that was later identified as expressing different antigens from those found in the infective and intracellular stages of T. cruzi. An absence of
immunogenic proteins in epimastigotes, or a loss of
protective epitopes during inactivation and fractionation, was believed to be the cause for the limited success met in these attempts in vaccine development.
The next series of efforts tested live vaccines, consisting of T. cruzi strains attenuated by treatment with
drugs or pharmacological agents, or by serial passage in cultures, for their potency in experimental
animals (mice and dogs). These vaccines were largely
effective in controlling subsequent infections by virulent strains. Vaccinated animals exhibited decreased
parasitemia and increased survival rates compared
to unimmunized animals (Table 69.1). The danger of
reversion of the attenuated strains to a virulent form
and the likelihood of increased virulence of attenuated strains in immunocompromised individuals
rendered these vaccines impractical. These studies,
however, showed that a prophylactic vaccine capable
of eliciting protective immunity with a minimal risk
of biological reversion to virulent phenotype would
be useful in controlling T. cruzi infection and disease, and provided a foundation for the identification
of target antigens of the immune responses and the
development of subunit vaccines.

Vaccination strategy

% Survival (dpia)

T. cruzi treated with
Thimerosal

0

Formalin
Glutaraldehyde

0
100 (60)

Pulverization
Freezing and thawing
Sonication

100 (10–15)
70 (120)
0

Pressure disruption

80–100 (120)

Irradiation

80–100

T. cruzi subcellular fractions
Flagellar
90 (60)
Soluble
85 (150)
Membranes

Not detected

Live T. cruzi attenuated by
Drug treatment
Trypaflavine
Actinomycin D

100(30)
100 (13)

Bayer 7602

100

Primaquine

100

L-furaltodone

100 (11)

Serial passage in
culture

100 (13–77)

References

Kagan and
Norman (1961)
Hauschka (1949)
Basso et al.
(2007)
Rego (1959)
Basombrio (1990)
Seneca and Peer
(1966)
Gonzalez Cappa
et al. (1974)
Okanla et al.
(1982)

Ruiz et al. (1986)
Garcia et al.
(2000)
Ruiz et al. (1985)

Collier (1931)
Fernandes et al.
(1966)
Hauschka et al.
(1950)
Pizzi and Prager
(1952)
Brener and
Chiari (1967)
Menezes (1968,
1969)

100 (30)
a

Experimental animals were observed for survival for n days
postinfection.

Efforts Toward Identification of T. cruzi
Antigenic Targets
The antigenic targets capable of eliciting the desired
immune responses (see Protective Immune Response)
at a level that confers protection from infection are the
best choice for subunit vaccine development. Early
studies employed random approaches, e.g., screening of expression libraries with immune sera from
infected animals or human patients, screening with
antigen-specific monoclonal antibodies, and amplification of the antigen-encoding genes (Ruiz et al., 1990;
Malchiodi et al., 1993; Low and Tarleton, 1997) for the
identification of putative vaccine candidates. These
approaches, though successful in characterization of a
variety of T. cruzi proteins, often led to the discovery
of antigens capable of eliciting an antibody response
only.
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The diploid genome (106–110 Mb) of T. cruzi, distributed in 35–40 chromosomal bands, contains ~22,500
proteins encoded by genes (El-Sayed et al., 2005). The
complexity of the T. cruzi genome has necessitated the
development of logical strategies to determine which
parasite proteins are the likely choice for immune
activation. Garg et al. (Garg et al., 1997) employed a
transfection system and expressed chicken ovalbumin (OVA), the classical immunogen, in different cellular compartments of T. cruzi. Antigen-presenting
cells infected with T. cruzi expressing OVA as a GPIanchored surface protein or as a secreted protein
were recognized and lysed by the OVA-specific CTLs
in vitro. Also, parasites expressing GPI-anchored or
secreted OVA elicited the expansion of OVA-specific
CTLs and antibodies in infected mice (Garg et al., 1997;
Kumar and Tarleton, 2001). It was inferred that during the process of replication and/or differentiation,
T. cruzi releases GPI-anchored and secretory proteins in host cell cytoplasm where they are degraded
by proteosome enzymes. The resulting peptides that
transported to endoplasmic reticulum are associated
with MHC class I molecules, and displayed on the surface of infected cells, where they can be recognized by
circulating CD8⫹ T cells. On extracellular trypomastigotes and amastigotes, these same proteins expressed in
a membrane-associated form, are engulfed and processed by phagocytic cells, displayed in association
with MHC class II molecules, and can be recognized
by CD4⫹ T cells that provide help for the activation
and proliferation of CD8⫹ T and B cells. These studies concluded that GPI-anchored proteins, abundantly
expressed in infective and intracellular stages of
T. cruzi, and the secreted proteins are the most likely
source of peptides for immune activation.
Accordingly, during the last 10 years, several surface proteins of T. cruzi have been identified, and their
immunogenic potential examined. The extracellular and intracellular life cycle stages of T. cruzi adapt
to sudden changes in the environment and survive
in generally unfavorable conditions by changing
the composition of surface glycoproteins. Most (but
not all) of these surface proteins are attached to the
plasma membrane by GPI anchor, their expression is
developmentally regulated, and contain stage-specific
modifications that ultimately reflect their functional
importance in the life cycle and provide plausible targets for vaccine development.
We briefly describe the abundantly expressed and
other surface proteins of T. cruzi and evidence that
they are recognized as antigenic targets of immune
responses elicited in infected experimental animals
and humans.

