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Abstract A new disease, severe atypical respiratory syndrome (SARS), emerged
in China in late 2002 and developed into the first epidemic of the 21st century.
The disease was caused by an unknown animal coronavirus (CoV) that had crossed
the species barrier through close contact of humans with infected animals, and was
identified as the etiological agent for SARS. This new CoV not only became read-
ily transmissible between humans but also was also more pathogenic. The disease
spread across the world rapidly due to the air travel, and infected 8096 people and
caused 774 deaths in 26 countries on 5 continents. The disease is characterized by
flu-like symptoms, including high fever, malaise, cough, diarrhea, and infiltrates
visible on chest radiography. The overall mortality was about 10%, but varied pro-
foundly with age; the course of disease seemed to be milder in the pediatric age
group and resulted rarely in a fatal outcome, but the mortality in the elderly was as
high as 50%. Aggressive quarantine measures taken by the health authorities have
successfully contained and terminated the disease transmission. As a result there
are no SARS cases recorded recently. Nevertheless there is a possibility that the
disease may emerge in the population with high vigor. Significant progress has been
made in understanding the disease biology, pathogenesis, development of animal
models, and design and evaluation of different vaccines, and these are the focus of
this chapter.

14.1 Introduction

A new infectious disease, known as severe acute respiratory syndrome (SARS), ap-
peared in the Guangdong province of southern China in 2002. It was characterized
mainly by flu-like symptoms, including high fevers, dry nonproductive dyspnea, and
infiltrates visible on chest radiography. In about a third of all cases, the resulting
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pneumonia led to acute breathing problems requiring artificial respirators [1]. The
overall mortality for SARS was about 10%, but varied greatly with age with a
mortality rate in the elderly as high as 50% [2, 3, 4]. A previously unidentified
coronavirus was isolated from Vero and FRhK-4 cells that were inoculated with
clinical specimens (nasopharyngeal, oropharyngeal and sputum) from SARS pa-
tients [5, 6, 7]. The association of the virus with the disease was confirmed when
monkeys that were inoculated with the virus developed symptoms similar to those
observed in human cases of SARS [8]. Although accurate information about the on-
set of the SARS epidemic is not available, the Chinese Ministry of Health reported
an outbreak of unexplained pneumonia to the World Health Organization (WHO) in
February 2003. The SARS associated coronavirus (SARS-CoV) is believed to have
jumped from an animal host to humans in rural areas of the Guangdong province,
and then spread rapidly throughout the world via air travel. During the period from
November 2002 to July 2003, the epidemic of SARS spread to 29 countries, affected
approximately 8,000 people, resulted in about 800 deaths and severely crippled the
Asian economy. The overall cost of the outbreak was estimated to approach $100
billion, mostly as a result of cancelled travel and decreased investment in the af-
fected region [9]. However, aggressive quarantine measures successfully controlled
the emergence of SARS in 2003, yet in January 2004 two new confirmed cases of
community acquired SARS has been reported in China. This suggests that this infec-
tious disease has not been completely eliminated, and may dramatically re-emerge
in the human population [10].

Based on the phylogenetic analysis of the replicase genes of Coronaviruses
(CoVs), they are divided into three main sero groups: group I CoVs, including
transmissible gastroenteritis virus and human CoV 229E; group II CoVs, including
mouse hepatitis virus and bovine CoV; and group II1, including infectious bronchi-
tis virus (Fig. 14.1) [11]. Phylogenetic analyses of the complete genome sequence
of the SARS-CoV suggests that it is not closely related to any of the three previously
identified coronavirus groups, nor does it seem to be a reassortant of known coron-
aviruses [12]. Its unique sequence suggests that the virus has evolved independently
from the other members of the family for a long period of time. The search for a
possible natural reservoir of the SARS-CoV is ongoing, since it could serve as the
launch pad for another SARS outbreak. To date, these efforts have limited success
because a virus with very close sequence homology was isolated from palm civets,
raccoons, dogs, and the Chinese ferret badger, indicating that the virus may have
jumped recently from these mammals to humans [13]. Cats may be infected with the
virus and can spread it, but do not show clinical signs of infection [14]. Moreover,
the virus has been detected on the body-surface and gut contents of cockroaches by
PCR, but their organs were negative, so they might act as a mechanical vector of
virus transmission [15]. The pandemic potential and pathogenicity of SARS-CoV,
as well as the absence of effective licensed drugs, highlights the need for aggressive
efforts directed toward the development of a safe and effective vaccine. The avail-
ability of a prophylactic vaccine would be a particularly desirable solution, since it
would not only prevent disease in vaccinated people, but it would also reduce overall
spread of the virus. While the development of coronavirus vaccines generally has
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been challenging, there are several encouraging factors which point towards the
feasibility of developing a SARS-CoV vaccine: (1) the evidence that SARS-CoV
is inducing an acute infection and disease (it is generally more complicated to
develop a vaccine against a microorganism that induces a chronic infection); (2) the
infection mounts a strong humoral response; (3) passive transfer of sera obtained
from convalescent patients to SARS patients resulted in the reduction of the viral
load that saved the lives of the patients; (4) the relative ease with which the virus
can be propagated in vitro; and (5) as a proof of concept there are some effec-
tive licensed veterinary coronavirus vaccines based on inactivated or live attenuated
virus, including those against a canine coronavirus and avian infectious bronchitis
virus.

In this chapter, we will focus on: (a) Genes and proteins of the SARS-CoV;
(b) correlates of protection; (c) animal models; (d) application of different tech-
nologies for developing SARS vaccine; (e) use of adjuvant and delivery systems for
enhancing the potency of the vaccine, and (f) the potential issue of disease enhance-
ment due to vaccines.

14.1.1 Gene Organization of SARS Coronavirus

Similar to other coronaviruses, SARS-CoV is an enveloped positive-strand RNA
virus, featuring a large viral genome encoding for the three different types of pro-
teins known as (i) structural, (ii) non-structural and (iii) accessory proteins. We will
discuss these different proteins one by one.
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14.1.2 Structural Proteins

This group of proteins includes the spike (S), envelope (E), matrix (M) glyco-
proteins, the nucleocapsid protein (N) [16, 17]. The S, M and E proteins are in-
corporated into the viral envelope, and S-protein dimers or trimers protrude from
the viral membrane, providing CoVs with a characteristic corona-resembling shape
(Fig. 14.2). For the structural proteins we will focus on Spike and nucleocapsid
proteins, as they are the prime targets for developing an effective and efficacious
vaccine.

14.1.3 SARS Spike Protein

The S protein of SARS-CoV is a large transmembrane glycoprotein of coron-
aviruses, and is responsible for virus binding, fusion and entry. Since the S protein is
exposed on the surface of the virion, it is the major target for inducing neutralizing
antibodies. Furthermore, the S protein plays critical roles in viral pathogenesis and
virulence, and is also important for viral functions and antigenicity [18].

The S protein is a type I transmembrane glycoprotein with 1255 amino acids.
All CoV S-proteins contain an N-terminal signal peptide, which facilitates transport
into the endoplasmic reticulum, where the proteins are extensively glycosylated.
Notably, SARS-CoV S has 23 consensus sites for N-linked glycosylation [16, 17,
19, 20, 21]. Comparison of SARS S protein with the S proteins of other coron-
aviruses, revealed that the sequence of the SARS-CoV S protein may have the fol-
lowing hypothetical features (i) a 13-amino-acid cleavable secretory signal [16], (ii)
a putative S1 globular domain (residues 15-680) with a potential receptor binding

Nucleocapsid protein (N)
Membrane protein (M)

Spike protein (S),

Fig. 14.2 Morphology of the
SARS-CoV. A Schematic
presentation of the virus. A
lipid bilayer comprising the
spike protein, the membrane
protein and the envelope
protein cloaks the helical
nucleocapsid, which consist
of the nucleocapsid protein
that is associated with the
viral RNA (adapted

from [148]) \Envelope protein (E),
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site [7, 21,22, 23], (iii) a putative S2 stalk domain (residues 681-1255) with a fusion
peptide and heptad repeats, (iv) a hydrophobic transmembrane (TM) domain near
the C terminus that could be responsible for anchoring the S protein to the virion
lipid envelope [24], and (v) a cysteine-rich (Cy) domain immediately following the
membrane anchor region, a feature common to all other coronaviruses which may
be involved in stabilizing protein-lipid interactions.

The S1 domain is responsible for virus binding to the receptor on the target
cells. It has been demonstrated that angiotensin-converting enzyme 2 (ACE2) is
a functional receptor for SARS-CoV [7, 22, 25, 26]. Investigators have mapped an
approximately 200 amino acid region of S1 domain (318-510 amino acids) that is
responsible for interacting with ACE2, its receptor. This 200 amino acid domain
is known as the receptor-binding domain (RBD) [27, 28, 29]. The S2 domain con-
tains a putative fusion peptide and two heptad repeat (HR1 and HR2) regions. Upon
binding of RBD on the viral S protein to ACE2 on target cells, S2 changes confor-
mation by interaction between the HR1 and HR2 regions to form fusogenic core
and bring viral and target cell membrane into close proximity, resulting in virus
fusion and entry [30]. The HR1 and HR2 regions can associate to form a six-helix
bundle structure [30, 31], and a peptide derived from the HR2 region of SARS-CoV
S protein had inhibitory activity on SARS-CoV infection [30]. This indicates that
the fragments containing the functional domains on the S protein may be used as
antigens for inducing antibodies to block virus binding or fusion. Notably, glycopro-
teins (GPs) of highly divergent viruses, including human immunodeficiency virus
(HIV) [32], and mouse hepatitis coronavirus (MHV) [24, 33] exhibit a similar ar-
chitecture. These GPs, referred to as class I fusion proteins, use similar mechanisms
to promote membrane fusion, which has important implications for therapeutic in-
tervention. However, despite the similarities in domain organization, the SARS-CoV
S-protein does not exhibit significant sequence identity with S-protein of any other
CoVs; the highest sequence conservation is found in heptad repeats (HRs) located
within the S2 regions underlining their important function.

The S polypeptide is N-glycosylated co-translationally in the endoplasmic retic-
ulum (ER) and further processed in the Golgi apparatus [24]. The S glycoproteins
of human coronavirus 229E, transmissible gastroenteritis virus (TGEV), porcine
respiratory coronavirus, feline infectious peritonitis virus, and canine coronavirus
remain as single glycoproteins, those of mouse hepatitis virus, bovine coronaviruses,
and human coronavirus OC43 are proteolytically cleaved into two subunits, S1 and
S2, during the cellular transport process. Earlier studies of TGEV indicate that
the S protein is an oligomer composed of three copies of the monomeric S gly-
coprotein [34]. Such a quaternary structure has been reported for other enveloped
RNA viruses and has been demonstrated to be important for eliciting neutralizing
antibodies against hemagglutinin A (HA) of influenza virus [35], the gp120-gp41
heterodimer of human immunodeficiency virus [36], and the G protein of vesicular
stomatitis virus [37].

It is believed that S-protein is present as a trimer on the surface of SARS CoV.
Li and colleagues [38] have characterized four sequential states of a purified re-
combinant S ectodomain (S-e) comprising S1 and the ectodomain of S2. They
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are S-e monomers, uncleaved S-e trimers, cleaved S-e trimers, and dissociated S1
monomers and S2 trimer rosettes. Lowered pH induces an irreversible transition
from flexible, L-shaped S-e monomers to clove-shaped trimers. Protease cleavage
of the trimer occurs at the S1-S2 boundary; an ensuing S1 dissociation leads to
a major rearrangement of the trimeric S2 and to formation of rosettes likely to
represent clusters of elongated, post-fusion trimers of S2 associated through their
fusion peptides. The states and transitions of S suggest conformational changes
that mediate viral entry into cells. However, S-protein in different conformations
is yet to be evaluated for its efficacy in inducing potent neutralizing antibody
responses.

14.2 The Interaction of S-protein with Dendritic Cells

Binding of viral glycoproteins to cellular factors other than the receptor(s) does not
enable entry but can enhance viral infection. Therefore, various pathogens, includ-
ing HIV, are thought to interact with factors on dendritic cells (DCs) to promote their
spread within infected individuals [39]. Binding of HIV to DCs facilitates infection
of nearby susceptible cells through a mechanism that is not completely understood.
The lectin DC-SIGN (dendritic cell-specific ICAM-grabbing non-integrin) or re-
lated molecules might be instrumental to this process because DC-SIGN expressed
on cell lines binds to the GP of HIV and catalyzes infection of adjacent receptor-
positive cells. DC-SIGN also interacts with SARS-CoV S-protein and augments
infection with retroviral particles bearing the S-protein on their envelope [40, 41].
This observation is reflected by efficient DC-mediated SARS-CoV transmission to
target cells [40, 41]. Furthermore, additional factors other than DC-SIGN are clearly
involved in viral transfer [40]. Notably, DCs are not permissive to virus infection, in-
dicating that productive infection is not required for transmission [40, 41]. However,
the interaction of SARS-CoV with DCs could contribute to SARS pathogenesis.
Attachment of SARS-CoV to dermal DCs might facilitate viral spread in the skin,
whereas DC-SIGN-positive alveolar macrophages could promote SARS-CoV repli-
cation in the lung. Moreover, internalization of SARS-CoV by DCs might provide
the virus with means of immune escape.

