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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
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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 NTAID 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 Bindine Namain crustal atriictiire

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

VACCINE UPDATES

101



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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