Abundantly Expressed Surface Antigens
Many of the GPI-anchored surface proteins are
encoded by genes belonging to large families, e.g.,
trans-sialidase (TS) super family (737 genes), mucins
(662 genes), mucin-associated surface proteins (MASPs,
944 genes), and glycoprotein 63s (GP63s, 174 genes)
(El-Sayed et al., 2005). These gene families are largely
T. cruzi-specific and account for ⬎18% of the total protein-encoding genome.
Trans-sialidases are a heterogenous group of GPIanchored proteins, a majority of which are expressed
in the trypomastigote stage. Most TS family members contain a conserved sialidase super family motif
(VTVxNVxLYNR) but are not enzymatically active.
The enzymatically active TS variants consist of
12-amino-acids long shed acute phase antigen
(SAPA) repeats, are expressed in the trypomastigote
stage, and catalyze the sialylation of parasite mucins
through transfer of sialic acid from the host cell surface (Schenkman et al., 1994). This step is necessary for
T. cruzi attachment and invasion of host cells, survival
in and escape from the parasitophorous vacuole, and
differentiation into a replicative amastigote form (Hall,
1993; Schenkman et al., 1994; Tan and Andrews, 2002).
TC85, another member of the TS super family, binds
to laminin and cytokeratin in vitro, and is hypothesized to facilitate movement of T. cruzi through the
extracellular matrix, allowing it to traverse the tissues
to invade other organs (Magdesian et al., 2001).
The substantial diversity of the TS gene family has
likely developed in response to host immune pressure.
Accordingly, several of the TS family members are
identified to be targets of humoral and cell-mediated
immune responses in Chagasic patients and experimental animals. A trypomastigote surface antigen, TSA1
(85 kDa), was the first T. cruzi protein shown to be the
target of CD8⫹ T lymphocytes in infected mice (Wizel
et al., 1997) and humans (Wizel et al., 1998b). TSA1
peptide-specific CD8⫹ T cell lines were cytotoxic against
peptide-sensitized or infected cells, secreted IFN-γ and
TNF-α, and were able, upon adoptive transfer, to confer substantial protection against challenge infection in
mice (Wizel et al., 1997). Antibodies to enzymatically
active TS (120–200 kDa) have been detected in the sera
of Chagasic patients and experimental animals infected
with T. cruzi (Pereira-Chioccola et al., 1994). The TS catalytic domain was identified to contain epitopes recognized by IFN-γ-producing type 1 cells and antibodies
in Chagasic patients (Ribeirao et al., 2000).
Amastigote stage-specific proteins of TS family, i.e.,
ASP1 (Santos et al., 1997), ASP2 (Low and Tarleton,
1997), and ASP9 (Boscardin et al., 2003) have been
identified, although their precise role is presently
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unknown. ASP1 (78 kDa) and ASP2 (83 kDa) were
shown to be the targets of in vivo (mice)-generated
CTLs that were parasite- and peptide-specific, MHCrestricted, and CD8-dependent (Low et al., 1998).
Human circulating CTLs specific for ASP1- and ASP2derived peptides were detected in HLA-A2⫹ T. cruziinfected patients (Wizel et al., 1998b).
Mucins contain a large proportion (85%) of Oglycosidic-linked carbohydrates. Mucins of 35–50 kDa
are present in insect stage epimastigotes and metacyclic trypomastigotes, whereas larger (80–200 kDa)
mucin proteins are expressed in bloodform trypomastigotes. The large heterogeneity of mucins is due to
the presence of different core proteins along with the
complexity and extent of oligosaccharide side chains
(Schenkman et al., 1993). Mucins serve as acceptors of sialic acid in a trans-sialylation reaction catalyzed by TS and are essential for parasite protection
and survival in a mammalian host (Schenkman et al.,
1993; Almeida et al., 1999). T. cruzi mucins, such as
GP35/50 and SSP3, expressed in metacyclic and trypomastigote stages, respectively, have been ascribed
an analogous function in parasite ligand–host receptor
binding (Schenkman et al., 1993). The GPI component
of mucins is a powerful inducer of polyclonal B cells,
inflammatory cytokines, and macrophages (AcostaSerrano et al., 2001). The differences in the structure,
composition, and abundance of the mucin proteins
may contribute to infectivity, virulence, and tissue
tropism of T. cruzi or constitute an immune-evasion
mechanism, but this has not yet been experimentally
proven.
MASP family members consist of chimeric
domains, i.e., an N- or C-terminal conserved domain
combined with the N- or C-terminal domain of mucin
or the C-terminal domain from the TS super family
(El-Sayed et al., 2005). The mechanism of generation
of such chimeric MASPs, their functions in parasite
life cycle or immunogenic potential are unknown.
GP63 family members were recently identified in
T. cruzi. These are homologs of Leishmania major surface protease, GP63, and may serve analogous function as a surface protease (Cuevas et al., 2003). The
immunologic potential of T. cruzi GP63s has not been
examined to date.
Other Immunogenic Proteins
Complement regulatory protein (CRP), the 160 kDa
surface antigen of trypomastigotes was named so
because of its ability to protect T. cruzi from complement-mediated lysis (Norris et al., 1989). Antibodies
to CRP have been detected in sera of human Chagasic
patients (Norris et al., 1994).
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Cruzipain, the major lysosomal cysteine proteinase
(60 kDa) of T. cruzi, is encoded by multiple polymorphic tandemly organized genes located on different