14.3 Receptor for SARS-CoV

Efforts from several groups were focused on the identification of the cellular re-
ceptor for SARS-CoV. Li et al. [7] reported that the metallopeptidase angiotensin-
converting enzyme 2 (ACE2) is a receptor for SARS-CoV. They had used a soluble
S1-immunoglobulin (Ig) fusion protein for immunoprecipitation experiments with
lysates from Vero E6 cells, the cell type used for the isolation of SARS-CoV. Sub-
sequent proteomic analysis revealed ACE2 to be a high-affinity binding partner of
S1. Inhibition of SARS-CoV infection of susceptible cells using antibodies against
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ACE2, in conjunction with the observation that ACE2 expression in a resistant
cell line for SARS CoV makes it highly susceptible for SARS infection, indicated
that the interaction of S1 protein to ACE2 facilitated SARS-CoV infection [7].
Wong et al. also identified ACE2 as a SARS-CoV receptor by using a different
approach [28]. Binding studies using soluble fragments of SARS-CoV S-protein
revealed residues 318 to 510 to be the minimal receptor-binding domain [21, 27, 28].
An initial search for S-protein residues that are important for ACE2 binding pointed
to E452 and D454, with the latter being crucial for association with ACE2 [28].
However, the exact regions of ACE2, which are in contact with the S-protein, remain
to be identified. Recently, the structure of the ACE2 ectodomain has been resolved,
revealing two ridges flanking the catalytic site [42]. Molecular modeling suggests
that these ridges might interact with the S-protein [26]. Interestingly, binding of
ACE2 to an inhibitor and probably also to substrate induces structural changes
within these ridges [42] and might interfere with binding to the S-protein. Detailed
analysis will be required to identify residues within the S-protein and ACE2 that
are critical for their interaction; and therefore represent attractive targets for devel-
oping inhibitors. It is also conceivable that inducing potent antibodies against the
receptor-binding domain could be an attractive strategy for developing a vaccine
against the SARS.

These studies might also have important implications for the development of
small animal models. Thus, ACE2 from African green monkeys enables efficient
entry of SARS-CoV [43], and infection of some macaque species reproduces as-
pects of SARS in humans [8, 44], while viral replication in mice is less robust
and does not induce disease [45]. It will, therefore, be important to determine
if a potentially reduced interaction of SARS-CoV S-protein with murine ACE2
limits viral spread in these animals. If that were the case, then the generation of
transgenic animals would be of greater significance [7]. ACE2, a carboxypepti-
dase that cleaves polypeptides from the renal-angiotensin system [46], is essential
for cardiac function [47] and is expressed in various tissues and organs [48]. Im-
portantly, major target cells of SARS-CoV, such as pneumocytes [1, 49, 50, 51],
express ACE2 [48], and expression in cell lines correlates with permissiveness to
SARS-CoV S-driven infection [43], indicating that ACE2 plays a central role in
SARS-CoV replication.

14.4 Co-receptor or Alternative Receptors for SARS CoV

In contrast to HIV, the evidence for the requirement of a co-receptor or the existence
of alternative receptors for SARS-CoV to entry into certain tissues has not yet been
demonstrated. However, ACE2-dependent infection of organs other than the lung
might contribute to SARS pathogenesis. For example, small intestinal enterocytes
express ACE2 [48] and are permissive for SARS-CoV [49, 51, 52]. Moreover, the
efficient infection of renal epithelial cells of different species [41] and isolation
of the virus from kidney tissue of a SARS patient [6] suggest that SARS-CoV
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infection of kidney cells might contribute to acute renal failure observed in some
SARS patients [41, 53]. Infection of intestinal enterocytes and kidney cells could
facilitate viral transmission via the fecal-oral route. Viral RNA has been detected
in stool samples from SARS patients [1, 52], however, it is unclear if transmission
via feces promoted viral spread during the 2003 outbreak. Hepatocytes from SARS
patients were also infected [49], and some ACE2-expressing hepatoma cell lines are
highly permissive to replication of SARS-CoV [41, 43, 54]. Infection of hepatocytes
might therefore partially account for the altered levels of liver-specific enzymes
commonly observed in SARS patients [1, 54]. Because liver tissue was found to
be largely negative for ACE2 protein expression [48], it will be interesting to ex-
amine whether viral entry is facilitated by low levels of ACE2 expression or other
factors.

14.5 SARS-CoV Spike Protein Triggering: Low pH Versus
Receptor Engagement

Receptor engagement can activate the fusion machinery of viral glycoproteins in
two ways. First, binding to receptor can directly activate the fusion process [25, 55],
which is the case for HIV and murine leukemia virus (MLV) glycoproteins. Al-
ternatively, receptor engagement can trigger the internalization of viral particles
into endosomes where protonation activates glycoprotein-driven membrane fu-
sion [25, 55]. Influenza hemagglutinin and the vesicular stomatitis virus G-protein
(VSV-G) are activated by low pH. In the case of SARS CoV it has been demon-
strated that inhibitors of vacuolar acidification also block infection by S-bearing
pseudotypes, suggesting potential triggering of the fusion activity of SARS-CoV
S-protein by low pH [41, 54, 56]. However, SARS-CoV S-driven cell-to-cell fu-
sion can occur in the absence of low pH [21, 25]. Therefore, the S-protein of
SARS-CoV might be able to mediate membrane fusion in a pH-dependent and
independent fashion, and several parameters might control which stimulus is re-
quired under what conditions. One such parameter could be the association between
the S1 and S2 subunits of the SARS-CoV S-protein. Many class I fusion proteins
are cleaved into an outer and a transmembrane subunit by cellular proteases. In
addition, the cleavage is essential for the functionality of the glycoprotein such
as the case for HIV envelope. By contrast, S-proteins of group I CoVs are not
cleaved at all, and cleavage of the S-protein of MHYV, a group II CoV, appears to
be cell-type dependent and not required for its functionality [24, 57]. Based on
the limited set of data, it seems there are no obvious consensus sites for cellular
proteases present in SARS-CoV S protein [16, 17], and efficient cleavage of the
protein has not been reported [21, 24, 30, 58]. Notably, protease treatment of cells
expressing S-protein resulted in an increased cell-to-cell fusion activity [56], indi-
cating that cleavage of S protein might enable pH-independent, receptor-dependent
triggering of the fusion activity. Further work is needed to clearly demonstrate the
role of cellular proteases in triggering the S-protein driven membrane fusion of
the SARS CoV.
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14.6 Membrane Fusion

Two functional elements located in the transmembrane domain of CoV S-proteins
are key to the membrane fusion: a putative fusion peptide and two heptads repeat
(HR). The function of these elements has been elucidated in the context of prototype
class I fusion proteins, such as HIV gp160 [59]. Cleavage of gp160 produces the
fusion active form of the transmembrane subunit gp41, which is oriented perpendic-
ular to the viral membrane and contains a fusion peptide (a stretch of hydrophobic
amino acids) at its N-terminus. Two HRs (HR1 and HR2) are located between the
fusion peptide and the transmembrane domain. During the fusion process, the fusion
peptide inserts into the target cell membrane, HR2 folds back onto HR1, resulting
in the formation of a six-helix bundle structure (trimer of dimers). In this confor-
mation, the HRs are oriented in an anti-parallel fashion, thereby bringing the fusion
peptide (inserted into the target cell membrane) and the transmembrane domain
(inserted into the viral membrane) into close contact, which ultimately facilitates
the membrane fusion [59].

Bosch et al. [24] demonstrated that fusion driven by the S-protein of MHV fol-
lows similar principles; however, a major difference compared to HIV was observed.
The fact that the cleavage of many CoV S-proteins, including that of SARS-CoV,
is not needed for exerting their function suggests that these proteins must have an
internal fusion peptide similar to the G-protein of VSV. A computer-based analysis
has predicted a potential fusion peptide at the N-terminus of HR1 in SARS-CoV S
[59]. In light of these observations, the model for membrane fusion illustrated pre-
viously must be revised for the SARS-CoV S-protein. Thus, upon exposure to low
pH it is possible that an internal fusion peptide, which is covalently associated with
both the S1 and S2 subunits, inserts into the target cell membrane, and the mem-
brane fusion is driven by the formation of the six-helix bundle between HR1 and
HR2. In case of influenza HA, a low pH environment triggers irreversible confor-
mational changes associated with membrane fusion, whereas exposure of VSV-G
to low pH induces a reversible transition into the fusion active state [59]. The na-
ture of pH-induced conformational changes in SARS-CoV S-protein remains to be
determined. If the model proposed above accurately describes SARS-CoV S-driven
membrane fusion, one would expect that peptides mimicking HR1 or HR2 should
assemble into a six-helix bundle and that such peptides would inhibit SARS-CoV
S-mediated membrane fusion. The latter speculation is based on evidence obtained
with several viral class I fusion proteins, including MHV S-protein [24], for which
HR-derived peptides were shown to inhibit fusion by preventing the formation of the
six-helix bundle [59]. The peptide T20, which potently inhibits HIV gp160-driven
membrane fusion when present in the low-nanomolar range, has been approved for
use in patients, representing the first member of entry inhibitors, a new class of
therapeutics [60]. Therefore, blocking the six-bundle formation either by chemical
means such as T-20 is a proven therapeutic agent or whereas directing antibodies
to the critical elements may represent an attractive target for developing a vaccine
against SARS-CoV.
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14.7 SARS Nucleocapsid Protein

The N protein, which binds to the genomic RNA via a leader sequence, recognizes
a stretch of RNA that serves as a packaging signal and leads to the formation of
the helical ribonucleoprotein (RNP) complex during assembly. The structure of the
RNA-binding domain of the SARS-CoV N protein was determined by NMR spec-
troscopy in 2004 [61]. It consists of a five-stranded 3 sheet whose folding is unre-
lated to that of other RNA-binding proteins. The authors identified a binding site for
single-stranded RNA (ssRNA), using NMR to determine the resonance of residues
perturbed by the addition of RNA, and revealed a similar mode of interaction to
RNA-binding proteins such as Ul A RNP. They also identified small molecules from
an NMR-based screen that bind to the RNA-binding domain and might impair its
function. Antigenic peptides of the coronavirus N protein can be recognized by T
cells on the surface of infected cells [62, 63]. The structure of the MHC-I molecule
HLAA* 1101 in complex with such a peptide derived from the SARS-CoV N pro-
tein, a nonamer with a SARS-specific sequence, has recently been determined to
1.45 A° resolution [61]. It is similar to other MHC-I molecules and shows a similar
peptide-binding mode, and thus this structure adds to the growing library of MHC-I
structures and could be used as a template for peptide-based vaccine design.

14.8 Non-structural Proteins

The SARS-CoV replicase gene encodes for 16 non-structural proteins (nsp), with
multiple enzymatic functions. These are known or predicted to include types of
enzymes that are common components of the replication machinery of plus-strand
RNA viruses: an RNA-dependent RNA polymerase activity (RdRp, nsp12); a 3C-
like serine protease activity (Mpro or 3CLpro, nsp5); a papain-like protease 2 activ-
ity (PL2pro, nsp3); and a superfamily-1 helicase activity (HEL1, nsp13) [16, 64, 65].
In addition, the replicase gene encodes proteins that are indicative of 30-50 exori-
bonuclease activity (ExoN homologue, nsp14), endoribonuclease activity (XendoU
homologue, nspl5), adenosine diphosphate-ribose 10-phosphatase activity (ADRP,
nsp3) and ribose 20-O-methyltransferase activity (20-O-MT, nsp16). These en-
zymes are less common in plus-strand RNA viruses, and may therefore be related
to the unique properties of coronavirus replication and transcription. Finally, the
replicase gene encodes another nine proteins, of which little is known about their
structure or function. The nsp 4, 10 and 16 have been implicated by genetic analysis
in the assembly of a functional replicase—transcriptase complex.

14.9 Accessory Proteins

The genomic sequences of numerous SARS-CoV isolates have been determined.
The ‘conserved’ open reading frames (ORFs) of the SARS-CoV genome occur in the
same order as and are of similar size to those found in other coronaviruses. However,
in addition to the conserved genes, the SARS-CoV genome contains eight novel
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OREFs at the 3" end (ORFs 3a, 3b, 6, 7a, 7b, 8a, 8b and 9b) [11]. To date, the functions
of these genes remain largely unknown, although their absence from other genomes
suggests unique functions that might be advantageous to SARS-CoV replication,
assembly or virulence [66]. Only one of these so-called accessory proteins has a
known structure and further studies are required to elucidate their precise functions.

