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Abstract
Severe acute respiratory syndrome (SARS) presented as an atyp-
ical pneumonia that progressed to acute respiratory distress syn-
drome in ∼20% of cases and was associated with a mortality of
about 10%. The etiological agent was a novel coronavirus (CoV).
Angiotensin-converting enzyme 2 is the functional receptor for
SARS-CoV; DC-SIGN and CD209L (L-SIGN) can enhance vi-
ral entry. Although the virus infects the lungs, gastrointestinal tract,
liver, and kidneys, the disease is limited to the lungs, where diffuse
alveolar damage is accompanied by a disproportionately sparse in-
flammatory infiltrate. Pro-inflammatory cytokines and chemokines,
particularly IP-10, IL-8, and MCP-1, are elevated in the lungs and
peripheral blood, but there is an unusual lack of an antiviral inter-
feron (IFN) response. The virus is susceptible to exogenous type I
IFN but suppresses the induction of IFN. Innate immunity is impor-
tant for viral clearance in the mouse model. Virus-specific neutraliz-
ing antibodies that develop during convalescence prevent reinfection
in animal models.
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SARS: severe acute
respiratory syndrome

CoV: coronavirus

Acute respiratory
distress syndrome
(ARDS): a clinical
syndrome of acute
lung injury and
severe acute
respiratory failure
caused by a variety of
processes that
directly or indirectly
injure the lung.
ARDS is
characterized by
pulmonary edema,
respiratory distress,
and hypoxemia. The
underlying
pathological process
is termed diffuse
alveolar damage
(DAD)

INTRODUCTION

Severe acute respiratory syndrome (SARS)
was unprecedented in the rapidity and extent
of its spread, in the magnitude of its impact
on health systems and economies, and in the
effectiveness of public health measures that
were implemented for its control. However,
progress in studying this new viral disease was
also rapid. Investigators described the clini-
cal syndrome (1, 2), identified the etiologi-
cal agent (3–6), devised diagnostic tests (6),
and completely sequenced the genome (7, 8)
within weeks of the first reports of the ill-
ness. Previous reviews have addressed issues
on the clinical presentation (9), etiology and
laboratory diagnosis (10), epidemiology and
virology (11), animal models (12), vaccines
and therapeutics (13, 14), and public health
(15).

Although much has been learned in the
three years since its discovery, many aspects
of the pathogenesis of the disease are still not
fully understood because there has not been
an outbreak of SARS since 2003 and because
no single animal model accurately reflects the
spectrum of human disease. Our understand-
ing of the pathogenesis of SARS is based
largely on the lessons from the 2002–2003
outbreak that are constrained by several im-
portant caveats. First, relatively little is known
about the early events in SARS. Second, few
studies focused on the primary site of disease,
the lung. Third, although several studies re-
port cytokine and chemokine responses in the
plasma or serum, these findings may not re-
flect what is happening in the lung. Fourth,
clinical evaluations were carried out at differ-
ent time points in the course of the disease.
Finally, each investigator did not necessarily
look for (or find) the same immune mediators
in the samples that they tested, so some ob-
servations have not been confirmed. We have
attempted to synthesize the available informa-
tion, and we focus this review on the source
of the virus and evidence of adaptive change,
cellular entry of the virus, pathology seen in
SARS, consequences of the virus-host interac-

tion, proposed mechanisms of acute lung in-
jury, the host immune response, and the use of
animal models for the evaluation of immuno-
prophylaxis and vaccines.

THE DISEASE AND THE VIRUS

SARS emerged in Guangdong Province,
China, in November 2002 and spread rapidly
to several countries; within weeks, the disease
had spread to infect more than 8,000 people
in 29 countries across 5 continents, with
774 deaths reported by the World Health
Organization (WHO, http://www.who.
int/csr/sars/country/table2003 09 23/en/ )
(13). The etiological agent of the disease
was identified as a previously unrecognized
coronavirus (CoV) that likely entered the
human population from an animal reservoir
by way of the wet markets in southern China
(16). The virus was transmitted from person
to person via airborne droplets and close
contact (17, 18).

Clinically, patients with SARS presented
with an atypical pneumonia (1–3, 6, 9, 19).
The illness was characterized by fever, dys-
pnea, lymphopenia, and rapidly progressing
changes on radiography. Upper respiratory
tract symptoms were not prominent, but wa-
tery diarrhea was reported. Approximately
40% to 70% of patients developed diar-
rhea during their illness, with virus de-
tected in the feces, potentially provid-
ing a route of virus spread (http://www.
info.gov.hk/info/ap/pdf/amoy e.pdf ) (20).
There was no response to conventional an-
tibiotics used to treat pneumonia (21). In
two-thirds of infected patients, the disease
progressed, and chest radiography revealed
changes compatible with viral pneumonitis.
Respiratory insufficiency leading to acute res-
piratory distress syndrome (ARDS) and res-
piratory failure was the main cause of death
among fatal cases of SARS. The virus was iso-
lated or was identified by reverse transcription
polymerase chain reaction (RT-PCR) (22,
23). Lymphopenia, decreased platelet counts,
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prolonged coagulation profiles, and mildly
elevated serum hepatic enzymes were also de-
tected in affected individuals during the acute
phase of the disease (24).

Age was a determinant of disease sever-
ity and mortality in SARS. During the out-
break, mortality rates among infected in-
dividuals in Hong Kong who were 0 to
24, 25 to 44, 45 to 64, and older than 65
years of age were 0%, 6%, 15%, and 52%,
respectively (http://www.who.int/csr/sars/
archive/2003 05 07a/en/ ) (11). None of the
children younger than 12 years of age who
were infected with SARS-CoV in Hong Kong
had disease severe enough to require inten-
sive care or mechanical ventilation (25, 26).
The underlying biological basis of this pat-
tern of age-specific morbidity and mortality
remains unclear. Several possible explanations
have been suggested, such as the possibility
that age-associated severity of disease may be
related to interferon (IFN) levels, that the
course of infection is influenced by coinfec-
tion with other pathogens that interfere with
the IFN-mediated antiviral response (27), or
that immunopathology is caused by prior
cross-reactive immunity.

At the outset, the cause of SARS was not
known, and specific therapy was not available.
In Guangdong, many of the early sporadic
cases had epidemiological links to the live an-
imal market trade, but in the outbreaks asso-
ciated with person-to-person spread, health-
care workers were affected in large numbers.
The outbreak was ultimately brought under
control through a concerted global effort co-
ordinated by the WHO, including patient
isolation, intensive infection control in hos-
pitals, quarantine measures, and travel advi-
sories. By July 5, 2003, no further human-
to-human transmission was reported, and the
global outbreak was declared over (10). Four
cases of community-acquired SARS occurred
in 2003–2004, but these cases were mild, and
the infection did not spread to contacts. There
were four cases of laboratory-acquired SARS-
CoV infection since 2003; the illness was mild
in three of these cases, but one was severe and

was associated with secondary spread to care
providers.

THE SOURCE OF SARS-CoV

Different CoVs infect avian and mammalian
species, but none of the previously identified
human CoVs caused severe illness in humans.
The lack of serological evidence of previous
infection in healthy humans prompted specu-
lation that interspecies transmission from an-
imals to humans was the most likely explana-
tion for the emergence of SARS-CoV. The
hypothesis was strengthened by evidence that
the early cases of SARS reported in Guang-
dong in November and December 2002 had
epidemiological links to the wild animal trade
(28–30).

Wet markets are commonplace across
Southeast Asia. In parts of southern China,
Guangdong province in particular, increasing
affluence has resulted in large markets that
house a diverse range of animals, including
reptile and mammalian species, to supply the
restaurant trade with exotic meats. These wet
markets in Guangdong likely provided the in-
terface for transmission to humans.

