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Pathogenesis of severe acute respiratory syndrome
Yu Lung Lau1 and JS Malik Peiris2
Severe acute respiratory syndrome (SARS) is a zoonotic

infectious disease caused by a novel coronavirus (CoV). The

tissue tropism of SARS-CoV includes not only the lung, but also

the gastrointestinal tract, kidney and liver. Angiotensin-

converting enzyme 2 (ACE2), the C-type lectin CD209L (also

known L-SIGN), and DC-SIGN bind SARS-CoV, but ACE2

appears to be the key functional receptor for the virus. There is

a prominent innate immune response to SARS-CoV infection,

including acute-phase proteins, chemokines, inflammatory

cytokines and C-type lectins such as mannose-binding lectin,

which plays a protective role against SARS. By contrast there

may be a lack of type 1 interferon response. Moreover,

lymphopenia with decreased numbers of CD4+ and CD8+ T

cells is common during the acute phase. Convalescent patients

have IgG-class neutralizing antibodies that recognize amino

acids 441–700 of the spike protein (S protein) as the major

epitope.
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Introduction
Severe acute respiratory syndrome (SARS), a newly

emerged infectious disease, appeared in Guangdong Pro-

vince, People’s Republic of China, in November 2002

and spread globally to infect more than 8,000 people with

over 770 deaths in a few months [1]. The etiological agent

was identified as a coronavirus (CoV) [2��,3,4] and the

genome sequence established it as a novel member of the

family [5,6]. This novel CoV has satisfied Koch’s postu-

lates for causation, including the consistent detection of

the virus and an antibody response to the virus in patients

with SARS [2��] and the reproduction of the disease in

non-human primates after experimental inoculation [7,8].
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Previous reviews have addressed issues on the clinical

presentation [9], aetiology and laboratory diagnosis [10],

epidemiology and viral genetics [11], vaccines and ther-

apeutics [1,12], and public health [13]. Here we will focus

on the host–pathogen interaction, including tropism of

SARS-CoV, viral entry into host cells, innate and adaptive

immune responses, and host genetic susceptibility to

SARS.

Tropism of SARS-CoV
Tropism from animals to humans

Markets selling live poultry and fish for human consump-

tion (‘wet markets’) are common place across South-

East Asia, and they service the cultural demand for

freshly killed meat and poultry products. In parts of

southern China, Guangdong province in particular,

increasing affluence has resulted in large markets, which

house a diversity of animals, including reptile and mam-

malian species, to serve the restaurant trade for exotic

foods.

SARS-CoV-like viruses were isolated from Himalayan

palm civets found in a wildlife wet market in Guangdong

(Figure 1a; [14��]). Serological evidence of infection in

raccoon dogs and humans in the same market was also

found, supporting a zoonotic origin of SARS. The animal

CoV isolates were different from the human SARS-CoV

in that they had an additional 29-nucleotide sequence not

found in most human isolates. This additional 29-nucleo-

tide sequence in the animal CoV results in merging

opening reading frames (ORF) 10 and 11 into a new

ORF encoding a putative protein of 122 amino acids of

unknown biological significance. How the precursor ani-

mal CoV adapted itself in humans to achieve efficient

man-to-man transmission remains unknown, but mole-

cular epidemiological study of SARS-CoV has suggested

that several introductions of the animal CoV into humans

had occurred, with only the one with the 29-nucleotide

deletion associated with the subsequent outbreak in

Hong Kong spreading globally [15]. Phylogenetic analysis

of the few human cases in Guangdong in December 2003

revealed that this SARS-CoV is much closer to the palm

civet CoV than to any human SARS-CoV detected in the

epidemic in early 2003 [16]. This again strengthens the

contention that SARS is of zoonotic origin, and that the

wet markets serve as a continuing source of SARS-CoV

crossing species — from animals to humans [17].

