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Dengue

M. Cristina Cassetti, Ph.D., National Institute of Allergy and
Infectious Diseases, National Institutes of Health

engue is a mosquito-borne infection that in the 1950s

affected only a few countries in Southeast Asia and

Latin America [1]. The disease is now endemic in more
than 100 countries in Africa, the Americas, the Eastern
Mediterranean, Southeast Asia, and the Western Pacific. The
World Health Organization estimates that approximately
two-fifths of the world ’s population is at risk of dengue
infection [2]. Dengue also has started to cause outbreaks in
the United States (Hawaii in 2001, Texas in 2005, and Florida
in 2010) after having been absent from the country for more
than 50 years. The reemergence of dengue in many parts of the
world is believed to have been caused by increased urbaniza-
tion and international travel and by climate changes that have
affected the habitat and geographical distribution of the Aedes
mosquitoes that spread dengue virus.

Dengue infections are caused by four different virus
serotypes (DENV-1, -2, -3, and —4). The majority of dengue
infections are either asymptomatic or result in a mild, self-
limiting influenza-like illness called dengue fever (DF). In
some cases, dengue infection results in severe disease—dengue
hemorrhagic fever (DHF) or dengue shock syndrome (DSS)—
which causes significant morbidity and mortality, especially in
children [2].

The risk factors for developing severe dengue disease are
not yet understood, but it is believed that pathogenic immune
responses play an important role. Epidemiological studies have
shown that the majority of DHF/DSS cases occur in secondary
infections with a different serotype or in infants born to
DENV-seropositive mothers. There are two main theories
to explain these observations. In the first theory, antibodies
produced in response to the initial infection do not neutralize
the second heterotypic infection, but instead form a complex
with the virus and enhance the infection by facilitating entry
into Fc receptor-bearing cells. This phenomenon is called
antibody-dependent enhancement (ADE) [3]. ADE has recently
been demonstrated in mouse models of dengue disease [4,

5]. In the second theory, severe dengue disease is caused by
pathogenic cytokines that are produced by infected T cells
in response to a secondary infection with a different viral

serotype. In this theory, proposed to explain severe disease
in older children and adults, the secondary infection with a
different serotype induces a memory T-cell response that has
low affinity for the second virus and results in altered T-cell
functional responses and dysfunctional cytokine produc-
tion that can cause disease. Studies in human infections and
animal models have provided evidence for this theory [6]. It
is likely that both antibodies and T cells play a role in disease
development.

Vaccines for dengue are not currently available, though
research to develop a vaccine has been ongoing since the 1930s.
There are several factors that have impaired the development
of a dengue vaccine. First, an ideal dengue vaccine should
confer strong and long-lasting neutralizing immunity against
all four dengue serotypes. Partially protective or short-lasting
immunity induced by dengue vaccines has the potential to
cause enhanced disease if vaccine recipients are subsequently
exposed to infection [7]. This potential risk has made the
evaluation of dengue vaccines in endemic countries difficult.
Second, there are no good animal models that recapitulate
human dengue disease, and therefore it has been difficult to
measure the attenuation of live vaccines and vaccine efficacy
before evaluating them in humans [8]. Third, it can be difficult
to achieve balanced immune responses against all serotypes
in tetravalent live-attenuated vaccines, as the individual virus
components of the vaccines can interfere with each other [9].
Despite these difficulties, significant progress has been made
in the last few years toward developing a vaccine, and the
research community is now closer than ever before to having
an approved dengue vaccine on the market.

Currently, the vaccine that is most advanced in develop-
ment is the ChimeriVax dengue vaccine developed first by
Acambis and more recently by Sanofi Pasteur. This vaccine is
a mix of four recombinant, live-attenuated yellow fever 17D
vaccine viruses, each one expressing the premembrane (prM)
and envelope (E) genes of one of the four dengue serotypes.
This vaccine has been tested in several Phase I and Phase II
clinical trials in the United States, Asia, and Latin America,
in both adults and children. After three doses given 6 months
apart, the vaccine confers balanced immune responses against
all four serotypes and seems to be well tolerated [9]. Phase
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trials of this vaccine started in Australia in 2010 and are

currently ongoing.

Three other vaccines are currently in clinical development:

1.

The Laboratory of Infectious Diseases (LID) at the National
Institute of Allergy and Infectious Diseases (NIAID)

is developing a similar tetravalent, recombinant, live-
attenuated dengue vaccine, based on an attenuated DENV-4
rather than a yellow fever 17D “backbone.” LID used several
novel methods to discover mutations capable of attenuating
dengue virus [10]:

* Researchers followed a reverse genetics approach to
remove a stretch of 30 nucleotides shared by all serotypes
in the untranslated region (UTR) of the genome. This
mutation (A30) was attenuating and genetically stable,
thus making the tetravalent vaccine safer by preventing
viruses from reverting to virulent form.

* Researchers made use of a chemical mutagenesis screen
that produced an extensive collection of mutated dengue
virus strains, some of which presented useful character-
istics, including attenuated replication. DNA sequencing
of these virus strains identified the attenuating genetic
changes that would be useful for engineering a live-
attenuated dengue vaccine.

* Researchers continued improving on the original delta
30 modification by removing additional nucleotides
from the UTR and by swapping UTRs bearing delta 30
between different serotypes.

Following identification of a suitably attenuated DENV-4,
LID used this strain as the background to create chimeric
viruses in which the structural genes were replaced with
those derived from the other three serotypes. Using a
combination of these techniques, LID was able to achieve
optimal levels of attenuation and immunogenicity for

all four serotypes. These attenuated viruses are presently
being evaluated in human trials and already have shown
evidence of being safe and immunogenic. Seven LID Phase
I clinical trials in the United States have evaluated different
monovalent formulations to find the best candidates for use
in a tetravalent formulation. In 2010, LID initiated Phase

I clinical trials of four different combinations of tetrava-
lent vaccine to determine the best formulation to induce

2.

balanced immune responses against all four serotypes.
Because vaccine strains also were selected for their ability to
grow well in cultured cells, the cost of manufacture should
be low, thus making the vaccine attractive to developing
countries in dengue-endemic areas. This vaccine technology
has been licensed to industry partners in Brazil, India, and
Vietnam for further development.

A different tetravalent, recombinant, live-attenuated
vaccine is currently being developed by InViragen [11]. The
backbone for this vaccine is an attenuated DENV-2 strain
(PDK-53) developed by the Centers for Disease Control and
Prevention that was shown to be safe and immunogenic in
Phase I clinical trials. The structural genes (prM and E) of
this virus have been replaced with those of the other three
strains. The tetravalent vaccine is a mixture of four viruses:
PDK-53 and PDK-53 expressing the structural proteins of
DENV-1, DENV-3, and DENV-4. This vaccine has been
shown to be safe and immunogenic in animal models. In
2010, InViragen initiated clinical evaluation of this vaccine
in two Phase I trials: one in the United States (through the
NIAID Vaccine and Treatment Evaluation Units) and one
in Colombia. Preliminary data suggest that this vaccine is
well-tolerated and immunogenic in healthy adults.

. Another vaccine, a recombinant subunit vaccine based on

the truncated form of the dengue E glycoprotein (80E),
originally was developed by Hawaii Biotech and is now
being developed by Merck [12]. This vaccine is produced in
Drosophila cells and has been shown to be safe and effec-
tive in preclinical studies. In 2009, a monovalent DENV-1
vaccine formulated with alum adjuvant was evaluated in

a double-blind, placebo-controlled, dose-escalation safety
study in healthy people. Preliminary results show that this
vaccine is well-tolerated and immunogenic. The vaccine is
now being reformulated with Merck’s proprietary saponin-
based adjuvants. Plans for further clinical development are
being discussed.

Several additional vaccine candidates using a wide variety
of approaches are currently in preclinical development.
These include inactivated whole virus particles, viral
expression vectors such as Venezuelan equine encephalitis
replicon vectors and adenoviruses, DNA-based vaccines,
epitope-based vaccines, and immunogenic fragments of
recombinant E glycoprotein with a variety of adjuvants.
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VACCINE AGAINST CHIKUNGUNYA VIRUS IN DEVELOPMENT

Gary J. Nabel, M.D., Ph.D. and Ken Pekoc

National Institute of Allergy and Infectious Diseases, National Institutes of Health

The National Institute of Allergy and
Infectious Diseases (NIAID) soon hopes
to launch a Phase | clinical trial of a
candidate vaccine for chikungunya virus,
a mosquito-borne pathogen that has
infected millions of people, primarily in
Africa and Asia, and causes debilitating
pain. Researchers at NIAID’s Vaccine
Research Center (VRC) developed the
vaccine and are making pharmaceutical-
quality supplies of it in the VRC produc-
tion facility for their clinical research.
Phase | trial objectives include exami-
nation of vaccine safety and tolerability
and early assessment of the immune
response.

The vaccine uses virus-like particles
(VLPs) to elicit an immune response.

VLPs essentially present the outer sur-
face of chikungunya virus, but lack DNA
and therefore pose no infection risk.
VRC studies in mice and nonhuman
primates have shown that immunization
with the candidate vaccine produces
antibodies that can protect against a
live virus challenge, even one nearly

4 months after immunization.

There presently is no vaccine or
treatment for chikungunya virus infection.
Chikungunya was isolated in Tanzania
during the early 1950s. The name is
derived from a tribal dialect word that
means “that which bends up,” reflecting
the contorted posture of chikungunya
patients suffering severe joint pain as a

result of the disease. The joint pain can
be incapacitating and long-lasting.

VLP vaccines are relatively new:
The Food and Drug Administration has
approved one for hepatitis B virus and
one for human papillomavirus. The VRC
work marks the first time scientists
have used VLPs in a vaccine to protect
against chikungunya virus, which is in
the genus Alphavirus. The VRC scien-
tists plan to determine whether VLP
vaccines also will work against other
alphaviruses, such as Western and
Eastern equine encephalitis viruses
found in the United States and o’'nyong-
nyong virus found in Africa.
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Severe Acute Respiratory Syndrome

Frederick J. Cassels, Ph.D., National Institute of Allergy and
Infectious Diseases, National Institutes of Health

Background

n the spring of 2003, the world first learned of an outbreak

of a newly recognized atypical pneumonia that was subse-

quently named severe acute respiratory syndrome (SARS).
Believed to have originated in the Guangdong province of
China in late 2002, SARS quickly spread to Hong Kong,
Taiwan, Singapore, Canada, Vietnam, and, ultimately, to a
total of 29 countries. Overall, the World Health Organization
reported 8,096 probable cases of SARS and 774 fatalities in less
than 1 year; 27 of those cases were in the United States [1].

The speed with which the global health community
responded to SARS was unparalleled. Shortly after SARS first
emerged, the disease’s etiological agent was identified as a
novel coronavirus called SARS-CoV, which was determined
to be phylogenetically distinct from previously known human
and animal coronaviruses [2]. Characterization of the virus
indicated that it was a single-stranded, positive-sense RNA
virus, with a large genome of 29.7 kilobases.

SARS-CoV was discovered to be primarily transmitted
by close contact from person to person via large respiratory
droplets. Initial signs of illness included flu-like symptoms,
with fever, cough, body aches, and malaise after an incubation
period ranging from 3 to 10 days. Most patients developed
pneumonia, and more than 60 percent of chest X-rays showed
infiltrates. Up to 20 percent of individuals had diarrhea.

Epidemiological investigations showed that SARS dispro-
portionately affected healthcare workers and close contacts
of SARS patients, such as family members. Higher mortality
was observed in older patients, with more than 50 percent of
fatalities occurring in people 65 years of age or older. Children
were the least likely to develop the disease [3].

The SARS-CoV outbreak likely originated in a few exotic
animals in Guangdong marketplaces. SARS-CoV-like viruses,
with 99 percent identity to human strains, were isolated
primarily from Himalayan palm civets as well as other market-
place animals. From two independent field studies, another
animal species, the Chinese horseshoe bat, was subsequently
found to harbor a SARS-CoV-like virus that was 93 percent

identical to human SARS-CoV [4, 5]. Because SARS—-CoV-

like virus was not found in wild or farm-raised palm civets,

it is thought that the horseshoe bat may serve as the natural
reservoir of the virus, with the civet serving as the intermediate
host. Both animals were sold in Chinese wet markets.

Months after the disease first emerged in mainland China,
the clinical syndrome was characterized, the etiological agent
was identified, diagnostic tests were developed, and the virus
genome was completely sequenced. The speed of scientific
understanding and information exchange, combined with
critical public health measures such as patient isolation
and infection control, eventually led to successful outbreak
containment. In July 2003, the World Health Organization
officially declared the outbreak over. Since then there have been
four separate laboratory-acquired SARS infections—one each
in Singapore and Taiwan, and two in China. In addition, two
individuals in southern China contracted SARS in December
2003 related to restaurant exposures.

There have been no new SARS cases reported since April
29,2004. Although the 2003 outbreak has not been repeated,
the threat has not disappeared, because an animal reservoir of
the precursor virus exists in nature and there is the possibility
of an accidental or intentional release of the virus. The popula-
tion in general, and SARS-CoV researchers specifically, remain
at risk without any available prophylactic or therapeutic. Although
the global health impact of the SARS 2003-2004 outbreak was
tremendous, it paled in comparison to the global economic
impact with respect to travel, tourism, and service industries.

SARS Research, Development, and Clinical Testing
National Institute of Allergy and Infectious Diseases (NIAID)-
supported scientists have made significant advances in
understanding SARS-CoV and its pathogenicity (Figure 1).
For example, researchers have identified and characterized
the lung receptor molecule, angiotensin converting enzyme-2
(ACE2), to which the S protein adheres [6]. Regions of interac-
tion between the S protein and ACE2 have been mapped and
characterized, and the domains of the S protein necessary for
viral infection have been determined [7]. This is particularly
important in designing improved candidate vaccines and
therapeutics. Researchers have learned that the entry of
SARS-CoV is blocked by inhibitors of the endosomal protease
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FIGURE 1.
SARS-CoV life cycle

SARS-CoV binds to the target cell via interaction between S protein and the cellular receptor ACE2 (angiotensin converting enzyme-2). This complex is translocated
to endosomes, S protein is cleaved by cathepsin L, membrane fusion occurs, and the viral genome is released. Viral proteins are transcribed from mRNAs, translated,
nucleocapsids assembled in the cytoplasm (from genomic RNA and N protein), then processed through the endoplasmic reticulum-Golgi intermediate compartment
(ERGIC). The infected cell releases fully virulent, intact virions through exocytosis [18]. Courtesy of New York Blood Center/Dr. Shibo Jiang

cathepsin L, and a secondary receptor that augments infection, ~ Vical, Inc., to manufacture a candidate SARS vaccine that was

L-SIGN, also was identified and characterized. found to prevent the SARS-CoV from replicating in laboratory
Researchers also have discovered that the Papain-like mice. The vaccine, composed of a modified piece of DNA that
protease (PLpro) of SARS-CoV has deubiquitinating activity, encodes the S protein of SARS-CoV, is expected to stimulate
which regulates the location and stability of cellular proteins. protective immunity in humans. A Phase I open-label clinical
They also determined PLpro’s three-dimensional structure [8], study to evaluate safety, tolerability, and immune response
and this work is contributing to the design of small-molecule to the vaccine was completed in December 2005. The study
inhibitors of this essential enzyme (Figure 2). enrolled 10 healthy volunteers, aged 18 to 50 years, who were
Researchers at the Dale and Betty Bumpers Vaccine given a three-dose vaccine regimen at 1-month intervals. The
Research Center, part of NIAID, worked in partnership with vaccine was well tolerated, with no or mild systemic or local
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FIGURE 2.

PLpro active site with inhibitor

The SARS-CoV papain-like protease (PLpro) enzyme is responsible for proteolytic processing of the viral polyprotein into its functional units. The PLpro active site is
depicted in ribbon, and the noncovalent, lead inhibitor in space-filling (sphere) formats [19, 20]. Courtesy of Purdue University/Dr. Andrew D. Mesecar

reactogenicity and no serious adverse events. The vaccine
induced neutralizing antibodies, which are strongly associated
with recovery from natural SARS infection, and produced
cellular immune responses that may be an important compo-
nent of SARS immunity [9].

Other efforts have been taken by private industry to
advance the development of a SARS vaccine. In May 2004, 36
volunteers in Beijing, China, received an inactivated SARS
virus vaccine at two dosage levels. The candidate vaccine is
produced by a Beijing-based company, Sinovac Biotech Ltd.
Most volunteers receiving this vaccine generated an antibody
response, and no obvious adverse side effects were noted [10].

Current State of the Science
Because it is not known which type of vaccine will be most
effective against SARS-CoV, NIAID supports several different
approaches to vaccine development.

In 2003, NIAID awarded contracts for the production
of experimental inactivated, whole-virus SARS vaccines as
well as for the production of a recombinant S protein subunit
vaccine [11, 12]. S protein is used by the virus to attach to lung

cells. A contract also was awarded to support the generation
of a monoclonal antibody to the S protein. This monoclonal
antibody demonstrated both prophylactic and therapeutic
properties in animals [13]. One of the contractors, Protein
Sciences Corporation, has manufactured and released clinical-
grade formulations of alum-adjuvanted and unadjuvanted
recombinant baculovirus-produced SARS S protein [14].

An Investigational New Drug Application was submitted in
mid-2011. The NIAID Vaccine and Treatment Evaluation Units
[15] are planning to conduct a Phase I dose-escalation clinical
trial of the candidate vaccine in 84 subjects.

In addition, NTAID-supported investigators are pursuing
several other vaccine approaches: a soluble S protein SARS
vaccine expressed from mammalian cells, an alphavirus
replicon vaccine against SARS, and the expression of SARS
proteins in virus-like particles. Two alternate strategies being
developed are a peptide-based vaccine approach and an attenu-
ated rhabdovirus (rabies) expressing the SARS S protein. As the
vaccine development process is long and difficult, it is hoped
that multiple strategies will prove safe and effective in animals
and, ultimately, in humans.
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FIGURE 3.

Receptor Binding Domain crystal structure

Depiction of the X-ray crystal structure of the SARS—CoV S protein receptor binding domain (RDB), amino acids 318-510, in ribbon format. The RDB is a promising
subunit vaccine candidate for SARS-CoV [17, 18]. Courtesy of New York Blood Center/Dr. Shibo Jiang

Novel subunit vaccine constructs for an S protein SARS
vaccine based on the receptor binding domain (RBD) are
being developed by the New York Blood Center (Figure 3).
Expression of S protein RBD constructs in 293T and CHO-K1
cells has been demonstrated. All RBD proteins expressed in
different expression systems have high specificity and remain
in intact conformation, as demonstrated by the binding of a
panel of monoclonal antibodies. Recombinant RBD (rRBD)
proteins made in various expression systems induce humoral
immune responses, as demonstrated by the induction of high
titers of antibodies that neutralize live SARS-CoV infection in
vaccinated mice [16, 17].

In addition to the vaccine work described, considerable
progress has been made on the development of therapeutics
for SARS-CoV. Quantitative structure-activity relationship
(QSAR) and other computational analysis provided input to
further chemical improvement that resulted in a current lead
inhibitor with an IC50 (half maximal inhibitory concentra-
tion) of 1.6 mM (millimolars) in an enzymatic assay and
an EC50 (half maximal effective concentration) of 2.5 mM
against the SARS virus in cell culture assays. The development

of non-covalent PLpro inhibitors with micromolar antiviral
activity appears significant. The crystal structure of PLpro
complexed with a lead inhibitor provides a solid foundation for
further design development. Investigators demonstrated the
synergy in efficacy for 3C-like protease (3CLpro) and PLpro
inhibitors, and they are now pursuing parallel discovery and
development of therapeutic inhibitors of both the 3CLpro and
PLpro enzymatic targets that appear to be most relevant to
SARS [18, 19].

Alternative SARS-CoV inhibitors have been investigated
based on their ability to block viral entry. Vinyl sulfides identi-
fied as very efficient inhibitors include K777, which previously
was identified as an inhibitor of Trypanosoma cruzi. Second-
generation analogs were generated and found to be between
twofold and tenfold more potent than K777 and potent against
other viruses as well, including Ebola and other human CoVs.
Mannose-binding lectin (MBL) can directly inhibit SARS-CoV
entry. Using a panel of spike mutants, an N-linked glycosyl-
ation close to the receptor binding site has been identified as
the primary moiety involved in MBL binding, which demon-
strated that MBL can inhibit entry only if applied prior to
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cathepsin L activation [20]. Unlike several other viral envelopes
to which MBL can bind, both recombinant and plasma-derived
human MBL directly inhibited SARS-CoV-mediated viral
infection. Mutagenesis indicated that a single N-linked glyco-
sylation site, N330, was critical for the specific interactions
between MBL and SARS-S. Despite the proximity of N330
to the receptor-binding motif of SARS-S, MBL did not affect
interactions with the ACE2 receptor or cathepsin L-mediated
activation of SARS-S-driven membrane fusion. Thus, binding
of MBL to SARS-S may interfere with other early pre- or post-
receptor binding events necessary for efficient virus entry [21].
In addition, NTAID contractors have screened 102,000
potential antiviral drugs and other compounds for activity
against SARS-CoV. Several compounds have demonstrated
antiviral activity and are being further tested in animal models.
Studies also have been conducted on the molecular
mechanisms regulating SARS-CoV pathogenesis in young and
aged mice. The resulting data suggest that the magnitude and
kinetics of a disproportionately strong host innate immune
response contributed to severe respiratory distress and
lethality. Although the molecular mechanisms governing acute
respiratory distress syndrome (ARDS) pathophysiology remain
unknown in aged animals, these studies reveal a strategy for
dissecting the genetic pathways by which SARS-CoV infection
induces changes in the host response, leading to death [22]. The
efficacies of candidate vaccines based on a Venezuelan equine
encephalitits virus (VEE) attenuated viral replicon particles
(VRP) bearing either attenuated (VRP(3014)) or wild-type VEE
glycoproteins (VRP(3000)) were compared in young and aged
mice. Aged animals receiving VRP(3000)-based vaccines were
protected from SARS-CoV disease, while animals receiving
the VRP(3014)-based vaccines were not. Because the glycopro-
teins of VRP(3014) strain differ from those of the wild-type virus
by only three amino acids, tools are likely available to elucidate
the mechanism of SARS-CoV protection in aged mice [23].
Researchers in NIAID’s Laboratory of Infectious Diseases
(LID) studied the replication of SARS-CoV in mice, hamsters,
and nonhuman primates (NHPs) and established that intra-
nasally administered SARS-CoV replicated efficiently in
respiratory tissues. In BALB/c mice and hamsters, the virus
replicated to levels that permit an evaluation of vaccines,
immunotherapies, and antiviral drugs. In addition, further
studies in mice and hamsters demonstrated that primary infec-
tion provides protection from re-infection and that antibodies
alone can protect against viral replication. This work suggests
that vaccines that induce neutralizing antibodies as well as

strategies for immunoprophylaxis or immunotherapy are likely
to be effective in combating SARS. LID scientists have collabo-
rated with scientists at academic institutions to demonstrate
the efficacy of monoclonal antibodies against the spike protein
of SARS-CoV in preventing and treating SARS-associated
disease in hamsters [13].