Studies conducted on animals sampled
from live animal markets in Guangdong,
China, showed that masked palm civets
(Paguma larvata), raccoon dogs (Nyctereutes
procyonoides), and Chinese ferret badgers (Mel-
ogale moschata) had been infected by SARS-
CoV (16). The animal CoV identified in
civet cats showed high sequence identity with,
but was distinct from, SARS-CoV. Compared
with animal SARS-CoV-like viruses and early
human SARS-CoV strains, viruses isolated
later during the outbreak had a 29-nucleotide
deletion in open reading frame (ORF) 8 (16).
Serologic evidence of infection was also found
in animal workers without a history of a
SARS-like disease (16, 28), suggesting that
the live animal markets were a site where
the interspecies transfer of an animal precur-
sor virus to humans could occur. However,
subsequent surveys failed to find evidence of
widespread infection in farmed or wild civets
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zoonotic virus: a
virus that infects
animals and is
transmitted from
animals to humans

RBD:
receptor-binding
domain

(31), while experimental infection of palm
civets with two different human isolates of
SARS-CoV resulted in overt clinical illness
(32). Although palm civets in the wet markets
may have been the source of the human infec-
tion that precipitated the SARS outbreak, this
and other animal species in the markets may
not be the reservoirs of the virus in nature.
The presence of virus in palm civets in the wet
markets and the absence of the virus in those
on farms suggest that palm civets became in-
fected in the market or during transportation
to the market from other infected animals or
by reactivation of a latent infection.

In September 2005, two research groups
independently identified a virus from Chinese
horseshoe bats that was genetically closely re-
lated to human SARS-CoV, suggesting that
bats may be a reservoir from which the SARS-
CoV that infected humans and palm civets
emerged (33, 34). Bats are reservoir hosts of
several zoonotic viruses, including the Hendra
and Nipah paramyxoviruses that have recently
emerged in Australia and East Asia, respec-
tively, and that cause encephalitis and respira-
tory disease in humans (35, 36). Bats are well
suited to transmit zoonotic diseases: They
are genetically diverse, live longer than most
small mammals, roost in clusters, and fly long
distances. Bats can be persistently infected
with many viruses but rarely display clinical
symptoms (37). These characteristics and the
increasing presence of bats and bat products
in food and traditional medicine markets in
southern China and elsewhere in Asia pro-
vide a plausible route of infection to palm
civets that led investigators to survey bats in
the search of the natural reservoir of SARS-
CoV.

Nucleic acids of SARS-CoV-like viruses
were identified from the fecal samples of bats
from the wild and Chinese markets. Antibod-
ies against human SARS-CoV were also de-
tected in blood samples from the animals. Se-
quence analysis of the bat SARS-CoV showed
that these members of the CoV family dis-
played great genetic variation and that some
were closely related to the SARS-CoV identi-

fied from humans and palm civets. However,
attempts to isolate the virus from bats have
not been successful, so current information
is limited to genetic sequence data and serol-
ogy. The ability of CoVs to recombine and
the high rate of mutation of RNA viruses may
allow the generation of variant viruses that
can adapt to new hosts and cross the species
barrier. Palm civets conceivably became in-
fected from bats or another animal host in the
wild or in the live animal markets of southern
China, where they are sold as food. Further
surveillance in animals will help us better un-
derstand the animal reservoir of SARS-CoV-
like viruses in nature.

THE PATHOGENESIS OF SARS

Cellular Entry of the Virus

Spike protein: the surface antigen of
SARS-CoV. Coronaviruses, including
SARS-CoV, associate with cellular receptors
to mediate infection of target cells via the
surface spike protein (S protein) (38). Studies
using pseudotyped lentiviruses, carrying the
S, membrane (M), and envelope (E) proteins
of SARS-CoV separately and in combination,
demonstrated that the S protein is both
necessary and sufficient for virus attachment
to susceptible cells (38, 39). The SARS-CoV
S protein uses a mechanism similar to that
of class I fusion proteins (40), such as HIV
gp160, influenza virus hemagglutinin, and
paramyxovirus F protein, in mediating mem-
brane fusion. The N-terminal half of the S
protein (S1) contains the receptor-binding
domain (RBD), and the C-terminal half
(S2) is the membrane-anchored subunit that
contains a putative fusion peptide and two
heptad repeat regions (HR1 and HR2) (41,
42). Entry of SARS-CoV requires three
stages: receptor binding, a conformational
change in the S protein, followed by cathepsin
L–mediated proteolysis within endosomes
(43–46).

Apart from direct membrane fusion at the
target cell surface, SARS-CoV might also gain
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entry into cells through pH-dependent en-
docytosis mediated by the S protein (39).
S protein–driven, cell-to-cell fusion can also
occur in the absence of low pH (47, 48). Thus,
the S protein of SARS-CoV might be able
to mediate membrane fusion in both pH-
dependent and -independent fashions.

ACE2: a functional receptor for SARS-
CoV and its role in acute lung injury.
Identification of virus receptors can pro-
vide insight into mechanisms of virus en-
try, tissue tropism, pathogenesis, and host
range. Investigators have identified the re-
ceptors for different groups of coronaviruses:
The mouse hepatitis virus receptors are the
murine carcinoembryonic antigen cell adhe-
sion molecule 1 (CEACAM1) and the related
murine glycoproteins in the carcinoembry-
onic antigen family, and both are members
of the Ig superfamily (49). The receptors for
group I CoV, including HCoV-229E, trans-
missible gastroenteritis virus of swine, and fe-
line CoV, are aminopeptidase N glycoproteins
(50–52).

A metallopeptidase, ACE2 (angiotensin-
converting enzyme 2), that binds to the S pro-
tein of SARS-CoV is a functional receptor for
SARS-CoV (53, 54). The RBD lies between
amino acids 270 and 510 of the S protein (55).
ACE2 protein is reportedly present in human
lung alveolar epithelial cells (type I and type II
pneumocytes), enterocytes of the small intes-
tine, the brush border of the proximal tubular
cells of the kidney, and the endothelial cells of
arteries and veins and arterial smooth muscle
cells in several organs (56). The localization
of ACE2 may explain the tissue tropism of
SARS-CoV for the lung, small intestine, and
kidney (57).

Notably, ACE2 is not expressed on T or
B cells or macrophages in the spleen or lym-
phoid organs (56) and there are conflicting
reports on the expression of ACE2 in the up-
per respiratory tract. Hamming et al. (56) re-
ported that only the basal layer of the nonker-
atinized squamous epithelium of the upper
respiratory tract expresses ACE2, but Sims

ACE2: angiotensin-
converting enzyme 2

ALI: acute lung
injury

and colleagues (58) found abundant ACE2 ex-
pression on the luminal surface of ciliated cells
in freshly excised human nasal and tracheo-
bronchial tissue. SARS-CoV infects ACE2-
expressing ciliated cells of well-differentiated
human airway epithelium in culture (58,
59). These cells can be used as an in vitro
model to study SARS-CoV replication and
pathogenesis.

The presence of ACE2 does not fully ex-
plain findings in different organs in SARS. For
example, although colonic enterocytes and
liver cells reportedly lack ACE2 protein ex-
pression, virus has been detected in the colon
and hepatocytes (56, 60). In contrast, although
ACE2 is expressed on the endothelial cells
of small and large arteries and veins and the
smooth muscle cells of the intestinal tract,
there is no evidence of virus infection in any of
these cells (56). The absence of virus infection
in tissues that express the putative receptor
prompts the question of whether a corecep-
tor or other cellular properties are required
for successful virus infection.