14.10 Correlate of Protection for SARS

SARS CoV infection of humans results in the development of acute respiratory syn-
drome in about 10% of the patients, which usually results in mortality. Therefore,
one of the major questions in SARS is how the immune system manages to control
the infection in the majority of patients. The S glycoprotein is a major structural
protein of SARS-CoV and a potential target for SARS-specific humoral immu-
nity and/or cell-mediated immune responses. Recent studies in animal models have
demonstrated that vaccines based on the S protein of SARS-CoV seem to induce
a considerable neutralizing antibody response [58, 67, 68, 69] and provide protec-
tion via inhibition of viral replication after challenge with live SARS-CoV [68].
In addition, SARS-CoV specific IgG can be detected at week 3 after the onset of
syndromes in SARS patients and persist for a long period of time [70, 71]. Poly-
clonal immune sera from convalescent SARS patients were passively transferred
to treat SARS patients during the outbreak in 2003 [72]. These findings revealed
that humoral immune responses, therefore, play an important role in controlling and
clearing SARS-CoV infection in humans and mice. Moreover, the S protein in its
native conformation might be a suitable candidate for vaccine approaches. Indeed,
immunization of macaques with adenoviruses coding for S, M, and N triggered the
production of neutralizing antibodies, providing at least some indirect proof that
S-based vaccines hold promise. To clearly demonstrate that antibodies are really
involved in the control of SARS CoV infection, investigators resorted to the use of
passive transfer experiments, a practice of administering polyclonal immunoglobu-
lin isolated from hyperimmune sera of animal or human origin, introduced by Von
Behring and Kitasato. It has been used extensively in prophylactic as well as in
therapeutic settings [73]. However, the risks related to the use of human blood prod-
ucts make them problematic as a standard therapy. Human monoclonal antibodies
may be a solution to some of the problems. In addition the use of mAbs has the
added advantage of using higher tittered and higher avidity antibody directed against
the protective epitope(s). Furthermore, it may also alleviate the concern of disease
enhancement, since generally low avidity antibodies are considered to cause disease
enhancement.

14.11 Passive Transfer of Monoclonal Antibodies

The first human monoclonal antibody (mAb) resulted from a screen of a human
non-immune single-chain variable region fragment (scFv) phage library constructed
from B cells against the S1 domain of the SARS-CoV spike protein. The antibody
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had a high neutralization activity in vitro and blocked syncytia formation of 293T
cells expressing the S protein on their surface [74]. When the antibody was given
prophylactically to mice at doses therapeutically achievable in humans, viral repli-
cation was reduced by more than 4 orders of magnitude and was no longer de-
tectable [74]. Also employing phage display technology to screen a naive antibody
library for antibodies reactive against the S protein, ter Meulen and colleagues
isolated a human mAb belonging to the IgG1 subclass [75]. Prophylactic admin-
istration of this antibody to ferrets, an animal model of SARS-CoV infection and
disease, has reduced replication of SARS-CoV in the lungs of infected ferrets by
3.3 logs (p < 0.001), completely prevented the development of SARS-CoV induced
lung pathology (p < 0.013), and abolished shedding of the virus in pharyngeal se-
cretions. Traggiai and coworkers [76] chose B cells from a convalescent person
to identify human mAbs recognizing SARS-CoV. Through a combination of mag-
netic and fluorescence-activated cell sorting they isolated memory B-lymphocytes,
which were subsequently immortalized with Epstein-Barr virus (EBV). B lympho-
cyte clones were selected according to their ability to recognize the SARS-CoV
proteins and/or to neutralize the virus. Surprisingly, only a small fraction of memory
B cells specific for SARS-CoV antigens were directed against neutralizing epitopes
present in the spike protein. One of the human mAbs was tested in a mouse model
for its in vivo neutralizing activity [45]. It protected the lungs completely and the
upper respiratory tract partially from virus replication when given two days prior
to challenge with SARS-CoV. This approach has the advantage that it is fast, as
it can be completed within 3 months, and efficient. It generates large numbers of
antibodies that can immediately be screened for the most favorable affinity and
epitope specificity. Passive immunization certainly has its merits especially when
it comes to the prophylactic protection of high-risk groups like health care work-
ers but might also be of therapeutic benefit when given early after onset of the
disease.

14.12 The Role of Cell Mediated Immunity
in SARS-CoV Infection

The role of cell-mediated immunity in the resolution of SARS-CoV infection in hu-
mans is still not well understood. In an study by Yang and colleagues, the investiga-
tors observed that memory T-cell responses against the S protein were persistent for
more than 1 year after SARS-CoV infection by detecting the production of IFN-vy
using ELISA and ELISpot assays [77]. Flow cytometric analysis demonstrated that
both CD4+ and CD8+ T cells were involved in cellular responses against SARS-
CoV infection. Interestingly, most of SARS-CoV S-specific memory CD4+ T cells
were central memory cells with the CD45RO+ CCR7+ CD62L phenotype. How-
ever, the majority of memory CD8+ T cells revealed effector memory phenotype,
CD45RO-CCR7-CD62L-. Thus, the study provides evidence that SARS-CoV infec-
tion in humans can induce cellular immune responses that are persistent for a long
period of time. These data may argue for the design a vaccine that may be effective in
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inducing not only potent neutralizing antibody responses but also cellular responses
and T-helper cell responses as well. Nevertheless, further work would be needed
to establish a direct correlation between strong cellular responses and reduced vi-
ral load.

14.13 Animal Models

An authentic animal model that represents infections of humans with SARS-CoV is
critical for a better understanding of the disease. In addition, animal models are key
for pre-clinical evaluations of the most effective vaccines leading to clinical evalua-
tions. Efforts have been made by different groups to develop rhesus, mouse, and fer-
ret challenge models for SARS-CoV infection. SARS-CoV can infect cynomolgus
macaques (Macaca fascicularis) following intratracheal inoculation [8, 44, 78, 79].
The histopathologic pattern resembled that seen in humans dying of SARS when
the animals were analyzed 4 or 6 days after infection with a Hong Kong SARS-
CoV isolate [8, 44]. A different study using the Tor2 isolate found only mild, self
limited, respiratory symptoms in some animals and low-level virus replication [78].
Experimental infection of the three species of Old World monkeys (African Green,
rhesus, and cynomolgus monkeys) with SARS-CoV strain Urbani via the respiratory
route revealed a quantitative difference in virus replication in the upper and lower
respiratory tract of the three species; the virus replicated to higher titers and for a
longer time in the respiratory tract of African Green monkeys (AGM) compared
to cynomolgus or rhesus monkeys. The titer of serum neutralizing antibodies in-
duced in these animals correlated with the level of viral replication in the respiratory
tract. Histopathologic examination of African green monkey lungs were consistent
with those reported by Kuiken et al. and Fouchier et al. although they found more
evidence for pneumonitis at earlier time-points post infection (2 days vs. 4 or 6
days, respectively) [79]. Ferrets, cats, mice, and Golden Syrian hamsters have also
been successfully infected with SARS-CoV. All of these animal models support
viral replication in the upper and lower respiratory tract although no clinical signs
were seen in SARS-CoV inoculated cats. Infected ferrets on the other hand be-
came lethargic from day 2—4 post infection, and developed a lung pathology similar
to but milder than those described for infected macaques. Both infected cats and
ferrets were able to efficiently transmit the virus to other animals living in close
proximity [14]. Following intranasal administration of SARS-CoV strain Urbani,
the virus replicates in the respiratory tract of BALB/c mice [45] and Golden Syrian
hamsters [80]. The kinetics of virus replication in both species resembles each other,
peaking at day 2, post infection and the virus clears after 5-7 days. In hamsters,
however, the virus reaches higher titers especially in the upper respiratory tract, and
the animals are shedding the virus for a longer time. In contrast to mice, hamsters
showed pathology in the upper and lower respiratory tract, as well as viremia and
extrapulmonary spread of the virus to liver and spleen. Neither Golden Syrian ham-
ster nor BALB/c mice showed any clinical signs of disease with the exception of
aged mice. Twelve to fourteen months old BALB/c mice infected with SARS-CoV
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demonstrated signs of clinical illness as characterized by weight loss, hunching, ruf-
fled fur, and slight dehydration, which were resolved by day 7-post infection. Com-
pared to young BALB/c mice, SARS-CoV replication was enhanced and prolonged
in the aged mice; virus titers were higher in the lungs and accompanied by alveolar
damage and interstitial pneumonitis [80]. All animal models described above differ
from the human disease in two important aspects: (a) the period between infection
and the peak in viral load is shorter; and (b) pathology is shortened and the disease
rarely progresses to a fatal outcome. But despite these differences, these animal
models are important and useful for vaccine evaluation.

14.14 Development of SARS Vaccine using Different
Platform Technologies

Vaccine efficacy is generally measured by the ability of the antigen to raise a pro-
tective immunologic response from B and/or T cells after exposure to the pathogen.
Ideally, by creating antigen-specific memory within the immune system, individuals
will be protected from infection for decades. Several veterinary coronavirus vac-
cines are currently available, but their efficacy is variable. The vaccine for preven-
tion of infectious bronchitis virus (IBV), which infects chickens, is effective [81],
but the canine and porcine vaccines are only partially effective [82]. The feline in-
fectious peritonitis (FIP) vaccine is actually deleterious to the health of the animal.

There are several independent and parallel vaccine approaches being evaluated
against the SARS-CoV: (i) live attenuated or inactivated virus, (ii) DNA Vaccines;
(ii1) DNA prime and boost approach; iv) use of viral vectors for delivering the vac-
cine; (v) recombinant subunit vaccine, and (vi) use of virus like particles (VLP).
All these approaches have potential advantages and disadvantages, and one needs
to weigh the pros and cons for each technology, and select the technology, which is
most potent in inducing protective immune responses.

14.14.1 Attenuated and Inactivated Whole Virus Based Vaccines

The choice of an inactivated vaccine is, without question, the most expeditious route
that can be pursued to reach the clinical evaluation stage of a potential SARS-CoV
vaccine. It has a safety record established by immunizing people with hundreds
of million doses and they are generally easy to manufacture. Moreover, they are
able to induce a broad immune response against all antigenic determinants of the
virus. In fact, many groups from academic institutions and industry are working on
the development of an inactivated vaccine against the SARS-CoV and in Decem-
ber 2004 Sinovac Biotech announced that all 36 subjects participating in a phase
I human clinical trial testing an inactivated SARS-CoV vaccine had received their
second and last vaccination (http://www.news-medical.net/?id=4560). So far, no
adverse reactions have been reported and all participants are in good health. A recent
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study by Zhou and colleagues [83] describes a formaldehyde inactivated whole virus
vaccine, which was tested for its immunogenicity, safety, and protective efficacy
in rhesus monkeys. The animals were immunized twice intramuscularly (i.m) at
one-week interval with 0.5, 5, or 50 pg of non-adjuvanted vaccine and challenged
2 weeks after the second immunization. None of the vaccinated animals developed
any clinical symptoms upon virus challenge. However, the control group showed
only minor clinical signs. Two weeks after the second immunization SARS-CoV
specific IgG and neutralization titers were highest in the 50 wg group and those ani-
mals were protected from virus challenge, as no replicating virus could be detected
in the lungs 15 days post challenge. However, animals receiving lower dosages were
only partially protected. The detection of increased IFN-vy concentrations and almost
constant IL-4 concentrations in vaccinated animals indicated a Th-1 driven immune
response. He and colleagues (2004) demonstrated that SARS-CoV inactivated by
B-propiolactone (BPL) elicited high titers of antibodies in the immunized mice and
rabbits that recognize the S protein, especially the receptor-binding domain (RBD)
in the S1 region [84]. The antisera from the immunized animals efficiently bound
to the RBD and blocked binding of RBD to angiotensin-converting enzyme 2, the
functional receptor on the susceptible cells for SARS-CoV. With a sensitive and
quantitative single-cycle infection assay, using pseudovirus bearing the SARS-CoV
S protein, the investigators demonstrated that mouse and rabbit antisera significantly
inhibited S protein-mediated virus entry with mean 50% inhibitory titers of 1:7393
and 1:2060, respectively. These data suggest that the RBD of S protein is a major
neutralization determinant in the inactivated SARS vaccine, which can induce po-
tent neutralizing antibodies to block SARS-CoV entry [84]. In another study, a BPL
inactivated SARS-CoV vaccine was developed and tested for its immunogenicity
and efficacy in BALB/c mice in collaboration with the NIH [85]. Animals were
immunized at 0, 2, and 4 weeks with 5 pg of inactivated virus with or without
the adjuvant MF59, an oil squalene-in-water emulsion, approved for human use in
Europe for an influenza vaccine [86]. After three doses, the MF59 adjuvanted BPL-
inactivated SARS virus vaccine induced a ten fold higher neutralizing titer (1:645)
than the non-adjuvanted vaccine (1:64). IgG subclass determination indicated pre-
dominant Th2-type immune response to the adjuvanted vaccine. Two weeks after
the last vaccine dose, mice were challenged intranasally and nasal turbinates and
lung tissues were analyzed for infectious virus two days later. Complete protection
from virus replication was observed in mice that received the MF59 adjuvanted vac-
cine; neither the nasal turbinates nor the lungs of these mice contained recoverable
virus. Immunization with the non-adjuvanted vaccine resulted in complete protec-
tion of the upper respiratory tract and a significant (p < 0.00001) reduction of viral
titers in the lower respiratory tract of 30,000-fold compared to the control groups.
A number of other investigators have also evaluated whole virus vaccines using
UV, BPL or formaldehyde to inactive the virus in mice and rabbits and combined
them with different types of adjuvant [84, 87, 88, 89]. Regardless of the method or
combination used, all vaccines elicited strong immune responses underscoring the
potential of this approach. One major drawback inherent to all vaccines using inac-
tivated viruses is the high risk of accidents during their production. High amounts of
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infectious virus have to be cultivated and purified raising the probability of incidents.
Using live attenuated virus strains instead of wild type virus could minimize this
risk.