chromosomes (Campetella et al., 1992). Cruzipain
consists of a catalytic moiety with high homology to
cathepsins S and L, and a C-terminal domain, characteristic of type I cysteine proteinases of trypanosomatids (Cazzulo et al., 2001). The proteolytic function of
cruzipain is essential for parasite differentiation and
invasion of mammalian cells (Cazzulo et al., 2001).
Irreversible inhibitors of cruzipain blocked parasite
development, exhibited trypanocidal activity, and
are currently examined for their therapeutic utility
against T. cruzi (Santos et al., 2005). Cruzipain-derived
epitopes were recognized by antibodies and IFN-γproducing, CD8⫹ immune cells in Chagasic patients,
signifying its immunogenicity (Fonseca et al., 2005).
FCaBP, a 24 kDa flagellar calcium-binding protein,
is expressed in all life cycle stages of T. cruzi. The
N-terminal 24 amino acids, modified by palmitoylation and myristoylation, facilitate the flagellar localization of FCaBP (Godsel and Engman, 1999). Immune
sera from T. cruzi-infected experimental animals and
humans exhibit highly specific, sensitive reactivity
with FCaBP (Godsel et al., 1995). FCaBP-specific CD8⫹
T-cell are generated in mice infected with T. cruzi
(Fralish and Tarleton, 2003).
GP90 (90 kDa) and GP82 (82 kDa), expressed on
a plasma membrane of metacyclic trypomastigotes,
interact with distinct host cell receptors. Attachment of
the GP82-host cell receptor triggers a Ca2⫹ response in
the target cell as well as in the parasite, an event that
enables parasites to gain entry to the host cell (Yoshida
et al., 2000). Binding of GP90 to its receptor failed to
induce a Ca2⫹ response in parasites as well as host
cells (Ruiz et al., 1998). Reduction in GP90 expression
on the parasite surface resulted in increased infectivity, leading to a suggestion that GP90 may modulate
parasite invasion by altering GP82-host receptor interactions (Malaga and Yoshida, 2001).
GP82-specific antibodies cross-reacted with heterologous antigens (GP90 and GP30/55), while antisera
to GP90 reacted only with the homologous antigen
(Yoshida et al., 1993). GP90 is specifically recognized
by antisera from Chagasic, but not leishmaniasis,
patients (Schechter et al., 1983), thus, suggesting its
diagnostic importance. Immunization with GP82 or
GP90 stimulated T. cruzi-specific CD4⫹ T cell proliferation in lymph nodes of mice, signifying immunogenicity of the two glycoproteins (Yoshida et al., 1993).
A 11 kDa, cytoskeleton-associated, kinetoplastid
membrane protein, KMP11, is highly conserved among
trypanosomes (Thomas et al., 2000), though the biological role it plays remains unclear. The immunologic role
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of KMP11 was evidenced by the detection of KMP11specific antibodies in sera of chronically infected patients
(Trujillo et al., 1999). Spleen cells from KMP11-immunized C57BL/6A2/Kb transgenic mice, when incubated
with an immunodominant A2-specific peptide from
KMP11, lysed antigen, or peptide-pulsed JurkatA2/Kb
cells, suggesting the presence of a human CTL epitope in
KMP11 (Maranon et al., 2001).
LYT1 (61 kDa), a secreted antigen, is expressed in
all parasite life cycle stages. Genetic deletion studies
showed that LYT1 is not required for viability of epimastigotes, but is essential for parasite development
in mammalian cells. LYT1-deficient mutants exhibited
accelerated in vitro development, reduced infectivity,
and diminished hemolytic activity that was restored
upon complementation with episomally expressed
LYT1 (Manning-Cela et al., 2001). LYT1-derived
H-2Kb peptides were presented in association with
MHC I molecules. Antigen-specific CTLs generated in
T. cruzi-infected mice showed high levels of lytic activity against peptide-pulsed target cells, thus signifying
the immunogenicity of LYT1 (Fralish and Tarleton,
2003).
Paraflagellar rod proteins (PFR1-4, MW ~70 kDa;
PFR5-6, 78–86 kDa) are highly conserved among different T. cruzi strains of clinical importance (Fouts
et al., 1998; Clark et al., 2005). PFRs constitute a major
structural component of flagellum and are critical
for cell motility (Fouts et al., 1998; Clark et al., 2005).
PFRs are highly immunogenic. PFR-specific CD8⫹ T
cells were elicited in infected mice and showed high
levels of lytic activity against peptide-pulsed target cells and secreted IFN-γ in response to parasiteinfected target cells (Wrightsman et al., 2002). PFRs
are recognized by sera antibodies from indeterminate
and chronic Chagasic patients (Michailowsky et al.,
2003). Incubation of recombinant PFRs with PBMCs
of Chagasic patients induced proliferation of antigen-specific, IFN-γ producing CD4⫹ and CD8⫹ lymphocytes (Michailowsky et al., 2003).
TC52, a 52 kDa trypanothione: glutathione disulfide
thioltransferase enzyme, is essential for maintaining the intracellular thiol-disulphide redox balance
in T. cruzi (Moutiez et al., 1997). T. cruzi heterozygous
mutants deleted of one TC52 allele exhibited low virulence and caused an attenuated form of Chagas disease in experimental animals. Deletion of both TC52
alleles was lethal, indicating the importance of TC52
in parasite survival (Garzon et al., 2003). This enzyme
is specific for the parasite (Moutiez et al., 1997) and
targeted for therapeutics development. While TC52
was found to be immunologically silent in acutely
infected animals, the immunomodulatory role of TC52
was suggested by the fact that recombinant TC52, in