Tropism from lung to multiple organs

SARS is largely a viral pneumonia and the lung pathology

shows diffuse alveolar damage with multinucleate giant-

cells and a prominent increase of macrophages in the
www.sciencedirect.com
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Figure 1
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The SARS coronavirus. (a) Wet markets are the interface where animal to human inter-species transmission of SARS-CoV occurred. Guangzhou

government officers seize civet cats in Xinyuan wildlife market in Guangzhou to prevent the spread of SARS-CoV. (Reproduced with permission

from South China Morning Post). (b) The SARS-CoV expresses structural proteins — spike (S) protein, membrane (M), envelope (E) and

nucleocapsid (N) and 14 open reading frames (ORFs). The spike protein determines the virus–host cell receptor interaction and is critical for

host species restriction as well as being an important target for neutralizing antibody. (c) Transmission electron micrograph of FRhK cells

infected with SARS-CoV. Viral particles are present on the surface of the cell with the particles showing the typical spikes or corona. (Courtesy

of John Nicholls, Department of Pathology, The University of Hong Kong). (d) Organizing diffuse alveolar damage with giant cell formation in

a patient who died of SARS. (Courtesy of John Nicholls, Department of Pathology, The University of Hong Kong).
alveoli and lung interstitium [18]. Apart from the pneu-

monia, 38% and 73% of patients, respectively, had diar-

rhoea in two separate cohorts of patients [19,20]. Despite

the active viral replication in the enterocytes, there is

minimal disruption of the intestinal architecture or cel-

lular infiltrate, and the mechanism of pathogenesis of the

diarrhoea remains unclear. The absence of intestinal

inflammation and destruction has been speculated to

be a result of upregulation of potent immunosuppressive
www.sciencedirect.com
cytokine TGF-b [21] and an antiapoptotic host cellular

response in the intestinal epithelial cells respectively [1].

Using immunohistochemistry and in situ hybridization to

examine organs from four SARS patients who died,

SARS-CoV was found not only in the lung and intestine,

but also in liver, distal convoluted renal tubules, sweat

glands, parathyroid, pituitary, pancreas, adrenal gland and

cerebrum [22]. Using reverse-transcriptase polymerase
Current Opinion in Immunology 2005, 17:404–410
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chain reaction to examine 19 fatal SARS cases, SARS-CoV

RNA was detected in lung, small and large bowels, lymph

nodes, spleen, liver, heart, kidney and skeletal muscle, in

descending order of viral load per gram of tissue [23].

These findings suggest that SARS is a systemic disease

with widespread extrapulmonary dissemination, resulting

in viral shedding in respiratory secretions, stools, urine

and possibly even in sweat [22,23]. The organ damage in

patients with SARS could be due to both local viral

replication and the immunopathologic consequences of

the host response, hence it is important to delineate what

human cells the SARS-CoV can infect and replicate in as

well as the subsequent host immune response.

Cellular receptors for SARS-CoV to gain
entry into target cells
Coronaviruses, including SARS-CoV, associate with cellu-

lar receptors to mediate infection of their target cells via the

surface spike protein (S protein; Figure 1; [24]). A metal-

lopeptidase, angiotensin-converting enzyme 2 (ACE2), has

been shown to be a functional receptor for SARS-CoV

[25��,26], with amino acids 270–510 of the SARS-CoV S

protein critical for interaction with ACE2 [27].

The SARS-CoV S protein has striking similarities with

class I fusion proteins, which include the influenza virus

haemagglutinin and paramyxovirus F protein. The N-

terminal half of the S protein (S1) contains the receptor-

binding domain whereas the C-terminal half (S2) is the

membrane-anchored membrane-fusion subunit, which

contains two heptad repeat regions (HR1 and HR2)

[28,29]. After binding to ACE2 on the target cells, the

transmembrane S protein changes conformation by asso-

ciation between the HR1 and HR2 regions to form a six-

helix oligomeric complex, leading to fusion between the

viral and target-cell membranes. The X-ray crystallo-

graphic structure of the SARS-CoV S2 fusion-protein core

provides a framework for the design of entry inhibitors [30].

Apart from direct membrane fusion at the target cell

surface, SARS-CoV might gain cell entry via pH-depen-

dent endocytosis, which is also mediated by the S

protein [31]. Furthermore the glycosylated S protein

has been shown to bind to the C-type lectin DC-SIGN

(DC-specific ICAM-3-grabbing non-integrin) expressed

on the DCs; these cells then mediate SARS-CoV infec-

tion in trans of cells that express human ACE2, but the

DC-SIGN does not initiate SARS-CoV entry into the

DCs. Human CD209L (also known as liver/lymph-node-

specific [L]-SIGN), which is 77% identical to human DC-

SIGN, can also bind to S protein and mediate virus entry

[32�] but its role in initiating productive virus replication

remains unclear.