The LID investigators observed no clinical illness in young
mice, hamsters, or NHPs infected with SARS-CoV. However,
because advanced age has been associated with poorer outcome
and greater mortality in SARS patients, the NIAID inves-
tigators examined whether aged mice might be susceptible
to disease. They found that SARS-CoV-infected aged mice
demonstrated signs of clinical illness that resolved by day
7 post-infection. The virus-infected aged mice mounted an
adaptive immune response to infection; however, in contrast
to young mice, they also mounted a proinflammatory cytokine
response early post-infection. This work demonstrated in
animals an age-related susceptibility to SARS that parallels the
human experience [24]. The role of T cells in the pathogenesis
and clearance of SARS-CoV was also evaluated in aged mice.
Depletion of CD8+ T cells at the time of infection did not affect
viral replication or clearance, but depletion of CD4+ T cells
resulted in delayed clearance of SARS-CoV from the lungs and
was associated with an enhanced immune-mediated intersti-
tial pneumonitis. CD4+ T-cell depletion resulted in reduced
neutralizing antibody and cytokine production and reduced
pulmonary recruitment of inflammatory cells. Viral clearance
in the absence of both CD4+ and CD8+ T cells and antibodies
was associated with an innate immune response. These find-
ings provide new insights into the role of CD4+ (but not CD8+
T cells) in primary SARS-CoV infection in this model [25].

The virus-host interactions that governed development of
the acute end-stage lung disease cases and deaths from SARS
are unknown. LID scientists collaborated with scientists at the
University of North Carolina to demonstrate that in mice,
SARS-CoV pathogenesis is regulated by a STAT1-dependent
but type I, IT, and III interferon-independent mechanism. These
scientists propose that STAT1 primarily protects mice via its
role as an antagonist of unrestrained cell proliferation [26].

The LID scientists also have collaborated with other scien-
tists at the National Institutes of Health, as well as researchers
at academic institutions and in industry, to evaluate a number
of candidate SARS-CoV vaccines, including inactivated,
subunit, vectored, and DNA vaccines, in animal models.
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Challenges and Opportunities

The re-emergence of SARS is possible, and the need remains for
commercial vaccine and therapeutic development. However,
the cost and length of time for product development, and the
uncertain future demand, result in unfavorable economic
conditions to accomplish this task.

A better understanding of the abilities of and requirements
for the SARS virus to infect animals without detrimental effect,
and to pass from animal to animal (horseshoe bat to civet) as
well as from animal to human, is needed. Findings from this
research also could apply to the many other viruses that pass
from animals to humans [27].

The potential exists for the exacerbation of disease on expo-
sure to those who have been immunized, as has been seen with
respiratory syncytial virus, dengue virus, and feline infectious
peritonitis virus [28]. Animal studies suggest that this immu-
nopotentiation may occur with candidate SARS-CoV vaccines
that contain the N protein [29].

Improved small- and large-animal models for SARS
are needed, particularly those models that better mimic
human disease with respect to clinical course and symptoms.
Improved animal models will help illuminate the patho-
physiology of disease, including innate and adaptive immune
responses and immunopotentiation, and help move vaccines
and therapeutics through the regulatory and clinical phases
and ultimately to licensure [30].

In the development of therapeutics and next-generation
vaccines, more work is required to determine the structure/
function relationships of critical enzymes and structural
proteins. Once these relationships are better understood,
improvements to the design of small-molecule and protein
inhibitors can occur.

A long-term public health strategy should include both
active and passive SARS vaccines as well as therapeutics.

This strategy should focus on the impact of the disease on
healthcare and service workers and on the elderly, as well as
mitigation of economic impact.

As the first pandemic of the 21st century, SARS has
provided a unique opportunity for research on the life cycle
and components of an emerging or re-emerging disease.
Although further research is needed, many recent accomplish-
ments are leading the way toward the development of effective
prevention and treatment measures.
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Vaccines offer the most effective
method of protecting the public against
infectious diseases. However, most cur-
rently licensed vaccines require multiple
doses to achieve immunity, and each
vaccine has unique storage require-
ments and different methods of admin-
istration. New and improved vaccines
must be safe and easy to administer
and must rapidly produce a protective
immune response. Vaccines also must
be safe and efficacious in populations
of varying age and health status. To
prepare for epidemic outbreaks of infec-
tious diseases or the intentional release
of biothreat pathogens, improved prod-
uct stability and vaccination effective-
ness are of great importance. Novel de-
livery technologies that are simple and
effective could potentially help a variety
of vaccines fulfill these requirements
and also could have a major impact on
worldwide vaccination campaigns.

New vaccine delivery technologies
have evolved as we have increased our
understanding of the biology of dis-
eases and the immune response needed
to confer protection. The first delivery
technologies used needles (smallpox)
or needles and syringes (diphtheria,
pertussis, tetanus) to deliver vaccines
through the surface of the skin. The
next innovation was an oral vaccine
(polio), and most recently, an intranasal
vaccine (influenza) has been developed.
Advances in biochemistry and molecu-
lar biology have enabled vaccine devel-
opers to manufacture greater amounts
of vaccines with greater purity, which
results in reduced costs and increased
product safety. Similarly, formulation
technologies have been discovered that
enhance the ability of vaccines to pro-
duce protective immune responses and
stabilize vaccines for storage and use in
new delivery systems.

LEFT: A patch containing 36 dissolving microneedles is shown on a fingertip. Courtesy of Georgia
Institute of Technology/Jeong-Woo Lee; RIGHT: Microscope image shows dissolving microneedles
encapsulating a pink dye. The microneedles dissolve wihin minutes after inserstion into skin to release
encapsulated drug or vaccine. Courtesy of Georgia Institute of Technology/Sean Sullivan

Recently developed vaccines, while
still delivered with a needle and syringe,
are quite different from vaccines of the
past. Dose volumes are decreased due
to increased purity, and new adjuvants
are being used to help trigger the de-
sired immune responses. Novel meth-
ods under evaluation to deliver vaccine
through the skin include vaccine-coated
microneedles, very small needles that
contain the vaccine and are dissolved
by the body’s fluids just below the skin.
Some DNA vaccine developers have
been testing the feasibility of using
electric current to carry their vaccines
through the skin. Currently also in the
testing stages are a group of small
hand-held “needle free” devices that
generate jets of high pressure air to
“inject” the vaccine through the skin.

Oral delivery offers the advantage of
ease of administration, while presenting
unique challenges to vaccine develop-
ers. Vaccines must be able to survive
the varying chemical and microbiologi-
cal environments of the digestive tract
and still be able to elicit the desired
immune response. Orally delivered

modified live bacterial (typhoid) and
viral (polio, rotavirus) vaccines have
been successful.

Intranasal delivery of vaccines
has been investigated for a number of
years with some success. This route
has been tested with vaccines deliv-
ered in mists, powders, and emulsions.
Unique formulations must be designed
to enable vaccines to reach immune
processing cells located in the nostrils.
Challenges of intranasal delivery include
the possibility of expelling the vaccine
from the nose by an involuntary sneez-
ing reflex, swallowing the vaccine if it is
not retained in the nostrils, or inhaling
the vaccine into the lungs. Any of these
events can negate the vaccine’s utility.

As new scientific discoveries are
used to improve manufacturing, for-
mulation, and delivery technologies of
vaccines, the worldwide population will
benefit from reduced time to protective
immunity, increased vaccine stability,
and reduced logistical requirements for
storage, transportation, and delivery.
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West Nile Virus

Patricia M. Repik, Ph.D., National Institute of Allergy and
Infectious Diseases, National Institutes of Health

he identification of West Nile virus (WNYV) in New York

in the summer of 1999 was the first time the mosquito-

borne microbe had been detected in the Western
Hemisphere. Until then, the virus had been found chiefly
in Africa, Eastern Europe, the Middle East, and Asia. Since
1999, WNV has spread throughout the continental United
States; as of October 25, 2011, 555 cases in 42 states and the
District of Columbia have been confirmed by the Centers for
Disease Control and Prevention (CDC) [1]. Although infec-
tion with WNV is usually asymptomatic or causes only mild
symptoms in humans, it can spread to the central nervous
system and cause a variety of disease outcomes, including
encephalitis, a potentially deadly brain inflammation. Other
clinical presentations can be similar to those of Parkinson’s
disease, poliomyelitis, or Alzheimer’s disease. Most cases of
West Nile neurologic disease occur in elderly people and in
those with impaired immune systems (people with diabetes,
chemotherapy patients, etc.) [2,3]. The realization in 2002
that WNV can be transmitted by blood transfusion or organ
transplantation from WNV-infected donors prompted strin-
gent safety testing of donor blood supplies [4]. Many published
studies of patients with WNV meningitis or encephalitis
have confirmed that those older than 55 years are more likely
to have a lengthy recovery period with long-term physical,
cognitive, and functional disabilities that may last more than
2 years after acute illness [5]. Despite much effort over the last
decade to develop vaccines and therapeutics, no treatment is
available for WNV encephalitis, and no licensed vaccine exists
to prevent disease in humans. (Although WNV vaccines have
been available for prevention of disease in horses since 2002,
development of vaccines for human use must adhere to Food
and Drug Administration (FDA)-mandated stringent safety
and efficacy testing, which extends the development timeline.)
Mosquito control measures and other tactics, such as the use of
mosquito repellents and the wearing of long-sleeved shirts and
pants to reduce the number of mosquito bites, have thus been
the only available strategies to combat the rapid spread of this
emerging disease.

Faced with the continued potential for a serious WNV
epidemic, researchers supported by the National Institute of
Allergy and Infectious Diseases (NIAID) initiated development
of candidate vaccines to protect against WNV infection. WNV
vaccine development has benefited from the fact that the virus
belongs to a taxonomic group known as flaviviruses, which
share a number of characteristics that allow scientists to build
on earlier discoveries about other flaviviruses that are closely
related to WNYV, including Japanese encephalitis virus, St.
Louis encephalitis virus, yellow fever virus, and dengue virus.

There has been great success in controlling yellow fever
and Japanese encephalitis with well-organized vaccination
campaigns centered on efficacious vaccines [6]. Therefore, the
National Institutes of Health (NIH) has encouraged similar
WNYV vaccine development programs.

NIAID-supported basic research studies discovered
that hamsters and mice are good models for WNV disease
in humans. NTAID-supported researchers at the University
of Texas Medical Branch, Galveston, conducted a series of
preliminary experiments to learn more precisely the degree of
protection that candidate WNV and other licensed flavivirus
vaccines might have against WN'V. Researchers found that
golden hamsters were completely protected by prototype WNV
vaccines and, surprisingly, were also at least partially protected
against WNV infection by licensed Japanese encephalitis
and yellow fever vaccines [7]. Thus, this animal model is an
important resource that now is being used to test the efficacy
of new vaccine candidates and antiviral medicines. Similarly,
efficacious mouse models of WNV encephalitis also have been
developed with NIAID support [8].

NIAID is supporting a number of WNV vaccine
approaches. One of the earliest began in 1999 when NIAID
funded a fast-track project by Acambis, Inc., to develop a
candidate live, attenuated, “chimeric” WNV vaccine. The
vaccine was constructed using the DNA/genes of the licensed
yellow fever 17D vaccine virus as the backbone. For the WNV
vaccine, researchers substituted certain genes (the premem-
brane (prM) and envelope (E) surface protein genes) of WNV
for the prM and E genes of the yellow fever vaccine virus using
chimeric technology that was originally developed at NIAID
during the early 1990s. The “chimeric” yellow fever/West Nile
DNA was then manipulated and inoculated into cell cultures
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to produce the “chimeric” West Nile live, attenuated vaccine
that was able to elicit anti-WNV antibodies and protect against
WNV infection in vaccinated animals. This method of creating
chimeric flavivirus vaccines is also being applied to developing
vaccines for dengue and Japanese encephalitis viruses. The
Acambis WNV vaccine (designated ChimeriVaxWN) has
undergone successful preclinical evaluations in hamsters,
mice, monkeys, and horses and yielded encouraging results in
a Phase I clinical trial [9]. In December 2005, the vaccine was
moved into Phase II clinical trial evaluation, making Acambis
the first company to enter Phase II testing of a WNV vaccine.
The randomized, double-blind, placebo-controlled trial was
conducted in more than 200 subjects in the United States.
The safety, tolerability, and immunogenicity of the vaccine at
different dose levels was evaluated in a two-part study, first in
healthy young adults aged 18-40 years, then in two healthy,
elderly range cohorts, aged 41-64 years and age >65 years.
The recently published results showed the vaccine to be highly
immunogenic and well-tolerated at all dose levels and in all
age groups studied. The incidence and severity of treatment-
emergent adverse events (primarily fatigue, headache, and
myalagia) were comparable between placebo groups and
all treatment groups [10]. In 2008, Sanofi Pasteur acquired
Acambis, and Acambis’ West Nile, dengue, and Japanese
encephalitis candidate vaccine products are now integrated
within the Sanofi Pasteur vaccine development schedule.
Intramural NIAID scientists, with early assistance from
collaborators from the Walter Reed Army Institute of Research
(WRALIR), capitalized on advances in recombinant DNA tech-
nology and previous research on dengue viruses to produce a
different candidate live, attenuated WNV vaccine. The NIAID
team already had successfully tested a strategy that used the
new technology to replace key genes of different flaviviruses
with those of dengue virus type 4 (DENV-4). DENV-4 is
a non-neuroinvasive virus that does not cause neurological
disease in animals and humans infected peripherally. The
resulting weakened, or attenuated, virus strains were safer for
use in a vaccine, but still protective. The NIAID team then
used this strategy to combine genes from WNV and DENV-4.
This hybrid virus did not infect the brain, yet still stimulated a
strong immune response with even a single dose. This WNV/
DENV-4 chimeric virus was further attenuated for mice and
monkeys by deleting 30 nucleotides from its 3’ untranslated region
(designated delta30) [11]. The WNV/DENV-4 3’delta30 candi-
date vaccine was evaluated for safety and immunogenicity in a
Phase I clinical trial that is now completed.

Transmission electron micrograph (TEM) of the West Nile virus (WNV).
Courtesy of CDC

NIAID scientists at the Dale and Betty Bumpers Vaccine
Research Center (VRC) developed a DNA-based vaccine against
WNV in collaboration with the CDC and the San Diego-based
biotechnology company Vical, Inc. The vaccine is based on
an existing codon modified gene-based DNA plasmid vaccine
platform designed to express WNV proteins. Two versions of
the vaccine were developed, one utilizing an optimized CMV/R
promoter. The VRC has completed two Phase I clinical trials
to evaluate safety, tolerability, and immune responses of these
recombinant DNA vaccines in human volunteers [12, 13]. As
the DNA vaccine has been licensed to Vical by the CDC, any
further development will be undertaken by Vical.

In addition to pursuing replicating chimeric vaccines,
researchers have made advances in the development of
nonreplicating subunit vaccines. Scientists at Hawaii Biotech,
Inc., supported initially by an NIAID grant and then by
a National Institute of Neurological Disorders and Stroke
(NINDS) grant, along with other financing, are developing
genetically engineered, Drosophila-expressed subunit vaccines
containing portions of the viral E and NS1 proteins. Subunit
protein vaccines cannot replicate or cause disease. Following
testing of the company’s WNV vaccine in the golden hamster
and nonhuman primate WNV disease models [14], the WNV
vaccine (designated HBV-002) completed a successful Phase
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I clinical trial in 2008, which demonstrated its safety and
immunogenicity in healthy adult volunteers. The company is
planning future clinical trials in other populations (e.g., elderly,
immunocompromised).

At L2 Diagnostics, LLC, NIAID-supported researchers
have developed a recombinant Baculovirus-produced subunit
vaccine that induces protective antiviral antibodies in a murine
model of WNV infection and, importantly, prevents WNV
disease in horses [15]. No Phase I clinical trials are yet planned;
however, the company may pursue regulatory approvals for
veterinary use of this vaccine. The company is also investi-
gating a nanoparticle vaccine against WN'V.
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HENIPAVIRUSES (NIPAH VIRUS AND HENDRA VIRUS)

M. Cristina Cassetti, Ph.D., National Institute of Allergy and Infectious Diseases, National Institutes of Health

Nipah virus and Hendra virus are
closely related paramyxoviruses that
emerged from bats during the 1990s to
cause deadly outbreaks in humans and
domesticated animals [1]. Hendra virus
was first discovered in 1994 in Austra-
lia, where it caused outbreaks in racing
horses and horse handlers [2]. Fourteen
outbreaks have occurred in Australia
from 1994 to 2010, causing 7 human
infections and 4 deaths [3, 4]. Hendra
outbreaks have increased in frequency;
between June and October 2011 alone
there were 18 spillover events in horses
and 1 dog, with no confirmed human
infections [5, 6]. Queensland and New
South Wales have now been declared
endemic for Hendra virus. Field studies
following the outbreaks identified large
fruit bats (Pteropus giganteus) as the
source of infection. These bats roost

on trees in horse pastures, and it is
believed that horses became infected
by nibbling on leftover fruit eaten by the
bats or by exposure to bat secretions
found in the pasture. Nipah virus was
first identified in 1998 after a large
outbreak in pig farms in the Malaysian
peninsula caused 265 human infections
and 105 deaths [7]. This epidemic is

believed to have started in pig farms
built on the edge of a forest where large
fruit bats were roosting. Nipah virus,
which is carried by bats, was passed
to pigs when the pigs fed on fruit
contaminated with bat saliva, which
the bats dropped from their roost into
the pig enclosures [8]. The infected
pigs developed severe respiratory and
neurological disease and are believed to
have infected humans through respira-
tory droplets. The Nipah outbreaks in
Malaysia had a devastating effect on
the economy, as more than 1 million
pigs had to be culled, and 800 farms
had to be demolished. Several addi-
tional outbreaks have occurred in parts
of Bangladesh and India, with a human
case fatality rate of approximately 70
percent. Some of these outbreaks have
been linked to the human consumption
of fresh palm sap [9]. Field investiga-
tions have shown that palm sap, which
is collected from the bark of palm trees,
is often contaminated with bat saliva,
as the bats like to feed from the sap-
collection vessels.

No vaccine or therapeutic agents
are currently available to prevent or
treat Hendra and Nipah infections.

National Institute of Allergy and
Infectious Diseases (NIAID)-supported
investigators developed vaccines for
Nipah and Hendra virus based on the
soluble G-glycoproteins of the viruses
formulated with adjuvants. Both vac-
cines have been shown to induce strong
neutralizing antibodies in different
laboratory animals [10, 11]. Impor-
tantly, the Hendra virus vaccine induces
cross-neutralizing antibodies against
Nipah virus. The Hendra virus vaccine
has been shown to confer 100 percent
protection against lethal viral challenges
with both Nipah and Hendra viruses in
cats, ferrets, and nonhuman primates
[10, 111. In May 2011, scientists at the
Commonwealth Scientific and Indus-
trial Research Organisation (CSIRO) in
Australia announced that this vaccine
protected horses from lethal challenges
with Hendra virus. In late 2011, Pfizer
licensed the technology to make the
vaccine for veterinary use. This vaccine
has the potential to protect domesti-
cated animals from infection and stop
animal-to-human transmission of Nipah
and Hendra viruses in endemic countries.
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Group B Streptococcus

Xin-Xing Gu, M.D. and Linda C. Lambert, Ph.D.,
National Institute of Allergy and Infectious Diseases,
National Institutes of Health

Carol Baker, M.D., Baylor College of Medicine

n the 1970s, group B streptococcus (GBS) emerged as the

leading infectious cause of neonatal morbidity and mortality

and late pregnancy-related morbidity [1, 2]. Two syndromes
in neonates and young infants were recognized: early-onset
disease (primarily sepsis, pneumonia, and meningitis within
the first 6 days of life) and late-onset disease (primarily menin-
gitis between 7 and 90 days of age). GBS bacteria are vertically
transferred from a vaginally or rectally colonized mother to the
neonate during labor and delivery, also called the intrapartum
period. This typically results in colonization of the infant and
less commonly in invasive early-onset disease. The mode of
transmission for late-onset disease remains poorly elucidated.

Neonatal disease prevention strategies in the United States
have focused on antenatal identification of GBS vaginal and
rectal colonization in pregnant women and the use of antibi-
otics during labor and delivery in women who are colonized or
at risk of colonization. This has led to an 80 percent decrease
in the incidence of early-onset neonatal infections and a
21 percent decrease in the incidence of invasive GBS infections
in pregnant women, associated with intrapartum antibiotic
prophylaxis [3, 4]. Although the maternal intrapartum chemo-
prophylaxis strategy is effective, it is an interim solution, as
the incidence of late-onset GBS disease remains unchanged.
Additionally, chemoprophylaxis has resulted in use of antibi-
otics in 30 percent of women at delivery, raising concerns about
the emergence of resistant strains [5, 6]. Recent data indicate
that 20 percent of GBS isolates are resistant to clindamycin
and 30-40 percent are resistant to erythromycin. Fortunately,
penicillin resistance is not yet an issue [7, 8].