synergy with IFN-γ, stimulated gene expression for
iNOS and IL-12, and NO production in φs (FernandezGomez et al., 1998). A TC52-specific immune response
appeared late in T. cruzi infection and may play a
role in the modulation of its biological function(s)
(Fernandez-Gomez et al., 1998).
The continuing progress in T. cruzi genomics, proteomics, and bioinformatics, followed by wet-lab testing of several genes in experimental models, is likely to
further expand the pool of antigenic targets of T. cruzi.

Subunit Vaccines in Development
(over the Last 10 Years)
A Brief Overview
Armed with data on protective immune mechanisms and their antigenic targets, researchers interested in vaccine development against T. cruzi were
required to identify effective antigen delivery systems
to elicit potent immune responses to the vaccine candidates. Initial studies utilized a protein immunization approach to test the vaccine potential of T. cruzi
antigens. Most of these studies were designed such
that the protective efficacy of putative vaccine candidates was determined based upon survival following a lethal challenge infection. Efforts were made to
enhance the protective efficacy of protein vaccines by
codelivery of adjuvants, use of alternative routes of
antigen delivery, and by increasing the amount or the
number of doses.
In subsequent studies, a DNA immunization approach
was favored due to the ease of construction and
production of the vectors, the stability of DNA, and
the ability to enhance the immune response by the
codelivery of genes encoding cytokines. Most importantly, this method of antigen delivery has proved
to be efficient in eliciting antibodies, Th1 cytokines,
and CD8⫹ T cell immune responses to encoded antigens. Successful induction of humoral and/or cellular
immune responses to the plasmid-encoded antigens
using various routes of gene delivery has been shown
to provide partial or complete protection against
numerous infectious agents (reviewed in Donnelly
et al. (2005)). T. cruzi proteins identified as targets of
specific antibodies and CTLs in infected mice and
humans (see section Efforts Toward Identification of
T. cruzi Antigenic Targets) were tested as DNA vaccines in experimental models. Considering that complete genes were incorporated into the DNA vectors,
epitopes capable of being presented by many MHC
alleles were expected to be present. Accordingly, several of the genes were tested and afforded protective
immunity in multiple mouse strains.
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In parallel with the efforts toward identification of
vaccine candidates, adjuvants were tested to enhance
or skew the immune responses toward desirable Th1
type. Use of adjuvants to increase protective immunity against T. cruzi dates back to 1965 (Menezes,
1965) when saponin, a derivative from the bark of
Quillaja saponaria (Quil A), was injected to enhance the
protective efficacy of immunogens. Co-inoculation
of saponin with freeze-thaw-inactivated parasites
stimulated a Th1 type immune response, and slightly
increased protection from challenge infection (Johnson
et al., 1963). Recent studies have examined the utility of IL-12, GM-CSF, CD40, HSP70, and CpG oligodeoxynucleotides in enhancing the Th1 responses to
defined antigen vaccines. GM-CSF was chosen as a
genetic adjuvant because it is a potent cytokine capable of enhancing the antigen presentation capability
of antigen-presenting cells, such as dendritic cells. In
addition, it facilitates B- and T-cell-mediated immunity (Warren and Weiner, 2000). IL-12 is a key cytokine
involved in CD8⫹ T cell activation and proliferation,
and in directing the immune responses to type 1 (Pan
et al., 1999). Similarly, other adjuvants were chosen
for their ability to skew the immune response to a
protective Th1 type through different mechanisms.
We discuss the efforts to date focused on testing and
enhancing the protective efficacy of subunit vaccines
against T. cruzi (Table 69.2).
Subunit Protein Vaccines
Initial studies examined the vaccine potential of
GPI-proteins of T. cruzi, selected for their abundant
expression and immunogenicity (see section Efforts
Toward Identification of T. cruzi Antigenic Targets).
GP90 Though recognized as an antigenic target in
infected mice and humans, GP90 proved to be poorly
immunogenic as a vaccine. Specific antibody and cellmediated immunity were potentiated when GP90 was
codelivered with saponin adjuvant, and these immune
responses were effective against a range of T. cruzi
strains. Further, the levels of acute tissue damage, as
measured by production of auto antitissue immunoglobulins, were significantly reduced in immunized
mice and marmosets (Scott et al., 1985). All animals,
immunized and nonimmunized, remained xenodiagnosis-positive (tested at 60 weeks postinfection),
which suggested sterile immunity was not achieved.
GP82 Mice immunized with a C-terminal peptide of
GP82 (224–516 amino acids) plus alum elicited specific
antibodies that were not protective; these antibodies
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lacked agglutinating or complement-dependent cytotoxicity and failed to neutralize parasite infectivity.
The substantial resistance exhibited by immunized
mice to acute infection was correlated with intense
proliferation in the spleen of IFN-γ-producing CD4⫹ T
cells (Santori et al., 1996).
GP56 Immunization of mice with purified GP56, followed by challenge infection, provided increased survival by only 4 days compared to those not immunized
before infection. Considering an epimastigote stage
protein that is not expressed by infective trypomastigote and intracellular stages, limited protection afforded
by GP56 was not surprising (Harth et al., 1994).
Cruzipain Cruzipain-immunized
mice
exhibited delayed death upon lethal challenge infection
(Laderach et al., 1996). Efforts to enhance the protective efficacy of cruzipain utilized codelivery of IL12 (plus neutralizing anti-IL-4 antibody) (Schnapp
et al., 2002) or CpGODN (Frank et al., 2003), selected
for their capacity to drive immunity toward a Th1
bias. Immunization of mice by either of these vaccines elicited high specific antibody titers. Spleen cells
from immunized mice, when stimulated in vitro with
antigen or infected φs, strongly proliferated and produced high levels of IL-2 and/or IFN-γ cytokines. All
immunized mice exhibited substantial resistance to
T. cruzi, evidenced by low parasitemia and 80% survival to acute infection. While cruzipain-specific Th1
responses were associated with protective immunity
to T. cruzi in vitro and in vivo, adoptively transferred
cruzipain-specific T cells failed to confer protection
against challenge infection in mice, indicating that
additional immune mechanisms were important to
cruzipain-specific immunity. Recombinant attenuated
Salmonella typhimurium serovar expressing cruzipain
served to elicit immunity to mucosal T. cruzi infection
in mice.
PFR The protective efficacy of PFR proteins has
been tested in detail. First, PFRs purified from T. cruzi
were shown to protect mice against lethal challenge
infection that was markedly governed by an antigen
delivery route. The subcutaneous route of antigen
delivery elicited protective immunity, while intraperitoneal injections elicited a strong, nonprotective
antibody response (Wrightsman et al., 1995). Similar
observations were made with recombinant PFRs. The
subcutaneous, but not intraperitoneal, administration
of PFR1 and PFR2 (individually or in combination)
with Freund or alum adjuvant provided significant
protection in 100% and 83% mice, respectively, against
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TABLE 69.2 Subunit vaccines against T. cruzi
Antigen

Adjuvant used

Experimental model mouse
(T. cruzi) strain

% Survival (dpia)

References

60 (100)c
Not detectedc
40 (12)
67–80 (60–100)c

Scott et al. (1985)
Santori et al. (1996)
Harth et al. (1994)
Laderach et al. (1996), Schnapp
et al. (2002), Frank et al. (2003)
Miller et al. (1996), Wrightsman
and Manning (2000), Wrightsman
et al. (2002), Luhrs et al. (2003)
Ouaissi et al. (2002)
Sepulveda et al. (2000)
Araujo et al. (2005)

Protein vaccine
GP90
GP82
GP56
Cruzipainb

Saponin
Alum
Freund adjuvant
IL-12, CpGODN

PFR1, PFR2b

Alum, Freund, IL-12

CBA, Marmoset (Y)
Balb/c (CL)
Swiss-Webster (Y)
C3H/HeN (RA) Balb/c
(Tulahuen)
C57BL/6, Balb/c (Peru)

TC52
CRP
ASP2

Alum, Bordtella pertusis
Freund adjuvant
Alum, CpGODN

Balb/c (Y)
Balb/c (Y)
A/Sn (Y)