ACE2 is a homolog of ACE. It is thought
to be an essential regulator of cardiac func-
tion and blood pressure control that nega-
tively regulates the renin-angiotensin system
by inactivating angiotensin II (Ang II) (61,
62). In a murine model of acute lung injury
(ALI), Imai et al. (63) reported a protective
role of ACE2 that was mediated by inactiva-
tion of Ang II. Loss of ACE2 expression pre-
cipitates ALI, and ACE2-knockout mice were
more severely affected by acid aspiration, a
method of experimentally inducing ALI, than
were wild-type mice. The receptors for Ang
II in mice are Ang II type 1a (AT1a), type 1b
(AT1b), and type 2 (AT2) receptors, of which
AT1a and AT2 are present in lungs of mice.
AT1a and AT2 receptors have opposite func-
tions in controlling severity of lung injury; loss
of the AT1a receptor improves lung function,
and loss of the AT2 receptor aggravates lung
injury. In models of ALI, there was a marked
downregulation of ACE2, whereas ACE lev-
els remained constant. The resulting increase
of Ang II drives severe lung failure through
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Figure 1
Role of ACE2 in acute lung injury. ACE converts angiotensin I to
angiotensin II, which binds either to angiotensin II receptor 1a (AT1aR),
leading to tissue damage and lung edema, or to angiotensin II receptor 2
(AT2R), reducing tissue damage in the lung. ACE2 converts the potent
angiotensin II to a less damaging angiotensin 1−7. SARS-CoV binds to
ACE2 and downregulates ACE2 on infected cells. ACE levels are not
affected. This results in an increase in angiotensin II, which enhances
lung injury through AT1aR.

Diffuse alveolar
damage (DAD): the
pathologic injury
underlying ARDS
that results from
severe injury to the
alveolar-capillary
unit. DAD occurs in
three overlapping
phases: exudative,
proliferative, and
fibrotic

the AT1a receptor. ACE promotes lung in-
jury, whereas ACE2 alleviates it (Figure 1).

Experimental SARS-CoV infection of
mice resulted in considerably reduced ACE2
expression in the lungs. Intraperitoneal in-
jection of recombinant SARS-CoV S pro-
tein aggravated ALI in mice, and the effect
of S protein on ALI was ACE2 specific (64).
These observations provide a possible molec-
ular explanation for the severe lung failure and
lethality associated with SARS. Notably, this
mechanism has been shown in a mouse model
using SARS-CoV S protein but has not yet
been confirmed in humans or animals infected
with SARS-CoV (65).

Nicholls & Peiris (66) have reviewed the
questions that remain despite these insights
into the pathogenesis of SARS. Conflicting
results obtained by RT-PCR, northern blot-
ting, and immunohistochemical (IHC) detec-
tion of ACE2 in human tissues leave the or-
gan and cell expression of ACE2 unresolved
(56, 67). Furthermore, SARS-CoV infection
in mice does not produce the typical diffuse
alveolar damage (DAD) seen in human dis-
ease (68). Moreover, the newly discovered hu-

man CoV NL63 also binds ACE2 (69). Un-
like SARS-CoV, NL63 is a ubiquitous human
pathogen that is not generally associated with
severe lung damage. Thus, the use of ACE2 as
a viral receptor does not always result in ALI,
leading to DAD.

The catalytic domain of ACE2 participates
in binding to S protein and in SARS-CoV
infection. In particular, lysine at amino acid
353 and, to a lesser extent, residues 82 to
84 are important residues in this interaction
(70). Li and colleagues (70) studied the affinity
of binding of S protein derived from human
and palm civet SARS-CoV isolates with cog-
nate ACE2 proteins (Table 1). The S protein
of human SARS-CoV (TOR2) bound equally
well to human ACE2 (hACE2) and palm civet
ACE2, whereas the palm civet S protein (SZ3)
preferentially bound palm civet ACE2. The
RBD of the S protein of human SARS-CoV
isolates differed from those isolated from ap-
parently healthy palm civets in the wet mar-
kets in China at four residues, K344R, F360S,
N479K, and T487S. Of these residues, 479
and 487 were critical for high-affinity as-
sociation with hACE2. Residue 479 of the
S protein RBD interacts with residues along
α-helix 1, particularly lysine 31 of ACE2,
which is present in human but not palm civet
ACE2 (Table 1). Threonine at residue 487
was absolutely conserved in human SARS-
CoV isolates from 2002–2003, whereas an-
imal SARS-CoV isolates have serine at this
position. Mutagenesis of amino acid 487 from
serine to threonine increased binding of the
SZ3 S protein to hACE2 (71).

Additional receptors for SARS-CoV entry
into cells: DC-SIGN and L-SIGN. Den-
dritic cells (DCs) are crucial in host defense
against pathogens. Invading pathogens are
recognized by Toll-like receptors (TLRs) and
receptors such as C-type lectins expressed
on the surface of DCs. Some pathogens,
including viruses such as HIV-1 and non-
viral pathogens such as Mycobacterium tu-
berculosis, subvert functions of DCs to es-
cape immune surveillance by targeting the
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Table 1 The amino acid sequence of RBD of the S protein of SARS-CoV determines the
interaction with human and palm civet ACE2

Binding of specific residues in the
RBD of the S protein of indicated

virus with critical residues of ACE2

TOR2 SZ3

ACE2 from indicated
species

Critical residues for
S protein binding 479N/S 487T 479K 487S

Human K31 ++ − − −
K353 − ++ − +

Palm civet T31 ++ − ++ −
K353 − ++ − +++

C-type lectin, DC-specific intercellular ad-
hesion molecule–grabbing nonintegrin (DC-
SIGN/CD209) (72). DC-SIGN is a type
II transmembrane adhesion molecule with a
C-type lectin domain that recognizes carbo-
hydrate residues on a variety of pathogens. It is
expressed on dermal DCs as well as in the mu-
cosal tissues by interstitial DCs in the lungs,
intestine, rectum, cervix, and placenta and in
lymph nodes (73, 74).

DC-SIGN functions as a receptor or core-
ceptor for several viruses, including HIV-1,
Ebola virus, cytomegalovirus (CMV), hepati-
tis C virus, and dengue virus, by interaction
with viral envelope glycoproteins that contain
a relatively large number of N-linked carbo-
hydrates (75–79). DC-SIGN serves as a recep-
tor in trans for SARS-CoV (39). Unlike ACE2
on pneumocytes and enterocytes, binding to
DC-SIGN does not facilitate viral infection of
the DCs but allows the cells to transfer infec-
tious SARS-CoV to susceptible target cells.
A similar mechanism has been described for
dengue virus, HIV-1, and CMV, and it may
be relevant in SARS pathogenesis (75, 77, 80).
Adaptation of pathogens to target DC-SIGN
supports virus survival, and these viruses likely
have devised distinct mechanisms to misuse
DC-SIGN to circumvent antigen processing
or alter TLR-mediated signaling (72).

Human liver/lymph-node-specific-SIGN
(L-SIGN/CD209L), also known as DC-
SIGNR, is a DC-SIGN homolog, with which
it shares 77% amino acid identity (81).

L-SIGN is expressed in the liver, lymph node,
and placenta (82, 83) and can facilitate SARS-
CoV infection in conjunction with liver and
lymph node sinusoidal endothelial cell C-type
lectin (LSECtin) (84). Several enveloped
viruses, including Ebola and Sindbis, use
L-SIGN as a portal of entry.