In summary, vaccines can be produced by inactivation of the virus, by using
an attenuated or weak form of the virus, or by using recombinant forms of viral
components. Inactivated virus vaccines are relatively safe because they cannot re-
vert back to the live form. They are also relatively stable and may not even require
refrigeration. This is important in developing countries and for ease in mobilization
during outbreak or emergency situations. However, there are limitations to their use.
Inactivated vaccines usually require several doses and some are weakly effective at
stimulating an immune response. The vaccine to prevent hepatitis A is an example
of an inactivated viral vaccine [90]. Furthermore, these vaccines are less character-
ized, may require special laboratory for the development therefore it may be even
harder to get the FDA approval for clinical evaluation. An unfortunate example of
this general lack of characterization is the inactivated respiratory syncytial virus,
which caused two deaths and many hospitalizations due to disease enhancement in
vaccinated infants.

14.14.2 DNA Vaccines

DNA vaccination is quite a powerful strategy, and receiving considerable attention
due to its ability to induce both humoral and cellular immune responses. It induces
immune responses to, and in some cases even leads to, the protection against various
types of infections, such as influenza, malaria, and SARS [91, 92, 93]. A common
feature of DNA vaccination is that the synthesis of the antigen occurs in intracellular
compartments, allowing the processed antigen to enter the MHC class I pathway, in
turn to generate CD8+4 cytotoxic T-lymphocyte (CTL) activities. High CTL and
antibody responses were observed after mice were injected three times with a re-
combinant plasmid vector expressing the N protein [94]. Mice immunized with a
plasmid containing the S protein produced anti-SARS-CoV IgG and developed neu-
tralizing antibodies and a T-cell mediated response resulting in a six-fold reduction
in viral titers in the lungs. Plasmids encoding either the S1 or S2 regions of the
spike protein elicited antibody production in mice. Neither the S1 or S2 antibodies
alone were capable of neutralizing the virus; however, cooperatively they enabled
neutralization of the virus, suggesting that both regions of the spike protein are
important for host-cell viral entry.

Jin and colleagues have demonstrated that both humoral- and cellular-mediated
specific responses could be induced by DNA vaccines for N, M, and E antigens [95].
All three DNA constructs induced SARS-CoV-specific antibodies in mice, however
the highest antibodies were induced against N protein, followed by M and E pro-
teins. In addition, T cell proliferation and DTH responses were also successfully
induced in mice after vaccinations with these constructs. These results suggested
that the DNA vaccine was effective to prime a specific anti-SARS-CoV response and
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apparently generate a broad range of both T-helper and B-cell memory responses
during the priming. This was also consistent with previous observations of the pro-
tective immunity [96, 97]. Furthermore, the DNA administrations generated a lower
level of IL-10, suggesting that DNA vaccines may help polarizing Th-1 type of
responses.

Recently, Zhu et al. [98] have demonstrated that a DNA construct based on
the pcD3d vector could successfully induce SARS-CoV N protein-specific anti-
body titers and CTL responses. Kim [99] has demonstrated that vaccination with
N DNA vaccine could successfully induce a SARS-CoV antigen-specific CD8+
T cell response and distinctly reduce the titer of recombinant vaccinia virus ex-
pressing SARS-CoV N protein after the challenge and that the co-expression of
calreticulin (CRT), a 46 kDa Ca24-binding protein, with N gene could enhance
its ability to protect against viral challenges. Therefore, it is consistent that the
N protein construct could induce the highest SARS-specific IgG, T cell prolifer-
ation, and in vivo CTL response were once again induced for N protein, followed
by M and E. Furthermore, the highest Th-1 type responses based on IFN-y and
IL-2 production were also induced against the N protein. It is difficult to answer
if N is truly more immunogenic compared to M and E, or the increased level of
immune responses may be due to more epitopes in the N nucleocapsid protein
since it contains 422 amino acid residues, while the M and E have 220 and 76
amino acids respectively. In addition, the differential concentrations of each antigen
presented in the killed SARS-CoV preparation could have also contributed to the
differences.

It has been demonstrated in several studies that there is an interaction between
the N and M proteins. Shi and colleagues [100] have tried to answer two questions:
(a) Can N or M membrane proteins be expressed in a DNA vaccine? and (b) Can
the expression of a membrane protein (M) affect the immune responses induced
by N protein in the context of a DNA vaccine? The animals were injected with
20 g of the mixture of DNA vaccines encoding for M and N. The ELISA analysis
using the N antigen or inactivated SARS-CoV particles as capture antigen showed
that co-injection of SARS-M could enhance the antibody responses against N, es-
pecially of the IgG2a subclass. After lymphocytes were stimulated with 10 pg/ml
purified N antigen, the CD44- and CD8+ T cells of N and M plus N group were
increased compared with those of control groups. Cytokine ELISA analysis revealed
that co-injection of M could enhance the levels of IFN-vy, and IL-2 production in-
duced by the N antigen. Virus challenge test was conducted in BSL3 bio safety
laboratory with Brandt’s vole SARS-CoV model, and the results indicated that co-
immunization of M and N antigens could reduce the mortality and pathological
changes in the lungs from virus infection in the mixed vaccine immunized group
compared to the single vaccine groups.

In another study, Huang et al. [101] have also demonstrated that immunization
of mice with SARS-CoV spike DNA vaccine induced antigen-specific cellular and
humoral immune responses. The cellular immune responses were mediated by both
CD4+ and CD8+ T cells [101].
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14.14.3 DNA Prime Vector or Protein Boost Vaccines

Different forms of SARS coronavirus spike protein-based vaccines were evaluated
for the generation of neutralizing antibody responses against SARS-CoV in a mouse
model [102]. In this study, they compared six combinations: (a) intra-peritoneal
(i.p.) immunization with recombinant spike polypeptide produced in Escherichia
coli (S-peptide), (b) mice primed with tPA-optimized DNA vaccine (tPA-SDNA)
and boosted with S-peptide i.p.; (c) mice primed with CTLA4HingeS ARS800 DNA
vaccine (CTLA4-S-DNA) and boosted with S-peptide i.p.; (d) mice primed with oral
live-attenuated Salmonella typhimurium (Salmonella-S-DNA-control) and boosted
with. S-peptide i.p, (¢) mice primed with oral live-attenuated S. ryphimurium that
contained tPA-optimize800 DNA vaccine (Salmonella-tPA-S-DNA) and boosted
with. S-peptide i.p; and (f) mice primed with oral live-attenuated S. typhimurium
that contained CTLA4 Hinge SARS800 DNA vaccine (Salmonella tPA-S-DNA)
and boosted with. S-peptide i.p. There was no statistically significant difference
among the Th-1/Th-2 profile among these six groups of mice with had high antigen-
specific IgG levels. Sera of all six mice immunized i.p. with S-peptide, i.m. with
DNA vaccine control and oral Salmonella-SDNA- control showed no neutralizing
antibody against SARS-CoV. Sera of the mice immunized with i.m. tPA-S-DNA,
im. CTLA4-S-DNA, oral Salmonella-S-DNA-control boosted with i.p. S-peptide,
oral Salmonella-tPA-S-DNA, oral Salmonella-tPA-S-DNA boosted with i.p S pep-
tide, oral Salmonella-CTLA4-S-DNA and oral Salmonella-CTLA4-S-DNA boosted
with i.p. S-peptide showed neutralizing antibody titers of <1:20-1:160. Sera of
all the mice immunized with i.m. tPA-S-DNA boosted with i.p. S-peptide and i.m.
CTLA4-S-DNA boosted with i.p. S-peptide showed neutralizing antibody titers of
> 1:1280. The present observation may have major practical value, such as im-
munization of civet cats, since production of recombinant proteins from E. coli
is far less expensive than production of recombinant proteins using eukaryotic
systems.

Among all the combinations of vaccines examined in this study, mice primed
with SARS-CoV human codon usage optimized spike polypeptide DNA vaccines
and boosted with S-peptide produced by E. coli generated the highest titers of neu-
tralizing antibody against SARS-CoV. It has been demonstrated that the S-peptide
produced by E. coli did not induce neutralizing antibody against SARS-CoV in-
fection. On the other hand, recombinant spike polypeptide generated by eukaryotic
systems such as transfection of COS7 and BHK?21 cells or DNA vaccine was able to
elicit high neutralizing antibody titers against SARS-CoV infection [67, 103, 104].
This was probably because the S-peptide produced in E. coli did not have the
same structure and conformation compared to the S-protein produced in the mam-
malian expression system. In this study, we documented that although recombinant
S-peptide produced by E. coli itself was not able to generate neutralizing antibody
against SARS-CoV infection, mice primed with spike polypeptide DNA vaccine and
boosted with S-peptide from E. coli were able to generate high titers of neutralizing
antibody against SARS-CoV. This indicates that the type of vaccine used for priming
is crucial in determining the type of immune response developed after the boost.
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Furthermore, it has also been demonstrated that the humoral immune response de-
veloped in mice primed with spike DNA vaccine and boosted with S-peptide from
E. coli did not develop a Thl type immune response. However, mice immunized
with S-peptide from E. coli alone developed a Th1 type response. This indicates that
a Th1 type immune response may not be essential for the generation of neutralizing
antibodies against SARS-CoV. Although our results suggest that priming with DNA
vaccines and boosting with S-peptide produced by E. coli was successful in the
generation of neutralizing antibody against SARS-CoV, further experiments using
infection models to evaluate its protective immunity are warranted, since anti-spike
antibodies have been shown to enhance the infectivity of coronaviruses in some
cell culture systems, as occurred with SARS-CoV and feline infectious peritonitis
virus [105, 106].

Zakhartchouk and colleagues [107] evaluated the efficacy of DNA prime and
whole killed SARS-CoV vaccines in combination vs. both the vaccines alone.
They have clearly demonstrated that a combination of the vaccines is more im-
munogenic in mice than the DNA vaccine alone. Higher antibody responses (as
compared to DNA vaccine and the whole killed virus vaccine alone) as well as
higher cell-mediated responses (as compared to DNA vaccine alone) were elicited.
Their finding also suggests that the S protein is expressed in 293 transfected cells
as a single, uncleaved polypeptide, but in two differentially glycosylated forms. A
combination of the vaccines and the DNA vaccine induced Th1-dominated immune
response, while two injections of the whole killed vaccine induced Th2-biased re-
sponse. It has been shown previously, that aluminum adjuvants skewed the immune
response towards a Th2 response and a DNA vaccine enhanced T-cell immune
responses [108, 109]. Immunity associated with a Thl-type immune response is
thought to be essential for the control intracellular pathogens; therefore, changing
the bias of the immune response may be an attractive feature of a vaccine combina-
tion strategy.

14.14.4 Use of Viral Vectors for Delivering the Vaccine

Compared to the DNA vaccines, whole killed virus, and live attenuated virus, deliv-
ering the vaccines using viral vectors is more effective for the induction of functional
immune responses. Various viral vectors such as recombinant adeno associated virus
(rAAV), rhabdovirus, adenovirus, and MVA have been used for the delivering the
gene or genes of interest for developing SARS vaccines. In this section, we will
briefly review various viral vectors.

14.14.4.1 rAAV for Vaccine Delivery

Du and colleagues have used rAAV for delivering the RBD in mice [110]. The in-
vestigators have demonstrated: (1) a single dose of RBD-rAAV vaccination could
induce sufficient neutralizing antibody against SARS-CoV infection; (2) two more
repeated doses of the vaccination boosted the neutralizing antibody to about 5 times
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of the level achieved by a single dose of the immunization; and (3) the level of
the antibody continued to increase for the entire duration of the experiment (5.5
months). It was very interesting to see that neutralizing activity of these antibodies
continued to increase with the number of immunizations. These data suggest that
the RBD-rAAV vaccination can deliver a prolonged immune response. This may
be due to the fact that the gene expression of the recombinant AAV goes through a
slow onset initially, taking a course of a few days or weeks, followed by persistent
gene expression for many months, which is supported by reports that the AAV may
express foreign genes long-term in vivo in different organisms without resulting in
significant toxicity [111, 112, 113]. However, the limitation of this study is that it
did not provide the information if the antibody response has reached its highest level
at the time the study was ended, and also the longevity of the antibody responses.
Nevertheless, it is quite clear that the rAAV has the potential to be used as a delivery
vector. In addition, it has been generally observed that some of the viral delivery
systems, i.e., adenovirus and vaccinia virus may not be used for repeated immu-
nizations either due to the pre-existing antibodies against the vector or the induction
of vector specific antibodies during the primary immunization. The vector specific
antibodies limit the efficacy of subsequent immunizations for enhancing the immune
response for the target gene by repeated immunizations [114, 115]. However, these
results clearly demonstrate that this is not the case at least for rAAV. This may be
due to the lower antigenicity of the AAV delivery vector used in this study.