62 (120)c
10 (40)e
53.3 (60)d

DNA vaccine
CRP
TSA1b

None
IL-12 ⫹ GM-CSF

100 (40)c
60 (140)d

ASP1b
ASP2b
ASP2
ASP9
TSb
TSSAb

IL-12 ⫹ GM-CSF
IL-12 ⫹ GM-CSF
None
None
None
IL-12, RANK-L

KMP11
LYT1
FCaBP
TCβ3
PFR2
PFR3
ASP1 ⫹ ASP2 ⫹ TSA1
TS family members
Mucin family members
ASP2 ⫹ TSA1

HSP-70
IL-12 ⫹ GM-CSF
IL-12 ⫹ GM-CSF
IL-12 ⫹ GM-CSF
HSP70
HSP70
IL-12 ⫹ GM-CSF
None
None
None

Balb/c (Y)
Balb/c, C3H/HeSnJ, C57BL/6
(Brazil)
C3H/HeSnJ, C57BL/6 (Brazil)
C3H/HeSnJ, C57BL/6 (Brazil)
A/Sn (Y)
Balb/c (Y)
Balb/c (Y)
Balb/c, C3H/HeJ, C57BL/6, B6
(Tulahuen)
Balb/c (Y)
C57BL/6 (Brazil)
C57BL/6 (Brazil)
C57BL/6 (Brazil)
Balb/c (Y)
Balb/c (Y)
C3H/HeSnJ, C57BL/6 (Brazil)
C57BL/6 (Brazil)
C57BL/6 (Brazil)
A/Sn (Y)

83–100 (30–60)c

50 (70)c
80 (75)
0 (75)
0 (75)
100 (35)c,f
100 (35)c
83 (140)c
75 (75)
25 (75)
86 (60)c,f

Sepulveda et al. (2000)
Wizel et al. (1998a), Garg and
Tarleton (2002)
Garg and Tarleton (2002)
Garg and Tarleton (2002)
Vasconcelos et al. (2004)
Boscardin et al. (2003)
Costa et al. (1998)
Katae et al. (2002), Miyahira et
al. (2003)
Planelles et al. (2001)
Fralish and Tarleton (2003)
Fralish and Tarleton (2003)
Fralish and Tarleton (2003)
Morell et al. (2006)
Morell et al. (2006)
Garg and Tarleton (2002)
Fralish and Tarleton (2003)
Fralish and Tarleton (2003)
Vasconcelos et al. (2004)

⬍60 (140)d
80 (140)c,f
63 (60)d,f
100 (60)c
100 (50)c,f
80–100 (40)c

Immunotherapeutic DNA vaccine
TSA1b
None
TC24b
None
TSA1
None
TSA1
None
TSA1
None
ASP9
None
TS
None
TSA1
None
Tc52
None
Tc24
None

Balb/c (H4), acute model
Balb/c (H4), acute model
CD1 (H1), chronic model
ICR (H1), acute model
ICR (H1), chronic model
ICR (H1), acute model
ICR (H1), acute model
ICR (H1), acute model
ICR (H1), acute model
ICR (H1), acute model

70 (45)c,f
100 (45)c,f
100 (140)f
Not detectedc,f
Not detectedc,f
50 (50)e
50 (50)e
70 (50)c,f
75 (50)c
85 (50)c,f

Dumonteil et al. (2004)
Dumonteil et al. (2004)
Dumonteil et al. (2004)
Zapata-Estrella et al. (2006)
Zapata-Estrella et al. (2006)
Sanchez-Burgos et al. (2007)
Sanchez-Burgos et al. (2007)
Sanchez-Burgos et al. (2007)
Sanchez-Burgos et al. (2007)
Sanchez-Burgos et al. (2007)

Recombinant virus vaccine
Ad-TSSA/MVA-TSSA
rAD-ASP2
rAD-TS
rAD-ASP2 ⫹ rAD-TS

C57BL/6 (Tulahuen)
Balb/c (Y)
Balb/c (Y)
Balb/c (Y)

100 (50)c
80 (160)c
50 (160)d
100 (160)c

Miyahira et al. (2005)
Machado et al. (2006)
Machado et al. (2006)
Machado et al. (2006)

MVA-RANK-L
None
None
None

a

Experimental animals were observed for survival for n days postinfection.
These antigens were shown to provide variable degree of protection in different mouse strains (data presented is from the animal model that
exhibited best protection).
c
Upon challenge infection, immunized animals exhibited very low (ⱕ10%) parasitemia as detected in unimmunized/infected animals (data
presented is from the animal model that exhibited best protection).
d
Upon challenge infection, immunized animals exhibited moderate (~50%) parasitemia as detected in unimmunized/infected animals (data
presented is from the animal model that exhibited best protection).
e
Upon challenge infection, immunized animals exhibited similar parasitemia as detected in unimmunized/infected animals (data presented is
from the animal model that exhibited best protection).
f
Immunization with these antigens was effective in decreasing the severity of chronic disease, evaluated by histopathological analysis of
cardiac tissue biopsies.
b
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a lethal T. cruzi challenge. PFRs alone or delivered
with other adjuvants (QS-21, Ribi-700, IL-12), irrespective of the route of antigen delivery, failed to control
T. cruzi infection (Miller et al., 1996). Protection
afforded by PFRs plus Freunds or alum adjuvants was
associated with high levels of IFN-γ and IL-2 and low
levels of IL-4 production in immunized mice. Using
knockout mice depleted in specific immune functions,
it was shown that PFR-induced protective immunity
was MHC I- and CD8⫹ T cell-dependent, and B cell
responses were not necessary for resistance to T. cruzi
infection (Miller et al., 1997). The function of CD4⫹
T cells in PFR-immunized mice was associated with
parasite clearance, as was also evidenced by the fact
that these CD4⫹ T cells released IFN-γ and stimulated
NO production in infected φs, essential for killing of
T. cruzi (Miller et al., 1997). Others showed that protection against T. cruzi in PFR-immunized mice was
provided by induction of a highly polarized type 1
cytokine profile (Luhrs et al., 2003).
TC52 TC52 recombinant protein–elicited protection
from infection in immunized mice was associated with
TC52-mediated: (i) alleviation of immunosuppression
otherwise presented by acute T. cruzi infection, and
(ii) enhanced maturation of dendritic cells that play
a central role in initiation of Th1 immunity (Ouaissi
et al., 2002). The activation/maturation of dendritic
cells from immunized mice was evidenced by increased
CD83 and CD86 expression, inflammatory chemokines
(IL-8, MCP-1, and MIP-1α) production, and presentation of potent co-stimulatory properties. Codelivery of
alum or Bordtella pertusis adjuvants enhanced the protective efficacy of TC52 in immunized/infected mice.
CRP Immunization of mice with either the protein or DNA CRP vaccine elicited a Th1 type T cell
response, comparable antibody titers, and similar
immunoglobulin G isotype profiles. Only mice immunized with CRP-encoding plasmid produced antibodies that exhibited complement-dependent cytotoxicity to parasites and were protected against a lethal
challenge infection with T. cruzi; thus suggesting the
superiority of DNA immunization over protein immunization with recombinant CRP (Sepulveda et al.,
2000).
ASP2 Protective efficacy of ASP2 was reported
recently. Immunization of A/Sn mice with ASP2
recombinant protein alone or with ASP2 DNA followed by ASP-2 recombinant protein resulted in 53%
and 75 % survival, respectively (Araujo et al., 2005).
Six ASP2-recombinant peptides, representing different segments of the ASP2 protein were tested
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for their efficacy as immunogen with alum and
CPGODN 1826 adjuvants. ASP2 peptide consisting
of the CD8⫹ epitope provided 100% survival from
challenge infection, indicating the importance of a
CD8⫹ T cell response in eliciting protection against
T. cruzi infection (Araujo et al., 2005).