L-SIGN can bind to SARS-CoV S protein,
mediating viral entry and thus serving as an al-
ternate receptor for SARS-CoV (85). Chinese
hamster ovary cells that do not express ACE2
became susceptible to SARS-CoV infection
when transfected with L-SIGN. Expression
of L-SIGN is found in type II alveolar cells
and endothelial cells in human lungs and is
consistently expressed along with SARS-CoV
antigen and ACE2 in cells of the lung and
small bowel of fatal cases of SARS. L-SIGN
may facilitate SARS-CoV infection in these
tissues. However, the role of L-SIGN in ini-
tiating productive virus replication remains to
be clarified.

Viral Replication

Damage to the lungs of SARS patients seems
to occur directly by viral destruction of
alveolar and bronchial epithelial cells and
macrophages, as well as indirectly, through
production of immune mediators, although
the relative contribution of these mechanisms
to disease remains controversial. Quantitative
studies of viral shedding in SARS patients pro-
vide some hints into the pathogenesis of the
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disease. Compared with other respiratory vi-
ral infections, such as influenza, SARS had
a longer incubation period (mean 4.6 days,
variance 15.9 days) (25), and the viral load
in the upper respiratory tract, including na-
sopharyngeal aspirates and throat swabs, was
low during the first 4 days and peaked at
105.8 copies/mL in nasopharyngeal aspirates
10 days after the onset of disease (19, 86,
87). However, nasopharyngeal viral titers did
not always accurately reflect viral load in the
lungs. Viral load in the lower respiratory
tract, including bronchoalveolar lavage, spu-
tum, and endotracheal aspirates, was higher
than in the upper airways (86, 88). Virus was
detected in multiple tissues at autopsy, in-
cluding the lungs, intestine, liver, kidneys,
brain, spleen, and lymph nodes (21, 23, 57,
89–93). Evidence for viral infection in the
lungs and extrapulmonary sites is summarized
in Table 2. It should be noted that disease
in SARS results primarily from infection of
the respiratory tract with a systemic compo-
nent and extrapulmonary dissemination that
results in viral shedding in respiratory secre-
tions, feces, and urine. The amount of virus
and the number of virus-infected cells present
in extrapulmonary sites were not clearly
quantified.

The mechanism of cell death in SARS-
infected cells is an area of active research. The
3a protein of SARS-CoV induced apoptosis
in Vero E6 cells (94). Overexpression of the
7a protein resulted in apoptosis via a caspase-
dependent pathway in cell lines derived from
different organs including lung, kidney, and
liver (95). Investigators have suggested that
the induction of apoptosis by the 7a protein
relates to its demonstrated ability to inhibit
cellular gene expression at the level of trans-
lation and to activate p38 mitogen-activated
protein kinase (96).

Pathology in SARS Cases

A large proportion of SARS patients devel-
oped worsening lung disease and progressed
to ARDS that was fatal in 10% of cases.

Most of the data on the human pathology
of SARS comes from autopsy studies of fatal
cases, which reflect only the terminal stages
of the disease. DAD is the primary pathol-
ogy seen in the lungs of SARS patients. Tis-
sues examined early after the onset of illness
showed bronchial epithelial denudation, loss
of cilia, squamous metaplasia, and enlarged
pneumocytes (21). Different stages of DAD
were seen, depending on the duration of ill-
ness. However, none of the characteristics of
DAD in SARS cases were unique (97, 98).
DAD in SARS cases examined within about
10 days of onset of illness was characterized by
pronounced pulmonary edema, hyaline mem-
brane formation, and interstitial thickening in
lung tissue (98, 99). Desquamative alveolitis
and bronchitis (57) and macrophage prolifera-
tion were seen in the lungs (21), accompanied
by a disproportionately sparse inflammatory
infiltrate, consisting mainly of histiocytes,
lymphocytes, and occasional multinucleated
giant cells (99). In later stages of disease, the
proliferative phase of DAD was seen in the
lung, with desquamation of epithelial cells,
fibrin deposits in alveolar spaces, hyperpla-
sia of type II pneumocytes, and increased
mononuclear inflammatory cell infiltrates in
the interstitium (91). At even later stages of
disease, the lungs showed a predominantly
acute fibrinous and organizing pneumonia
with fibrin “balls” within airspaces and a pat-
tern of an organizing pneumonia with fibro-
sis (98). Bronchiolitis obliterans organizing
pneumonia (BOOP) has been described in
subpleural areas (99).

Although SARS-CoV was identified in
several extrapulmonary sites, such as urine
and feces, no specific pathology was ob-
served in the gastrointestinal tract (60), uri-
nary system (100), or other organs (101).
The only reproducible and remarkable extra-
pulmonary pathology reported was massive
necrosis of splenic lymphoid tissue and lo-
calized necrosis in lymph nodes (21, 23, 57).
As summarized in Table 2, IHC and in situ
hybridization (ISH) demonstrated abundant
multifocal SARS-CoV infection in the lung,
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Table 3 Comparison of pathology findings in cases of SARS and H5N1 influenza

SARS H5N1 influenza

Infected organ Pathology Reference Pathology Reference
Lung Acute pneumonia, DAD with

fibrosis, occasional giant cells,
enlarged pneumocytes,
prominent macrophages

21, 57, 97–99,
103

Consolidated lungs with
hemorrhage, DAD with
interstitial fibrosis and
organization, interstitial
pneumonia, bronchiolitis

104–107

Intestinal tract Minimal architectural
disruption

60 No pathologic changes 108

Kidney Acute tubular necrosis 100 Acute tubular necrosis 104, 105
Brain Edema, demyelination of nerve

fibers, and focal neuronal
degeneration

57 Microglial nodules with
demyelination in cerebral
white matter, small foci of
necrosis in brain

104, 107

Lymphoid organ White pulp atrophy,
lymphocyte depletion, and
hemorrhagic necrosis in the
spleen, necrosis in lymphoid
nodes

21, 23, 57, 103 Lymphoid depletion in spleen,
focal necrosis in lymph nodes,
histiocytosis in lymphoid
system

104–107

Other organs Hemophagocytosis 21 Hemophagocytosis 104, 105

predominantly in type II pneumocytes and in
association with intraalveolar necrotic debris
(90, 91). Antigen was seen in enterocytes as
well. There are conflicting reports regarding
viral infection of alveolar macrophages (89–
91). IHC staining was not found in bronchial
tissues, multinucleated epithelial cells, DC-
SIGN-expressing cells, endothelial cells, stro-
mal cells, or lymphocytes (90).

When SARS cases first appeared in China
in 2002–2003, patients presented with atyp-
ical pneumonia, leading to concerns that
H5N1 influenza virus was the etiological
agent. However, H5N1 infection was ruled
out, and SARS-CoV was identified as the
causative agent (3–6). SARS and H5N1 in-
fluenza infections share some similar pathol-
ogy (Table 3): Pneumocytes are the pri-
mary target of viral infection, resulting in
DAD (102). Reactive hemophagocytic syn-
drome and lymphoid depletion in the spleen
and lymph nodes are commonly seen in both
SARS (21, 23, 57, 103) and H5N1 (104–106)
infections. Compared with H5N1, SARS-
CoV tends to induce a more fibrocellular in-

traalveolar organization, with a BOOP-like
pattern and the presence of multinucleated
histiocytes and pneumocytes (97–99). In con-
trast, H5N1 causes a more fulminant, hem-
orrhagic, and necrotizing DAD, with patchy
and interstitial paucicellular fibrosis without a
BOOP-like pattern or the presence of mult-
inucleated cells (107). Interestingly, diarrhea
was commonly seen in SARS but not in H5N1
infection (108).