During the last two decades, an increase in the incidence
of invasive GBS disease in nonpregnant adults has been
reported [1, 9]. The majority of these cases occur in adults with
underlying medical conditions, such as diabetes, neurological
impairment, breast cancer, and cirrhosis, but the highest
attack rates occur in those aged 65 years and older. Common
clinical manifestations of GBS disease in adults include skin
and soft tissue infections, bacteremia and sepsis, bone and

joint infections, and pneumonia. Meningitis and endocarditis
are less common, but are associated with serious morbidity
and mortality. The case fatality rate is higher in adults than in
neonates, and is especially high in those over the age of 65.

A safe and effective vaccine would be a major advance
in the prevention of GBS disease. Active immunization of
women during the third trimester of pregnancy has potential
for the prevention of both maternal and infant GBS disease.
Adults with underlying medical conditions also could benefit
significantly from a GBS vaccine. A licensed vaccine is not yet
available, but several promising vaccine candidates are in early
stages of development.

Since the early 1990s, contracts funded by the National
Institute of Allergy and Infectious Diseases (NIAID) have
supported GBS vaccine design studies, the production of GBS
glycoconjugate vaccines for serotypes Ia, Ib, II, III, and V, and
more than 20 NIAID-sponsored Phase I and Phase II trials. In
these studies, study participants received uncoupled capsular
polysaccharides (CPSs) or CPS-protein conjugates. Each CPS
was individually conjugated to tetanus toxoid (TT) or the
mutant diphtheria toxoid cross-reactive material 197 (CRM197)
[10-13]. In summary, results indicated that the conjugate
vaccines were safe and induced functional antibody responses.

Most clinical trials involved a single injection of monova-
lent vaccine preparations, with the exception of a bivalent
study in which type II-TT and type III-TT were administered
together [14]. The immune response in bivalent vaccine recipients
was comparable to that observed in the monovalent vaccine
recipients. One study, in which volunteers received a type
III-TT booster 21 months after the first dose, revealed that a
booster response was only observed in a group that had unde-
tectable GBS type III CPS-specific immunoglobulin G (IgG)
before the first dose of type III-TT vaccine [15]. Another study
showed that adsorption of a type III-TT to alum did not
improve the immune response, compared with the type III
CPS [15]. A randomized, double-blind, Phase I study was
completed in which a GBS type III-TT was administered to 30
healthy, third-trimester pregnant women [16]. The vaccine was
safe, healthy babies were delivered by all vaccine recipients, and
vaccine-induced type III CPS-specific IgG was shown to be
efficiently transported to the infant and functionally active
through 2 months of age. These data suggest that a GBS conjugate
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vaccine has the potential to prevent both early- and late-onset
infant GBS disease and invasive disease in pregnant women.

More recently, additional studies have been conducted and
are summarized below.

o A randomized, double-blind comparison study with GBS
type V-TT and GBS type V-CRM197 vaccines tested in 35
healthy, nonpregnant women showed that both conjugate
vaccines were safe and elicited specific antibody responses
with opsonophagocytic killing of type V GBS [17]. Approxi-
mately 80 percent of vaccine recipients had a persistent
antibody response for at least 2 years.

o A randomized, double-blind study with a GBS type V-
TT vaccine tested in 32 healthy adults 65-85 years old
demonstrated that the vaccine was safe and elicited specific
antibody responses with opsonophagocytic killing of type
V GBS and with 68 percent of recipients having a fourfold
antibody increase [18]. The level of the specific antibody

persisted up to 1 year, suggesting the potential for prevention

of invasive type V GBS infections in healthy elderly people
through vaccination.

o A Phase I, dose-escalating trial was conducted in 45 healthy
adults to evaluate immunogenicity and reactogenicity of
a GBS type V-TT vaccine ranging from 2.4 micrograms
(mcg) to 38.5 mcg per dose [19]. The results showed that the
vaccine was safe and elicited specific antibody responses
with opsonophagocytic killing in all dose groups.

o Recently, a trial of a GBS vaccine in sexually active,
nonpregnant women indicated that a vaccine to prevent
GBS infection is possible [20]. This Phase II prospective,
randomized controlled trial enrolled 668 healthy, sexually
active nonpregnant women aged 18-45 years without GBS

vaginal or rectal colonization at the time of their enrollment.

The results showed that a GBS type III conjugate vaccine
had an efficacy of 45 percent in preventing acquisition of
vaginal type III colonization and an efficacy of 35 percent
in preventing acquisition of rectal colonization over an
18-month period, when compared with participants who
received the control tetanus and diphtheria toxoid vaccine.

In addition to the above studies, at least one pharmaceutical
company has recently sponsored several studies to clinically
evaluate a monovalent conjugate GBS vaccine [21].

Challenges and Future Opportunities
Although these efforts demonstrate progress in GBS vaccine
development, several challenges remain:

1. Vaccine candidates that protect against multiple GBS
subtypes must be developed. Serotypes Ia, Ib, II, III, and
V are the predominant serotypes isolated from neonates,
young infants, pregnant women, and adults with invasive
GBS disease in the United States. Because antibodies against
GBS CPS are serotype specific, a multivalent vaccine will be
needed to provide broad protection. As a result, a number of
formulation parameters, such as the number and amount of
the protein carriers, will need to be optimized.

2. A correlate of immunity needs to be determined for the use of
a GBS vaccine for maternal immunization. With the success of
using antibiotics for prevention of neonatal sepsis, the number
of cases of GBS neonatal sepsis in the United States has been
reduced. Subsequently, it has been difficult to conduct the
efficacy trials that are needed to reach this milestone.

3. There is a need for an established threshold for CPS type-
specific antibody levels that correlate with protection.
Although some data are currently available, information for
all serotypes causing invasive GBS disease is required.
Progress has been made in case-control comparisons of
antibody levels to several GBS serotypes, including type III, in
colonized mothers of infants with and without early-onset
infection [22, 23]. This suggests that serotype-specific thresh-
olds of protection can be set and will likely differ by serotype.

4. There is a need to standardize assays across laboratories for
specific polysaccharide antibody levels and their biological
functions.

5. Finally, additional industry commitment to GBS vaccine
development is needed. Vaccine manufacturers’ liability
concerns have been an obstacle in the development of GBS
conjugate vaccines to protect pregnant women from invasive
GBS disease. The feasibility of maternal immunization has
been demonstrated by the worldwide immunization of pregnant
women for the prevention of neonatal tetanus, a major cause
of infant mortality; however, safety data related to neonatal
outcomes other than tetanus have not been collected. The
risks involved in maternal immunization during the third
trimester need to be better defined. The current use of
inactivated influenza vaccine in pregnant women in the
United States provides an opportunity to design studies to
collect data to further demonstrate the safety and benefit of
this approach to immunizing mother and infant.

VACCINE UPDATES

111



Although NIAID’s efforts in GBS vaccine development have
focused on CPSs, an alternative strategy for prevention of GBS
disease is to develop a vaccine based on a GBS surface protein.
One advantage of this approach is that some of these proteins
are immunogenic and do not need to be conjugated to other
molecules. Also, recombinant DNA techniques can be used to
produce large amounts of antigens for vaccine preparation.

Investigations with alpha and beta subunits of the GBS C
protein, Rib protein, type V a-like and Rib proteins, and surface
immunogenic protein (Sip) have demonstrated that these
surface proteins are capable of eliciting antibody responses in
mice and protecting against lethal bacterial challenges [24-27].
In addition to their use as immunogens, surface proteins have
been used as carriers for CPS antigens. Compared with GBS
CPS vaccines conjugated with TT, these conjugates have the
advantage of enhancing the immunogenicity of the polysaccha-
ride component of the vaccine and eliciting additional
antibodies protective against GBS infections. Development of
other formulations of GBS vaccines is another area of active
research. A study with a bivalent vaccine composed of purified
Rib and a proteins mixed with alum demonstrated an antibody
response in mice and protected against lethal infection with
GBS (serotypes Ia, Ib, II, and III) [28].

GBS Cb5a peptidase and beta-C protein are two surface proteins
that have been conjugated to CPS antigens and are being pursued
as vaccine candidates. Studies with anti-C5a peptidase antibodies
demonstrated opsonic activity, suggesting that inclusion of C5a
peptidase in a polysaccharide vaccine can produce another level of
protection that is serotype independent [5].

A key development in the last decade includes a conserved
pilus-based vaccine candidate that conferred protection against
all tested GBS challenge strains in in vitro and in vivo studies
[2]. In another study, a GBS CPS type III conjugated with
recombinant cholera toxin B subunit administered intranasally
improved the mucosal and systemic immune responses to GBS
in a mouse model [29].

New strategies for GBS vaccine development include
development of a universal GBS vaccine based on multiple
genome screen technology. By analysis of the genome
sequences of eight GBS isolates, more than 300 proteins were

evaluated [30]. Four proteins that elicited protection in mice
were selected, and their combination provided a high degree of
protection against a large panel of strains that included all
circulating serotypes.

Much progress has been made in the development of
GBS vaccines during the last 30 years. Better CPS-conjugate
vaccines have emerged, and the use of GBS proteins as
immunogens or their conjugation to CPS offers a promising
future for GBS vaccine development. However, these candi-
date vaccine components have yet to be studied in humans.
Additional research is needed to expand serological findings to
define protective levels of GBS antibodies and define immune
defects in adults that result in invasive disease. There is also a
need to better understand innate and adaptive responses of the
immune system in relation to GBS pathogenesis in different
populations. NIAID continues to fund basic research on GBS
and supports both preclinical and clinical resources that may
be helpful to academic and industry partners interested in
collaborating on GBS vaccine development.
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CMV VACCINE SHOWS PROMISE

Walla Dempsey, Ph.D., M. Cristina Cassetti, Ph.D. and Mason Booth
National Institute of Allergy and Infectious Diseases, National Institutes of Health

Each year, approximately 8,000 infants
in the United States develop severe
hearing, mental, or movement impair-
ments after becoming infected with
cytomegalovirus (CMV), a common
virus passed on to them while they are
still in the womb. CMV is also the most
common viral infection in patients who
receive solid organ transplants, with up
to 60 percent of transplant recipients
developing symptomatic disease. Now,
clinical trials supported by the Na-
tional Institute of Allergy and Infectious
Diseases (NIAID) have given rise to
optimism that a vaccine to prevent CMV
infection may be closer.

The first trial, led by pediatrician
Robert Pass, M.D., of the University
of Alabama at Birmingham, evaluated
an experimental vaccine made from
a single CMV protein, glycoprotein B,

which is known to prompt an immune
response. The candidate vaccine,
known as CMV gB and supplied by
Sanofi Pasteur, included an experimen-
tal adjuvant, MF59.

A total of 441 CMV-negative wom-
en, assigned at random to receive the
candidate vaccine or a saline injection,
were evaluated. Vaccinations were given
to women within 1 year after they had
given birth. Most women received three
doses of trial vaccine or saline injection;
all received at least one dose. In the
final analysis, women who received the
trial vaccine were 50 percent less likely
to later become infected with CMV
throughout the 42-month follow-up
period than were women who received a
saline injection.

In a second trial, led by Paul
Griffiths, M.D., of the University College

London Centre for Virology, the Sanofi
Pasteur CMV gB vaccine was evaluated
in volunteers awaiting liver or kidney
transplants. A total of 67 patients
received the vaccine, and 73 received

a look-alike placebo. The vaccine was
shown to be safe and immunogenic in
all the volunteers who received it. Vac-
cination also reduced the posttransplant
duration of viremia and the number

of days of required treatment with the
antiviral drug ganciclovir in patients who
were seronegative at transplant but who
received organs from donors who were
CMV-positive.

An additional NIAID-supported
Phase Il trial of the experimental CMV
vaccine is under way to evaluate the
vaccine in healthy adolescent girls.
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HIV/AIDS

Rona L. Siskind, M.H.S., National Institute of Allergy and
Infectious Diseases, National Institutes of Health

Overview

he impact of the HIV/AIDS pandemic has been profound

and continues to have devastating effects worldwide.

Although resources for HIV prevention and treatment
have become increasingly available, the number of new infec-
tions remains at unacceptably high levels. In the United States,
specific segments of the population—African Americans,
Latinos, gay and bisexual men—are particularly vulnerable.
And globally, in addition to the effects of the disease itself,
affected populations are at higher risk for poverty, hunger, and
childhood mortality. If current infection rates continue, it has
been estimated that, as the need for expensive and ongoing
treatment keeps pace, HIV-related costs could escalate to as
high as $35 billion by 2030. The human and economic costs of
HIV necessitate a preventive HIV vaccine.

The development of an HIV vaccine is complex and
presents daunting scientific challenges due to HIV’s unique
characteristics, which include the ability to integrate into the
genome of human cells without killing them and to destroy the
immune system while evading the body’s efforts to eliminate
the virus. There are also many different genetic subtypes of
HIV that circulate worldwide, and for a vaccine to be effective,
it will need to induce immune responses that are broadly reac-
tive to all or most of them.

The most rational way to design an effective vaccine is
to identify the immune responses that protect against the
specific infection and construct a vaccine that stimulates those
responses. Because HIV can be transmitted through systemic
and mucosal routes of exposure, by cell-associated and cell-free
virus, researchers are working to identify the components of
the immune system that are essential to inducing immunity
and/or preventing or controlling infection. The two main
types of immune responses are humoral immunity, which
uses antibodies to defend against the virus, and cell-mediated
immunity, which uses cytotoxic T lymphocytes (CTLs) to
directly kill or control infected cells. The earliest vaccine
research focused primarily on vaccines that elicited antibodies.
Vaccine concepts involving a prime-boost combination

strategy also have been tested. These vaccines stimulate a
cellular immune response via CTLs (prime), as well as anti-
bodies that bind to the virus (boost).

When a vaccine is developed, the hope is that it will be
100 percent effective in preventing infection. However, the
first HIV vaccine may not be able to protect everyone from
infection; it may be partially effective in preventing infection
or only delay or prevent disease. Nonetheless, researchers
recognize that such a vaccine could have a significant impact
on the spread of new infections globally. With a decrease in the
number of people susceptible to HIV infection, fewer people
would be passing it on to others. If this occurs among a high
percentage of people within a given population, new infections
could be reduced dramatically or even eliminated. However,
the benefits of a partially effective vaccine could be offset by
relaxed practices of safe behaviors, education, and prevention
resulting from perceived protection. Clearly, partially effective
vaccines would need to be delivered in the context of a compre-
hensive prevention program. Thus, the National Institute of

HIV/AIDS Epidemic—Estimated Impact

Worldwide
» People living with HIV: 33.3 million

» People newly infected: 2.6 million

» Number of AIDS-related deaths: 1.8 million

United States
» People living with HIV: 1 million

» People newly infected: 56,300

» Percentage of people who don’t know their
HIV status: 21 percent

Sources: Joint United Nations Programme on HIV/AIDS (UNAIDS). Global
report: UNAIDS report on the global AIDS epidemic 2010 [Internet].
Geneva (Switzerland): UNAIDS; 2010. Available from: www.unaids.org/
globalreport/Global_report.htm

Centers for Disease Control and Prevention (CDC), Divisions of HIV/
AIDS Prevention, National Center for HIV/AIDS, Viral Hepatitis, STD,

and TB Prevention. HIV in the United States [fact sheet on the Internet].
Atlanta (GA): CDC; 2010 Jul. Available from: www.cdc.gov/hiv/resources/
factsheets/us.htm
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Allergy and Infectious Diseases’ (NIAID’s) HIV prevention
research encompasses a variety of methods, such as topical
microbicides, antiretroviral therapy (ART) to reduce the ability
of HIV-infected persons to infect others, and pre-exposure
prophylaxis (PrEP) to reduce the risk of HIV infection.

The Need for Partnership

Not only will multiple strategies be needed to fully prevent
HIV, but also multiple organizational partners will be

critical to identifying those strategies as quickly as possible.
NIAID supports and oversees the vast majority of HIV
vaccine research through collaborative partnerships with
other government agencies, academic institutions, industry,
private organizations and foundations, and the community.
These partnerships greatly extend NIAID’s scientific capacity,
leverage resources (financial and otherwise), and encourage

a coordinated approach that will potentially accelerate the
development of an HIV vaccine. Among NIAID’s partners and
collaborators are the following:

* Global HIV Vaccine Enterprise (GHAVE). GHAVE, also
known as “the Enterprise,” is a consortium of independent
organizations, including NIAID, committed to accelerating
the development of a preventive HIV vaccine. With its 2010
Scientific Strategic Plan, the Enterprise seeks to speed the
development, execution, and analysis of HIV vaccine trials;
better integrate preclinical and clinical research; capitalize
on progress from recent HIV vaccine and other non-HIV
research; and bring in new researchers from outside the field
of HIV, as well as new funders.

(See www.hivvaccineenterprise.org/scientific-strategic-plan.)

* HIV Vaccine Trials Network (HVTN). Funded by a
cooperative agreement from NIAID, the HVTN is a clinical
trials network of international scientists and researchers. The
HVTN’s mission is to evaluate candidate preventive HIV
vaccines in all phases of clinical research, from evaluating
experimental vaccines for safety and the ability to stimulate
immune responses to testing vaccine efficacy, while at the
same time generating information that will guide the design
of improved vaccine concepts. (See www.hvtn.org.)

¢ International AIDS Vaccine Initiative (IAVI). IAVI was
founded in 1996 to speed the discovery of an HIV vaccine;
its partners include private companies, academic institu-
tions, and government agencies, including the National
Institutes of Health (NIH). (See www.iavi.org.)

Scientist at work. Courtesy of the U.S. Military HIV Research Program

* NIAID HIV Vaccine Research Education Initiative
(NHVREI). NHVREI was established in 2006 as NIAID’s
primary mechanism for educating and fostering partner-
ships with key influencers within community-based,
nonscientific organizations. The purpose of these partner-
ships is to promote understanding of and garner support for
HIV vaccine research, especially among the more vulnerable
and hard-to-reach populations. NHVREI is implemented
through a contract with the Academy for Educational Devel-
opment and Getting Your Message Right public relations.
(See www.bethegeneration.nih.gov.)

When the NHVREI contract expires in fall 2011, the scope
of the project will be expanded to encompass all biomedical
preventive research, including microbicides and PrEP. This
effort, known as the Biomedical Prevention of HIV Research
Education Initiative, will disseminate information on NIAID’s
prevention and vaccine clinical research activities and cultivate
ongoing dialogue and relationships with key opinion leaders
and organizations that reach highly affected populations.

* South African AIDS Vaccine Initiative (SAAVI). SAAVI
was formed in 1999 to coordinate the research on and
development and testing of HIV vaccines in South Africa.
SAAVT is based at the Medical Research Council of South
Africa and works with key national and international part-
ners to identify an affordable, effective, and locally relevant
AIDS vaccine. NTAID works collaboratively with SAAVI in
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events in HIV infection and early immune
responses. Scientific advances that define how
the human immune system attempts to protect
itself against HI'V continue to unfold; provide

a better understanding of the earliest events in
natural infection, particularly in those who show
an immune capacity to resist the virus; and are
beginning to shape new vaccine approaches.

Scanning electron micrograph of HIV particles infecting a human T cell. LEFT: Image of an HIV NTIAID conducts basic research through

infected H9 T cell, colorized by Anita Mora at RML. Image taken by Beth Schmidt in the Research
Technologies Branch, Courtesy of NIAID. RIGHT: Close up view of an HIV infected HI9 T cell,

the Dale and Betty Bumpers Vaccine Research

colorized by Anita Mora at RML. Image taken by Beth Schmidt in the Research Technologies Center (VRC) and the NIAID-funded Center for

Branch. Courtesy of NIAID

conducting HIV vaccine trials in South Africa.
(See www.saavi.org.za.)

* Community Advisory Boards (CABs). NIAID highly
values and actively seeks community input in all aspects of
the research process. A key partner is the Global Community
Advisory Board (GCAB), a group of community represen-
tatives who work with the leadership of the HVTN and
site-specific CABs. CAB members help develop research
plans, set research priorities, and participate as full members
of protocol teams. CAB members also relay community
needs and concerns, provide input on planned and ongoing
research, and help assess the feasibility of a given trial in
their community. (See www.niaid.nih.gov/topics/HIVAIDS/
Research/Pages/outreach.aspx.)

¢ U.S. Military HIV Research Program (MHRP). MHRP
was established in 1985 by the U.S. Army Medical Research
and Materiel Command to protect U.S. troops entering
areas with a high prevalence of HIV. Bringing together
scientists from the U.S. Army, Navy, and Air Force, MHRP
is dedicated to HIV vaccine development, HIV prevention,
disease surveillance, and HIV care and treatment. NIAID
jointly plans and executes HIV vaccine research projects and
clinical trials with MHRP through an interagency agree-
ment, which helps ensure that U.S. government-funded HIV
vaccine research is well coordinated, efficient, and compre-
hensive. (See www.hivresearch.org.)

The Role of Basic Vaccine Research

The identification of new, improved candidate vaccines is
urgently needed. Basic research in the fields of HIV natural
history, pathogenesis, immunology, virology, viral and host
genetics, and animal model development can lead to novel
discoveries and increase our understanding of the earliest

HIV/AIDS Vaccine Immunology (CHAVT), as

well as individual grantees at academic centers
throughout the United States. The VRC conducts research that
facilitates the development of effective vaccines for human
disease, with a primary focus on the development of vaccines
for HIV/AIDS. The VRC’s activities include basic research
on envelope structure and potential targets for broadly
neutralizing antibodies, new methodologies for enumerating
protective T lymphocytes, and fundamental studies on adju-
vants and potential vaccine vectors.