Subunit DNA Vaccines
Trans-Sialidase Genes The vaccine potential of
several members of the TS gene family has been
examined by the authors and others. TSA1, to our
knowledge, was the first subunit DNA vaccine tested
against T. cruzi. Intramuscular immunization of TSA1
in C57BL/6 (H-2b) and Balb/c (H-2d) mice generated
efficient antiparasite antibody responses and primed
CTLs that lysed antigen-presenting cells in an antigenspecific, CD8⫹ T cell-dependent manner. When challenged with T. cruzi, immunized mice (64% C57BL/6
and 89% Balb/c) survived lethal infection (Wizel
et al., 1998a).
We have evaluated the protective efficacy of ASP1
and ASP2 DNA vaccines. C57BL/6 mice immunized
with ASP1- or ASP2-encoding plasmids elicited protective levels of immune responses, evidenced by
decreased parasitemia and 50% and 80% survival rates,
respectively, from lethal infection (Garg and Tarleton,
2002). Codelivery of IL-12- and GM-CSF-encoding
plasmids with ASP1- or ASP2-expression vectors
resulted in splenomegaly, an indicator of the increase
in lymphocyte activation and enhanced immune
reactivity. In addition, an increase in the induction of
immune responses, i.e., antigen-specific CTL activity, parasite-specific humoral immune responses,
and secretion of type 1 cytokines (IFN-γ), correlated
with improved resistance to challenge infection, was
observed following co-administration of cytokines
with T. cruzi antigen-encoding plasmids. Importantly,
mice immunized with ASP2 plus cytokine adjuvants
exhibited better control of chronic inflammation and
pathological lesions. This was the first observation
to demonstrate that vaccination strategies capable of
reducing the parasite burden below a threshold level
will be successful in controlling the severity of chronic
disease and provided a foundation for testing the vaccine potential of other T. cruzi antigenic targets as DNA
vaccines.
Others have reported the protective efficacy of
ASP2 in A/Sn mice, which are highly susceptible to
T. cruzi. Mice immunized with ASP2-encoding plasmid exhibited moderate parasitemia and minimal
inflammatory foci in the heart and striated muscle.
Subsequently, 63% of the immunized mice survived
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as compared to controls that succumbed to challenge
infection. Protective immunity was associated with
increased secretion of IFN-γ by spleen cells and the
presence of ASP-2-specific CD8⫹ T cells (Vasconcelos
et al., 2004).
The immunogenic potential of a TS gene encoding
the enzymatically active trans-sialidase was demonstrated by Costa et al. (1998). Mice immunized with
TS-expressing plasmid were protected from challenge infection. The protective efficacy achieved by a
DNA–DNA TS vaccine was not increased by DNArecombinant protein vaccination approach (Vasconcelos
et al., 2003). Along with the protection afforded by
T-cell-mediated immune responses, a strong antibody
response that was elicited in immunized mice contributed to protection from infection through inhibition
of the enzymatic activity of the native enzyme. It was
proposed that inhibition of TS activity prevented the
sialylation of parasite surface mucins, a step essential for attachment, invasion, and survival of T. cruzi
(details in section Abundantly Expressed Surface
Antigens).
TSSA, another TS surface antigen, when delivered
as a DNA vaccine in mice, elicited CD4⫹ and CD8⫹ T
cell-dependent protective immunity against T. cruzi.
Codelivery of IL-12 DNA improved the antigenspecific CD8⫹ T cell activity and vaccine efficacy of
TSSA, as evidenced by the efficient control of parasitemia and tissue inflammation, and increased survival from infection in immunized mice (Katae et al.,
2002). RANK-L, the ligand to receptor activator of
NFκB, is implicated in CD40-CD40L-independent T
cell priming by dendritic cells. Similar to IL-12, the coadministration of RANK-L-encoding gene enhanced
the CD8⫹ T cell-dependent vaccine efficacy of TSSA in
mice (Miyahira et al., 2003).
KMP11, nonimmunogenic itself, was expressed
in fusion with heat shock protein 70 (HSP70) that
has adjuvant properties (Qazi et al., 2005). Murine
immunization with KMP11-HSP70 elicited antigenspecific, long-lasting IgG2a antibody response and
CD8⫹ CTL lytic activity, and subsequently, better control of parasitemia and 50% survival from lethal infection (Planelles et al., 2001).
A LYT1-encoding gene delivered with IL-12 and
GM-CSF elicited antigen-specific CD8⫹ CTLs and
resulted in an 80% survival rate following lethal challenge infection (Fralish and Tarleton, 2003).
PFR2 and PFR3 were expressed in fusion with
HSP70 for its adjuvant properties, and delivered to
chronically infected mice. Immunization with PFR2HSP70 and PFR3-HSP70 induced high levels of PFRspecific IgG2a antibodies. However, only PFR2-HSP70
elicited a statistically significant CTL response that