14.14.4.2 Use of Rhabdovirus for Vaccine Delivery

Rhabdovirus (RV) has been introduced as a vaccine vector [116, 117, 118, 119,
120, 121, 122, 123] that could also be used for the expression of relevant SARS
virus antigens. There are several advantages of RV that suggest its suitability as
an expression vector for SARS virus proteins: (i) the modular genome of RV is
organized with short transcription stop/start sequences flanking the genes making
it readily amenable to manipulation [116]; (ii) the RV genome is RNA and the
life cycle of RV is exclusively cytoplasmic so no DNA recombination, reversion
or integration is observed [119, 124]; (iii) stable incorporation of large and multi-
ple foreign genes of up to 6.5 kb offers advantages over plus stranded RNA virus
vectors [119]; (iv) RV is non-cytopathic in infected cells and expresses high levels
of foreign proteins over extended periods of time [118, 119]; (v) RV can induce
a protective immune response in a variety of animals (e.g. dog and mongoose)
following immunization by the oral route and attenuated RV can target cells in
the tonsils and buccal mucosa [125]; (vi) multiple mutations introduced into the
RV genome that completely abolish the pathogenicity of RV render the RV vector
extremely safe [119] and replication-defective RVs can be produced that are safe
for even completely immunocompromised individuals [126, 127]; and (vii) since
RV contains a nucleocapsid protein that has the properties of a superantigen [128],
the RV vector is a unique vaccine delivery vehicle. They have evaluated the ability
of RV for delivering nucleocapsid protein or envelope spike protein genes in mice.
A single inoculation with the RV-based vaccine expressing SARS-CoV S protein
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induced a strong SARS-CoV-neutralizing antibody response. The ability of the RV-
SARS-CoV S vector to induce strong immune responses after a single inoculation
makes this a promising candidate for further evaluation in larger animals as well as
in challenge studies to determine the protective efficacy of the immune responses.

14.14.4.3 Use of Adenovirus for Vaccine Delivery

Replication-deficient human adenovirus type 5 (AdHS) is yet another promising
vector that can induce strong transgene product-specific cellular and humoral re-
sponses. However, one of the major limitations associated with this vector is the
presence of neutralizing antibodies (NAbs) against AdHS5. Therefore, Zhi and col-
leagues [129] developed a chimpanzee adenovirus C7 (AdC7) vector to circum-
vent interference by pre-existing immunity to AdHS, and to evaluate the impact
of pre-existing immunity to human adenovirus on the efficacy of adenovirus-based
vaccines against SARS CoV. Efficacy was assessed after intramuscular injection
of the vector into mice and was measured as the frequency of SARS-CoV-specific
T cells and neutralizing antibodies (Nab) against SARS-CoV. Immunogenicity of
the AdH5-based vaccine was significantly attenuated or completely abolished when
the pre-existing anti-AdHS NAD titer was higher than 40. In contrast, preexisting
anti-AdHS NAbs have a minimal effect on the potency of the AdC7-based genetic
vaccine. Taken together, these results warrant further development of AdC7 as a
vaccine vector for human trials.

14.14.4.4 Use of MVA for Vaccine Delivery

As early as in 2004, Bisht and colleagues have determined the immunogenicity of
S protein delivered by modified vaccinia Ankara (MVA) in a BALB/c mouse chal-
lenge model following the intranasal or intramuscular route of immunization [58].
Irrespective of the route of immunization, immunized mice induced serum antibod-
ies that recognized the SARS S-protein in ELISA, and also neutralized SARS-CoV
in vitro. Moreover, MVA_S administered by either route elicited protective immu-
nity, as shown by reduced titers of SARS-CoV in the upper and lower respiratory
tracts of mice after challenge. Passive transfer of serum from mice immunized with
MVA_S to naive mice also reduced the replication of SARS-CoV in the respiratory
tract after challenge, demonstrating a role for anti-S antibodies in protection. The
attenuated nature of MVA and the ability of MVA_S to induce neutralizing antibody
that protects mice support further development of a candidate vaccine.

More recently, Ba and colleagues have performed a head to head comparison
of different delivery technologies such as DNA, MVA, and Ad5 for the full-length
SARS-CoV S gene either alone or in combination [130]. They have reported that
AdS5-S elicited the highest level of Nabs against SARS-pseudovirus, MVA-S in-
duces about tenfold (IC50) lower levels of Nabs than Ad5-S, with DNA-S being
the lowest. Therefore, the live vector Ad5 may offer some advantages for inducing
the highest level of NAb response after one immunization. After the boost, DNA
primed/DNA boosted animals induced the lowest level of NAb activity. On the other
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hand, priming with MVA and boosting with Ad-5 induced the highest levels of anti-
body responses against the S protein. It was interesting to observe that mice primed
with MVA-S or DNA-S and boosted with MVA-S induced relatively lower levels of
antibodies compared to animal that were primed with MVA and boosted with Ad-5.
Surprisingly, mice primed with Ad5-S and boosted with either Ad5-S or MVA-S
(AA, AM) induced antibodies that were higher than what was observed following
the DNA primed and DNA boosted regimen, but lower than the other combinations.
This finding indicates the importance of heterologous MVA-S prime and AdS5-S
boost regimen for inducing the substantial level of NAb response. The use of this
regimen may offer an alternative approach to overcome the problems associated
with the limitations of using live viral vectors for multiple immunizations due to the
pre-existing immunity against the vectors.

Ishii et al. [131] constructed a series of recombinant Dis (rDIs), a highly atten-
uated vaccinia strain (highly restricted host range mutant of vaccinia virus isolated
by successive 1-day egg passage of the DIE vaccinia strain), expressing a gene en-
coding four structural proteins (E, M, N and S) of SARS-CoV [131, 132]. These
rDIs elicited SARS-CoV-specific serum IgG antibody and T-cell responses in vac-
cinated mice following intranasal or subcutaneous administration. Mice that were
subcutaneously vaccinated with rDIs expressing S protein with or without other
structural proteins induced a high level of serum neutralizing IgG antibodies and
demonstrated marked protective immunity against SARS-CoV challenge in the ab-
sence of a mucosal IgA response. These results indicate that the potent immune
response elicited by subcutaneous injection of rDIs containing S is able to control
mucosal infection by SARS-CoV. Thus, replication-deficient DIs constructs hold
promise for the development of a safe and potent SARS vaccine.

14.14.4.5 Recombinant Subunit Vaccines

To sidestep the problems linked to the risks of inactivated SARS-CoV vaccine
production, a recombinant subunit vaccine based on the spike protein but also
different SARS-CoV proteins could be designed. The S protein already has been
shown to be the major antigenic site in the virus and antibodies directed against this
protein efficiently block SARS-CoV infection in vitro and in vivo [76, 133, 134].
The protein can be expressed and purified in its full-length form as a cell mem-
brane anchored trimer, or as a truncated protein lacking its transmembrane region,
from the supernatant of transfected cells [104]. Using the baculovirus expressed S
protein, He and colleagues characterized the antigenic structure of the S protein
against a panel of 38 monoclonal antibodies (MAbs) isolated from the immunized
mice [135]. The epitopes of most anti-S MADbs (32 of 38) were localized within the
S1 domain, and those of the remaining 6 MAbs were mapped to the S2 domain.
Among the anti-S1 MAbs, 17 MAbs targeted the N-terminal region (amino acids
[aa] 12 to 327), 9 MAbs recognized the receptor-binding domain (RBD; aa 318 to
510), and 6 MAbs reacted with the C-terminal region of S1 domain that contains
the major immunodominant site (aa 528 to 635). Strikingly, all of the RBD-specific
MADbs had potent neutralizing activity, 6 of which efficiently blocked the receptor
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binding, confirming that the RBD contains the main neutralizing epitopes and that
blockage of the receptor association is the major mechanism of SARS-CoV neu-
tralization. Five MAbs specific for the SI N-terminal region exhibited moderate
neutralizing activity, but none of the MAbs reacting with the S2 domain and the
major immunodominant site in S1 showed neutralizing activity. All of the neu-
tralizing MAbs recognized conformational epitopes. This panel of anti-S MAbs
can be used as tools for studying the structure and function of the SARS-CoV S
protein.

Bisht and colleagues [136] expressed a truncated version of the S protein (amino
acid residue 14-762) in the baculovirus system, and purified the S protein to homo-
geneity, and evaluated in mice its ability to induce protective antibody responses.
The truncated form of the S-protein elicited higher levels of neutralizing antibod-
ies in mice and protected them against a viral challenge. In another study, He and
colleagues have expressed full-length S protein (FL-S) or its extracellular domain
(EC-S) in baculoviruses, and compared their immunogenicity in mice [137]. The
immunized mice developed high titers of anti-S antibodies with potent neutralizing
activities against SARS pseudoviruses constructed with the S proteins of diverse
heterologous isolates of Tor2, GD03T13, and nSZ3, the representative strains of
2002 to 2003 and 2003 to 2004 human SARS-CoV and palm civet SARS-CoV, re-
spectively. These data suggest that the recombinant baculovirus-expressed S protein
vaccines possess important conformational neutralizing epitopes, which are impor-
tant for protection against the challenge infection. They have further demonstrated
that a recombinant S-protein containing193-amino acid receptor-binding domain
(residues 318-510) fused in frame to human IgG1 Fc fragment induced highly po-
tent antibody responses in the immunized rabbits. The antibodies recognized RBD
on S1 domain and completely inhibited SARS-CoV infection at a serum dilution of
1:10,240. Rabbit anti-sera effectively blocked binding of S1, which contains RBD,
to ACE2. This suggests that RBD can induce highly potent neutralizing antibody
responses and has potential to be developed as an effective and safe subunit vaccine
for prevention of SARS.

To map the precise epitope in the RBD He and colleagues have immunized mice
with the RBD-IgG1 FC recombinant protein. The RBD-IgG1 FC induced high titer
of RBD-specific Abs in the immunized mice, and these sera effectively neutralized
infection by both SARS-CoV and SARS pseudoviruses [137]. They have developed
a series of mAbs (27) and to characterize the neutralization determinants on the
RBD of S protein. Six groups of conformation-dependent epitopes, designated as
Conf I-VI, and two adjacent linear epitopes were identified by ELISA and binding
competition assays. The Conf IV and Conf V mAbs significantly blocked RBD-Fc
binding to angiotensin-converting enzyme 2, suggesting that their epitopes overlaps
with the receptor-binding sites in the S protein. Most of the mAbs (23 of 25) that rec-
ognized the conformational epitopes possessed potent neutralizing activities against
SARS pseudovirus with 50% neutralizing activity in doses ranging from 0.005 to
6.569 ug/ml. Therefore, the RBD of SARS S protein contains multiple conforma-
tional epitopes capable of inducing potent NAb responses, and is an important target
site for developing vaccines and immunotherapeutics.
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It was very interesting to note that S protein produced in baculo virus induced
potent binding and neutralizing antibodies in mice and rabbits [137]. However, it
has been shown by Bai and colleagues that the S protein expressed in E. coli failed
to induce NAb in mice [138]. It is not clear what the reason could be. One potential
difference between the S protein produced in E. coli and baculovirus is that the
baculovirus produced protein is glycosylated, and the E. coli produced protein is
non-glycosylated. However, further work is needed to define that it is the sugars that
are directly involved in creating immunodominant epitopes, or sugars are involved
in producing a correctly folded S-protein. In either situations, perhaps the expression
of S-protein in mammalian expression system will be more desirable. In a proof of
concept study, Chang et al. studied the effect of intron and exon splicing enhancers
to improve the expression of STR2 (88 kDa), carrying three S fragments (S74-253,
S5294-739, and S1129-1255) in mammalian cells [139]. The investigators demon-
strated that the addition of an 138 base-pair intron increased the expression of STR2
protein by 1.9, 2.5, and 4.1-fold in Vero E6, 293A cells, and CHO cells respectively.
Furthermore, exon-splicing enhancers also increased the STR2 expression 1.7-2.8
fold. However, the combination of intron and exon splicing enhancer resulted in the
suppression of STR2 expression. These results can provide an optimal strategy to
enhance SARS-CoV S protein expression in mammalian cells and may contribute
to the development of SARS-CoV subunit vaccine.

Based on the data reviewed here, it is quite evident that that full length, trun-
cated, and also the receptor binding domain of S protein induced strong binding and
neutralizing antibody responses against the S-protein in mice and rabbits. Further-
more, upon challenge with pathogenic SARS virus, these animals were protected.
However, it is not clear if the S protein alone will be able to induce a long lasting im-
munity against the virus, or other proteins such as M and N will need to be included
in an effective vaccine against SARS.