CHAUVI is a virtual center designed to support intensive
and highly collaborative projects that address key immuno-
logical roadblocks to the discovery and development of a safe
and effective HIV vaccine. Established in 2005, this center
currently focuses on elucidating early viral and immunological
events and host genetic factors associated with HIV transmis-
sion, establishment of productive infection, and (partial)
containment of virus replication; determining correlates of the
simian form of HIV, simian immunodeficiency virus (SIV),
immune protection in primates; designing, developing, and
testing novel immunogens and adjuvants that elicit persistent
mucosal and/or systemic immune responses in humans and
primates; and advancing HIV vaccine candidates into early
phase clinical trials.

In March 2008, following disappointing results from
an NTAID-funded HIV vaccine trial (see page 126), NIAID
held a summit on HIV vaccine research and development. In
garnering input on how best to reinvigorate and advance HIV
vaccine research, a scientific consensus emerged: Enormous
advances in fundamental research are needed to design a safe
and effective HIV vaccine. As a result, NIAID expanded and
strengthened its portfolio of basic vaccine discovery research.

Two of NIAID’s recent basic vaccine research programs are
the Basic HIV Vaccine Discovery Research Initiative and the B
Cell Immunology Partnerships for HIV Vaccine Discovery.
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The Basic HIV Vaccine Discovery Research Initiative funds a
broad range of basic research in areas such as immunology,
virology, cellular and structural biology, and host genetics. The
B Cell Immunology Partnerships for HIV Vaccine Discovery
fosters cross-fertilization between B cell immunologists and
HIV vaccinologists, seeking to facilitate discovery of novel
vaccine design and immunization strategies for eliciting protec-
tive anti-HIV antibodies. Both programs have the potential of
leading to new discoveries, expanded knowledge, and novel
concepts and approaches applicable to HIV vaccine design.

Other important NIAID-funded basic research initia-
tives include the Phased Innovation Awards in AIDS Vaccine
Research, which supports early stage AIDS vaccine research,
and the Highly Innovative Tactics to Interrupt Transmission
of HIV (HIT-IT). HIT-IT funds risky but rational approaches
that could potentially provide long-term protection from
acquiring HIV infection and that are based on newly gained
knowledge of HIV pathogenesis, biology of HIV transmis-
sion, and human genetics. HIT-IT was specifically designed
to attract investigators from outside the HIV research field, as
well as those applying for their first grant.

Recent Progress

In 2010, scientists in NIAID’s VRC discovered two potent
human antibodies that can stop more than 90 percent of
known global HIV strains from infecting human cells in the
laboratory. It is hoped that these antibodies can be used to
design improved HIV vaccines or can be further developed

to prevent or treat HIV infection. The antibodies, known as
VRCO01 and VRCO02, are naturally occurring and were found
using a novel molecular approach that honed in on the specific
cells that make antibodies against HIV. Both VRCO01 and
VRCO02 were found to neutralize more HIV strains with greater
overall strength than previously known antibodies to the
virus. The atomic-level structure of VRCO1 when attached to
HIV also was determined, helping define precisely where and
how the antibody attaches to the virus. With this knowledge,
scientists have begun to design components of a candidate
vaccine that could teach the human immune system to make
antibodies similar to VRCO1 and that might prevent infection
by the vast majority of HIV strains worldwide [1, 2].

Basic research has led to a more thorough understanding of
the earliest stages of HIV infection, including the “eclipse”
phase, when HIV infection is becoming established but the
virus is not yet detectable in the blood. CHAVT scientists also
have examined “transmitter/founder” viruses by sequencing

the genomes of viral particles in the plasma of 12 individuals
prior to the emergence of HIV-specific immune responses. In
80 percent of heterosexual cases, they found that HIV infection
stemmed from a single founder virus (range 1-6). In contrast,
injection drug users were infected with a median of three
viruses (range 1-16). Direct analysis of those viruses actually
responsible for clinical infection may lead to important clues as
to whether these viruses possess common features that could be
effective targets for vaccine-induced immune responses [3, 4].

In another CHAVT study, uterine epithelial cells were iden-
tified as possible targets of HIV infection and transmission.
Previously, the mechanisms of HIV transmission in the female
reproductive tract were poorly understood. However, the likely
exposure of these tissues to HIV is relevant to development of
intervention strategies and may create a “window of vulnera-
bility” that has not yet been systematically explored [5]. CHAVI
scientists also characterized the critical role of the T-cell
immune response in early virus control. Through analysis of
host-immune responses to HIV infection, they showed that the
first CD8+ T cells, despite limited breadth and very rapid virus
escape, suppressed HIV as the amount of HIV in the blood was
declining from a peak level. This implies that vaccine-induced
HIV-specific T cells could contribute to the control of acute
viremia (amount of HIV in the blood) if they are present before
or early in HIV infection [6].

Preclinical Research
Discovery Strategies
Preclinical and clinical studies build on basic research findings
and shed light on new and improved vaccine approaches. In
addition to the B cell partnership program, which crosses from
basic into discovery research, NIAID supports other preclin-
ical initiatives, such as the HIV Vaccine Research and Design
(HIVRAD) Program and Integrated Preclinical/Clinical AIDS
Vaccine Development (IPCAVD) Program. These initiatives
fund multidisciplinary research, including animal model
development, immunogen structure, mechanism of vaccine
action and vector development, and advanced-stage vaccine
product development for investigators transitioning vaccines
into human clinical studies. The HIVRAD and IPCAVD
programs also foster and support public-private partnerships
of scientists from industry and/or academia, to help advance
promising vaccine concepts.

Through multiple contracts, NIAID also provides substan-
tial resources for all phases of preclinical development and
evaluation of candidate HIV vaccines, including in vitro
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laboratory studies and in vivo testing in nonhuman primates.
The Reagent Resource Support Program for AIDS Vaccine
Development produces or purchases reagents needed for use in
AIDS vaccine research, while the HIV Database and Analysis
Unit compiles and analyzes data in several areas relevant to
AIDS vaccine research. The unit encompasses the HIV Genetic
Sequence Database, the HIV Molecular Immunology Database,
and the Nonhuman Primate Vaccine Trials Database. Another
important resource is the Preclinical Master Contract, which
provides a complete spectrum of support for investigator-
initiated vaccine development.

Recent Progress
The value of a T-cell-based HIV vaccine was brought into
question after unexpected results from the Step Study (a Phase
IIb proof of concept). The study’s findings were announced in
September 2007, when the trial was halted prematurely. This
clinical trial enrolled individuals at high risk for HIV infec-
tion and evaluated a vector-based vaccine using recombinant
adenovirus serotype 5 (rAd5), which is related to the virus
that causes some forms of the common cold. The vector-based
vaccine did not prevent HIV or significantly reduce set-point
viral loads, or levels of infection, among study participants.
However, research funded through the IPCAVD program
recently demonstrated that an improved T-cell-based vaccine
regimen using two distinct adenoviruses (rAd26 and rAd5) was
able to substantially increase the protective efficacy, compared
with an Ad5-based regimen in nonhuman primates. This
improved regimen reduced viral set point and decreased AIDS-
related mortality. The vaccine only expressed a single SIV
antigen (Gag), suggesting that the partial immune control was
mediated by a vaccine-elicited T-cell response (Gag-specific
cellular immune response) rather than an antibody-based
effect, since the vaccine lacked the SIV envelope protein [7].
Another important study found that a new HIV vaccina-
tion strategy using a “mosaic” design could expand the breadth
and depth of immune responses in rhesus monkeys. The
mosaic vaccine was designed through computational methods
that created small sets of highly variable artificial viral
proteins. When combined, these proteins theoretically could
provide nearly optimal coverage of the diverse forms of HIV
circulating in the world. In one NIAID-funded study, mosaic
vaccines were embedded in specialized vectors designed
to elicit strong T-cell responses. In rhesus monkeys, this
vaccine resulted in a fourfold improvement in the monkeys’
immune response, compared with previously tested vaccines,

demonstrating that mosaic vaccines may improve the immune
response against genetically diverse HIV-1 viruses [8-10].
VRC researchers also have developed a new “scaffold”
strategy, which would teach the immune system to recognize
certain protein structures on the viral surface and produce
antibodies that bind to those structures and neutralize HIV.
The technique involves extracting an epitope (an antibody-
recognizable portion of the surface of a viral envelope protein)
and placing the surface fragment into a different scaffold
protein, which is intended to scaffold-lock the epitope in the
shape recognized by the immune system. In theory, when a
fixed epitope is introduced into an animal model (or eventu-
ally, a person), the immune system would recognize the
envelope epitope and make antibodies against it. To test this
scaffolding technique, VRC scientists applied it to an epitope
on the surface of HIV that changes shape and is recognized
by an HIV-neutralizing antibody known as 2F5. The epitope
adopts a helical or spiral shape when removed from the surface
of HIV, but the 2F5 antibody-recognizable version of it has
an irregular, kinked shape. The scientists placed copies of the
kinked epitope into scaffolds that locked it in that kinked form.
Then the researchers injected these scaffold-bound epitopes
into guinea pigs. In response, the animals’ immune systems
made antibodies very similar to 2F5 that bound tightly to
the epitope. This study demonstrates that the engineering of
protein scaffolds is a potentially useful approach in vaccine
design. VRC researchers are continuing to refine this technique
and apply it to the design of HIV vaccines, as well as vaccines
for other infectious diseases [11].

Role of Nonhuman Primate Research
HIV vaccine testing in animal models continues to be an
important step in evaluating the potential of vaccines.
Nonhuman primate studies provide critical information
regarding safety and potential efficacy, and help scientists
understand how the body responds to infection. The hope is
that, by examining the earliest events after mucosal infection
(0-4 days) and the effects of vaccine interventions on those
events, we will be able to learn more about how to prevent
virus expansion beyond local mucosal tissue. Observing
differences in these early interactions between animals that are
successfully protected by vaccination and those that are not,
and among different vaccine modalities, will provide valuable
information for rational HIV vaccine design.

Although not ideal, nonhuman primates represent the best
available surrogate model for research on AIDS pathogenesis
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and vaccine development. Because HIV does not infect
monkeys naturally, researchers conduct experiments with
the closely related SIV. Combining parts of the HIV envelope
and the inner core of SIV, researchers also have engineered
chimeric simian-human immunodeficiency viruses (SHIVs)
that mimic HIV infection and cause AIDS-like illness

in macaque monkeys. Pathogenic chimeric SHIVs allow
researchers to study the immune responses to the envelope-
based HIV vaccines and the ability of these responses to stop
or control the virus in a live model.

In addition to the HIVRAD and IPCAVD programs,
NIAID carries out AIDS vaccine-related studies in the
nonhuman primate model through the Simian Vaccine Evalu-
ation Units (SVEUs). The SVEUs provide nonhuman primates
for immunization with candidate SIV or HIV vaccines selected
by NIAID, conduct initial assessment of the resulting immune
responses, challenge the animals with infectious virus,
determine parameters of infection, and collect samples for
evaluation of immune responses and protection. NIAID also
supports three Non-human Primate Core Immunology and
Virology Laboratories contracts to carry out immunological
and virological assessment of animals under study.

Recent Progress
Using a novel strategy previously developed by NIAID-funded
researchers to identify transmitted HIV genomes in acutely
infected people, researchers have been able to determine the
molecular features of SIV transmission in experimentally
infected macaques. They demonstrated that repeated intrarectal
exposure of rhesus macaques to low doses of SIV replicates many
of the features of human HIV mucosal transmission, at both
the biological and molecular levels. Because an HIV vaccine
will need to stop HIV at or near the moment it is transmitted
across a mucosal membrane or in the early period before
infection, this gives researchers a more reliable model to use in
testing new vaccines and other preventive modalities [12].
Other NIAID-funded SIV research has shown that chal-
lenging monkeys with a cytomegalovirus (CMV)-based SIV
vaccine results in containment of virus. Typically, virus repli-
cation and dissemination occurs within days after infection,
whereas vaccine-induced T cell activation and recruitment
to sites of viral replication takes weeks. Researchers hypoth-
esized that vaccines designed to maintain activated effector
memory T cells might impair viral replication at its earliest
stage. They developed an SIV gene-containing vector based on
rhesus CMV (RhCMYV), because natural RhCMYV infection in

monkeys induces lifelong effector memory T-cell responses.
In fact, when this vaccine was used in monkeys, it stimulated
robust and persistent T-cell responses against all five proteins
(Gag, Rev, Tat, Nef, and Env) encoded by the SIV genes
inserted into the vector. Furthermore, these responses were
generated regardless of preexisting immunity to RhCMV.
When a low-dose challenge with a pathogenic SIV was

HERPEVAC TRIAL FOR WOMEN
CONCLUDES

Amanda Schleif, M.P.H., National Institute of Allergy and
Infectious Diseases, National Institutes of Health

In September 2010, a large-scale genital herpes vaccine
trial called the Herpevac Trial for Women drew to a close.
Supported by GlaxoSmithKline (GSK) Biologicals and the
National Institute of Allergy and Infectious Diseases
(NIAID), the Phase Ill clinical trial enrolled more than
8,000 women aged 18 to 30 years at 50 sites across the
United States and Canada. Ultimately, results showed
that the experimental vaccine, while safe and generally
well tolerated, did not prevent genital herpes.

Genital herpes is estimated to affect 1 in 4 women
in the United States, causing painful lesions or sores in
the genital area. The disease has no cure; the causative
herpes simplex virus (HSV) stays in the body permanently,
where it can reactivate and cause periodic outbreaks.
Herpes can lead to an increased risk of contracting HIV/
AIDS and also can cause other health complications. For
example, a woman with herpes can pass the disease on
to her newborn, putting the baby at risk of serious brain,
skin, or eye problems.

In earlier studies, the experimental herpes vaccine
was found to prevent genital herpes infection in more
than 70 percent of the female study volunteers who had
no history of prior herpes virus infection, but it had no
clear effect in the men. These studies formed the basis
for the Herpevac Trial.

Although initial analysis of the Herpevac Trial results
showed that the primary endpoint, prevention of herpes
disease, was not accomplished, the trial was successful
in many respects. Over 8 years of research, significant
enrollment numbers and successful participant follow-up
resulted in a firm conclusion. Data continue to be evaluated
at this time, but one outcome is already clear: the
results from the Herpevac Trial for Women will be an
invaluable source of information to guide future research
toward a new, improved vaccine to prevent genital herpes.
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repeated, the vaccinated rhesus macaques showed increased
resistance to acquisition of progressive SIV [13].

Scientists also have used a new approach to demonstrate
that long-lasting neutralizing antibodies can be delivered
by gene transfer in vivo and can provide continuous protec-
tion against SIV challenge. With this approach, the genes for
SIV-specific antibodies are packaged into an adeno-associated
virus (AAV) and then delivered by intramuscular injection.
After AAV enters cells, those genes are expressed and result in
production of the neutralizing antibodies. Intramuscular injec-
tion of this vaccine resulted in sufficient antibody production
to protect against SIV infection in some animals and could
provide a long-term method of producing antibodies without
relying on the adaptive immune system of the host [14].

NIAID HIV Vaccine Trials as of June 2011

121 Cumulative Trials Conducted
» 112 Phase |

» 6 Phase |

» 2 Phase llb

» 1 Phase Il

19 Ongoing Trials
» 16 Phase |

» 2 Phase |l

» 1 Phase llb

Clinical Research
Background and Vaccine Concepts
At present, NIAID-supported HIV vaccine clinical trials are
conducted primarily through the HVTN, a global network of
international scientists and researchers whose mission is to
evaluate preventive vaccines against HIV/AIDS. The HVTN
conducts all phases of clinical research and, with sites in the
United States, Africa, Asia, South America, and the Caribbean,
spans four continents. An operations center, statistical and data
management center, and central laboratory complete the network.
To date (June 2011), NIAID has supported a total of 121
HIV vaccine trials involving 79 products, 19 adjuvants, and

approximately 29,500 trial participants. These trials have
involved a number of different strategies, including component
or subunit vaccines (made with a structural piece of HIV,

such as an envelope or a core protein), live vector vaccines (a
live bacterium or virus that transports genes that make HIV
proteins), peptide (small pieces of HIV proteins) or fusion
protein vaccines (two proteins merged together), DNA vaccines
(direct injection of HIV genes), and vaccine combinations,
such as a prime-boost strategy.

Early in the AIDS epidemic, most of the initial HIV vaccine
research focused on component or subunit vaccines directed
against the HIV envelope proteins gp160 and gp120, as they
represent the primary targets for neutralizing antibodies in
HIV-infected individuals. The first HIV vaccine clinical trial of
a gp160 subunit candidate vaccine opened in 1987 at the NTH
Clinical Center. The vaccine was tested in healthy, uninfected
volunteers at low risk for HIV infection and caused no serious
adverse effects. In 1992, NIAID launched the first Phase II
HIV vaccine clinical trial, testing a recombinant subunit gp120
vaccine in uninfected volunteers at high risk for infection due
to injection drug use, multiple sex partners, or sexually trans-
mitted infections. Although these early vaccine candidates,
as well as many others designed against the HIV envelope
proteins, stimulated production of antibodies, antibody levels
decreased within a relatively short period of time and rarely
elicited CTLs.

Early studies also demonstrated that protection against
HIV may require cell-mediated immune response, which
involves the activation of specific CD8+ T cells that target
HIV-infected cells. To elicit CD8+ T-cell responses, scientists
employ viral or bacterial vectors to mimic infection by safely
delivering specific HIV genes and inducing production of HIV
proteins within cells. Because vectors only carry a small part
of HIV genetic material, they cannot cause HIV infection.
Different types of viral vector vaccines have been evaluated
or are being evaluated, including poxviruses (e.g., canarypox
and modified vaccinia Ankara (MVA), which is a weakened
vaccinia virus), alphavirus, and Ad5. The canarypox vaccine
was the first candidate HIV vaccine shown to induce a CTL
response against diverse HIV genetic subtypes.

Researchers also have been exploring other possible
vaccines, including DNA vaccines (containing one or more
HIV genes or potential adjuvants). Vaccination, usually intra-
muscularly, will cause cells to take up the DNA and produce
HIV proteins by normal cellular mechanisms, stimulating cell-
mediated immune responses. Early studies demonstrated that

VACCINE UPDATES

121



the first DNA candidates were safe, but did not induce strong
immune responses. Subsequently, new technologies, such as
codon-optimization and higher doses, were shown to enhance
the performance of DNA vaccines.

In 1992, researchers turned their attention to a combina-
tion, or prime-boost, approach to improve the immunogenicity
of HIV vaccines. Since then, prime-boost approaches have
used combinations of DNA vaccines, viral vector vaccines,
and subunit or peptide vaccines. Studies have shown the
combination vaccine approach to be safe and immunogenic in
volunteers at low and high risk for HIV infection, and that this
approach can stimulate cellular immunity and the production
of HIV-neutralizing antibodies.

Recent Progress
In late 2007, the HIV vaccine research field had disappointing
news. The vaccine used in HVTN 502, also known as the Step
Study, failed to prevent HIV infection and did not affect the
level of viral load in those participants who were vaccinated
but still became infected. More disturbingly, study partici-
pants—especially a subset of men who were uncircumcised
and had naturally occurring neutralizing antibodies to Ad5
(the virus used to make the vaccine vector that delivered the
HIV vaccine) at the time of enrollment—appeared to be at
increased risk for infection. This study was terminated early as
aresult [15]. A related study, known as Phambili (HVTN 503),
was evaluating the same adenovirus-based vaccine, and was
suspended, as well.

The Step Study was testing Merck’s vaccine candidate,
the MRK Ad5 HIV-1 gag/pol/nef trivalent vaccine, based on
a weakened adenovirus that had been altered to be rendered
unable to replicate and infect humans. The study, involving
3,000 volunteers at high risk for acquiring HIV in regions with
a high prevalence of HIV clade B, was designed to determine
whether the vaccine either reduced HIV acquisition or lowered
the viral set point in those volunteers who became infected.

Hoping to gain insight into the lack of efficacy, the HVTN
laboratory program began evaluating HIV immune responses
of Step Study volunteers who became infected during the study.
Extensive analysis suggested that the immune responses induced
by the vaccine put some early pressure on the virus, but did not
have a significant impact on virus levels. A long-term follow-up
study of participants, HVTN 504, was immediately launched
to help researchers better understand the results; it evaluated
the rate and risk of HIV infection among Step Study participants
in the United States. Although there was an overall increased

CHLAMYDIA VACCINE BEING TESTED
IN NONHUMAN PRIMATES

Harlan D. Caldwell, Ph.D. and Ken Pekoc
National Institute of Allergy and Infectious Diseases,
National Institutes of Health

The World Health Organization (WHO) estimates that
more than 140 million people, mostly women and
children in developing countries, are infected with the
bacterium Chlamydia trachomatis, making chlamydia the
most common bacterial disease in the world.

In the United States, chlamydia is perceived primarily
as a “silent” disease that, despite no apparent symptoms
in more than half of the infected population, can damage
reproductive organs and cause infertility. Chlamydia is
the leading reported sexually transmitted infection in the
United States; in 2009, the Centers for Disease Control
and Prevention reported approximately 1.2 million cases.

But chlamydia has an entirely different meaning in
more than 50 developing countries, where infection is
associated with the disease trachoma, which can cause
blindness. WHO estimates that trachoma has left approxi-
mately 6 million people blind in Africa, the Middle East,
Central and Southeast Asia, and Latin America. Trachoma
causes the eyelid to fold inward and rub on the eyeball,
abrading the corneal surface and resulting in impaired
vision and blindness. Trachoma has been identified as
one of the world’s most neglected infectious diseases.

WHO hopes to eliminate blinding trachoma by 2020
through its SAFE strategy—Surgery, Antibiotics, Facial
cleanliness, and Environmental change. Scientists at the
National Institute of Allergy and Infectious Diseases (NIAID)
are doing their part to complement this public health
strategy by developing a vaccine to prevent trachoma.

The NIAID vaccine in development is designed to prevent
infection from all 15 varieties of C. trachomatis. Researchers
are testing the vaccine in nonhuman primates, following
successful tests in cell culture and mouse models.