was sufficient to provide protection against T. cruzi
infection (Morell et al., 2006).
Not all of the antigenic targets were found to be useful as DNA vaccine candidates. For example, genes
encoding FCaBP, TCβ3, mucins, and CCL4/MIP-1β
failed to provide any protection from T. cruzi infection
(Katae et al., 2002; Fralish and Tarleton, 2003; Roffe
et al., 2006). It is interesting that FCaBP and TCβ3 were
recognized by CTLs in infected mice and elicited a
cell-mediated immune response in mice when delivered as a DNA vaccine, implying that mere elicitation
of CD8⫹ T cell responses by an antigen is not indicative of its vaccine potential. Similarly, all of the genes
that provided protection in one mouse strain were not
protective in other inbred strains of mice. Examples
include ASP1, ASP2, TSA1 that were tested individually or in combination (Garg and Tarleton, 1998), and
TSSA (Katae et al., 2002). All of these genes failed to
alter susceptibility of C3H mice to T. cruzi infection,
suggesting host genetic restriction may also contribute
to inefficacy of vaccine candidates.
Multicomponent Subunit Vaccines
Considering that an increase in the level and diversity of T. cruzi-specific immune responses could enhance
the protective capacity of DNA vaccines, some investigators tested immunization with multiple genes
encoding members of the TS or mucin families. The
ability of the mixed genes to elicit protective immune
responses depended upon: (i) the amount of a given
plasmid sufficient to elicit protective responses, and (ii)
the total amount of DNA that can be injected without
toxicity. Various dilutions of TS family members (ASP1,
ASP2, and TSA1) (0.001–33 μg/mouse) were tested and
showed that codelivery of as little as 1 ng of each gene
(plus IL-12 and GM-CSF adjuvants) resulted in the activation of a substantial, antigen-specific CTL response,
while 10 ng of each DNA was needed to induce moderate levels of a parasite-specific antibody response (Garg
and Tarleton, 1998). The level of resistance to T. cruzi
infection correlated with the amount of DNA delivered,
the maximal protection being obtained with 1 μg of
each vaccine DNA plus cytokines. An inhibitory effect
on the elicitation of antigen-specific immune responses
was not observed when mice were immunized with the
mixture of plasmids, indicating that multiple genes with
or without cytokine adjuvants can be used in developing immunization strategies for control of T. cruzi
infection. The level of protection from T. cruzi infection induced in mice immunized with mixture of TS
family members (Garg and Tarleton, 2002; Fralish and
Tarleton, 2003) was, however, not significantly better
than that induced in mice immunized with individual
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family members (Table 69.2). Attempts to enhance the
protective efficacy of TS family members by a DNA
prime-protein boost approach were also not successful
(Vasconcelos et al., 2003). No protection was observed
in mice immunized with a pool of genes encoding
mucin family members (Fralish and Tarleton, 2003).
The findings of either no or little induction of protective
immunity with a cocktail of antigen-encoding vectors
was attributed to the fact that genes of large families
may express shared epitopes that do not present any
protective benefits in inbred mice. It was anticipated
that the potential synergistic immunologic benefit of
a combination of epitopes from multiple genes would
induce a higher frequency of immune effectors in
heterogeneous host populations and provide effective immunity against diverse parasite strains, both of
which would likely be verified in future studies.

Genome-Based Vaccines
By using the sequence database of T. cruzi
(El-Sayed et al., 2005), there is the potential to conduct a large-scale, unbiased screening of the T. cruzi
genome for the identification of genes of interest.
Sophisticated bioinformatics programs are designed
to evaluate gene functions on the basis of homologies to genes characterized in other organisms and
the presence of motifs predictive of targeting, cellular
localization, surface expression, and functional characteristics of the gene product. Such programs have
the ability to circumvent the time-consuming, laborious experimental techniques and allow us to directly
proceed from sequence information to antigenic target
identification and vaccine design. Web-based bioinformatics tools coupled with an experimental strategy
have been employed for the identification of putative
genes encoding GPI-anchored or secreted proteins
in a T. cruzi-expressed sequence tag (EST) database.
Molecular and biochemical characterization of eight
of the sequences selected by this approach demonstrated that the encoded proteins were conserved in
the genome of T. cruzi strains of clinical importance
and expressed as surface proteins during different
developmental stages of the parasite. When delivered as a DNA vaccine in mice, the selected antigens
elicited a trypanolytic antibody response that was in
agreement with the intensity of the surface expression
of these proteins in infective and intracellular stages
of the parasite (Bhatia et al., 2004). This study validated the hypothesis that a T. cruzi sequence database
committed to appropriate screening strategies would
be an efficient resource for the identification of potential vaccine candidates.
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Therapeutic Vaccines
No approved postexposure immunoprophylactic or
therapeutic treatment exists for T. cruzi. Several studies have shown improved survival and preservation
of cardiac structure in acutely or chronically infected
mice treated with TSA1-, Tc52-, and TC24-encoding
genes (Dumonteil et al., 2004; Sanchez-Burgos et al.,
2007) that was associated with vaccine-induced rapid
increase in the number of CD4⫹ and CD8⫹ T cells
(Zapata-Estrella et al., 2006). Conversely, treatment of
acutely infected mice with ASP2-, and TS-encoding
plasmids was not effective in controlling parasetimia
or prolonging survival (Sanchez-Burgos et al., 2007;
Dumonteil, 2007).