14.14.4.6 Use of VLPs for Developing a Vaccine

Subunit vaccines based on recombinant proteins can suffer from poor immunogenic-
ity owing to incorrect folding of the target protein or poor presentation to the im-
mune system. Virus-like particles (VLPs) represent a specific class of recombinant
vaccines that mimic the outer structure of authentic virus particles but do not cause
a productive infection since they lack the viral genome. Yet, they are recognized
readily by the immune system and present viral antigens in their authentic or near-
authentic conformation. Co-expression of mouse hepatitis virus (MHV) M and E
proteins resulted in the assembly of particles. The S protein was dispensable but was
incorporated when present. The resulting secreted VLPs are indistinguishable from
authentic virions in size and shape. The N protein was neither required nor packaged
into the particles when present [140]. Similar observations were made when SARS-
CoV M, E, and S protein were co-expressed in insect cells using a baculovirus
expression system [141, 142]. Whether those VLPs are able to elicit a protective im-
mune response remains to be determined. In contrast, formation of SARS-Co VLPs
in mammalian cells seems not to be dependent on the expression of the E but rather
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the N protein. Therefore, SARS-Co VLP assembly in human 293 renal epithelial
cells relies on the expression of the S, M, and N protein [143]. Whether this dis-
crepancy is caused by the different expression systems needs to be studied further.

14.15 Use of Adjuvant for Enhancing Functional
Immune Responses

The vaccination modality may play a crucial role in the type of antibodies or T
cell responses induced [144]. Therefore, it is possible that different vaccination
modalities such as inactivated virus, live virus vector delivery, DNA vaccine, protein
subunit vaccines and VLP will elicit antibodies that are qualitatively different even
if the immunogen is similar. Additionally, the formulation of immunogens with dif-
ferent adjuvants may affect the maturation of antibody responses differently. This is
suggested by the qualitative differences recorded in antibody responses generated by
a given antigen formulated in different adjuvants in case of HIV vaccines [145]. This
observation suggests that the structure of specific epitopes within the immunogen
may be presented differently in combinations with different adjuvants. Therefore,
even if the overall structure of the immunogen remains stable, the exposure of spe-
cific epitopes may be modified. In a proof of concept study Hu and colleagues have
demonstrated that co-inoculation of DNA vaccine and IL2 had induced a signifi-
cantly higher immune response compared to the spike DNA vaccine alone [146].
In the same study, they evaluated the route of immunization upon the type and
magnitude of immune responses and found that oral vaccination evoked a vigorous
T-cell response and a weak IgG2a antibody responses; intramuscular immunization
evoked a vigorous antibody response and a weak T-cell response, and vaccination
by electroporation evoked a vigorous response with a predominant subclass IgG1
antibody response and a moderate T-cell response.

14.16 Potential of Disease Enhancement Due to Candidate
SARS Vaccines

Enhanced disease in previously immunized individuals is a concern for the de-
velopment of any vaccine. This may be particularly true for SARS-CoV vaccines
since adverse effects have already been reported for one coronavirus vaccine, fe-
line infectious peritonitis virus [147]. In fact, it has been demonstrated that some
S variants were not only resistant to antibody neutralization [133], but also showed
enhanced entry in the presence of certain antibodies in vitro [106]. The S protein
from different SARS-CoV strains isolated during the outbreak in 2002/2003 and
2003/2004 but also S protein of virus isolated from civet cats was used to generate
pseudo typed viruses. Each pseudovirus was incubated independently with immune
IgG purified from mice vaccinated with S protein from strain Urbani. Inhibition of
entry was demonstrated for the prototype strain (Urbani) but also for pseudoviruses
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from 2002/2003 human isolates. However, one S (GD03T0013) pseudovirus was
markedly resistant to antibody inhibition by the polyclonal IgG and, unexpect-
edly, entry of two pseudoviruses from palm civet S glycoproteins was markedly
enhanced. A similar effect could be detected when human mAbs derived from a
recovered SARS patient [76] were used instead of the polyclonal IgG. Antibod-
ies with insufficient cross-neutralization capacity may enhance rather than protect
from virus infection. Epitope mapping of human mAbs using recombinant S pro-
tein fragments demonstrated a significant reduction in reactivity with an S fragment
(residues 318-510) containing a N479S substitution [134]. Sui et al. obtained simi-
lar results [133] when they tested the neutralization ability of another human mAb.
The antibody could protect mice from a SARS-CoV (strain Urbani) challenge when
given 1 day before inoculation. However, when tested in vitro on its ability to neu-
tralize various S protein-pseudo typed viruses, this antibody did not bind to pseudo
typed virus containing a D480G substitution in the spike. D480G is a naturally
occurring variation in the S protein found in a SARS-CoV isolate (GD03T0013).
Although this virus, which was isolated in December 2003 from a SARS patient and
viruses isolated from civet cats seem to be only weakly pathogenic in humans, other
mutations in the viral genome might occur that impact viral tropism and virulence.
Variations in the viral genome will likely continue to occur in the animal reservoirs
due to the high mutation rate of RNA viruses and especially coronaviruses. Addi-
tionally, antibodies mediating virus entry, could function as a facilitating portal for
viruses to gain entrance into the human population. SARS-CoV-like strains which
normally do not infect or hardly infect humans could get the chance to replicate in
and thus also to adapt to the new host. Therefore, any antiviral strategy based on
neutralizing antibodies, whether passive immunotherapy or active immunization,
has to be carefully evaluated in appropriate animal models that closely resemble the
human disease.

Acknowledgments We would like to thank Ms Nelle Cronen for her expert editorial and admin-
istrative help, and the members of the Vaccines Research for their contribution. The SARS project
work is supported by an NIH grant.

References

1. Peiris, J.S., Lai, S.T., Poon, L.L., Guan, Y., Yam, L.Y., Lim, W., Nicholls, J., Yee, W.K.,
Yan, W.W., Cheung, M.T., Cheng, V.C., Chan, K.H., Tsang, D.N., Yung, R.W., Ng, T.K., and
Yuen, K.Y. 2003, Lancet, 361, 1319.

2. Donnelly, C.A., Ghani, A.C., Leung, G.M., Hedley, A.J., Fraser, C., Riley, S., Abu-Raddad,
L.J., Ho, LM, Thach, T.Q., Chau, P., Chan, K.P,, Lam, T.H., Tse, L.Y., Tsang, T., Liu, S.H.,
Kong, J.H., Lau, E.M., Ferguson, N.M., and Anderson, R.M. 2003, Lancet, 361, 1761.

3. Hon, K.L., Leung, C.W., Cheng, W.T., Chan, PK., Chu, W.C., Kwan, Y.W,, Li, AM.,
Fong, N.C., Ng, P.C., Chiu, M.C., Li, C.K., Tam, J.S., and Fok, T.F. 2003, Lancet, 361, 1701.

4. Peiris, J.S., Chu, C.M., Cheng, V.C., Chan, K.S., Hung, L.LE., Poon, L.L., Law, K.I., Tang, B.S.,
Hon, T.Y., Chan, C.S., Chan, K.H., Ng, J.S., Zheng, B.J., Ng, WL., Lai, R.W,, Guan, Y., and
Yuen, K.Y. 2003, Lancet, 361, 1767.



14 Structure, Immunopathogenesis and Vaccines Against SARS Coronavirus 409

5.

11.

12.

14.

15.
16.

18.
19.

20.

21.

Drosten, C., Gunther, S., Preiser, W., van der Werf, S., Brodt, H.R., Becker, S., Rabenau, H.,
Panning, M., Kolesnikova, L., Fouchier, R.A., Berger, A., Burguiere, A.M., Cinatl, J., Eick-
mann, M., Escriou, N., Grywna, K., Kramme, S., Manuguerra, J.C., Muller, S., Rickerts, V.,
Sturmer, M., Vieth, S., Klenk, H.D., Osterhaus, A.D., Schmitz, H., and Doerr, H.-W. 2003, N.
Engl. J. Med., 348, 1967.

. Ksiazek, T.G., Erdman, D., Goldsmith, C.S., Zaki, S.R., Peret, T., Emery, S., Tong, S.,

Urbani, C., Comer, J.A., Lim, W., Rollin, P.E., Dowell, S.F., Ling, A.E., Humphrey, C.D.,
Shieh, W.J., Guarner, J., Paddock, C.D., Rota, P., Fields, B., DeRisi, J., Yang, J.Y., Cox, N.,
Hughes, J.M., LeDuc, J.W., Bellini, W.J., and Anderson, L.J. 2003, N. Engl. J. Med.,
348, 1953.

. Li, W., Moore, M.J., Vasilieva, N., Sui, J., Wong, S.K., Berne, M.A., Somasundaran, M.,

Sullivan, J.L.., Luzuriaga, K., Greenough, T.C., Choe, H., and Farzan, M. 2003, Nature,
426, 450.

. Fouchier, R.A., Kuiken, T., Schutten, M., Van Amerongen, G., Van Doornum, G.J., Van Den

Hoogen, B.G., Peiris, M., Lim, W., Stohr, K., and Osterhaus, A.D. 2003, Nature, 423, 240.

. Pearson, H., Clarke, T., Abbott, A., Knight, J., and Cyranoski, D. 2003, Nature, 424, 121.
. WHO 2004, Update 3: Announcement of suspected SARS case in southern China; Investi-

gation of source of infection for confirmed case begins tomorrow.

Snijder, E.J., Bredenbeek, P.J., Dobbe, J.C., Thiel, V., Ziebuhr, J., Poon, L.L., Guan, Y.,
Rozanov, M., Spaan, W.J., and Gorbalenya, A.E. 2003, J. Mol. Biol., 331, 991.

Ruan, Y.J., Wei, C.L., Ee, L.A., Vega, V.B., Thoreau, H., Yun, S.T.S., Chia, J.M., Ng, P.,
Chiu, K.P, Lim, L., Tao, Z., Peng, C.K., Ean, L.O.L.E., Lee, N.M., Sin, L.Y., Ng, L.E.P,
Chee, R.e., Stanton, L.W., Long, P.M., and Liu, E.T. 2003, Lancet, 361, 1779.

. Guan, Y., Zheng, B.J., He, Y.Q., Liu, X.L., Zhuang, Z.X., Cheung, C.L., Luo, S.W., Li, PH.,

Zhang, L.J., Guan, Y.J., Butt, KM., Wong, K.L., Chan, K.W., Lim, W., Shortridge, K.E,,
Yuen, K.Y., Peiris, J.S., and Poon, L.L. 2003, Science, 302, 276.

Martina, B.E., Haagmans, B.L., Kuiken, T., Fouchier, R.A., Rimmelzwaan, G.F., Van
Amerongen, G., Peiris, J.S., Lim, W., and Osterhaus, A.D. 2003, Nature, 425, 915.

WHO. 2003, Wkly. Epidemiol. Rec., 78, 86.

Marra, M.A., Jones, S.J., Astell, C.R., Holt, R.A., Brooks-Wilson, A., Butterfield, Y.S.,
Khattra, J., Asano, J.K., Barber, S.A., Chan, S.Y., Cloutier, A., Coughlin, S.M., Freeman, D.,
Girn, N., Griffith, O.L., Leach, S.R., Mayo, M., McDonald, H., Montgomery, S.B.,
Pandoh, PK., Petrescu, A.S., Robertson, A.G., Schein, J.E., Siddiqui, A., Smailus, D.E.,
Stott, J.M., Yang, G.S., Plummer, F., Andonov, A., Artsob, H., Bastien, N., Bernard, K.,
Booth, T.F., Bowness, D., Czub, M., Drebot, M., Fernando, L., Flick, R., Garbutt, M.,
Gray, M., Grolla, A., Jones, S., Feldmann, H., Meyers, A., Kabani, A., Li, Y., Normand, S.,
Stroher, U., Tipples, G.A., Tyler, S., Vogrig, R., Ward, D., Watson, B., Brunham, R.C,,
Krajden, M., Petric, M., Skowronski, D.M., Upton, C., and Roper, R.L. 2003, Science,
300, 1399.

. Rota, P.A., Oberste, M.S., Monroe, S.S., Nix, W.A., Campagnoli, R., Icenogle, J.P,

Penaranda, S., Bankamp, B., Maher, K., Chen, M.H., Tong, S., Tamin, A., Lowe, L.,
Frace, M., DeRisi, J.L., Chen, Q., Wang, D., Erdman, D.D., Peret, T.C., Burns, C.,
Ksiazek, T.G., Rollin, P.E., Sanchez, A., Liffick, S., Holloway, B., Limor, J,
McCaustland, K., Olsen-Rasmussen, M., Fouchier, R., Gunther, S., Osterhaus, A.D.,
Drosten, C., Pallansch, M.A., Anderson, L.J., and Bellini, W.J. 2003, Science, 300, 1394.
Holmes, K.V. 2003, N. Engl. J. Med., 348, 1948.

Eickmann, M., Becker, S., Klenk, H.D., Doerr, H.W., Stadler, K., Censini, S., Guidotti, S.,
Masignani, V., Scarselli, M., Mora, M., Donati, C., Han, J., Song, H.C., Abrignani, S.,
Covacci, A., and Rappuoli, R. 2003, Science, 302, 1504.

Eickmann, M., Becker, S., Klenk, H.D., Doerr, HW., Stadler, K., Censini, S., Guidotti, S.,
Masignani, V., Scarselli, M., Mora, M., Donati, C., Han, J.H., Song, H.C., Abrignani, S.,
Covacci, A., and Rappuoli, R. 2003, Science, 302, 1504.

Xiao, X., Chakraborti, S., Dimitrov, A.S., Gramatikoff, K., and Dimitrov, D.S. 2003,
Biochem. Biophys. Res. Commun., 312, 1159.