The focus of the vaccine is a protein antigen known
as PmpD, or polymorphic membrane protein D, which
was identified by NIAID’s Harlan Caldwell, Ph.D. PmpD
helps the bacteria infect host cells and suppress host
immunity. Researchers are trying to learn whether a
PmpD-based vaccine can generate multifunctional
neutralizing antibodies capable of interfering with C.
trachomatis infection and blocking the immunosuppres-
sive effect of PmpD. One of the greatest challenges to
fighting chlamydial infection, which the PmpD vaccine
might solve, is that people do not develop a sustained
protective immune response to the infection.
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RV144 tested the “prime-boost” combination of two vaccines: ALVAC® HIV vaccine (the prime) and
AIDSVAX® B/E vaccine (the boost). Courtesy of the U.S. Military HIV Research Program

risk of HIV among uncircumcised men, the higher rate of HIV
acquisition was seen primarily during the initial vaccination
phase of the trial, during the vaccination phase or the year
thereafter (first 18 months), and then waned over time [16]. In
another study, human leukocyte antigen (HLA) allele expression,
which is known to influence progression of HIV disease and/or
viral load set point, was significantly linked to viral load,
although the effect did not appear to be mediated through
increased breadth or magnitude of vaccine-induced responses;
broader Gag responses may be associated with increased
control of viral replication in Step Study vaccinees [17].
Following the early termination of the Step Study, plans to
implement several other studies involving Ad5-based vaccines
were put on hold or modified. One such vaccine being devel-
oped by the VRC consists of a multiclade recombinant Ad5-based
component administered to boost immune responses induced
by the prime DNA vaccine. A trial of this VRC vaccine regimen,
HVTN 505, began as a small focused study with the primary
goal of determining if the vaccine decreases viral load in study
participants who later become infected with HIV. However, the
trial was expanded in August 2011 so that it could also deter-
mine if the vaccine regimen prevents HIV infection. The results
of RV144, discussed below, and a series of studies in nonhuman
primates that showed that the VRC vaccine regimen prevented
SIV infection 50 percent of the time in two-thirds of the monkeys

tested, supported the expansion of HVTN
505. The study will now enroll a total of
2,200 participants and will evaluate if the
VRC vaccine regimen is at least 50 percent
effective in preventing HIV acquisition
during the 18 months following immuniza-
tion. As a safety precaution, participants
must be circumcised and without Ad5
antibodies at the time they are enrolling.
Although rAdS5 is not likely to advance to
licensure, this trial will generate useful
information on the impact of the induced
immune response on the virus and perhaps
correlates for HIV vaccine protection.

NIAID is also supporting a number of
other studies involving alternative adenovirus
vectors, including a study of the VRC rAd5
combined with NYVAC (poxvirus vector)
vaccine (HVTN 078), alternative lower
seroprevalence rAd vectors (e.g., HVTN/
TAVI study of an Ad26/Ad35 vaccine), and
the VRC Ad5 vaccine with extensive mucosal assessment
(HVTN 076). Several Phase I trials also are underway with the
VRC Ad5 vaccine in collaboration with the HVTN to evaluate
how delivery, timing, combinations, and host genetics influ-
ence the breadth and location of T-cell responses (HVTN 082,
HVTN 083, HVTN 084, and HVTN 085).

Almost 2 years after the disappointing results of the Step
Study, the field was infused with new optimism. Announced
in September 2009, the Thai HIV Vaccine Trial, also known as
RV144, showed that a candidate vaccine (based on a canarypox
vector and gp120 protein) was 31 percent effective at preventing
HIV infection. While the effect was modest, it was statistically
significant. This was the first time an HIV vaccine had demon-
strated an ability to prevent infection in people, and the trial
thereby reinvigorated the field and gave us all a glimpse of what
was possible [18]. (See page 126.)

The RV144 trial also provided the first opportunity to
investigate immune correlates of vaccine efficacy in humans.
Initial studies indicated that the antibody and T-cell responses
were similar to those previously observed in studies using
this regimen. Several RV144 working groups, which were
established in the fall of 2009 and comprise various HIV
vaccine stakeholder organizations and experts in the field, are
working toward identifying the potential immune correlates
of protection. NIAID also has established an HIV Mucosal
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Immunology Group (MIG) program, which will share proto-
cols for mucosal sample collection and assays to characterize
and standardize the measurement of mucosal immune
response across the field.

Future Directions

Discovery and Nonhuman Primate Research

While additional analysis of RV144 is expected to yield new
information to increase scientists’ understanding of how a
highly effective HIV vaccine might work, it also will generate
new questions. NIAID is positioned to answer the key questions
with the efforts already underway and several new programs. One
such program is the Center for HIV/AIDS Vaccine Immunology
and Immunogen Discovery, which will seek to identify an immu-
nogen that induces durable, highly effective, broadly protective
immune responses. The program will support a multidisci-
plinary team of researchers focused on a number of critical
scientific questions that require a “big science” approach.

The Innovation for HIV Vaccine Discovery initiative,
which is designed to address gaps in HIV vaccine discovery,
will fund basic research on new target molecules or pathways
needed for designing an effective HIV vaccine. The HIVRAD
program will continue to be an important component of
NIAID’s discovery effort, supporting projects for research that
have advanced beyond the exploratory stage and that further
address hypotheses crucial to vaccine design.

If additional analysis and follow-up studies from RV144
identify correlates of immunity, researchers will be able to
optimize candidates that are already in the pipeline. However,
in the absence of known correlates of protection, researchers
will continue to seek other candidate vaccines and stimulate
potentially protective immune responses.

Research studies also are being planned to explore the use
of other vectors with greater immunogenicity, better adjuvants,
and the use of additional protein boosts. Some vectors that
have provided interesting results will be further investigated;
these include replicating vectors (CMYV, in particular), as well
as vectored antibodies, which insert broadly neutralizing
antibodies into a vector. In addition, mosaic inserts, described
earlier, have already been studied in animals and have shown
some success in enhancing the breadth and depth of immune
responses. CHAVI researchers are currently designing the first
human trial of a mosaic HIV vaccine candidate.

In 2011-2012, NTAID will establish the Consortia for
AIDS Vaccine in Nonhuman Primates, to better understand
the viral and host events that occur at the earliest stages of
mucosal infection and the ways these events can be blocked or
modulated by immunization. In addition, this program could
help increase our understanding of the viral and host factors
responsible for the nonpathogenic nature of SIV infection in
natural host species.

Clinical Research

In future Phase IIb efficacy trials, NIAID will consider using
an adaptive trial design so that a clear signal of efficacy can be
identified early on. This would allow for changes to the trial
design before the trial’s natural conclusion. Specific milestones
and points of analysis would be defined prior to trial initiation,
and changes in trial design, based on what is learned at given
time points, would be prescribed in advance.

In the wake of RV144, additional studies are being planned
that could help identify potential correlates of protection
and ultimately improvements to this or subsequent vaccine
regimens. Because data from RV144 indicated that protection
against HIV was highest at 6 to 12 months after vaccination,
two smaller studies are being planned (RV305 and RV306)
that will add a secondary boost to try to extend and increase
early immune responses. In addition, Phase IIb trials are being
planned to determine whether the results of RV144 can be
extended to other populations (e.g., higher risk individuals)
and regions (e.g., with higher incidence, with different clades,
and in which different routes of transmission are predomi-
nant). These Phase IIb trials will seek to improve on the initial
design with additional boosts and a different pox virus and/or
different adjuvants.

NIAID will continue to pursue these and other clinical
trials in collaboration with its many partners, including
funded researchers and research organizations, government
agencies, foundations, industry, and the community. By
combining scientific resources, we hope to build on exciting
new advances, continue to deepen the understanding of HIV
vaccine design, and accelerate the development of an effective
and safe HIV vaccine that can be used worldwide.
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PROMISING HIV VACCINE TRIAL RESULTS: RV144, THE THAI HIV VACCINE TRIAL

Rona L. Siskind, M.H.S., National Institute of Allergy and Infectious Diseases, National Institutes of Health

The field of HIV vaccine research was
greatly encouraged when promising re-
sults of a preventive HIV vaccine trial in
Thailand were announced in September
20009. This was the first time an investi-
gational vaccine was shown to prevent
HIV infection among some vaccinated
individuals, giving the world great hope
that a safe and effective HIV vaccine
will one day become a reality.

Known as RV144 or the Thai HIV
Vaccine Trial, this Phase Ill trial tested
a prime-boost combination of two vaccine
candidates (ALVAC—HIV and AIDSVAX
B/E), which were based on the strains of
HIV that commonly circulate in Thai-
land. The 6-year study, which began in
2003, was designed to test the vaccine
regimen’s safety and ability to prevent
HIV infection, as well as its ability to
reduce the amount of HIV circulating in
the blood (the viral load) of those who
became infected during the time they
were participating in the study.

RV144 demonstrated that the vac-
cine was safe and that individuals who
received the vaccine regimen were 31
percent less likely to contract HIV than
those who received a placebo injection.
Despite these encouraging results in
preventing HIV infection, the vaccine
regimen did not have an impact on viral
load in those who became infected.

Scientists continue to examine the
trial data to understand how the vaccine
prevented HIV infections and determine
whether the vaccine can be improved.
The data are providing scientists with
valuable insights that will guide the de-
sign and testing of future HIV vaccines.

RV144 was sponsored by the U.S.
Military HIV Research Program and con-
ducted jointly by the Thai Ministry of
Public Health and U.S. Army. Specifi-
cally, the U.S. Army Medical Compo-
nent of the Armed Forces Research
Institute of Medical Sciences assisted
with the conduct of the trial in Thailand.

Laboratories at the Armed Forces Research Institute of Medical Sciences (AFRIMS) in Bangkok,
Thailand. Courtesy of the U.S. Military HIV Research Program

Major funding and other support were
provided by the National Institute of Al-
lergy and Infectious Diseases (NIAID), a
component of the National Institutes of
Health. The two vaccine products used
in the trial were provided by Sanofi Pas-
teur (ALVAC-HIV) and Global Solutions
for Infectious Disease (AIDSVAX B/E).
More than 16,000 non-infected
men and women were enrolled in the
study. Because the study was designed
as a community-based trial, the volun-
teers were not selected based on HIV
risk factors; they were mostly between
18 and 30 years of age and included
individuals at both high and low risk of
HIV infection. Approximately 40 percent
of study participants were women.
Since the completion of RV144, tri-
al collaborators and other experts in the
field have been investigating what made
this specific vaccine regimen work
in some study participants. Ongoing
studies hope to determine the specific
types of immune responses responsible
for protecting individuals from HIV
infection. Identifying these “correlates
of protection” would provide a critical
measurement against which other vac-

cine products and approaches could be
evaluated and optimized before taking
them into large efficacy trials.

The knowledge gained from RV144
stands to benefit HIV prevention research
efforts worldwide. NIAID will continue
to work with its partners to develop and
test potentially improved HIV vaccines.

For more information about RV144,
please see:

MHRP: U.S. Military HIV Research
Program [Internet]. Rockville (MD):
The Program; c2011. RV144 Trial: Thai
Phase Il HIV Vaccine Trial; [cited 2011
Apr 28]; [about 3 screens]. Available
from: www.hivresearch.org/research.
php?ServicelD=13

NIAID: National Institute of Allergy and
Infectious Diseases [Internet]. Bethesda
(MD): The Institute; [updated 2009
Sept 24]. Press release, HIV vaccine
regimen demonstrates modest preventive
effect in Thailand clinical study; 2009
Sept 24 [cited 2011 Apr 28]; [about 2
screens]. Available from: www.niaid.nih.
gov/news/newsreleases/2009/Pages/
ThaiVaxStudy.aspx
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Influenza

Linda C. Lambert, Ph.D. and Frederick J. Cassels, Ph.D.
National Institute of Allergy and Infectious Diseases, National
Institutes of Health

Introduction

nfluenza remains among the leading causes of vaccine

preventable morbidity and mortality worldwide, with annual

epidemics occurring in all age groups. In the United States,
pneumonia and influenza together are among the top 10 causes
of mortality, and between 1976 and 2007, the number of reported
deaths associated with seasonal influenza ranged from 3,349 to
48,614 [1]. The World Health Organization (WHO) uses avail-
able country-specific data to estimate that each year seasonal
influenza epidemics cause 3 to 5 million cases of severe illness
and 250,000 to 500,000 deaths globally [2].

Despite prior vaccination or infection, susceptibility to
influenza infection persists. As the virus replicates, mutations
arise in its two main surface proteins: the hemagglutinin (HA)
and neuraminidase (NA). Over time, new “versions” of the
viruses emerge because they have accumulated enough muta-
tions to antigenically alter these proteins (referred to as
“antigenic drift”), rendering the population susceptible to
reinfection and prior year influenza vaccines ineffective. As a
result, the virus strains that will be used to produce influenza
vaccines must be reviewed annually to see how closely they
match the evolving strains that are circulating around the world
and whether needed vaccine strains are updated to match those
expected to cause the next epidemic.

The type of antigenic variation that results in a pandemic
(“antigenic shift”) occurs when a new type A influenza virus is
introduced into the human population and that virus is able to
transmit efficiently from person to person. Wild aquatic birds,
such as ducks and shore birds, are the natural hosts of influenza
A viruses, and strains containing one of the 16 known types of
HA and one of the 9 known NA types have been isolated from
birds. Co-infection of animals or humans with different
influenza viruses can result in an exchange of their genetic
material known as “reassortment,” creating new forms of the
virus. Influenza viruses that infect animals can also directly
infect humans. Antigenic shifts resulting in pandemics
occurred in the 1950s and 1960s, when reassortment resulted in

the introduction of genes from, respectively, influenza HA-type
2 (H2) and HA-type 3 (H3) avian influenza viruses into human
influenza viruses, and in 2009, when an influenza virus
containing a mixture of genes that tracked back to swine, birds,
and human sources was circulating in swine and directly
infected humans, causing the first influenza pandemic of the
21st century [3].

Flu Vaccines: First Steps to Today

Influenza vaccines are the primary means of preventing
influenza disease and its related health complications. The first
influenza vaccines were whole-virus vaccines produced by
growing viruses in embryonated chicken eggs and inactivating
them by chemical treatment. Clinical trials sponsored by

the U.S. military conducted in the 1940s demonstrated that
intramuscular administration of a dose of the inactivated virus
was highly effective in preventing influenza illness in healthy
young adults, provided there was a good match between the
HA and NA proteins of the virus in the vaccine and those

on the epidemic strain(s) [4]. Licenses were issued in 1945 to
several companies in the United States for commercial produc-
tion. Since the availability of eggs needed to manufacture
influenza vaccines could be susceptible to an outbreak of avian
influenza, there has been an investment by public and private
sectors over the last decade to move to a cell culture-based
manufacturing technology. Several companies have received
regulatory approval in Europe using this approach, and in the
United States, influenza vaccines produced in cell cultures are
in late-stage clinical testing [5, 6].

In the United States, two types of influenza vaccines are Food
and Drug Administration (FDA) approved to prevent seasonal
influenza: trivalent inactivated vaccines (TIV) that are further
purified into either split or subunit forms and administered via
an intramuscular injection, and the live-attenuated influenza
vaccine (LAIV), which is minimally purified and administered
as a weakened form of the virus given as a nasal spray.

Over the last decade, several approved influenza vaccine
manufacturers have left the U.S. market, and one of the National
Institute of Allergy and Infectious Diseases’ (NIAID’s) efforts
was to establish partnerships with the private sector to increase
the availability of influenza vaccines. Through its clinical
network of Vaccine and Treatment Evaluation Units (VTEUs),
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NIAID has collaborated with the
private sector to conduct clinical
studies that helped support the
approval of two new inactivated
influenza vaccines in the United States
[7, 8]. Additionally, much of the early
stage research to support proof-of-
concept studies on the intranasal
LAIV (FluMist) was conducted by
NIAID laboratories and in clinical
trials supported by NIAID and the
private sector. FluMist is currently
approved to prevent influenza illness
in healthy children and adolescents,
aged 2 to 17 years, and healthy adults,

3D graphical representation of a generic influenza
virion’s ultrastructure. A portion of the virion’s outer
protein coat has been cut away, which reveals the
virus’ contents. Courtesy of CDC

immunized with two doses of seasonal
vaccine either at the currently recommended
level (7.5 mcg of HA protein per strain) or at
the standard adult dose (15 mcg of HA
protein per strain). Results will compare data
on safety and immunogenicity of the
vaccines, and if the higher dosage results in
higher antibody responses (which are
thought to provide greater protection), they
could support a recommendation that it be
given routinely.

Collaboration With Industry on Developing a
High-Dose Influenza Vaccine
Over the last 10 years, annual influenza

aged 18 to 49 years.

Research Aimed at Expanding Vaccine Options for
Those at Greater Risk

For many years, the elderly were considered to be the popula-
tion at greatest risk for health complications due to influenza,
and pregnant women were identified to be at an increased risk
during influenza pandemics. More recently, the substantial
morbidity and mortality associated with influenza also has
been recognized for very young children, individuals with
underlying health conditions, and obese populations. As
aresult, in early 2010, the Centers for Disease Control and
Prevention’s (CDC’s) Advisory Committee on Immunization
Practices (ACIP) recommended annual influenza vaccination
for all people 6 months of age and older for the upcoming
influenza season unless the vaccine was contraindicated [9].
The ACIP noted that individuals may be unaware of whether
they fall within a higher risk group and a “universal” recom-
mendation sent a clear, more practical message [10].

A long-standing focus of the NIAID Influenza Program has
been to better understand the breadth and duration of the
immune response following influenza vaccination of “at-risk”
populations and to identify strategies to improve vaccine
effectiveness. Since early 2009, two studies with seasonal
inactivated influenza vaccine and two studies with one or two
doses of 2009 pandemic influenza vaccines have been initiated
in pregnant women. To evaluate whether increasing the dosage
of the vaccine also will increase the immune responses in the
vulnerable age group of very young children, NIAID’s VTEUs
are currently conducting a study in which influenza vaccine-
naive and fully primed 6- to 35-month-old children are being

vaccination rates in persons 65 years of age
or older have steadily risen; however, the effectiveness of the
current vaccine in preventing influenza illness in some elderly
populations has been reported to be as low as 30 to 40 percent.
NIAID-supported clinical investigators have conducted several
studies to assess the safety and immunogenicity of high-dose
vaccines in elderly and immunocompromised populations [11].
These data helped support an FDA approval of a high-dose
influenza vaccine for individuals 65 years of age and older [12].
With the availability of this approved higher dose seasonal
influenza vaccine, additional studies are being planned to look
for possible benefits in other at-risk populations, including
immunocompromised individuals.

Pandemic Influenza

The Vaccine Response to the 2009 HIN1 Pandemic

By May 2009, a few weeks after the 2009 HIN1 virus had first
been reported, the virus was identified in more than 30 coun-
tries [13]. An urgent public health priority was the production
of sample lots of vaccine that could be evaluated for safety and
immunogenicity in U.S. government- and industry-supported
clinical trials. Because the 2009 HIN1 virus contained a novel
HA protein, the dosage of the vaccine and the number of doses
needed to elicit a robust immune response was unknown.
Under contract to the U.S. Department of Health and Human
Services’ (HHS’) Biomedical Advanced Research and Develop-
ment Authority (BARDA), approved manufacturers rapidly
produced vaccine for their own and for NIAID clinical trials.
Through its VIEUs, NIAID initiated three clinical trials in
adults on August 7, 2009, to evaluate the safety of the inac-
tivated 2009 H1N1 vaccine given alone or in combination
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with the 2009-2010
inactivated seasonal
influenza vaccine and
the ability of these
vaccines to induce
protective levels of
antibodies. Following
areview of the safety
data from the ongoing
adult study, NIAID

A highly-magnified, digitally-colorized initiated similar

transmission electron micrograph (TEM)
depicting virions from an HIN1 influenza
isolate. Courtesy of CDC

studies in children
aged 6 months to 17
years less than 2 weeks
later. Within several weeks, preliminary results from NIAID’s
studies and independent studies conducted by vaccine manu-
facturers confirmed that a single 15 mcg dose of the vaccine
elicited a robust immune response in healthy adults and older
children. The NIAID studies also showed that while one dose
of the vaccine generated significant antibody responses in preg-
nant women, children 9 years old and younger would need two
doses of the vaccine [14]. These data were used to help inform
vaccination recommendations for the 2009 HIN1 vaccines,
which were approved by the FDA in September and distrib-
uted the first week of October. In collaboration with BARDA
and influenza vaccine manufacturers, NIAID’s VTEUs also
completed a clinical study evaluating an inactivated 2009
HINI vaccine made by one company mixed with an oil-in-
water emulsion adjuvant produced by a different company.

In addition to assessing the safety and immunogenicity of
combining these two products just prior to administration,

the feasibility and logistics of this “mix-and-match” approach
may serve as a guide for future pandemic preparedness and
response efforts.

H5N1 Influenza Vaccines
In 1997, the highly pathogenic avian influenza (HPAI) H5N1
strain infected humans in Hong Kong directly from infected
poultry. During this outbreak, 18 people became infected, 6
of whom died. The virus was successfully controlled with the
culling of approximately 1.5 million chickens. In 2003, H5N1
viruses reappeared with two cases in family members from
Hong Kong who had recently traveled to China.

Since 2003, H5N1 influenza viruses have caused outbreaks
in 51 countries and have become endemic in avian populations
in several countries (e.g., Indonesia and Egypt), resulting in 566

known human cases and 332 fatalities, primarily among
poultry workers or others in close contact with domestic birds.
Deaths occurred due to pneumonia, severe acute respiratory
distress, or organ failure [15]. These ongoing outbreaks continue
to raise concerns of an increase in human exposure to H5N1
viruses. Clustering of H5NI1 cases suggests that limited human-
to-human transmission has occurred among persons with
intense, close contact; however, it is not yet known whether
sustained human-to-human transmission of these viruses could
be acquired through mutation alone or would require reassort-
ment with currently circulating epidemic strains.