Recombinant Virus Vaccines
Replication-deficient recombinant human viruses
have an unprecedented ability to induce strong Th1
type immune response (Rocha et al., 2004). Several
studies have been performed to evaluate the ability
of the recombinant viruses encoding T. cruzi genes
in inducing a long-lasting and protective immunity
against T. cruzi infection in experimental models.
Priming of immune response in mice with adenovirus
encoding a single CD8⫹-T-cell epitope derived from
TSSA antigen, followed by boosting with vaccinia
virus encoding the same CD8⫹-T-cell epitope along
with vaccinia virus encoding RANK-L as adjuvant
provided significant protection against lethal T. cruzi
infection (Miyahira et al., 2005) (Table 69.2). Further,
recombinant adenoviruses encoding ASP2 and
TS antigens, alone or in combination, elicited strong
antibody and T-cell responses and provided high level
of protection against lethal T. cruzi challenge in mice
(Machado et al., 2006). These studies have opened
another arena for developing and testing the potential
of T. cruzi vaccines.

Summary
Taken together, the above studies established the
immunogenic potential of several of the parasite surface antigens and provided evidence for the usefulness
of a DNA immunization approach in eliciting protective immune responses against T. cruzi. Unfortunately,
all of the tested antigen(s) that conferred protection
for a short term (2–4 weeks after vaccination) failed to
confer long-term immunity. Further, all of the defined
antigens tested so far, individually or in combination,
with or without adjuvants, failed to produce sterile
immunity and/or prevent death from infection in
100% of the vaccinated animals. It is surmised that
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the immune responses elicited by the tested vaccine
candidates were either below the threshold required
for generation of sterile immunity or were not rapid
enough in their kinetics to control T. cruzi efficiently
during the acute phase of infection. The ability of
parasites to utilize multiple immune-evasion mechanisms may also contribute to T. cruzi survival in the
immunized host.

PROSPECTS FOR THE FUTURE
Studies in experimental models have delineated
the effector mechanisms that are essential to provide
resistance to T. cruzi infection. Several defined vaccine candidates are known to elicit partially protective immunity against T. cruzi. A systemic approach to
vaccine development against T. cruzi in future studies
would require further characterization of protective
immune responses, identification of new antigenic
targets of these protective responses, development of
efficient antigen delivery systems, and use of adjuvants and vaccination regimens to enhance the protective responses to known vaccine candidates. Given the
complexity of the T. cruzi genome, multiple life cycle
stages in the mammalian host, and strain variations,
it is essential that substantial efforts are employed
in selecting the appropriate vaccine candidates.
Microarray analysis has emerged as a powerful technology to assess differential gene expression in various stages or strains of pathogens, and identification
of stage-specific virulence genes that could be potent
drug or vaccine targets (Rathod et al., 2002; Grifantini
et al., 2002). The development and free availability of
complete genome arrays will facilitate the efforts of
the research community in identifying stage-specific
novel genes that may also be conserved across various lineages of T. cruzi and serve as potential vaccine
candidates. Development of computational strategies
for efficient screening of the T. cruzi EST database has
proven to be useful in identifying novel vaccine candidates (Bhatia et al., 2004) and we anticipate that complete sequencing and annotation of T. cruzi genome
(El-Sayed et al., 2005) would facilitate the unbiased
identification and testing of additional vaccine candidates in the next 5 years. Once the selected antigens are shown to be effective in eliciting protective
immunity in mice, testing and optimization of the
gene-mixes consisting of protective candidates that
synergize in their antigenic activity would facilitate
formulation of the multivalent vaccines capable of
providing maximally protective immunity against
T. cruzi. Further development of small (mice) and

large animal models (dogs) would be essential to conduct the field studies and adequately assess the protective efficacy of vaccines in providing short- and
long-term immunity before a clinical trial in humans
can be envisioned.
Given the parasites’ ability to evade immune detection and survive long-term in an immuno-competent
host, it is unlikely that anti-T. cruzi vaccines would be
effective in preventing infection or in providing sterile
immunity. It is, however, likely that vaccines capable of
eliciting immune responses that are sufficient to keep
the parasite burden below a threshold level would be
effective in eliminating the parasite-mediated pathology and tissue injury and thus arrest the progression of
Chagas disease severity.

KEY ISSUES
●

●

●

●

●

●

●

●

Several studies have shown that control of acute
parasitemia and tissue parasite burden is an
effective approach in arresting the development
and progression of disease.
Some success with the first-generation vaccines,
including fractionated or inactivated parasites, led
the identification of effector immune mechanisms
against T. cruzi.
The use of new technologies and experimental
systems has allowed a better understanding of the
mechanisms underlying the protective immune
response against T. cruzi.
Secreted and GPI-anchored proteins of T. cruzi are
recognized as the best choice for the development
of subunit vaccines.
The DNA vaccination approach has proved to be
promising in eliciting both humoral and cellular
immune responses and testing and identification of
vaccine candidates against T. cruzi.
Completion of T. cruzi genome sequencing and
development of a variety of bioinformatics and
computational tools would allow the global
screening of the genome for the identification of
novel vaccine candidates.
The complexity of the parasite life cycle,
expression of developmentally regulated
proteins in different morphological stages, and
multifaceted manifestations of Chagas disease
caused by different T. cruzi strains necessitates the
identification of multiple antigenic targets.
The complexity of the protective immune responses
constituted by lytic antibodies, CTLs, and type 1
cytokines complicates the selection of protective
vaccine candidates.
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The expression of immune-suppressive membrane
antigens (SAPA (Gorelik et al., 1998), AGC10
(Kierszenbaum et al., 1999)) and the parasite’s ability
to utilize multiple immune-evasion mechanisms
(Sztein and Kierszenbaum, 1993; Ouaissi et al., 1995,
2001) may limit the immunoprotective capacity of
anti-T. cruzi vaccines.
The lack of interest of large pharmaceutical
companies in developing vaccines against tropical
diseases requires a major commitment from the
health care agencies of developed and endemic
countries.
Concerted efforts are needed in testing the vaccine
potential of known and novel antigenic targets,
followed by the design of a multicomponent
vaccine cocktail that is effective in eliciting
protective immunity in multiple hosts against
different parasite strains.
Evaluation of route and mode of delivery,
immunization dose and regimens, and the role of
adjuvants in eliciting maximal protective immunity
in experimental hosts would provide an impetus
for future developments.
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