410

22

23.

24.

25.
26.

217.

28.
29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

LK. Srivastava et al.

. Wang, P, Chen, J., Zheng, A., Nie, Y., Shi, X., Wang, W., Wang, G., Luo, M., Liu, H,,
Tan, L., Song, X., Wang, Z., Yin, X., Qu, X., Wang, X., Qing, T., Ding, M., and Deng, H.
2004, Biochem. Biophys. Res. Commun., 315, 439.

WHO 2003, Consultation on needs and opportunities for SARS vaccine research and devel-
opment.

Bosch, B.J., van der Zee, R., de Haan, C.A., and Rottier, P.J. 2003, J. Virol., 77,
8801.

Dimitrov, D.S. 2003, Cell., 115, 652.

Prabakaran, P., Xiao, X., and Dimitrov, D.S. 2004, Biochem. Biophys. Res. Commun.,
314, 235.

Babcock, G.J., Esshaki, D.J., Thomas, W.D., Jr., and Ambrosino, D.M. 2004, J. Virol.,
78, 4552.

Wong, S.K., Li, W., Moore, M.J., Choe, H., and Farzan, M. 2004, J. Biol. Chem., 279, 3197.
Xiang, S.H., Wang, L., Abreu, M., Huang, C.C., Kwong, P.D., Rosenberg, E., Robinson, J.E.,
and Sodroski, J. 2003, Virology, 315, 124.

Liu, S., Xiao, G., Chen, Y., He, Y., Niu, J., Escalante, C.R., Xiong, H., Farmar, J., Debnath,
A.K., Tien, P.,, and Jiang, S. 2004, Lancet, 363, 938.

Tripet, B., Howard, M.W., Jobling, M., Holmes, R.K., Holmes, K.V., and Hodges, R.S. 2004,
J Biol Chem., 279, 20836.

Chan, D.C,, Fass, D., Berger, J.M., and Kim, P.S. 1997, Cell, 89, 263.

Xu, Y., Liu, Y.J., and Yu, Q. 2004, J. Biol. Chem., 279, 41179.

Delmas, B., and Laude, H. 1990, J. Virol., 64, 5367.

Wiley, D.C., Skehel, J.J., and Waterfield, M. 1977, Virology, 79, 446.

Wyatt, R., Kwong, P.D., Desjardins, E., Sweet, R.W., Robinson, J., Hendrickson, W.A., and
Sodroski, J.G. 1998, Nature, 393, 705.

Doms, R.W., Keller, D.S., Helenius, A., and Balch, W.E. 1987, J. Cell Biol., 105, 1957.

Li, F, Li, W, Farzan, M., and Harrison, S.C. 2006, Adv. Exp. Med. Biol., 581, 229.

van Kooyk, Y., and Geijtenbeek, T.B. 2003, Nat. Rev. Immunol., 3, 697.

Marzi, A., Gramberg, T., Simmons, G., Moller, P., Rennekamp, A.J., Krumbiegel, M.,
Geier, M., Eisemann, J., Turza, N., Saunier, B., Steinkasserer, A., Becker, S., Bates, P.,
Hofmann, H., and Pohlmann, S. 2004, J. Virol., 78, 12090.

Yang, Z.Y., Huang, Y., Ganesh, L., Leung, K., Kong, W.P., Schwartz, O., Subbarao, K., and
Nabel, G.J. 2004, J. Virol., 78, 5642.

Towler, P., Staker, B., Prasad, S.G., Menon, S., Tang, J., Parsons, T., Ryan, D., Fisher,
M., Williams, D., Dales, N.A., Patane, M.A., and Pantoliano, M.W. 2004, J. Biol. Chem.,
279, 17996.

Hofmann, H., Geier, M., Marzi, A., Krumbiegel, M., Peipp, M., Fey, G.H., Gramberg, T.,
and Pohlmann, S. 2004, Biochem. Biophys. Res. Commun., 319, 1216.

Kuiken, T., Fouchier, R.A., Schutten, M., Rimmelzwaan, G.F., van Amerongen, G.,
van Riel, D., Laman, J.D., de Jong, T., van Doornum, G., Lim, W., Ling, A.E., Chan, PX.,
Tam, J.S., Zambon, M.C., Gopal, R., Drosten, C., van der Werf, S., Escriou, N,
Manuguerra, J.C., Stohr, K., Peiris, J.S., and Osterhaus, A.D. 2003, Lancet, 362, 263.
Subbarao, K., McAuliffe, J., Vogel, L., Fahle, G., Fischer, S., Tatti, K., Packard, M.,
Shieh, W.J., Zaki, S., and Murphy, B. 2004, J. Virol., 78, 3572.

Tipnis, S.R., Hooper, N.M., Hyde, R., Karran, E., Christie, G., and Turner, A.J. 2000, J. Biol.
Chem., 275, 33238.

Crackower, M.A., Sarao, R., Oudit, G.Y., Yagil, C., Kozieradzki, I., Scanga, S.E.,
Oliveira-dos-Santos, A.J., da Costa, J., Zhang, L., Pei, Y., Scholey, J., Ferrario, C.M.,
Manoukian, A.S., Chappell, M.C., Backx, P.H., Yagil, Y., and Penninger, J.M. 2002, Nature,
417, 822.

Hamming, 1., Timens, W., Bulthuis, M., Lely, A., Navis, G., and van Goor, H. 2004, J. Pathol.,
203, 631.

Ding, Y., Wang, H., Shen, H., Li, Z., Geng, J., Han, H., Cai, J., Li, X., Kang, W., Weng, D.,
Lu, Y., Wu, D., He, L., and Yao, K. 2003, J. Pathol., 200, 282.



14 Structure, Immunopathogenesis and Vaccines Against SARS Coronavirus 411

50.

51.

52.

53.

54.

55.

57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

7.

Nicholls, J.M., Poon, L.L., Lee, K.C., Ng, W.F,, Lai, S.T., Leung, C.Y., Chu, C.M., Hui, PX.,
Mak, K.L., Lim, W., Yan, K.W., Chan, K.H., Tsang, N.C., Guan, Y., Yuen, K.Y., and
Peiris, J.S. 2003, Lancet, 361, 1773.

To, K.F,, Tong, J.H., Chan, PK., Au, EW., Chim, S.S., Chan, K.C., Cheung, J.L.., Liu, E.Y,
Tse, G.M., Lo, A.W., Lo, Y.M., and Ng, H.K. 2004, J. Pathol., 202, 157.

Leung, W.K., To, K.F,, Chan, PK., Chan, H.L., Wu, A K., Lee, N., Yuen, K.Y., and Sung, J.J.
2003, Gastroenterology, 125, 1011.

Lew, T.W., Kwek, T.K., Tai, D., Earnest, A., Loo, S., Singh, K., Kwan, K.M., Chan, Y.,
Yim, C.E, Bek, S.L., Kor, A.C., Yap, W.S., Chelliah, Y.R., Lai, Y.C., and Goh, S.K. 2003,
JAMA, 290, 374.

Hofmann, H., Hattermann, K., Marzi, A., Gramberg, T., Geier, M., Krumbiegel, M., Kuate,
S., Uberla, K., Niedrig, M., and Pohlmann, S. 2004, J. Virol., 78, 6134.

Smith, A.E., and Helenius, A. 2004, Science, 304, 237.

Simmons, G., Reeves, J.D., Rennekamp, A.J., Amberg, S.M., Piefer, A.J., and Bates, P. 2004,
Proc. Natl. Acad. Sci. U. S. A, 101, 4240.

de Haan, C.A., Stadler, K., Godeke, G.J., Bosch, B.J., and Rottier, P.J. 2004, J. Virol.,
78, 6048.

Bisht, H., Roberts, A., Vogel, L., Bukreyev, A., Collins, P.L., Murphy, B.R., Subbarao, K.,
and Moss, B. 2004, Proc. Natl. Acad. Sci. U. S. A., 101, 6641.

Eckert, D.M., and Kim, P.S. 2001, Annu. Rev. Biochem., 70, 777.

Kilby, J.M., and Eron, J.J. 2003, N. Engl. J. Med., 348, 2228.

Huang, Q., Yu, L., Petros, A.M., Gunasekera, A., Liu, Z., Xu, N., Hajduk, P., Mack, J., Fesik,
S.W., and Olejniczak, E.T. 2004, Biochemistry (Mosc). 43, 6059.

Boots, A.M., Kusters, J.G., van Noort, J.M., Zwaagstra, K.A., Rijke, E., van der Zeijst, B.A.,
and Hensen, E.J. 1991, Immunology, 74, 8.

Bergmann, C., McMillan, M., and Stohlman, S. 1993, J. Virol., 67, 7041.

Thiel, V., Ivanov, K.A., Putics, A., Hertzig, T., Schelle, B., Bayer, S., Weissbrich, B.,
Snijder, E.J., Rabenau, H., Doerr, H.W., Gorbalenya, A.E., and Ziebuhr, J. 2003, J. Gen.
Virol., 84, 2305.

Yang, Z.Y., Wyatt, L.S., Kong, W.P.,, Moodie, Z., Moss, B., and Nabel, G.J. 2003, J. Virol.,
77, 799.

Ziebuhr, J. 2004, Curr. Opin. Microbiol., 7, 412.

Yang, Z.Y., Kong, W.P.,, Huang, Y., Roberts, A., Murphy, B.R., Subbarao, K., and Nabel, G.J.
2004, Nature, 428, 561.

Buchholz, U.J., Bukreyev, A., Yang, L., Lamirande, E.W., Murphy, B.R., Subbarao, K., and
Collins, P.L. 2004, Proc. Natl. Acad. Sci. U. S. A, 101, 9804.

Gao, W., Tamin, A., Soloff, A., D’Aiuto, L., Nwanegbo, E., Robbins, P.D., Bellini, W.J.,
Barratt-Boyes, S., and Gambotto, A. 2003, Lancet, 362, 1895.

Li, G., Chen, X., and Xu, A. 2003, N. Engl. J. Med., 349, 508.

Wang, Y.D., Li, Y., Xu, G.B., Dong, X.Y., Yang, X.A., Feng, Z.R., Tian, C., and Chen, W.F.
2004, Clin. Immunol., 113, 145.

Soo, Y.O., Cheng, Y., Wong, R., Hui, D.S., Lee, C.K., Tsang, K.K., Ng, M.H., Chan, P,
Cheng, G., and Sung, J.J. 2004, Clin. Microbiol. Infect., 10, 676.

Keller, M.A., and Stichm, E.R. 2000, Clin. Microbiol. Rev., 13, 602.

Sui, J., Li, W., Murakami, A., Tamin, A., Matthews, L.J., Wong, S.K., Moore, M.J., Tallarico,
A.S., Olurinde, M., Choe, H., Anderson, L.J., Bellini, W.J., Farzan, M., and Marasco, W.A.
2004, Proc. Natl. Acad. Sci. U. S. A., 101, 2536.

ter Meulen, J., Bakker, A.B., van den Brink, E.N., Weverling, G.J., Martina, B.E.,
Haagmans, B.L., Kuiken, T., de Kruif, J., Preiser, W., Spaan, W., Gelderblom, H.R.,
Goudsmit, J., and Osterhaus, A.D. 2004, Lancet, 363, 2139.

Traggiai, E., Becker, S., Subbarao, K., Kolesnikova, L., Uematsu, Y., Gismondo, M.R.,
Murphy, B.R., Rappuoli, R., and Lanzavecchia, A. 2004, Nat. Med., 10, 871.

Yang, L.T., Peng, H., Zhu, Z.L., Li, G., Huang, Z.T., Zhao, Z.X., Koup, R.A., Bailer, R.T,,
and Wu, C.Y. 2006, Clin. Immunol., 120, 171.



412

78

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.
97.
98.
99.
100.

101.
102.

103.

LK. Srivastava et al.

. Rowe, T., Gao, G., Hogan, R.J., Crystal, R.G., Voss, T.G., Grant, R.L., Bell, P., Kobinger,
G.P., Wivel, N.A., and Wilson, J.M. 2004, J Virol, 78, 11401.

McAuliffe, J., Vogel, L., Roberts, A., Fahle, G., Fischer, S., Shieh, W.J., Butler, E., Zaki, S.,
St Claire, M., Murphy, B., and Subbarao, K. 2004, Virology, 330, 8.

Roberts, A., Kretzschmar, E., Perkins, A.S., Forman, J., Price, R., Buonocore, L.,
Kawaoka, Y., and Rose, J.K. 1998, J. Virol., 72, 4704.

Ladman, B.S., Pope, C.R., Ziegler, A.F., Swieczkowski, T., Callahan, C.J., Davison, S., and
Gelb, J., Jr. 2002, Avian Dis., 46, 938.

Pratelli, A., Tinelli, A., Decaro, N., Martella, V., Camero, M., Tempesta, M., Martini, M.,
Carmichael, L.E., and Buonavoglia, C. 2004, Vet. Microbiol., 99, 43.

Zhou, J., Wang, W., Zhong, Q., Hou, W., Yang, Z., Xiao, S.Y., Zhu, R., Tang, Z., Wang, Y.,
Xian, Q., Tang, H., and Wen, L. 2005, Vaccine, 23, 3202.