The public health community is concerned that H5N1
viruses may emerge as the next pandemic strain because of the
number of human infections that have occurred. Recent
pandemic preparedness efforts by NIAID have focused in large
part on the clinical evaluation of influenza vaccines made using
different forms of the H5NI1 virus that have infected people in
Asia. WHO reference laboratories have produced several
reference virus strains for use in manufacturing vaccines
against H5N1, using representative H5N1 strains, including A/
HongKong/213/2003, A/Vietnam/1194/2004 (clade 1), A/
Vietnam/1203/2004 (clade 1), A/Indonesia/5/2005 (clade 2.1),
A/whooper swan/Mongolia/244/2005 (clade 2.2), A/bar-headed
goose/Qinghai Lake/1A/2005 (clade 2.2), A/turkey/
Turkey/1/2005 (clade 2.2.1), A/Anhui/1/2005 (clade 2.3.4), A/
Egypt/1394-NAMRU4/2007-like (clade 2.2.1), A/goose/
Guiyang/337/2006 (clade 4), and A/chicken/Vietnam/NCVD-
016/2008 (clade 7).

In 1998, NIAID awarded a contract to Protein Sciences for
the production of the first H5N1 vaccine, which was evaluated
for safety and immunogenicity in a clinical trial conducted by
the NIAID VTEUs [16]. In 2004, NIAID awarded contracts to
Sanofi Pasteur and Chiron Corporation to support the produc-
tion of vaccines against more recent forms of the virus for
evaluation in adults, the elderly, and children. Over the last 6
years, NIAID has sponsored and/or supported, in collaboration
with BARDA, more than 20 clinical trials to evaluate different
dosage levels, routes of administration (intramuscular vs.
intradermal), and studies with and without adjuvants. A series
of studies also has been done showing that immunization with
one H5N1 vaccine can prime for a more robust and broader
cross-reactive antibody response following receipt with a
second vaccine made from an antigenically distinct strain [17],
as well as inactivated and live-attenuated H5N1 vaccines in a
variety of populations, including healthy adults, the elderly, and
children. One of the studies, a multicenter, double-blind
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two-stage Phase I/II study using vaccine obtained under NIAID
contract to Sanofi Pasteur, was conducted in healthy adults aged
18 to 64 years. The results from this trial were the basis of an
FDA approval of the first H5N1 vaccine (two doses at 90 mcg
vaccine for healthy adults) in 2007.

In 2005, NIAID announced a cooperative research and
development agreement with MedImmune to produce and test
LAIV for influenza A viruses with pandemic potential, begin-
ning with vaccines for the highest priority HA subtypes,
including H5. These vaccines are based on the same cold-
adapted virus currently used for the licensed live-attenuated
FluMist vaccine. However, like the inactivated vaccine used to
manufacture vaccines for clinical trials, the HA gene of HPAI
viruses will be modified to alter virulence determinants.

Both NIAID and MedImmune conduct laboratory studies
to assess the safety of the vaccines before they are used for
clinical trials. MedImmune is manufacturing the vaccines, and
NIAID is testing the vaccines in an isolation unit. Clinical trials
were initially conducted at Johns Hopkins Bloomberg School of
Public Health’s Center for Immunization Research in Balti-
more, and are now being conducted at the University of
Rochester in Rochester, N, to assess vaccine safety, infectivity,
and immunogenicity. Clinical trials of H5N1, H6N1, H7N3, and
HON2 vaccines have been completed. The vaccines were safe
and well tolerated but were variably immunogenic.

New Vaccine Strategies

Opver the last decade, a variety of new technologies have
facilitated the development of innovative approaches to
influenza vaccine development. NIAID and HHS through
BARDA continue to encourage and supported multiple efforts
to develop “next-generation” influenza vaccines.

Innovative vaccine strategies that do not require replication
of the influenza virus are also being developed. This includes
purified protein vaccines produced by recombinant DNA
technology. These vaccines comprise individual viral proteins
produced in cells and purified to a level not possible with
vaccines started from a whole virus. These purified protein

vaccines include formulations using only the HA protein, or the
HA protein in combination with NA or internal proteins.
Additionally, a variety of DNA vaccines are being developed. In
these vaccines, viral DNA is included in a plasmid or viral
vector, which, once injected in a person, enters the cells of the
host, where it produces limited amounts of the viral proteins
that elicit a specific immune response.

The ideal vaccine, one providing protection against any
strain of influenza and not needing to be updated or adminis-
tered every year to protect against newly emerging strains, is a
goal not yet realized. However, research to develop such a
universal vaccine is currently being supported by NIAID and
others. One strategy being pursued is a “common epitope”
vaccine, which utilizes highly conserved influenza proteins as
targets. Although the HA and NA surface glycoproteins of
influenza change frequently, many of the internal proteins are
less variable. In particular, the M2 protein is being explored as a
possible target. The M2 protein acts as an ion channel between
the outside and inside of the virus membrane. A small portion
of the M2 protein, its ectodomain or M2e, is exposed on the
surface of the influenza virus. Although it is still in early stages
of investigation, M2e may be an additional immune stimulus to
augment the immune response and increase protection. A
different type of common epitope vaccine focuses on the stalk
region of the HA molecule, which is highly conserved, though
immunorecessive. On removal of the immunodominant
globular head region of HA, NIAID-supported investigators
have generated a “headless HA” vaccine candidate that was
shown to generate antisera with broader reactivity than those
obtained from mice immunized with full-length HA. The
headless HA provided full protection against death and partial
protection against disease following lethal challenge in mice [18].

Innovative vaccine technologies provide new options to
develop vaccines rapidly in response to a newly emergent strain.
If successful, such advances could further increase vaccine
production capacity and enhance preparedness against seasonal
influenza and potential pandemic influenza strains [19].
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NIAID CENTERS OF EXCELLENCE FOR INFLUENZA RESEARCH AND SURVEILLANCE

Sarah E. Miers, J.D., National Institute of Allergy and Infectious Diseases, National Institutes of Health

The National Institute of Allergy and
Infectious Diseases (NIAID) has a long
history of supporting research activities
to provide more effective approaches
to controlling influenza virus infections.
These activities include both basic and
applied research on influenza basic
biology and replication, pathogenesis,
epidemiology, and clinical research to
develop new and improved diagnostics,
antiviral drugs, and vaccines. Due to
the ever-present threat of an influenza
pandemic, in 2007 NIAID established
the Centers of Excellence for Influenza
Research and Surveillance (CEIRS) to
expand its worldwide influenza surveil-
lance program and bolster influenza
research in key areas, including under-
standing how the virus causes disease
and how the immune system responds
to infection with the virus. The goal of
the CEIRS program is to provide essen-
tial information for the development of
public health strategies crucial to both
lessening the impact of seasonal influ-
enza and responding to a pandemic.

Following the 2009 novel HIN1
influenza outbreak, the CEIRS sites
quickly began work with the virus. The
scientists used their infrastructure to
provide essential information regard-
ing the newly circulating virus. Some
highlights of the CEIRS 2009 HIN1
research results include:

e First description of the origins and
evolutionary genomics of the 2009
HIN1 virus [1].

e First description of the pathogenesis
and transmission of the 2009 H1IN1
virus in the ferret model [2].

e Detailed characterization of the 2009
H1IN1 virus in vitro and in vivo and
antiviral drug treatment after animal
model infection with the virus [3].

e Description of the fitness of the
2009 HINI virus and the predic-
tion that it would be the dominant
influenza virus circulating for the
upcoming influenza season [4].

From 2007 through 2011, CEIRS scien-
tists published more than 450 peer-
reviewed scientific journal articles and
collected more than 475,000 influenza
virus samples from multiple species—
including wild birds, domestic poultry,
swine, marine mammals, and humans.
More than 17,000 influenza positive
samples have been identified. In ad-
dition, more than 1,000 of these viral
genomes have been fully sequenced
and deposited in public databases. For
more information, see www.niaid.nih.
gov/research/resources/ceirs/.

Current activities of the CEIRS
sites seek to expand the NIAID influ-
enza virus surveillance program, both
internationally and domestically, and
to conduct research on such topics as
the prevalence of avian influenza; how

influenza viruses evolve, adapt, and

are transmitted; and the immunologi-
cal factors that determine whether an
influenza virus causes only mild illness,
severe illness, or death. Some sites will
continually monitor international and
domestic cases of animal and human
influenza to rapidly detect and charac-
terize viruses that may have pandemic
potential and to generate pandemic vac-
cine candidates. The centers are laying
the groundwork for new and improved
control measures for emerging and re-
emerging influenza viruses.
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Malaria

Peter D. Crompton, M.D., M.P.H. and Steven R. Rosenthal, M.D.,
M.P.H., National Institute of Allergy and Infectious Diseases,
National Institutes of Health.

Adapted with permission from Peter D. Crompton, Susan K.
Pierce and Louis H. Miller, Advances and Challenges in Malaria
Vaccine Development, J. Clin Invest. 2010;120(12):4168-4178.
doi:10.1172/JCI144423.

alaria, caused by the parasite Plasmodium falciparum

and related species, remains a major public health

threat, especially among children and pregnant
women in Africa. More than 500 million cases of malaria
occur annually among the world’s poorest populations [1],
and this disease claims the lives of nearly 1 million children
each year in Africa alone [2]. An effective malaria vaccine
would be a valuable tool to reduce the disease burden and
could contribute to eliminating malaria from some regions
of the world. Current malaria vaccine candidates are directed
against human and mosquito stages of the parasite’s life cycle.
RTS,S is the most advanced vaccine candidate because it has
consistently demonstrated partial protection against malaria
in Phase II clinical trials and in an ongoing Phase III trial in
Africa [3]. New vaccine targets are being identified to improve
the chances of developing a highly effective malaria vaccine.

The P. falciparum life cycle in humans is classified by three

stages: the pre-erythrocytic stage (liver stage) that initiates
the infection, the asexual erythrocytic stage (blood stage)
that causes disease, and the gametocyte stage that infects the
mosquitoes that transmit the parasite. Optimism that a safe
and effective malaria vaccine can be developed is based on the
fact that natural P. falciparum infection induces clinical immu-
nity. In areas of intense P. falciparum transmission, where
individuals are infected by hundreds of mosquito bites each
year, immunity to severe, life-threatening disease is usually
acquired early in childhood, whereas immunity to mild disease
is not typically acquired until late adolescence. However, even
in adults who have had decades of exposure to P. falciparum,
sterile immunity to infection rarely develops and an occasional
episode of fever can occur [4]. Thus, the immunity ultimately
acquired by adults confers protection against the disease
caused by the blood stages of P. falciparum, the stage in the life
cycle of the parasite that causes symptoms in humans, and not

protection from infection per
se. The hope is that knowledge
of the immune mechanisms
and their P. falciparum targets
that ultimately provide protec-
tion from disease in adults can
be used to develop a vaccine
that would induce in a child a
facsimile of adult immunity.
Alternatively, by under-

standing the clinically silent

Biologist checks culture volume in

a fermenter growing Pichia pastoris
yeast. This culture medium expresses
a malaria antigen that the lab is

and hepatocyte stages), vaccl- evaluating for possible vaccine
nation might be possible to evoke development. Courtesy of NIAID

protective immune responses

stages that precede the blood
stage infection (i.e., sporozoite

that do not normally develop in natural infection—namely,
responses that prevent the blood stage infection from occur-
ring at all. Both broad approaches to vaccine development are
being taken [5, 6]. Compounding the difficulty of the vaccine
effort are the large gaps in understanding P. falciparum infec-
tion biology, including how P. falciparum invades its target
cells and causes disease.

Pre-Erythrocytic Stage Vaccines

The most advanced vaccine in development, RTS,S, consists

of a recombinant protein expressed at the pre-erythrocytic
stage that covers the parasite’s surface—the circumsporozoite
(CS) protein [7]. The idea of a pre-erythrocytic vaccine took
shape with the seminal observation by Ruth Nussenzweig

that vaccination of mice with irradiated sporozoites resulted

in protection [8] and that protection could be achieved by
immunization with the CS protein alone [9]. Development of
pre-erythrocytic vaccines began with cloning of the P. falci-
parum CS protein [10] and collaboration in 1985 between the
Walter Reed Army Institute of Research and industry partners.
This research led to the development of the RTS,S vaccine.
RTS,S consists of hepatitis B surface antigen (HBsAg) particles
fused to the CS protein and formulated with the adjuvant ASO1
[7, 11]. In a series of Phase II clinical trials, 30-50 percent of
malaria-naive adults immunized with RTS,S were protected
against challenge by mosquitoes that were infected with the
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homologous P. falciparum clone [11-16]. For this vaccine,
protection correlated with CS-specific antibody and CD4+
T-cell responses [16], but re-analysis of the data suggests that
the contribution of T-cell immunity to protection may be
minimal [17]. In Phase II field trials in The Gambia [18] and
Kenya [19], RTS,S conferred short-lived protection against
malaria infection in approximately 35 percent of adults, but the
results from the trial in Kenya did not reach statistical signifi-
cance. Among children and infants who were immunized with
RTS,S in Phase II trials conducted in Mozambique, Tanzania,
and Kenya, approximately 30-50 percent were protected
from clinical malaria [20-24], but protection was generally
short-lived. In field trials, immunization with RTS,S induced
antibodies that correlated with protection from P. falciparum
infection [25, 26] but not clinical disease [20, 24, 25, 27].

The RTS,S vaccine entered Phase III clinical trials in 2009.
Based on results from Phase II trials, RTS,S is likely to provide
only partial protection. However, precluding any unpredictable

adverse effects, the vaccine could benefit millions of children
by substantially reducing malaria morbidity and mortality.
Initial results of the Phase III trial indicate that the RTS,S
vaccine reduces episodes of clinical malaria by half in children
aged 5-17 months over the first year of follow-up. Efficacy and
safety results in 6- to 12-week-old infants, and longer term
protectivie effects of the vaccine, are expected by the end of
2014 [3]. Efforts to improve the efficacy of CS protein-based
vaccines with alternative adjuvants [28] or viral vectors [29, 30]
have been unsuccessful to date, but several studies are still
ongoing. Preclinical research efforts are focusing on inducing
higher levels of CS protein-specific antibody [31]. In one study;,
the CS repeat peptide conjugated to the mosquito stage
ookinete surface protein Pfs25 induced high levels of uncom-
monly long-lasting antibodies to both vaccine components in
mice [31]. In principle, this vaccine strategy could confer
protection against liver infection and block transmission by the
mosquito vector.

e
THE INTERNATIONAL CENTERS OF EXCELLENCE FOR MALARIA RESEARCH

Malla R. Rao, Dr.P.H., M.Eng., National Institute of Allergy and Infectious Diseases, National Institutes of Health

A maijor resurgence of interest in and
funding for malaria research, control
efforts, and new product development
has occurred during the last decade.
Several successes have emerged from
these investments, ranging from
sequencing of the genomes of Plasmo-
dium falciparum, Plasmodium vivax, and
Anopheles gambiae, to more applied
areas such as improved drugs, diagnos-
tics, and insecticides, as well as to public
health interventions such as widespread
use of long-lasting insecticide-treated
bed-nets and highly effective artemis-
inin combination therapies. According
to the World Health Organization’s
World Malaria Report 2010, many
malaria-endemic countries are presently
experiencing a decrease in the incidence
of malaria after years of increase or
stagnation. Despite these recent gains,
basic epidemiological information about
the “malaria reality” on the ground in
several endemic countries is still lacking.

In 2010, the National Institute of Allergy
and Infectious Diseases, a component
of the National Institutes of Health,
established 10 International Centers of
Excellence for Malaria Research (ICEMRs)
to address some of the malaria research
gaps that currently exist in global endemic
settings, including parts of Africa, the
Pacific Islands, and Latin America.
Renewed involvement and commit-
ment by research institutions, control
programs, governments, and funding
agencies has resulted in a rapid
scale-up of access to malaria control
measures, which in turn are changing the
landscape of malaria. With centers located
in every malaria-endemic region of the
world, the ICEMRs are uniquely posi-
tioned to capture this shifting epidemi-
ology in real time across the globe, and
these data will inform future malaria
control and elimination programs.
Several features of the ICEMRs
distinguish them from other initiatives.

Most observational studies in malaria
are restricted to a single field site with a
relatively homogeneous population. In
contrast, each ICEMR has multiple field
areas, which are thought to be distinct
with respect to disease transmission
and burden. It is anticipated that data
gathered from these heterogeneous
sites, using a common study design,
may provide an opportunity to general-
ize the findings beyond the study areas.
All centers are adopting a multidisci-
plinary approach to study the complex
interactions between the human host,
the malaria parasite, the vector, and the
ecology at the molecular, cellular,
organismic, population, and field levels.
It is expected that such studies will
provide the knowledge base necessary for
improved clinical and field management
of malaria, as well as guide the develop-
ment of new tools and interventions.
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Efforts also are ongoing to develop vaccines that induce
T-cell immunity to the pre-erythrocytic stage through either
irradiated [32] or genetically attenuated [33] sporozoites, or
through expression of P. falciparum liver stage proteins in viral
vectors [34]. The irradiated sporozoite strategy is based on an
observation that the bites of irradiated infected mosquitoes
protected humans from challenge with infected mosquitoes
that were not irradiated [35], suggesting that irradiated
sporozoites in humans could be an effective vaccine—just as
effective as they were first shown in mice [8]. This approach
is not practical because protection required the bites of more
than 1,000 infected, irradiated mosquitoes [36]. As an alterna-
tive, manufacturing processes have been developed to purify
and cryopreserve irradiated sporozoites from aseptic mosqui-
toes in the quantities necessary for vaccination [32]. In the first
clinical trial, the irradiated, purified, and cryopreserved sporo-
zoite vaccine was safe and well-tolerated but only modestly
immunogenic and protected only a few individuals. The next
clinical trial will attempt to improve efficacy by optimizing
the route of administration [37]. Studies are also in progress
to determine whether sporozoites can be attenuated for use as
vaccines by methods other than irradiation [33, 38]. A Phase II
trial is underway to test this strategy in humans.

In mouse models of malaria, immunization with irradiated
sporozoites induces CD8+ T cells that kill parasite-infected
hepatocytes. The known targets of CD8+ T-cell killing, in
addition to CS protein, include thrombospondin-related
anonymous protein (TRAP) and liver stage antigen (LSA). In
P. falciparum-naive adults, immunization with viral vectors
containing TRAP peptides led to partial protection from
challenge by infected mosquitoes through mechanisms that
involved the induction of large numbers of TRAP-specific
interferon gamma (IFNy)-producing T cells [39]. Disappoint-
ingly, this vaccine did not induce protection in children in
Africa [40]. For unknown reasons, the level of TRAP-specific
INFy-producing T cells was considerably lower in vaccinated
African children compared with that in P. falciparum-naive
adults [39, 40]. Efforts are ongoing to improve the T-cell immu-
nogenicity of TRAP with simian adenovirus vectors [34].

Asexual Erythrocytic Stage Vaccines

The asexual blood stage of the parasite’s life cycle begins with
the release of merozoites into the bloodstream from ruptured
infected hepatocytes. The blood stage is the only stage in the
parasite’s life cycle that causes disease [41]. Because immunity
to disease develops with repeated P. falciparum infections, the

acquisition of naturally acquired immunity by a vaccine may
be able to be mimicked and accelerated. One key component
of blood stage immunity is antibodies. This was demonstrated
by experiments in which the transfer of immunoglobulin G
from immune, adult Africans to partially immune African [42]
or Thai [43] children rapidly reduced parasitemia and fever.
These experiments suggest that a vaccine could theoretically
be developed that would elicit in children the antibodies that
protect against disease in adults. At present, the specificity
of antibodies that confer protection against malaria is not
tully characterized, and the precise mechanisms of antibody-
mediated protection are unknown.

Several blood stage antigens are in clinical development

as vaccines:

« Apical membrane antigen 1 (AMALI) [44]

« Erythrocyte binding antigen-175 (EBA-175) [45]
o Glutamate-rich protein (GLURP) [46, 47]

o Merozoite surface protein 1 (MSP1) [48]

o Merozoite surface protein 2 (MSP2) [49]

o Merozoite surface protein 3 (MSP3) [46, 50-52]
« Serine-rich antigen 5 (SERA5) [52]

All of these antigens are highly expressed on the surface of
the merozoite. Unfortunately, recent Phase II trials of the

most advanced blood-stage candidates, AMA1 and MSP1, did
not demonstrate efficacy in African children [44, 48]. Efforts
are ongoing to enhance the vaccine efficacy of AMAI and
MSP1 with novel adjuvants [54, 55] or viral-vectored prime-
boost strategies [34] or by combining AMA1 and MSP1 [56].
However, extensive parasite genetic diversity, due to the selec-
tive pressure exerted by the human immune response, presents
a major hurdle for the development of blood stage vaccines [57,
58]. For example, the AMALI antigen is highly polymorphic,
with hundreds of haplotypes that affect the ability of anti-
bodies specific for one haplotype to block invasion by other
haplotypes [59]. Unless strategies are developed to overcome
such genetic diversity, highly polymorphic P. falciparum
antigens, such as AMAL, are unlikely to be useful [57, 59].

Combining Pre-Erythrocytic and Erythrocytic

Stage Vaccines

The World Health Organization’s guidelines for measuring
the efficacy of malaria vaccines in Phase III clinical trials
recommend defining the primary endpoint to the time of the
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first clinical malaria episode [60]. By these criteria, the RTS,S
vaccine has demonstrated 30-50 percent efficacy in Phase II
trials [27]. Preliminary data from an ongoing Phase III trial

are consistent with these results [3]. However, an important
unanswered question remains: How does partial pre-erythro-
cytic immunity influence the time to onset of clinical malaria,
which occurs during the erythrocytic stage? One possibility is
that a partially effective pre-erythrocytic vaccine reduces the
number of infected hepatocytes, thus decreasing the number of
merozoites that are released into the bloodstream and allowing
more time for blood stage immunity to develop before the fever
threshold is reached. If so, combining P. falciparum antigens
that target the pre-erythrocytic and blood stages may further
decrease the probability of reaching the disease threshold.