Immune Response to SARS-CoV

The immune system responds to viral in-
fection with cellular and humoral responses.
These responses are initiated by the innate
immune system, which recognizes pathogens
and induces proinflammatory cytokines and
chemokines to initiate the immune response.
This is followed by responses of the adap-
tive immune system, which consists of T cells
that can directly kill virus-infected cells and
of B cells that produce pathogen-specific
antibodies. Initiation of the innate and/or
adaptive immune response results in the
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production of chemokines and other cy-
tokines that induce an inflammatory response
attracting proinflammatory cells, such as neu-
trophils and macrophages, to the sites of in-
fection. Although these responses are crucial
to clear viruses, they can also damage normal
host tissues (65).

Although viremia occurred in SARS and
the virus infected several organs, histopatho-
logic changes were limited to the lungs, where
DAD was accompanied by a disproportion-
ately sparse inflammatory infiltrate. The re-
ported data are summarized below, but, as
stated in the introduction, it is difficult to
understand all of the immunological conse-
quences of SARS because of the limitations of
the available data: Relatively little is known
about the early events in SARS, especially
in the lung; plasma and serum cytokine and
chemokine responses may not reflect events
in the lung; clinical evaluations were carried
out at different time points in the course of the
disease; and several of the observations cannot
be confirmed because the same immune me-
diators were not sought or found by different
investigators.

Innate immune response to SARS-CoV.
Innate immunity is the first line of host de-
fense against viral infection. Evidence from
observational studies in SARS patients and
experimental infection in mouse models of
SARS-CoV infection provide evidence that
innate immunity is important for viral clear-
ance. The key components of this response in-
clude natural killer (NK) cells, molecules such
as mannose-binding lectin (MBL) and surfac-
tant, the IFN response, and chemokines and
cytokines. NK cells can mediate suppression
of viral replication by direct killing of virus-
infected cells via perforin or indirectly via pro-
duction of IFN-γ. Little is known about the
role of NK cells in SARS; one group of inves-
tigators reported a decrease in the number of
NK cells in the peripheral blood from SARS
patients that correlated with the severity of
disease and the presence of antibodies against
the virus (109). In a mouse model of SARS,

however, Glass et al. (110) demonstrated that
NK cells were not required for the clearance
of the virus.

Proteomic analysis of plasma from SARS
patients revealed activation of innate immune
responses by SARS-CoV, including increased
acute-phase proteins such as serum amyloid
A and MBL (111). MBL can bind SARS-CoV
S protein through carbohydrate-recognition
domains, resulting in protective biological ef-
fects in a calcium-dependent and mannan-
inhibitable fashion. These observations sug-
gest that MBL plays a protective role in the
host innate response.

The antiviral IFN response is mediated by
IFN production and signaling or direct inacti-
vation of effector molecules. IFNs can induce
several parallel antiviral pathways, and more
than one pathway may operate (112). Like
many viruses that modulate the expression of
IFN-stimulated genes with antiviral activity,
SARS-CoV has developed at least one mecha-
nism to block activation of the IFN regulatory
pathway at an early step following the nuclear
transport of IFN regulatory factor (IRF)-3
(113). Findings in clinical studies were con-
sistent with this observation; type I IFN was
not detected in SARS patients, and it was not
induced in vitro in SARS-CoV-infected cells.
In a mouse model of SARS, the STAT1 signal-
ing pathway was required for viral clearance,
and the virus was shown to be susceptible to
the antiviral effects of IFN-β in vitro (114)
and in a cynomolgus monkey model (115).

Macrophages and DCs are potent pro-
ducers of proinflammatory cytokines that are
crucial components of innate immunity and
potential mediators of immunopathology.
Monocyte-derived macrophages, purified
monocyte macrophages, DCs, and periph-
eral blood mononuclear cells (PBMCs) are
only abortively infected by SARS-CoV (27,
116, 117), resulting in the production of
certain cytokines and chemokines. SARS-
CoV infection upregulates expression of
chemokines IP-10 (IFN-inducible protein-
10), MCP (monocyte chemoattractant
protein)-1, MIP (macrophage inflammatory
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Cytokine storm: a
potentially fatal
immune reaction
consisting of an
uncontrolled
feedback loop
between cytokines
and immune cells.
When the immune
system is activated,
cytokines signal
immune cells such as
T cells and
macrophages to
travel to the site of
infection, where they
are activated and
produce more
cytokines

protein)-1α, and RANTES by abortively in-
fected macrophages and DCs. It is remarkable
that IFN-α and -β are not produced following
SARS-CoV infection (27, 116–118).

High-density oligonucleotide array anal-
ysis of gene-expression changes in PBMCs
from normal healthy donors inoculated in
vitro with SARS-CoV showed an early ac-
tivation of the innate immunity pathway in
the first 12 h, including enhanced expression
of CD14, TLR9, CC chemokines (CCL4,
CCL20, CCL22, CCL25, CCL27) and their
receptors (CCR4, CCR7), IL-8, and IL-17
(119). The pattern indicates a rapid mo-
bilization and increased trafficking of the
monocyte-macrophage lineage into the lung
very early in infection.

Cytokine and chemokine levels in the
blood and lungs of SARS patients. Pro-
inflammatory cytokines and chemokines,
particularly IP-10, IL-8, and MCP-1, are
elevated in the lungs (Table 4a) and periph-
eral blood (Table 4b) of SARS patients, with

an unusual lack of an antiviral IFN response.
IP-10 was identified in pneumocytes and alve-
olar macrophages by IHC (120, 121). Expres-
sion of IL-6, IL-8, and MCP-1 was also de-
tected in the lungs of fatal cases of SARS
(121) (Table 4a). TNF-α levels were not ele-
vated in SARS patients in any of the reported
case series (120–126). Contradictory findings
were reported with respect to IFN-γ: IFN-γ
was elevated along with IFN-γ-stimulated
chemokines IP-10, MIG (monokine induced
by IFN-γ), and MCP-1 in two series from
Hong Kong (122, 123) and was implicated
by Huang et al. (123) as evidence of a
cytokine storm in the pathogenesis of lung in-
jury. However, elevated IFN-γ levels were not
reported in several other studies (120, 121,
124–126). In fact, Lee et al. (126) argued that
proinflammatory cytokines do not play a role
in the pathogenesis of SARS, but that the
immunosuppressive cytokines TGF-β and
PGE2 (prostaglandin 2) do. Unfortunately,
PGE2 levels were not measured in any of the
other case series, and TGF-β levels were not

Table 4a Cytokine and chemokine protein or RNA expression detected in the lungs
of SARS patientsa

Method of detection (number of subjects studied)

Immune mediator qPCR, IHC (7) RT-PCR, IHC (5)
Pro-inflammatory cytokines
IL-6 ND +
IL-1β ND –
IL-12 ND –
TNF-α ND –
Inflammatory cytokines
IFN-γ ND –
IL-2 ND –
IL-4 ND –
IL-10 ND –
Chemokines
IL-8/CXCL8 ND +
MIG/CXCL9 ND –
IP-10/CXCL10 +: pneumocytes, alveolar

macrophages
+: pneumocytes,
macrophages, lymphocytes

MCP-1/CCL2 ND +
Reference 120 121

aAbbreviations: qPCR: quantitative PCR; IHC: immunohistochemistry; RT-PCR: reverse transcription
polymerase chain reaction; +: positive; –: negative; ND: not done.
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increased in the series of patients reported by
Zhang and colleagues (125). Cheng et al. (127)
speculated that an increase of the immunosup-
pressive cytokine TGF-β contributes to the
absence of intestinal inflammation in SARS
patients. Which cells are producing these cy-
tokines and chemokines remains unclear, and
further investigation would be valuable.

The profile of cytokine and chemokine re-
sponses to SARS has been compared to the
profile of immune mediators during infection
with different subtypes of influenza, includ-
ing H5N1 influenza (105, 116, 128, 129). Al-
though infection with both SARS-CoV and
influenza induced production of chemokines,
such as MIG, IP-10, and MCP-1, the re-
markable difference between the two illnesses
is that SARS did not induce type I IFN or
TNF-α production, whereas influenza in-
duced high levels of both (105, 116, 128, 129).