He, Y., Zhou, Y., Siddiqui, P., and Jiang, S. 2004, Biochem. Biophys. Res. Commun.,
325, 445.

Stadler, K., Roberts, A., Becker, S., Vogel, L., Eickmann, M., Kolesnikova, L., Klenk,
H.D., Murphy, B., Rappuoli, R., Abrignani, S., and Subbarao, K. 2005, Emerg. Infect. Dis.,
11, 1312.

Podda, A., Del Giudice, G. 2004, New Generation Vaccines, M. Levine, Kaper, J.B.,
Rappuoli, R., Liu, M., Good, M.F. (Ed.), Marcel Dekker, New York, 225.

Takasuka, N., Fujii, H., Takahashi, Y., Kasai, M., Morikawa, S., Itamura, S., Ishii, K,
Sakaguchi, M., Ohnishi, K., Ohshima, M., Hashimoto, S., Odagiri, T., Tashiro, M.,
Yoshikura, H., Takemori, T., and Tsunetsugu-Yokota, Y. 2004, Int. Immunol., 16, 1423.
Tang, L., Zhu, Q., Qin, E., Yu, M., Ding, Z., Shi, H., Cheng, X., Wang, C., Chang, G., Fang,
F, Chang, H., Li, S., Zhang, X., Chen, X., Yu, J., Wang, J., and Chen, Z. 2004, DNA Cell
Biol., 23, 391.

Zhang, C.H., Lu, J.H., Wang, Y.F,, Zheng, H.Y., Xiong, S., Zhang, M.Y., Liu, X.J., Li, J.X,
Wan, Z.Y., Yan, X.G., Qi, S.Y., Cui, Z., and Zhang, B. 2005, Vaccine, 23, 3196.

Purcell, R.H., D’Hondt, E., Bradbury, R., Emerson, S.U., Govindarajan, S., and Binn, L.
1992, Vaccine, 10 Suppl 1, S148.

Sauzet, J.P,, Perlaza, B.L., Brahimi, K., Daubersies, P., and Druilhe, P. 2001, Infect. Immun.,
69, 1202.

Sedegah, M., Weiss, W., Sacci, J.B., Jr., Charoenvit, Y., Hedstrom, R., Gowda, K., Majam,
V.E, Tine, J., Kumar, S., Hobart, P., and Hoffman, S.L. 2000, J. Immunol., 164, 5905.
Ulmer, J.B., Donnelly, J.J., Parker, S.E., Rhodes, G.H., Felgner, P.L., Dwarki, V.J,,
Gromkowski, S.H., Deck, R.R., DeWitt, C.M., Friedman, A., et al. 1993, Science, 259, 1745.
Robinson, H.L., and Torres, C.A. 1997, Semin. Immunol., 9, 271.

Jin, H., Xiao, C., Chen, Z., Kang, Y., Ma, Y., Zhu, K., Xie, Q., Tu, Y., Yu, Y., and Wang, B.
2005, Biochem. Biophys. Res. Commun., 328, 979.

Dunachie, S.J., and Hill, A.V. 2003, J. Exp. Biol., 206, 3771.

McShane, H., Brookes, R., Gilbert, S.C., and Hill, A.V. 2001, Infect. Immun., 69, 681.

Zhu, M.S., Pan, Y., Chen, H.Q., Shen, Y., Wang, X.C., Sun, Y.J., and Tao, K.H. 2004, Im-
munol. Lett., 92, 237.

Kim, T.W.,, Lee, J.H., Hung, C.F,, Peng, S., Roden, R., Wang, M.C., Viscidi, R., Tsai, Y.C.,
He, L., Chen, P.J., Boyd, D.A., and Wu, T.C. 2004, J. Virol., 78, 4638.

Shi, S.Q., Peng, J.P, Li, Y.C., Qin, C., Liang, G.D., Xu, L., Yang, Y., Wang, J.L., and Sun,
Q.H. 2006, Mol. Immunol., 43, 1791.

Huang, J., Ma, R., and Wu, C.Y. 2006, Vaccine, 24, 4905.

Woo, P.C., Lau, S.K., Tsoi, H.W., Chen, Z.W., Wong, B.H., Zhang, L., Chan, J.K., Wong,
L.P, He, W., Ma, C., Chan, K.H., Ho, D.D., and Yuen, K.Y. 2005, Vaccine, 23, 4959.
Zhang, M.Y., Xiao, X., Sidorov, I.A., Choudhry, V., Cham, F., Zhang, P.F., Bouma, P., Zwick,
M., Choudhary, A., Montefiori, D.C., Broder, C.C., Burton, D.R., Quinnan, G.V,, Jr., and
Dimitrov, D.S. 2004, J. Virol., 78, 9233.



14 Structure, Immunopathogenesis and Vaccines Against SARS Coronavirus 413

104.

105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

Song, H.C., Seo, M.Y., Stadler, K., Yoo, B.J., Choo, Q.L., Coates, S.R., Uematsu, Y., Harada,
T., Greer, C.E., Polo, J.M., Pileri, P., Eickmann, M., Rappuoli, R., Abrignani, S., Houghton,
M., and Han, J.H. 2004, J. Virol., 78, 10328.

Olsen, C.W., Corapi, W.V., Ngichabe, C.K., Baines, J.D., and Scott, EW. 1992, J. Virol.,
66, 956.

Yang, Z.Y., Werner, H.C., Kong, W.P,, Leung, K., Traggiai, E., Lanzavecchia, A., and Nabel,
G.J. 2005, Proc. Natl. Acad. Sci. U. S. A., 102, 797.

Zakhartchouk, A.N., Liu, Q., Petric, M., and Babiuk, L.A. 2005, Vaccine, 23, 4385.

Sin, J.I., Bagarazzi, M., Pachuk, C., and Weiner, D.B. 1999, DNA Cell Biol., 18, 771.
Toannou, X.P., Gomis, S.M., Karvonen, B., Hecker, R., Babiuk, L.A., and van Drunen Littel-
van den Hurk, S. 2002, Vaccine, 21, 127.

Du, L., He, Y., Wang, Y., Zhang, H., Ma, S., Wong, C.K., Wu, S.H., Ng, F.,, Huang, J.D.,
Yuen, K.Y, Jiang, S., Zhou, Y., and Zheng, B.J. 2006, Virology, 353, 6.

Monahan, P.E., and Samulski, R.J. 2000, Mol. Med. Today, 6, 433.

Rabinowitz, J.E., and Samulski, J. 1998, Curr. Opin. Biotechnol., 9, 470.

Smith-Arica, J.R., and Bartlett, J.S. 2001, Curr. Cardiol. Rep., 3, 43.

Muruve, D.A. 2004, Hum. Gene Ther., 15, 1157.

Nasz, I., and Adam, E. 2001, Acta Microbiol. Immunol. Hung., 48, 323.

Foley, H.D., McGettigan, J.P., Siler, C.A., Dietzschold, B., and Schnell, M.J. 2000, Proc.
Natl. Acad. Sci. U. S. A., 97, 14680.

Foley, H.D., Otero, M., Orenstein, J.M., Pomerantz, R.J., and Schnell, M.J. 2002, J. Virol.,
76, 19.

McGettigan, J.P., Sarma, S., Orenstein, J.M., Pomerantz, R.J., and Schnell, M.J. 2001, J.
Virol., 75, 8724.

McGettigan, J.P., Naper, K., Orenstein, J., Koser, M., McKenna, PM., and Schnell, M.J.
2003, J. Virol., 77, 10889.

Morimoto, K., Schnell, M.J., Pulmanausahakul, R., McGettigan, J.P., Foley, H.D., Faber, M.,
Hooper, D.C., and Dietzschold, B. 2001, J. Immunol. Methods, 252, 199.

Schnell, M.J., Foley, H.D., Siler, C.A., McGettigan, J.P., Dietzschold, B., and Pomerantz,
R.J. 2000, Proc. Natl. Acad. Sci. U. S. A., 97, 3544.

Siler, C.A., McGettigan, J.P., Dietzschold, B., Herrine, S.K., Dubuisson, J., Pomerantz, R.J.,
and Schnell, M.J. 2002, Virology, 292, 24.

Faber, M., Lamirande, E.W., Roberts, A., Rice, A.B., Koprowski, H., Dietzschold, B., and
Schnell, M.J. 2005, J. Gen. Virol., 86, 1435.

Schnell, M.J., Mebatsion, T., and Conzelmann, K.K. 1994, EMBO J., 13, 4195.

Orciari, L.A., Niezgoda, M., Hanlon, C.A., Shaddock, J.H., Sanderlin, D.W., Yager, P.A., and
Rupprecht, C.E. 2001, Vaccine, 19, 4511.

Dietzschold, B., Faber, M., and Schnell, M.J. 2003, Expert. Rev. Vaccine, 2, 399.

Shoji, Y., Kobayashi, Y., Sato, G., Itou, T., Miura, Y., Mikami, T., Cunha, E.M., Samara,
S.I., Carvalho, A.A., Nocitti, D.P., Ito, FH., Kurane, 1., and Sakai, T. 2004, J. Vet. Med. Sci.,
66, 1271.

Lafon, M., Lafage, M., Martinez-Arends, A., Ramirez, R., Vuillier, F., Charron, D., Lotteau,
V., and Scott-Algara, D. 1992, Nature, 358, 507.

Zhi, Y., Figueredo, J., Kobinger, G.P., Hagan, H., Calcedo, R., Miller, J.R., Gao, G., and
Wilson, J.M. 2006, Hum. Gene Ther., 17, 500.

Ba, L., Yi, C.E., Zhang, L., Ho, D.D., and Chen, Z. 2007, Appl. Microbiol. Biotechnol.,
76, 1131.

Ishii, K., Hasegawa, H., Nagata, N., Mizutani, T., Morikawa, S., Suzuki, T., Taguchi,
F., Tashiro, M., Takemori, T., Miyamura, T., and Tsunetsugu-Yokota, Y. 2006, Virology,
351, 368.

Ishii, K., Hasegawa, H., Nagata, N., Mizutani, T., Morikawa, S., Tashiro, M., Suzuki, T,
Taguchi, F., Takemori, T., Miyamura, T., and Tsunetsugu-Yokota, Y. 2006, Adv. Exp. Med.
Biol., 581, 593.



414

133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.

148.

LK. Srivastava et al.

Sui, J., Li, W., Roberts, A., Matthews, L.J., Murakami, A., Vogel, L., Wong, S.K., Subbarao,
K., Farzan, M., and Marasco, W.A. 2005, J. Virol., 79, 5900.

van den Brink, E.N., Ter Meulen, J., Cox, F.,, Jongeneelen, M.A., Thijsse, A., Throsby, M.,
Marissen, W.E., Rood, P.M., Bakker, A.B., Gelderblom, H.R., Martina, B.E., Osterhaus,
A.D., Preiser, W., Doerr, HW., de Kruif, J., and Goudsmit, J. 2005, J. Virol., 79, 1635.

He, Y., Li,J., Du, L., Yan, X., Hu, G., Zhou, Y., and Jiang, S. 2006, Vaccine, 24, 5498.
Bisht, H., Roberts, A., Vogel, L., Subbarao, K., and Moss, B. 2005, Virology, 334, 160.

He, Y., Li, J., and Jiang, S. 2006, Biochem. Biophys. Res. Commun., 344, 106.

Bai, B, Lu, X., Meng, J., Hu, Q., Mao, P., Lu, B., Chen, Z., Yuan, Z., and Wang, H. 2008,
Mol. Immunol., 45, 868.

Chang, C.Y., Hong, W.W., Chong, P., and Wu, S.C. 2006, Vaccine, 24, 1132.

Gorbalenya, A.E., Snijder, E.J., and Spaan, W.J. 2004, J. Virol., 78, 7863.

Ho, Y., Lin, PH., Liu, C.Y., Lee, S.P,, and Chao, Y.C. 2004, Biochem. Biophys. Res. Com-
mun., 318, 833.

Mortola, E., and Roy, P. 2004, FEBS Lett., 576, 174.

Huang, Y., Yang, Z.Y., Kong, W.P., and Nabel, G.J. 2004, J. Virol., 78, 12557.

Richmond, J.F.,, Lu, S., Santoro, J.C., Weng, J., Hu, S.L., Montefiori, D.C., and Robinson,
H.L. 1998, J. Virol., 72, p9092.

VanCott, T.C., Mascola, J.R., Kaminski, R.W., Kalyanaraman, V., Hallberg, P.L., Burnett,
P.R., Ulrich, J.T., Rechtman, D.J., and Birx, D.L. 1997, J. Virol., 71, 4319.

Hu, H., Lu, X., Tao, L., Bai, B., Zhang, Z., Chen, Y., Zheng, F., Chen, J., Chen, Z., and Wang,
H. 2007, Clin. Vaccine Immunol., 14, 894.

Vennema, H., de Groot, R.J., Harbour, D.A., Dalderup, M., Gruffydd-Jones, T., Horzinek,
M.C., and Spaan, W.J. 1990, J. Virol., 64, 1407.

Stadler, K., and Rappuoli, R. 2005, Curr. Mol. Med., 5, 677.