This eventuality provides the rationale for several multistage
vaccine candidates that are currently being evaluated in

clinical trials.

Transmission-Blocking Vaccines
Transmission-blocking malaria vaccine candidates target
antigens on gametes, zygotes, or ookinetes in the mosquito
midgut. Antibodies induced in the human blood by these
vaccine candidates and ingested with the parasite can block
the parasite’s life cycle development in the mosquito [61].
These vaccines could be important tools to eliminate malaria
and protect against epidemics if P. falciparum parasites are
reintroduced after a period of elimination. A transmission-
blocking malaria vaccine would not confer protection to the
vaccinated individual unless it is combined with an effective
pre-erythrocytic [31] or erythrocytic vaccine.

P. falciparum proteins, such as Pfs25, that are expressed
only in the mosquito are not polymorphic because they are
not under adaptive immune pressure in the human host [62].
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Respiratory Syncytial Virus

Sonnie Kim, M.S., National Institute of Allergy and Infectious
Diseases, National Institutes of Health

espiratory syncytial virus (RSV) is the single most

important cause of severe lower respiratory tract

infection in infants and young children. RSV disease
also affects the elderly and the immunocompromised. It is a

frequent cause of winter outbreaks of acute respiratory disease.

RSV infects repeatedly and causes disease throughout life,
including a wide array of respiratory symptoms, from rhinitis
and otitis media to pneumonia and bronchiolitis—of which
the latter two have significant morbidity and mortality. In the
United States, 3.5-4 million children younger than 4 years of
age acquire RSV infection annually. Among infants less than

1 year of age, RSV accounts for an estimated 75,000-125,000
hospitalizations annually. RSV infects nearly all children by
2 years of age, and re-infections occur later during childhood
and adulthood that are generally associated with milder
disease. Recent evidence points to a link between RSV infec-
tion and the development of wheezing and asthma [1].
Recently, RSV has been recognized as a significant cause
of severe respiratory infections in older populations. Among
the elderly in the United States, RSV accounts for an estimated
14,000-62,000 hospitalizations annually. Outbreaks of RSV are
complicated with pneumonia among elderly patients in nursing
homes and hospitals. Each year, RSV affects 5-10 percent of
nursing home populations. Two to 8 percent of these cases
are fatal, amounting to approximately 10,000 deaths per year

IMPACT OF REGULATORY SCIENCE ON INFLUENZA VACCINE DEVELOPMENT

David S. Cho, Ph.D., M.P.H., U.S. Food and Drug Administration

The Food and Drug Administration
(FDA) pursues and promotes advances
in regulatory science—the science of
developing new tools, standards, and
approaches to assess the safety, effi-
cacy, quality, and performance of FDA-
regulated products. The agency’s Center
for Biologics Evaluation and Research
(CBER) regulates complex and diverse
products, including vaccines intended
to protect against both seasonal and
pandemic influenza.

As part of its efforts to advance
regulatory science, CBER plays a pivotal
role in the development of tests that
ensure the potency of seasonal and
pandemic strain—specific influenza vac-
cines. Antibodies against the hemag-
glutinin (HA) protein from the influenza
virus strain(s) that will be included in
the vaccine are essential to testing the
potency of the vaccine. CBER scien-
tists typically remove the HA protein
from influenza viruses using a standard

chemical technique; these proteins are
injected into sheep, whose immune sys-
tems make anti-HA antibodies. CBER
collects the sheep sera containing these
antibodies and supplies the sera for use
in potency tests for influenza vaccines.
Although this approach to devel-
oping anti-HA antibodies is typically
effective, there have been instances in
which the peculiar characteristics of
some strains of influenza virus make it
difficult to obtain sufficient amounts of
HA protein. Therefore, CBER developed
an alternative approach that does not
require the presence or purification of
influenza virus or removal of HA protein.
Instead, the center uses recombinant
DNA techniques to produce plasmid
DNA coding for HA protein and injects
the plasmid into sheep. The HA protein
expressed in vivo from this DNA triggers
development of antibodies against the
specific HA protein. CBER scientists
then inject into the sheep genetically

engineered viral vectors that produce
HA protein to boost antibody produc-
tion. These sheep anti-HA antibod-
ies have worked effectively in tests
designed to evaluate commercially
produced HIN1 and H5N1 vaccines.
This work demonstrates the feasibility
of an alternative approach to producing
potency reagents [1] and provides an
effective backup technique for anti-HA
antibody production when the standard
technique does not work well or fast
enough to produce potency antibodies for
a novel influenza virus. It is an example
of the critical role CBER research plays
in ensuring the safety, purity, potency,
and effectiveness of biological products
through regulatory science.
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from RSV among persons older than 64 years of age. Among
elderly persons followed for three consecutive winters, RSV
infection accounted for 11.4 percent of hospitalizations for
obstructive pulmonary disease, 10.6 percent of hospitalizations
for pneumonia, 7.2 percent of hospitalizations for asthma, and
5.4 percent of hospitalizations for congestive heart failure [2].
Severe RSV infections are also a problem in immunocompro-
mised persons of any age, especially transplant recipients.

An effective vaccine to prevent RSV could be useful in
reducing morbidity, the frequency of hospitalizations, and
the death rate from this infection. Although the development
of a vaccine has been a priority of NIAID, a licensed vaccine
is not yet available because of several challenges. The most
significant obstacle is the unexpected enhancement of disease
post-vaccination (i.e., increased severity of infection when
vaccinated children were exposed to natural RSV infection). In
a study conducted in the 1960s, immunized children who were
seronegative for RSV before vaccination and were subsequently
exposed naturally to RSV experienced enhanced disease. This
included a significant increase in the frequency and severity of
RSV lower respiratory tract diseases (bronchoconstriction and
pneumonia) and greater incidence of hospitalization, compared
with children in the control group who were not vaccinated
[3]. Scientists are studying possible mechanisms responsible for
this enhanced disease following vaccination.

To develop an effective vaccine, a more complete under-
standing of the protective and disease-enhancing immune
responses to RSV is imperative. Research efforts have focused
on the individual components of these responses, including
cell-mediated events and production of serum and secretory
antibodies. Vaccine candidates under development are evalu-
ated in a stepwise progression: first in animal models, next in
adults, then in children—those who have already been exposed
to infections (seropositive individuals), older nonimmune or
seronegative children, and younger seronegative and highly
susceptible infants.

RSV includes two subgroups: A and B. A successful vaccine
would induce resistance to both of these subgroups. The major
protective antigens of RSV are the fusion (F) and attachment
(G) glycoproteins found on the surface of RSV. These proteins
induce neutralizing antibodies that protect against wild-type
RSV infection. The F surface protein is highly conserved
among the RSV subgroups and functions to promote fusion
of the virus and host-cell membranes. The structure of the G
surface protein is the major difference between RSV subgroups
A and B. The G protein is responsible for attaching RSV to a

susceptible cell. Despite 47 percent amino acid sequence diver-
sity between the G proteins in RSV subgroups A and B, the G
protein contains a central conserved domain that is flanked by
two hypervariable regions.

Subunit RSV Vaccine Candidates

Several potential vaccine candidates contain purified F protein
(PFP). PFP-1 and PFP-2 are subunit vaccines that were tested
in various populations in Phases I and II human clinical trials.
In studies with 12- to 48-month-old RSV seropositive children,
PFP-1 and PFP-2 have been shown to be safe and immuno-
genic. These studies were not designed to evaluate the efficacy
of the vaccine (i.e., whether recipients are actually protected
from RSV infection) [4].

Subunit vaccines may be particularly useful in specific groups
of high-risk children and adults. In a pilot study of children
with cystic fibrosis, the PFP-2 vaccine induced a significant
antibody response and a significant reduction in the number of
lower respiratory tract illnesses [5]. Other studies have demon-
strated that the PFP-2 vaccine is safe and immunogenic in
ambulatory adults older than 60 years of age and in seroposi-
tive children who have bronchopulmonary dysplasia [6, 7].

A Phase II, double-blind, controlled, multicenter study of
the safety, immunogenicity, and effectiveness of the PFP-3
subunit vaccine was conducted in RSV seropositive children
with cystic fibrosis. The study found that the PFP-3 subunit
vaccine is safe and immunogenic; however, the study did not
demonstrate a reduction in the incidence of lower respiratory
tract illnesses [8].

Maternal immunization with a PFP subunit vaccine is a
potential strategy being evaluated to protect infants younger
than 6 months old from RSV disease. The rationale is based
on (1) reports of the efficient transfer of specific neutralizing
antibodies from mothers to infants during pregnancy and (2)
demonstration of the possible prophylactic value of high-titer
anti-RSV polyclonal antiserum or humanized monoclonal
antibody (MAD) that is administered to high-risk children
to protect against lower respiratory tract RSV disease and
hospitalization [9]. Infants younger than 6 months old are
most at risk for RSV infection, but usually least responsive
to vaccines. Thus, maternal immunization may be beneficial
because pregnant women respond well immunologically to
vaccines and placental transfer of maternal antibodies occurs
naturally during the third trimester. A Phase I, double-blind,
placebo-controlled study was conducted with 35 healthy
women who were in their third trimester of pregnancy. The
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PFP-2 vaccine was found to be safe and immunogenic. Trans-
placental transfer of maternal neutralizing antibodies to RSV
was efficient. Infants born to vaccine recipients were healthy
and did not experience adverse events related to maternal
immunization [9].

The G protein fragment of RSV is the basis of another
subunit vaccine currently being developed. A novel recombi-
nant vaccine candidate, BBG2Na, has been constructed by
fusing the conserved central domain of the G protein (G2Na)
of RSV Long strain to BB (the albumin-binding region of
streptococcal G protein). A clinical trial was conducted in
108 healthy adults. The BBG2Na vaccine
was found to be safe, well-tolerated, and immunogenic [10].

A subunit RSV vaccine consisting of F, G, and M proteins
also is being developed. Little is known about the function of
the M protein (Matrix protein), but some data suggest that the
M protein is associated with RSV nucleocapsids and, like the
matrix proteins of other negative-strand RNA viruses, can
inhibit virus transcription. The primary target of this vaccine is
to prevent significant respiratory disease in study populations
primed by previous natural RSV infection. Two Phase I clinical
trials have been conducted in healthy adults. These trials
support the safety and immunogenicity of this product. The
first trial compared an aluminum phosphate formulation of the
vaccine (n=30) with aluminum phosphate control (n=10). The
second trial compared the aluminum phosphate formulation
(n=10) with a formulation containing a new adjuvant—
poly[di(carboxylatophenoxy)phosphazene]—in a different
sample of young, healthy adults (1=30). Both vaccines were
found to be well-tolerated and immunogenic [11]. Additional
studies of the F/G/M protein vaccine are being conducted.

Several other subunit vaccines are in preclinical
development:

« Recombinant chimeric RSV FG glycoprotein vaccines
adsorbed onto aluminum hydroxide gel with or without the
addition of 3-deacylated monophosphoryl lipid A

 PFP formulated with alum with or without G protein (from
subgroups A and B)

o Synthetic peptide of the conserved region of the G protein
with or without cholera toxin as a mucosal adjuvant

o Recombinant fragment (BBG2Na) of the G protein formulated
with dimethyldioctadecylammonium bromide, a nasal adjuvant

« Recombinant fragment of the G protein in a liposome
encapsulated formulation, prepared by including a variety of
different lipids

Photomicrographic detection of respiratory syncytial virus (RSV) using indirect
immunofluorescence technique. Courtesy of CDC

« Mimotope (peptide that mimics antigenicity) of a conserved
and conformationally determined epitope of the F protein
recognized by an anti-RSV MAb (M Ab19) that neutralizes RSV

o Recombinant RSV F virus-like particles

o Recombinant RSV F and G proteins using Newcastle disease
virus-like particles

» Recombinant F and G proteins using Sendai virus as a vector

Live Attenuated RSV Vaccine Candidates

NIAID laboratories are actively pursuing the development of a
live attenuated RSV vaccine that is administered intranasally.
Live attenuated vaccines appear to offer several advantages
over nonreplicating or subunit vaccines, especially for RSV-
naive infants and young children. Intranasal immunization
with a live attenuated vaccine induces both systemic and local
immunity and therefore may protect against upper as well as
lower respiratory disease. Also, the immune response to a live
vaccine more closely resembles the response to natural
infection and therefore is less likely to produce enhanced
disease on exposure to natural infection. In addition, like other
live attenuated intranasal respiratory virus vaccine candidates,
live intranasal RSV vaccine candidates have been shown to
replicate in young infants in the presence of maternally
acquired antibodies.

Early attempts at developing live attenuated RSV strains
included conventional methods of attenuation by cold passage
(cp), cold adaptation, chemical mutagenesis, temperature-
sensitive (ts) selection, and combinations of these methods.
These efforts resulted in several vaccine candidates that
appeared to be substantially attenuated in experimental
animals. These candidates were then evaluated in Phase I
clinical studies, which involve a stepwise progression from
adults to seropositive children to seronegative children to
RSV-naive infants. These viruses proved to be insufficiently
attenuated. The most promising candidate was a cold-passaged,
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temperature-sensitive mutant called cpts248/404, which was
well-tolerated and immunogenic in seronegative children older
than 6 months of age. However, cpts248/404 was associated
with mild-to-moderate upper respiratory congestion when
administered to 1- to 2-month-old infants, indicating that
more attenuation was needed [12].

To construct more-attenuated vaccine candidates, the
technology of reverse genetics was employed, whereby
complete infectious RSV is recovered from cDNA. This
provides the means to insert predetermined mutations into
infectious viruses via the cDNA intermediate. This technique
was coupled with sequence analysis to determine the basis
of attenuation in the incompletely attenuated, biologically
derived viruses noted above. This resulted in identification of
the mutations involved in the attenuated cp phenotype and
of six independent ts-attenuating mutations. In addition, four
accessory viral genes were identified (SH, NS1, NS2, and M2-2)
that are nonessential in cell culture but are attenuating in vivo;
thus, deleting these genes provides another means of attenu-
ation. With this information, a series of further-attenuated,
c¢DNA-derived viruses were constructed. In particular, a
recombinant version of cpts248/404 (the mutant described
above) was further attenuated by deleting the SH gene and
including yet another attenuating mutation, yielding a virus
called cp248/404/1030ASH. When evaluated in 4- to 12-week-
old infants, this virus was well-tolerated and immunogenic
[13]. Additional studies are needed to determine whether
cp248/404/1030ASH can induce protective immunity against
wild-type RSV.

Other candidates are being prepared for clinical studies.
Deleting the M2-2 coding sequence resulted in a virus that is
reduced one-thousandfold for replication in experimental
animals and has the unusual phenotype of decreased RNA
replication and increased gene transcription and antigen
expression. Another candidate that is presently being prepared
for clinical evaluation involves deleting the NS1 gene, which
was shown to strongly suppress the induction of type I inter-
feron. Both the delM2-2 and deINS1 viruses may have increased
immunogenicity due to, respectively, increased antigen expres-
sion and the adjuvant effect of increased interferon expression.
Additional candidates involving combinations of gene deletions
and point mutations designed to increase genetic stability also
are being developed. The vaccine candidates to date represent
RSV antigenic subgroup A; a subgroup B component also will
likely be included in an RSV vaccine, which can be readily

achieved using the same attenuating mutations that have been
identified for subgroup A.

Another strategy is to express the RSV F and G protective
antigens from genes added to a live human parainfluenza virus
type 3 (HPIV3) vaccine as vector. HPIV3 is a particularly apt
choice, because immunization against both RSV and HPIV3
ideally should begin early in infancy. Presently, lead constructs
have been developed based on an attenuated PIV3 consisting of
bovine PIV3 in which the F and HN genes have been replaced
by those of HPIV3, thus combining the host-range attenuation
of bovine PIV3 with the major protective antigen genes from
HPIV3. A construct in which the RSV F protein is expressed
from an added gene between the N and P genes of the PIV3
vector is currently in Phase I clinical trials. On one hand,
this approach combines two necessary vaccines into a single
recombinant virus and, being based on PIV3, avoids the poor
growth and physical instability of RSV. But on the other hand,
the construct lacks most of the RSV antigens. Combining
a PIV-vectored RSV vaccine with an attenuated RSV strain
may be the best way to increase the potency of immunization
against RSV while including a PIV3 component.

The live attenuated approach was evaluated in healthy
young adults, showing that these viruses are highly restricted
and over-attenuated in RSV-experienced individuals [14]. The
live attenuated approach will likely not be useful in adults
because a virus that replicates well in RSV-experienced
individuals likely will retain residual virulence for RSV-naive
contacts. However, RSV subunit vaccines have been shown to
be well-tolerated and safe in RSV-experienced individuals,
which is consistent with the observation that, to date, disease
enhancement has been observed in only RSV-naive individuals
[3]. The immunogenicity of previous formulations of RSV
subunit vaccines was disappointing, but several commercial
companies are developing improved versions. An RSV subunit
vaccine could be combined with the inactivated influenza
vaccine for yearly immunization. Maternal immunization with
an inactivated vaccine represents another possible approach to
increasing the resistance of young infants to severe RSV disease.

Future Directions

Ideally, immunization for RSV should begin during the first

2 months of life. However, developing a vaccine for RSV is
challenging because this is a time when immune responses
are reduced due to immunologic immaturity and the presence
of maternal antibodies. Safety concerns also are paramount
during this time. In addition, RSV infects and causes disease
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at the lung mucosal surface, where immune protection is

less complete. However, the recent success of the live attenu-
ated, topically administered rotavirus vaccine indicates that
substantial reduction in severe disease from a mucosal
pathogen can be achieved in infancy [15]. While still elusive,
live attenuated RSV vaccine candidates with promising char-
acteristics are now moving into expanded clinical trials. The
development of improved subunit vaccines has great potential
for use in healthy adults, the elderly, and specific groups of
high-risk older children, as well as for maternal immunization.

REFERENCES

1. Henderson J, Hilliard TN, Sherriff A, Stalker D, Al Shammari N, Thomas
HM. Hospitalization for RSV bronchiolitis before 12 months of age and
subsequent asthma, atopy and wheeze: a longitudinal birth cohort
study. Pediatr Allergy Immunol. 2005 Aug;16(5):386-92.

2. World Health Organization (WHO). Acute respiratory infections (Update
September 2009) [Internet]. Geneva, Switzerland: WHO; 2009.
Disease burden, RSV infection. Available from: www.who.int/vaccine_
research/diseases/ari/en/index2.html

3. Fulginiti VA, Eller JJ, Sieber OF, Joyner JW, Minamitani M, Meiklejohn
G. Respiratory virus immunization. A field trial of two inactivated
respiratory virus vaccines; an aqueous trivalent parainfluenza virus
vaccine and an alum-precipitated respiratory syncytial virus vaccine. Am
J Epidemiol. 1969 Apr;89(4):435-48.

4. Durbin AP, Karron RA. Progress in the development of respiratory
syncytial virus and parainfluenza virus vaccines. Clin Infect Dis. 2003
Dec 15;37(12):1668-77. Epub 2003 Nov 20.

5.  Piedra PA, Grace S, Jewell A, Spinelli S, Bunting D, Hogerman DA, et
al. Purified fusion protein vaccine protects against lower respiratory
tract illness during respiratory syncytial virus season in children with
cystic fibrosis. Pediatr Infect Dis J. 1996 Jan;15(1):23-31.

6. Falsey AR, Walsh EE. Safety and immunogenicity of a respiratory
syncytial virus subunit vaccine (PFP-2) in ambulatory adults over age
60. Vaccine. 1996 Sep;14(13):1214-8.

7. Groothuis JR, King SJ, Hogerman DA, Paradiso PR, Simoes EA. Safety
and immunogenicity of a purified F protein respiratory syncytial virus
(PFP-2) vaccine in seropositive children with bronchopulmonary
dysplasia. J Infect Dis. 1998 Feb;177(2):467-9.

8. Piedra PA, Grace S, Jewell A, Spinelli S, Hogerman DA, Malinoski F, et
al. Sequential annual administration of purified fusion protein vaccine
against respiratory syncytial virus in children with cystic fibrosis. Pediatr
Infect Dis J. 1998 Mar;17(3):217-24.

9. Munoz FM, Piedra PA, Glezen WP. Safety and immunogenicity of
respiratory syncytial virus purified fusion protein-2 vaccine in pregnant
women. Vaccine. 2003 Jul 28;21(24):3465-7.

In addition, substantial progress has been made in developing
new adjuvants for human use. These adjuvants may augment
the immunogenicity of subunit vaccines and possibly live
vaccines. With appropriate adjuvants, RSV subunit vaccines
might be made safe for RSV-naive individuals. New RSV
vaccine platforms, including virus-like particles and replica-
tion-defective vectors such as alphaviruses and adenoviruses,
have yielded promising results in preclinical testing. Thus, the
prospects for developing RSV vaccines are encouraging.

10. Goetsch L, Plotnicky-Gilquin H, Aubry JP, De-Lys P, Haeuw JF, Bonnefoy
JY, et al. BBG2Na an RSV subunit vaccine candidate intramuscularly
injected to human confers protection against viral challenge after nasal
immunization in mice. Vaccine. 2001 Jul 16;19(28-29):4036-42.

11. SalesV, Goldwater R, Warren JT, Yi Q, Caudrelier P. Safety and
immunogenicity of a respiratory syncytial virus subtype A vaccine in
adults: two Phase | studies. Presented at: IV International Symposium on
Respiratory Viral Infections; 2001 Dec; Curacao, Netherlands Antilles.

12. Wright PF, Karron RA, Belshe RB, Thompson J, Crowe JE Jr, Boyce TG,
et al. Evaluation of a live, cold-passaged, temperature-sensitive,
respiratory syncytial virus vaccine candidate in infancy. J Infect Dis.
2000 Nov;182(5):1331-42. Epub 2000 Sep 22.

13. Karron RA, Wright PF, Belshe RB, Thumar B, Casey R, Newman F, et al.
Identification of a recombinant live-attenuated respiratory syncytial virus
vaccine candidate that is highly attenuated in infants. J Infect Dis.
2005;191:1093-1104.