Adaptive cellular response to SARS-CoV.
The cytotoxic T lymphocyte (CTL) response
is the major specific defense against viral in-
fection in adaptive cellular immunity. Two
HLA-A2-restricted T cell epitopes in the
S protein of SARS-CoV were immunogenic
and elicited an overt specific T cell re-
sponse in patients who survived SARS (130).
Stimulation with inactivated SARS-CoV in-
duced a memory CTL response in recovered
SARS patients (131) and selective expansion
of effector/memory Vγ9Vδ2 T cells. This
expansion was associated with higher anti-
SARS IgG levels. Stimulated Vγ9Vδ2 cells
displayed IFN-γ-dependent anti-SARS-CoV
activity and were able to kill SARS-CoV-
infected target cells (132). Human memory
T cell responses to the nucleocapsid (N) pro-
tein of SARS-CoV persisted for two years in
the absence of antigen (133).

Table 4b Cytokine and chemokine responses detected in plasma or serum of SARS patientsa

Method of detection (number of subjects studied)

Immune mediator CBA (20)
CBA (8

children)
CBA/ELISA

(88)
CBA/qPCR

(255)
ELISA
(228)

ELISA
(15)

LiquiChip
(23)

Proinflammatory cytokines
IL-6 E – E ND E – E
IL-1β E E ND ND ND ND –
IL-12 E – ND ND ND – –
TNF-α – – – ND – – –
Inflammatory cytokines
IFN-γ E ND E ND – ND –
IL-2 – ND – ND ND L –
IL-4 – ND – ND – ND –
IL-10 – – – ND L – –
IL-13 ND ND – ND ND ND ND
IL-18 ND ND E/F ND ND ND ND
TGF-β ND ND L ND – E ND
Chemokines
IL-8/CXCL8 E – F E – E E
MIG/CXCL9 – ND E/F E ND ND ND
IP-10/CXCL10 E ND E/F E ND ND E
MCP-1/CCL2 E ND E/F – ND ND E
RANTES/CCL5 – ND – – ND ND –
PGE2 ND ND ND ND ND E/L ND
Reference 122 124 123 120 125 126 121

aAbbreviations: CBA: cytometric bead array; qPCR: quantitative PCR; E: elevated in early phase (<2 weeks); L: elevated in late or convalescent
phase; F: elevated in fatal case; –: not elevated; ND: not done.
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Antibody-
dependent
enhancement
(ADE): a
phenomenon in
which virus-specific
antibodies enhance
the entry of virus
into monocytes/
macrophages
through interaction
with Fc and/or
complement
receptors, resulting
in activation of
macrophages,
secretion of
chemokines and
cytokines, and
enhanced severity of
disease

One of the notable findings in SARS that
was associated with an adverse outcome of
disease was the rapid development of lym-
phopenia, with CD4+ T cells being more
severely reduced than CD8+ T cells dur-
ing acute infection (24, 134). Lymphope-
nia was prolonged, reaching a nadir at days
7–9 before returning to normal (134). The
cause of lymphopenia in SARS is not known,
but the proposed possibilities include virus-
induced infection and destruction of lym-
phocytes, chemokine-mediated lymphocyte
trafficking/redistribution and sequestration of
lymphocytes in the lung, bone marrow sup-
pression, or apoptosis. Neutrophilia may be
due to steroid use (24).

Humoral immune response to SARS-CoV
infection. Antibodies to SARS-CoV were
found in patients and animals infected with
SARS-CoV. Using immunofluorescence as-
says and ELISA against N protein, serum IgG
could be detected as early as 4 days after on-
set of illness. Serum IgG, IgM, and IgA re-
sponses to SARS-CoV occurred around the
same time, with most patients seroconvert-
ing by day 14 after onset of illness (135).
In a follow-up study of 56 subjects, ELISA
IgG and neutralizing antibodies peaked at
4 months and dropped progressively over
time; 11% of the subjects did not have de-
tectable ELISA IgG antibodies to SARS 24
months postinfection, but neutralizing anti-
bodies were still detectable (136). In a large
study of 623 SARS patients, antibodies were
able to neutralize pseudotyped viruses bear-
ing S proteins from four different SARS-
CoV strains, suggesting that these antibodies
were cross-reactive (137). Among the struc-
tural proteins, including M, E, and N, only
the S protein elicits neutralizing antibody
(138). The major immunodominant epitope
in S protein lies between amino acids 441 and
700 (139).

Antibodies can also contribute to im-
munopathology. Given the evidence that
SARS-CoV infection causes severe pul-
monary inflammation with 10% mortality

in adults but relatively mild symptoms and
no fatal cases in children under age 12
(25, 26), antibody-dependent enhancement
(ADE) may play a role in the immunopatho-
genesis of SARS. In ADE, virus-specific an-
tibodies increase the uptake of the virus
by macrophages, resulting in activation of
macrophages and secretion of chemokines
and cytokines. ADE has been observed af-
ter wild-type virus challenge in domestic cats
that were immunized with vaccines against fe-
line infectious peritonitis coronavirus (FIPV)
(140). This experience with an animal CoV
has raised concerns that a similar phe-
nomenon could occur with SARS-CoV. How-
ever, there is no direct evidence that patients
with SARS had previous exposure to a re-
lated virus. Also, macrophages are not produc-
tively infected by SARS-CoV, and there was
no evidence of enhanced disease in animals
that were infected with SARS-CoV following
passive transfer of antibodies against SARS-
CoV induced by infection or immunization
(68, 141–144).

Animal Models of SARS-CoV
Infection

With the lack of information on early events in
SARS, our understanding of the disease is in-
complete. The development of animal models
of SARS is a key to the study of pathogene-
sis at different stages of disease and evalua-
tion of effective antiviral drugs and vaccines
(12). SARS-CoV causes pulmonary infection
in nonhuman primates (NHPs) following in-
tranasal and intratracheal inoculation (145–
147). Both acute and organized stages of DAD
were seen when the NHPs were sacrificed
on days 2, 4, or 6 following virus infection.
SARS-CoV was detected in the alveolar ep-
ithelial cells, macrophages, and syncytial cells.
However, symptoms of SARS-CoV were not
seen reproducibly in cynomolgus and rhe-
sus macaques infected with SARS-CoV (146).
Moreover, the disease in NHP models appears
self-limiting and different from the human
disease (148). The common marmoset model
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seems promising and should be evaluated
further (149).

Ferrets and cats support viral replication in
the upper and lower respiratory tract, and the
virus transmitted from infected cats and fer-
rets to naive cage-mates (150). Lung pathol-
ogy associated with approximately 25% mor-
tality was reported in ferrets (150).