14. Friedewald WT, Forsyth BR, Smith CB, Gharpure MA, Chanock RM.
Low-temperature-grown RS virus in adult volunteers. JAMA. 1968 May
20;204(8):690-4.

15. Linhares AC, Velazquez FR, Pérez-Schael |, Sédez-Llorens X, Abate H,
Espinoza F, et al.; Human Rotavirus Vaccine Study Group. Efficacy and
safety of an oral live attenuated human rotavirus vaccine against
rotavirus gastroenteritis during the first 2 years of life in Latin American
infants: a randomised, double-blind, placebo-controlled Phase Il study.
Lancet. 2008 Apr 5;371(9619):1181-9.

VACCINE UPDATES

143



Tuberculosis

Christine F. Sizemore, Ph.D., National Institute of Allergy and
Infectious Diseases, National Institutes of Health

Background
espite significant advances in tuberculosis (TB)
research and improvement in treatment strategies, TB
remains one of the leading infectious killers worldwide.
Although curable, TB claims an estimated
1.7 million lives each year [1]. Failure to
contain this disease can be attributed to a
number of factors, including insufficient
TB treatment and care infrastructure in
endemic, resource-limited countries; the
lack of integration of TB and HIV/AIDS
healthcare services in areas where the
spread of TB is closely linked to the HIV
co-epidemic; the lack of rapid and sensitive
diagnostics; the lack of treatment options
to shorten therapy from the current 6-9
months; the spread of drug-resistant disease;
and the lack of a highly effective vaccine.

In most cases, infection with Mycobacterium tuberculosis
(Mtb) is controlled by the immune system and leads to a
spectrum of manifestations ranging from asymptomatic
colonization (often referred to as latent or persistent infection)
to subclinical disease. Weakening of the immune system, as
is the case in persons also infected with HIV or with diabetes,
can result in progression from subclinical infection to active,
symptomatic TB disease. While TB can manifest itself in a
multitude of forms, pulmonary disease is of greatest public
health importance since it is responsible for the transmis-
sion of the pathogen in communities. Patients with active
TB are generally treated with combination chemotherapy
under direct observation (DOT, directly observed treatment)
for 6-9 months. The length of this regimen, combined with
drug-related adverse events, frequently leads to noncompliance
and treatment failures, which in turn can result in the develop-
ment and spread of drug-resistant TB. According to modeling
studies, a combination of prevention strategies using more
effective vaccines and/or more efficient treatment of latent
disease, combined with proactive identification and treatment

Scanning electron micrograph of Mycobacterium
tuberculosis. Courtesy of NIAID

of TB patients, are needed to eliminate this disease as a global
public health burden [2].

The currently available TB vaccine, M. bovis Bacille
Calmette-Guérin (BCG), was developed almost 100 years ago.
Worldwide, a variety of BCG strains are available and are
widely administered to newborn children under the World
Health Organization’s (WHO’s) Expanded Programme on
Immunization. One BCG vaccine strain (Tice) is licensed in
the United States against TB but is not
recommended for general use. Despite its
lack of consistent, reproducible efficacy in
clinical trials to prevent adult pulmonary
TB, BCG provides reasonable protection
against childhood complications of and
death from TB.

Development of more effective
vaccines either to prevent infection
with Mtb or to block progression to
active disease remains a priority for the
National Institute of Allergy and Infec-
tious Diseases (NIAID). Since 1998,
when the U.S. Department of Health and
Human Services’ (HHS’) Advisory Council for Elimination
of Tuberculosis, the U.S. National Vaccine Program Office,
and NTAID convened a workshop to develop the Blueprint for
Tuberculosis Vaccine Development, several promising vaccine
candidates have become available, many of which are now
being evaluated in humans in clinical trials.

State of the Science in Tuberculosis Vaccine
Development

Until the early 1980s, the incidence of TB in the United States
had been steadily declining. A sudden spike in new cases was
reported between 1986 and 1992. This resurgence of TB was
attributable largely to a deteriorating public health infra-
structure and also was coincident with the HIV epidemic. In
1993, TB was declared a global health emergency by WHO [3].
Following these events, awareness of the global impact of TB
increased and led to the realization that improving our under-
standing of the natural history of TB and the interaction of
host and pathogen is a prerequisite for identifying better ways
to diagnose, prevent, and treat this disease. Research funding
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has steadily increased since 1992, with NIAID developing a
comprehensive research program to stimulate and support

all aspects of TB biomedical research and product develop-
ment. Significant gains in knowledge were made through the
sequencing of the genome of laboratory and clinical strains

of Mtb and other mycobacterial species, and the development
of microbiologic and genetic tools that helped dissect the
interaction of the pathogen and the host immune response.
These efforts have been aided by the development of research
resources for TB, including structural genomics consortia and
collection of data using a systems biology approach—activi-
ties that have been funded by NIAID and through National
Institutes of Health (NIH)-wide initiatives. These investments
in biomedical research have resulted in the first-ever portfolio
of TB vaccine candidates, many of which have entered clinical
trials, with others completing preclinical evaluations. These
candidates are representatives of a diverse set of vaccine classes
and include recombinant BCG and live-attenuated Mtb strains;
various other live vectors (bacterial and viral); and DNA,
protein, and peptide subunit vaccines.

Significant effort has been expended to develop relevant
animal models of TB that approximate distinct stages of
human disease, to aid in the characterization and selection of
preclinical and clinical vaccine candidates. Since the patho-
genesis of TB varies among different animal species, with
dynamic immunological factors modulating disease outcome
after infection with Mtb, several different animal species are
currently employed in preclinical vaccine testing, to assemble
comprehensive datasets about vaccine candidates. Through the
increasingly detailed characterization and refinement of these
models, which now extend from rodents (mice and guinea pigs)
to rabbits to nonhuman primates, researchers continue to gain
insight into immunological and microbiologic factors that are
involved in the development of TB in these animals and thus
create scientific hypotheses for how human TB may develop.
Although it is recognized that BCG provides critical protection
against pediatric TB, this live vaccine can lead to significant
adverse events and even death in children also infected with
HIV, and thus, safer and more effective versions of BCG are
being developed. Clinical development strategies for new TB
vaccines include boosting of neonatal BCG with novel vaccines
at a later stage in life, as well as replacement of BCG with safer
and more effective recombinant strains that will improve
boosting later in life. Both strategies to prevent primary
infection and/or reactivation of latent TB are being pursued,
as are strategies to use vaccines and immune stimulants to

improve and shorten chemotherapy. Because about one-third
of the world’s population is thought to harbor asymptomatic
infection with Mtb, and HIV co-infection increases the chance
of developing active disease from 1 in 10 over the course of
a person’s life to 1 in 10 per year, prevention of reactivation
disease is considered critical to curbing the spread of TB [4].
Several candidates that demonstrated protection against
infection with Mtb in small animal models equally well or
better than BCG have entered human clinical trials. These
are the first studies of new, engineered TB vaccine candidates
since the introduction of BCG in 1921. This new generation
of clinical candidates includes recombinant BCG vaccines
expressing various immunodominant Mtb antigens intended
to replace BCG as a primary vaccine and fusion proteins
composed of immunogenic Mtb peptides and virally vectored
constructs intended to boost either current or potential recom-
binant BCG. In addition, various non-TB mycobacteria, such
as M. vaccae and M. w, are being evaluated for their ability to
stimulate immune responses against TB. Also, clinical studies
are being conducted to better define the immune protec-
tion elicited by BCG in pediatric populations and to aid in
the development of immune assays for the characterization
of immune responses in human clinical trials. Overall, the
research community is developing a comprehensive approach
to designing improved vaccination strategies for TB. Currently,
it is estimated that combination approaches of improved
priming and boosting vaccines will be needed to produce
protective immune responses in adult populations.

Challenges and Opportunities for Developing a Vaccine
for Tuberculosis

The majority of research toward new and improved vaccines
has only occurred during the last decade. Hence, little histor-
ical experience in TB vaccinology is available that can be used
as guidance for developing or improving new TB vaccines.
Although TB vaccine research has made tremendous advances
over the last 10 to 15 years, a number of critical questions
remain to be answered. The answers will likely provide the keys
to faster TB vaccine development.

o Why are some individuals able to contain infection with
Mtb as a latent, asymptomatic infection while others develop
subclinical disease and still others progress to fulminate
active disease? To answer this question, longitudinal human
studies of Mtb infection are needed to define approaches and
solutions to preventing progression to active disease.
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o What markers can serve as correlates of immunoprotection
in humans to allow assessment of immunogenicity in
clinical trials? Since BCG is not able to protect against adult
TB, these correlates of immune protection will likely not be
identified until vaccines that provide more effective protec-
tion are evaluated in advanced clinical trials. Research in
immunology of TB has provided suggestions as to what
markers may be of relevance in protection, and these
markers are progressively being integrated into clinical
immune assays and also in animal studies of TB vaccines.
Only with the aid of data from human vaccine trials will
researchers be able to benchmark animal models to help
identify those candidate vaccines with the highest chance of
improving protection against TB in humans. For these reasons,
it is critical that vaccine candidates be quickly evaluated for
safety and efficacy in human trials and any subsequent
findings used to devise more targeted vaccine strategies.

o What is the importance of co-infections and comorbidities
in patients at high risk for Mtb infection and progression to
active disease? Do such co-infections or comorbidities have
an impact on potential efficacy of vaccines?

o What are the most relevant animal models to predict efficacy
of human vaccines against infection, disease, and/or

transmission?

o How will persons already infected with Mtb respond to
vaccination?

o What is the impact of vaccination on disease pathogenesis,
and does natural and induced immunity affect the evolution
of Mtb strain phenotypes? How do clinical trials have to be
designed to study these complex interactions?

o What role will diagnostics play in the development of TB
vaccines? Rapid and accurate identification of patients with
Mtb infection, as well as ruling out active TB in adults and
pediatric populations, will be critical for enrollment into
clinical trials that evaluate post-exposure vaccines. Diagnos-
tics that accurately and rapidly indentify infected persons
are likely going to rely on a combination of host immune
and bacterial markers. Diagnostic development therefore
should be closely coupled with immunology and vaccinology
research in TB to leverage scientific findings in these areas.

o How does BCG work in children? This is a currently
understudied but important aspect of vaccine development.
Little is known about general or TB-specific differences
in immune response and vaccine efficacy among infants,
children, and adults. It is recognized that the clinical

presentation of TB in young children is different from that
in adults and that BCG eflicacy differs significantly in these
populations.

« How can studies be designed to minimize the sample size
and study duration? The current global capacity for
registration-quality clinical trials for TB vaccines is insuf-
ficient to support Phase III trials. Furthermore, these trials
are expected to require substantial numbers of trial volun-
teers and financial support, and it is unclear how
development of clinical sites and funding for the clinical
trials will be supported.

NIAID-Supported Tuberculosis Vaccine Research

Many challenges exist that will influence the design of efficacy
trials in humans. To answer the above questions, NIAID

is funding not only investigator-initiated research but also
solicited research on TB immunology, pathology, pathogenesis,
vaccine development, target antigen identification, diagnostics,
development of improved tools for epidemiological studies, and
development of markers of immunoprotection. All research

in TB is included under Category C of NIAID’s Biodefense
Research Program. In addition, NIAID provides resources
through its genomics and bioinformatics programs that are
available to the TB research community.

NIAID’s preclinical contract research resources include
critical research materials from pathogenic and nonpathogenic
mycobacteria, as well as vaccine-testing services in small animal
models. Other contracts bridge the gap between identification
of genes that may play a role in interaction between host and
pathogen and actual determination of the biological function of
these genes. Support services also are available to help advance
promising preclinical candidates to clinical testing. NIAID’s
Tuberculosis Research Unit and Vaccine and Treatment
Evaluation Units provide clinical trials infrastructure for TB
projects to evaluate vaccine candidates and conduct studies on
establishing surrogate markers of protection (see www.niaid.
nih.gov/labsandresources/resources/Pages/default.aspx).

Knowledge gained from research over the last 14 years has
led to a diverse pipeline of vaccine candidates, with several
products being evaluated in various stages of clinical trials. The
advancement of the current global TB vaccine pipeline, as well
as an updated Blueprint for Tuberculosis Vaccine Development,
is being discussed by members of the Stop TB Partnership’s
working group for vaccines. Its most recent publication, “The
Global Plan to Stop TB 2011-2015,” not only summarizes the
ongoing efforts in the field of TB vaccine development but also,
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for the first time in the history of TB control, acknowledges the
need to include fundamental research in human TB as an integral
part of a global strategy to eliminate this disease [5]. This
publication attests to the continued need for new vaccines
against TB and also recognizes the need for continued funding
for and contributions from fundamental and translational
science, both of which are heavily supported by NIAID. Although
the field of TB vaccine development has produced a rich array

of potential candidates and many donors are continuing to
support preclinical research, a clear funding and “interest” gap
continues to exist for pharmaceutical quality preclinical and
also clinical development of vaccine candidates.

Despite the many challenges remaining in TB vaccine
development, a new sense of optimism is permeating the TB
research and public health communities, as recent research
advances result in novel vaccine candidates entering human trials.

e
HEPATITIS C VIRUS: PROSPECTS FOR VACCINE DEVELOPMENT

Sarah E. Miers, J.D. and Rajen Koshy, Ph.D.

National Institute of Allergy and Infectious Diseases, National Institutes of Health

In the United States, there are approxi-
mately 20,000 new hepatitis C virus
(HCV) infections every year. Acute HCV
infections become chronic in the majority
of infected individuals. Chronic HCV
infection is associated with a high risk
of progressive severe liver disease,
including cirrhosis, liver cancer, and
end-stage liver disease. There are an
estimated 3—-4 million individuals with
chronic HCV infection in the United States
and more than 170 million worldwide.
Multiple challenges exist with regard
to developing an HCV vaccine. HCV
mutates at an unusually high rate in
an infected patient; immune responses
such as virus-neutralizing antibodies
and T-cell responses are compromised
by the emergence of variant viruses.
HCV proteins directly target and inhibit
both innate and adaptive host immune
responses. Also, a convenient small ani-
mal infection model for HCV is lacking.
Currently, the only animal that can be
infected with HCV is the chimpanzee.
The National Institute of Allergy and
Infectious Diseases (NIAID) supports
basic and clinical research on HCV
replication and pathogenesis, virus-host
interactions involved in pathogenesis,
and immune responses; development of

cell culture and small animal model sys-
tems for virus replication; development
of vaccines and therapeutics, including
programs to develop and test vaccines
against HCV; and support of preclinical
and clinical development resources.
Notably, in addition to individual
investigator-initiated awards, NIAID has
established five cooperative research
centers for studying HCV, each engaged
in studies on the host immunological
response to infection.
Specific HCV vaccine candidates
currently in clinical development include:
e A prime-boost approach with recom-
binant adenovirus and modified vac-
cinia Ankara (MVA) vectored vaccines
preparing to enter Phase Il trials

e Yeast vector vaccine in Phase IIb trial
for therapeutic use

e Synthetic peptide vaccines—Phase Il
trials for therapeutic use completed

e MVA vector vaccine in Phase Il trial
for therapeutic use

The long-term, progressive clinical
manifestations of chronic HCV infection
provide opportunities, post-infection, to
intervene with so-called “therapeutic”
immunization approaches. Studies in
chimpanzees suggest that it may be
possible to develop both a prophylactic

vaccine to prevent chronic HCV infec-
tion as well as therapeutic vaccines that
may lower virus levels and ameliorate
chronic liver disease. Given the large
number of individuals with chronic HCV,
safe and effective therapeutic vaccines
that may potentially be used in conjunc-
tion with drugs would have great impact
on the public health burden of HCV.
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Rotavirus Vaccines

Diana S. Berard, National Institute of Allergy and Infectious
Diseases, National Institutes of Health

otaviruses are the leading cause of severe acute gastro-

enteritis among children around the world [1]. Before

rotavirus vaccines were made available, nearly all
children in the United States had rotavirus gastroenteritis by
the age of 5, according to the Centers for Disease Control and
Prevention (CDC). In the pre-vaccine era, rotavirus infections
were responsible for 400,000 doctor visits, more than 200,000
emergency room visits, 55,000 hospitalizations, and 20 to 60
deaths annually among children under 5 years of age in the
United States [2, 3].

Following the availability of rotavirus vaccines, reductions
in severe and fatal diarrheal disease have been observed in low-
middle, middle, and high-income countries [4]. It is estimated
that in the United States rotavirus vaccines prevented approxi-
mately 650,000 diarrheal-associated hospitalizations between
2007 and 2009, and saved $278 million in treatment costs [5].

Vaccine-preventable deaths still continue, however. The
World Health Organization estimates that more than 520,000
children under the age of 5 die from vaccine-preventable
rotavirus infections each year, primarily in poor countries due
to the lack of health care and adequate resources [1].

History of Rotavirus Vaccines
Credit for the discovery of human rotaviruses goes to Dr. Ruth
Bishop in Melbourne, Australia, who first identified rotavirus
as an agent of children’s diarrhea in 1973. She recognized that
naturally attenuated strains of rotavirus infecting neonates could
protect them against severe gastroenteritis for multiple years.
Researchers later determined that rotaviruses consist of 11
segments of double-stranded RNA housed within concentric
shells composed of three structural protein layers (Figure 1).
There are seven rotavirus serogroups, A to G, with A being the
most common. Proteins that form the outer shell include VP7
and the VP4 spike proteins. They stimulate the production of
neutralizing antibodies and are, thus, targets for host protec-
tion by vaccines. VP6, which forms the next shell layer, has
important antigenic determinants specific to each serogroup.
One of the nonstructural proteins, NSP4, is now identified
as an enterotoxin. When intestinal cells are infected with

FIGURE 1.
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A rotavirus is a wheel-shaped virus consisting of 11 double-stranded RNA segments
that generate six structural proteins (VP1, VP2, VP3, VP4, VP6, and VP7) and six
nonstructural proteins (NSP1-6). Each virus particle is surrounded by a triple layer
coat composed of the different structural proteins. Courtesy of NIAID

different strains of rotavirus—human or animal—genetic
material from each strain may combine to produce a reas-
sortant virus.

The National Institute of Allergy and Infectious Diseases
(NIAID) has a long history of supporting rotavirus candidate
vaccine development during the 1970s and 1980s, leading even-
tually to formation of a rhesus rotavirus quadrivalent vaccine
expressing the most common human rotavirus serotypes: G1,
G2, and G4, along with a rhesus G3. This vaccine advanced
into clinical trials and was found to be safe and welltolerated.
Upon its licensure in 1998 as RotaShield, it became the first
rotavirus vaccine licensed in the United States. RotaShield
was later voluntarily withdrawn from the market when data
collected through postlicensure surveillance suggested an
increase in a rare associated adverse event called intussuscep-
tion. Currently, there are two licensed rotavirus vaccines.
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RotaTeq (RV5) was initially developed by NIAID grantees

and was licensed in the United States in 2006. It is a live oral
human-bovine pentavalent reassortant rotavirus vaccine.
RotaTeq is given to infants in three doses as an oral liquid at
2,4, and 6 months. Large clinical trials showed no increase in
intussusception with RotaTeq when compared to the placebo
group. A threefold increase in serum immunoglobulin A (IgA)
antibodies was seen in a subgroup of infants receiving RotaTeq,
compared with those receiving placebo [6]. Efficacy against
any rotavirus gastroenteritis matching the vaccine serotypes in
the first year was 74 percent and rose to 98 percent against any
severe rotavirus gastroenteritis.

Rotarix (RV1) is a live attenuated oral human vaccine
containing only the most common human genotype, G1, yet
proved in trials to protect against severe diarrhea for G1, G2,
G3, G4, and G9 rotavirus strains. Given to infants in two doses
between 6 and 24 weeks old, Rotarix was originally approved
for use in more than 90 countries; it was licensed for use in the
United States in 2008. No increase in intussusception was seen
during clinical trials when comparing Rotarix to placebo.

Looking Forward

Current rotavirus vaccines have improved the health of
children around the world. However, new vaccines could
continue to reduce the global impact of rotaviruses. Together
Rotarixand RotaTeqare licensed in more than 100 countries
but remain cost-prohibitive for many developing countries.
Considerations for next-generation vaccines include: afford-
ability, ease of delivery, ambient storage, and use in higher-risk
populations, such as infants with compromised immune
systems or poor nutrition.

Isolates of human rotaviruses taken from asymptomatic
infants are still considered a promising source of new vaccines.
An example of government and private sector collaboration
exists in the development of a vaccine that is now taking place
in India. A naturally occurring rotavirus strain was isolated
in a neonatal unit in India, adapted to Primary African Green
Monkey Kidney (PAGMK) cells by CDC, and later transferred
to NIAID for production of clinical lots. The resulting vaccine
was tested in the United States by NIAID in adults and
children. The vaccine was then transferred to a biotechnology
company in India where it was adapted to Vero cells and tested
in Phase I and II studies. The newly formulated vaccine is
currently in Phase III studies in India under support from the
Bill & Melinda Gates Foundation.

Other rotavirus vaccine candidates moving forward in
clinical trials include an oral vaccine based on a neonatal
strain of rotavirus and vaccines made from recombinant virus-
like particles that are incapable of replication yet have proven
effective against animal rotavirus. Another option being
advanced uses killed rotavirus strains delivered by injection, in
hopes that such vaccines may be more protective in higher risk
populations, where oral vaccines are typically less effective.

In order to increase accessibility to rotavirus vaccines,
NIAID has negotiated agreements with pharmaceutical
companies in Brazil, China, and India for the transfer of
human-bovine rotavirus vaccine technology and biological
starting materials that have been developed by NIAID scien-
tists. The goal is to have local companies make affordable
vaccine, raising the hope that the vaccine will be incorporated
into local programs and the disease burden will be reduced.
The success of current rotavirus programs demonstrates that
research on new prevention strategies, including vaccines, can
make a significant impact on improving health and decreasing
costs [7].
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