Small animal models, such as rodents,
are valuable for pathogenesis studies and
for evaluating the efficacy of vaccines, im-
munotherapy, and antiviral drugs against
SARS-CoV. SARS-CoV infection was estab-
lished in Golden Syrian hamsters and mice
(68, 110, 151, 152). The hamster model
demonstrates high titers of virus in both the
upper and lower respiratory tract, accom-
panied by pronounced lung pathology with
pneumonic consolidation and prominent cel-
lular infiltrates, robust antibody response, and
extrapulmonary spread of the virus, although
clinical illness and animal-to-animal trans-
mission were not observed (151). Hamsters
are small, outbred animals that are readily
available, and findings in this species follow-
ing SARS-CoV infection were more repro-
ducible than those in NHPs or ferrets. In
contrast to hamsters, SARS-CoV was of low
virulence in young mice, and infection was
cleared rapidly (68, 110). The absence of dis-
ease limits the application of the young mouse
model for pathogenesis studies, but this model
is valuable for vaccine and antiviral studies.
Interestingly, however, intranasal inoculation
of SARS-CoV to aged BALB/c mice (12–
14 months) caused prolonged viral replica-
tion associated with significant weight loss
and pneumonitis and dissemination to extra-
pulmonary organs (152). Pulmonary changes
indicative of DAD, with multifocal, intersti-
tial, and predominantly lymphohistiocytic in-
filtrates, proteinaceous deposits around alve-
olar walls, and intraalveolar edema were seen.
Advanced age has been identified as a fac-
tor that correlated with adverse outcome of
clinical illness and was a predictor of mor-
tality in SARS. Therefore, the susceptibility
of the aged mouse to SARS-CoV disease is

of interest for the study of pathogenesis of
SARS. Adaptation of SARS-CoV to mice, fer-
rets, and NHPs has been proposed to enhance
the virulence of the virus for these animal
models.

All the animal models of SARS differ from
human cases in that the incubation period be-
tween infection and peak of disease or viral
load is shorter than in humans, and the disease
is self-limited and rarely progresses to the fatal
outcome that occurred in some patients. Al-
though these animal models do not accurately
represent the full spectrum of human disease,
they can provide insights into the pathogene-
sis of SARS and are the only options presently
available for addressing questions relevant to
therapeutics and vaccine development.

The host response to SARS-CoV infection
in mice. C57BL/6 mice infected with SARS-
CoV showed increased production of proin-
flammatory chemokines, including IP-10,
MIG, MCP-1, MIP-1α, and RANTES and
the receptor for IP-10 and MIG, CXCR3,
in the lung. Surprisingly, Th1 cytokines (IL-
12p70 and IFN-γ) were not detectable, and
there was little pulmonary infiltration (110).
Moreover, beige, CD1−/−, or RAG1−/− mice
cleared SARS-CoV normally. These findings
suggest that NK cells and adaptive cellular
immunity are not required for viral clear-
ance in this species and that proinflammatory
chemokines coordinate a highly effective in-
nate antiviral response in the lung (110). The
importance of the innate immune response to
SARS-CoV is further supported by the ob-
servation that STAT1-deficient mice develop
a persistent SARS-CoV infection associated
with severe morbidity and mortality (153).
These findings in mouse models are consis-
tent with the clinical observation that SARS
infection in humans fails to elicit a type I IFN
response, presumably as a result of a virally in-
duced block in induction of type I IFNs. Mice
and hamsters develop a neutralizing antibody
response following SARS-CoV infection,
and these antibodies protect animals from
reinfection.
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A Model of SARS Pathogenesis

The following sequence of events can be
envisioned on the basis of available data
(Figure 2). SARS-CoV infects pneumocytes
expressing ACE2 in the airways. ACE2
expression on infected cells is downregu-
lated, and the resulting increase of Ang II
drives ALI. SARS-CoV-infected pneumo-
cytes produce proinflammatory cytokines
and chemokines and upregulate adhesion
molecules on the cell surface, mediating an

influx of monocytes/macrophages into the
lung at the early phase of disease (154). The
virus inhibits induction of type 1 IFN in in-
fected cells, replicates to high titer in the lung,
and spreads from the lung to extrapulmonary
sites. Monocytes/macrophages interact with
SARS-CoV through binding of DC-SIGN
and transmit and promote infection of more
susceptible cells, such as pneumocytes and
monocytes (154). Although the infection of
alveolar macrophages and DCs residing in
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Figure 2
A model of SARS pathogenesis. Blue arrows are used where data are available to support the model, and
gray arrows are used for pathways/steps that are proposed. SARS-CoV infects pneumocytes and induces
the production of proinflammatory cytokines and chemokines that mediate an early recruitment of
monocytes/macrophages (M�) into the lung. SARS-CoV inhibits induction of type 1 IFN in infected
cells. Recruited M� interact with the virus through binding of DC-SIGN and transmit the virus to more
susceptible cells. Activated M� produce a distinct set of chemokines, such as MIG, IP-10, and MCP-1,
that can recruit neutrophils, monocytes, and T cells into the lung. DCs capture the virus at the site of
infection and traffic to the secondary lymphoid organs, where they initiate T cell differentiation/
activation. Activated T cells that express the receptor CXCR3 for chemokines MIG and IP-10 then
migrate into the target lung and specifically destroy virus-infected pneumocytes and other permissive cells
by the release of perforin, leading to extensive tissue damage to the lung parenchyma, resulting in ARDS.
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the airway epithelium is not productive, func-
tional alterations occur. The phagocytic ca-
pacity of the macrophages decreases, posing
a threat for secondary infections (117). Acti-
vated monocytes/macrophages produce a dis-
tinct set of chemokines, such as MIG, IP-
10, and MCP-1, that cause the migration of
neutrophils, monocytes, and T cells into the
lung (154). DCs capture the virus at the site
of infection and traffic to the secondary lym-
phoid organs (spleen and lymph nodes), where
they initiate T cell differentiation/activation
through antigenic stimulation. Following
chemotaxis, activated/effector T cells that ex-
press the receptor CXCR3 for chemokines
MIG and IP-10 migrate to the lung and
specifically destroy virus-infected pneumo-
cytes and other permissive cells, leading to ex-
tensive tissue damage to the lung parenchyma,
resulting in ARDS (117). B cells are activated
and produce neutralizing antibodies against
viral antigen, initiating a humoral immune re-
sponse against the virus.

Host Genetic Susceptibility to SARS

Genetic factors associated with susceptibil-
ity to SARS have been investigated in several
studies that were recently reviewed by Lau &
Peiris (155). Association of HLA-B∗4601 with
SARS-CoV infection was reported in a study
of 37 SARS patients in Taiwan (156) but was
not confirmed in another study of 90 patients
in Hong Kong (157). Instead, associations of
HLA-B∗0703 with disease susceptibility and
of HLA-DRB1∗0301 with resistance to de-
velopment of SARS were found (157). The
coinheritance of B∗0703 and B60 was signif-
icantly higher in individuals with SARS than
in the general population (157).

The distribution of MBL gene polymor-
phisms was significantly different between
SARS patients and healthy controls, with a
higher frequency of certain haplotypes in
those developing SARS than in controls.
These haplotypes were associated with low or
deficient serum levels of MBL in SARS pa-
tients compared with controls (158). ACE2

gene polymorphisms were not associated with
SARS susceptibility or outcome of disease in a
study of 168 patients and 328 healthy controls
(159). Identification of individuals who are at
high risk for SARS infection may help in the
selection of priority candidates for vaccination
against SARS.

Predictors of Adverse Outcome in
SARS

Predictors of an adverse outcome were sought
in several case series. Advanced age, high con-
centration of lactate dehydrogenase (LDH)
at presentation, and low CD4+ and CD8+

T cell counts on admission were predictive
of an adverse outcome (2, 11, 19, 160). In
696 samples from 271 SARS-infected individ-
uals compared with 51 controls, patients with
severe or fatal illness had lower lymphocyte
counts (134). In the first week of illness, age,
plasma LDH concentration on admission, ab-
solute neutrophil and lymphocyte count on
admission, and plasma IP-10 concentration
were identified as risk factors for adverse out-
come by logistic regression (120, 121). These
variables were not useful later in the course of
disease. An IP-10 level in the first week of ill-
ness that was more than 1.5 times as high as the
median value had an odds ratio of 3.7 (95% CI
1.5–9.2) for subsequent deterioration leading
to an adverse outcome. The clinical utility of
this marker was confirmed by ROC (receiver
operating characteristic) analysis. In the sec-
ond week, only MIG was associated with se-
vere outcome. By day 12, only plasma LDH
concentration and absolute neutrophil count
were important predictive factors for adverse
outcome by logistic regression (120).

PREVENTION OF SARS

Active Immunization with Vaccines

Natural human infection with SARS-CoV led
to a long-lived neutralizing antibody response
and immune sera cross-neutralized pseudo-
typed viruses bearing S proteins from diverse
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but highly related human SARS-CoV isolates
(137), suggesting that active immunization
against SARS may be feasible. However, the
next time a SARS-CoV or related virus in-
fects the human population, it may be derived
from another animal species and may be anti-
genically diverse from the virus derived from
palm civets that led to the 2003 outbreak of
SARS. Although there have been no known
instances of human reexposure to SARS-CoV
to confirm that a naturally acquired immune
response confers protection from reinfection,
a vaccine will be the most effective way to con-
fer active and sustained protection against a
future reemergence of SARS.

Several strategies for vaccine development
have been pursued simultaneously. Recombi-
nant virus vector vaccines have been devel-
oped that express SARS-CoV S, E, M, and
N proteins. Among the structural proteins
of SARS-CoV, S protein was the only pro-
tein that induced neutralizing antibody and
protected hamsters from challenge when ex-
pressed in an attenuated parainfluenza type
3 vector (138). Mucosal immunization of
African green monkeys with this parain-
fluenza type 3 S protein chimeric virus elicited
neutralizing antibody and protection from vi-
ral replication in both the upper and lower
respiratory tract after challenge with live
SARS-CoV (161). S protein–encoding DNA
vaccines and modified vaccinia Ankara (MVA)
expressing the S protein stimulated neutral-
izing antibody production and provided pro-
tection from live virus challenge in mice (141,
143).

Other vaccine strategies including DNA
vaccine (162–164), inactivated whole virus
vaccine (142, 165–167), and recombinant pro-
tein vaccine (168, 169) were also immuno-
genic and efficacious in animal models. Many
investigators have optimized the codon us-
age of the gene target to improve expression.
Taken together, vaccines based on the S pro-
tein induce neutralizing antibody responses,
confirming the observation that the S protein
is the dominant protective antigen for SARS
and that those carrying N protein can induce

an enhanced antigen-specific T cell–mediated
immune response (162, 170). There is a
good correlation between neutralizing anti-
body titer and protection from wild-type virus
challenge in animal models. Experiments of
adoptive transfer and T cell depletion showed
that protection from a DNA vaccine express-
ing the S protein was mediated by a humoral
but not a T cell–dependent immune mecha-
nism (143). An inactivated vaccine with alum
adjuvant, which induced neutralizing anti-
body in mice, is scheduled to enter phase
2 human clinical trials in China, and so
far no clinical complications have been ob-
served (http://my.tdctrade.com/airnewse/
index.asp?id=8856).

Passive Immunization

Although randomized placebo-controlled tri-
als evaluating passive postexposure prophy-
laxis in at-risk groups have not been under-
taken, a retrospective analysis of outcomes
in a limited human study using plasma from
convalescent SARS patients suggested that
passive immunization may shorten hospital-
ization without obvious adverse effects in pa-
tients (171). Passive immunization has been
examined in animal models. Passive transfer
of immune serum protects naive BALB/c mice
from SARS-CoV infection (68). By screen-
ing phage-display antibody libraries and im-
mortalizing B cells from convalescent SARS
patients, investigators have developed mono-
clonal antibodies (mAbs) with sufficient neu-
tralizing antibody activity (172–174). Passive
immunization of ferrets, hamsters, and mice
with mAbs was effective in suppressing viral
replication in lungs (172, 174). Administra-
tion of a mAb as immunotherapy to SARS-
CoV-infected hamsters was effective in lim-
iting viral replication and pneumonitis (175).
There was no evidence of disease potentiation
by antibody in these studies. Hyperimmune
globulin with sufficient neutralizing activity
for use in humans could be prepared from
pooled convalescent human plasma or from
horses immunized with an inactivated vaccine.
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We do not know whether or when SARS
will reemerge in the future. Passive immu-
nization could be useful for protection of in-
dividuals who are occupationally exposed to
SARS-CoV, such as laboratory and healthcare
workers.

Potential for ADE Following the Use
of SARS-CoV Vaccines

Experience with animal CoV vaccines is rele-
vant for SARS vaccine development, and this
underlies a major concern regarding the po-
tential for ADE. This concern is based on
the experience with FIPV, in which prior im-
munization led to enhanced disease rather
than protection (140). There are two major
mechanisms by which enhanced disease oc-
curs when immunized hosts are subsequently
infected: One is classical ADE, as was seen
with FIPV, and the other is enhanced dis-
ease and immunopathology that results from
a cell-mediated immune response in the ab-
sence of protective antibodies, as was seen
following immunization with a formalin in-
activated respiratory syncytial virus vaccine.
ADE in FIPV occurs in the presence of anti-
bodies and results from Fc-receptor-mediated
uptake of virus by macrophages. ADE is not
expected to be a complication of SARS vac-
cines because macrophages are not produc-
tively infected by SARS-CoV, and the cells
that are infected in SARS are epithelial cells
of the respiratory tract.

Yang and colleagues (143) compared entry
of a pseudotyped virus bearing the S protein of
SARS-CoV isolate into renal adenocarcinoma
786-0 cells in the presence or absence of anti-
bodies against human SARS-CoV. Enhanced
entry was demonstrated when the pseudo-
typed virus bearing the S protein of a civet
SARS-CoV isolate was incubated with con-
valescent human serum containing antibod-
ies to SARS-CoV, and it was not observed
when the pseudotyped virus bore the S pro-
tein of a human SARS-CoV isolate (161). The
relevance of this observation for ADE is not
clear because this experimental system does

not reproduce ADE, enhanced replication of
the virus was not demonstrated, and there is
no correlate of the observation in an animal
model.

There is one report in which ferrets that
were immunized with a poorly immunogenic
S protein–expressing MVA vaccine that had
no protective effect on viral load developed
hepatitis one month after challenge (176).
However, no pulmonary changes were re-
ported in the ferrets. The hepatitis in the
immunized ferrets occurred in the context
of a poor neutralizing antibody response and
may have been caused by a cell-mediated im-
mune mechanism rather than ADE. Given the
evidence that SARS-CoV does not produc-
tively infect macrophages and neither vaccina-
tion nor passive transfer of antibody has been
associated with enhanced viral replication
and enhanced disease, the potential for ADE
following the use of SARS-CoV vaccines
is low.

CONCLUSIONS

The SARS outbreak provided evidence of the
global impact of emerging infectious diseases.
Although much has been learned in the three
years since discovery of the disease, aspects
of its pathogenesis are still not fully under-
stood because hypotheses based on studies
conducted during the 2003 outbreak cannot
be confirmed in the absence of further hu-
man cases of SARS or an animal model that
accurately reflects the spectrum of human dis-
ease. Although the kinetics and protective role
of the host antibody responses are better de-
fined, the roles of the adaptive cell-mediated
and the innate immune responses to SARS are
not completely understood. Innate immunity
appears to play a critical role in viral clearance,
and the ability of the virus to block induction
of an antiviral IFN response may be an im-
portant mechanism of immune evasion. This
phenomenon and early events in SARS, par-
ticularly in the lung, are topics that warrant
further study. Empiric approaches to vaccine
development are progressing rapidly, but it is
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important to better elucidate the mechanisms
underlying pathogenesis of the disease. The
development of the aged mouse model and

common marmoset model and the adaptation
of SARS-CoV to enhance virulence may per-
mit pathogenesis studies in animal models.
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