ACE2 protein is reportedly present in type 1 and type 2

pneumocytes, enterocytes of all parts of the small intes-

tine, the brush border of the proximal tubular cells of the
Current Opinion in Immunology 2005, 17:404–410
kidney, as well as the endothelial cells of small and large

arteries and veins of all tissues studied and arterial smooth

muscle cells [33]. This localization of ACE2 explains the

tissue tropism of SARS-CoV for the lung, small intestine

and kidney; however, notable discrepancies include virus

replication in colonic epithelium, which has no ACE2,

and no virus infection in endothelial cells, which have

ACE2. Other receptors or co-receptors such as L-SIGN

may explain such discrepancies. Since only the basal layer

of the non-keratinized squamous epithelium of the upper

respiratory tract expresses ACE2, undamaged epithelium

of the nasopharynx is not likely to support SARS-CoV

replication. This raises the interesting possibility that a

preceding infection by another pathogen may expose the

basal layer and facilitate SARS-CoV infecting the

damaged upper respiratory tract before spreading to

involve the lung.

Furthermore, this may partly explain the longer incuba-

tion period (mean 4.6 days, variance 15.9 days) of SARS

[34] and the gradual increase of viral load in nasophar-

yngeal aspirates of SARS patients in the first 10 days of

illness [19], as compared with influenza, since SARS-CoV

may take a longer time than influenza virus does to

establish infection in the respiratory tract.

The innate immune response to SARS-CoV
The gradual increase in viral load in the first 10 days of

SARS also suggests that the virus may be evading some of

the innate immune defences of the host. It may be

relevant that SARS-CoV infection of human macrophages

in vitro leads to initiation of viral replication and viral

protein synthesis without a detectable type-1 interferon

response [35]. Furthermore, in marked contrast to

patients with influenza, there was a lack of expression

of mRNA for the type-1 interferons, interferon a and b in

peripheral blood mononuclear cells of patients with SARS

[36]. On the other hand, other innate immune defences

such as the collectins that can bind the glycosylated

SARS-CoV S protein may play an important role in host

defence. Such collectins include the lung surfactant pro-

teins A and D as well as the mannose-binding lectin

(MBL), which is present in serum. In a case-control

gene-association study of 569 Hong Kong Chinese SARS

patients and 1188 healthy controls, low-MBL-producing

genotypes have been shown to be associated with

increased risk of SARS [37�]. Moreover MBL can bind

SARS-CoV, resulting in protective biological effects in a

calcium-dependent and mannan-inhibitable fashion, sug-

gesting the binding is through the carbohydrate-recogni-

tion domains of MBL with the S protein. Plasma

proteomic analysis of four patients revealed active innate

immune responses to SARS-CoV, including increased

acute-phase proteins such as serum amyloid A, and

C-type lectins such as MBL and tetranectin [38�]. These

observations suggest that MBL plays a protective role

against development of SARS.
www.sciencedirect.com
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High-density oligonucleotide array analysis of gene-

expression changes in peripheral blood mononuclear cells

from normal healthy donors inoculated in vitro with

SARS-CoV showed an early activation of the innate

immunity pathway in the first 12 h, including enhanced

expression of CD14, Toll-like receptor 9 (TLR9), CC

chemokines (CCL4, CCL20, CCL22, CCL25, CCL27)

and their receptors (CCR4, CCR7), IL-8 and IL-17 [39].

This pattern indicates a rapid mobilization and increased

trafficking of the monocyte-macrophage lineage into the

lung very early on in the infection. In another study, the

SARS-CoV was shown to induce chemokine release in

lung epithelial cells and fibroblasts via amino acids 324–

688 of the S protein [40]. In addition to S protein, the

structural N protein was found to activate the IL-8

promoter in lung cells as well.

A model of SARS-CoV infection in C57BL/6 mice

showed increased production of proinflammatory chemo-

kines and their receptors in the lung but, surprisingly,

Th1 cytokines (IL12 p70 and interferon-g) were not

detectable and there was little pulmonary infiltration

[41]. Moreover beige, CD1�/�, or RAG1�/� mice cleared

SARS-CoV normally. These observations suggest proin-

flammatory chemokines may co-ordinate a highly effec-

tive innate antiviral response in the lung, and NK cells

and adaptive cellular immunity are not required for viral

clearance in this species [41]. On the other hand, Stat-1

appears to contribute to host defence in SARS-infected

mice [42]. Deficiency of Stat-1 leads to resistance to the

antiviral effects of interferons and this may be relevant to

the above observation.

Cytokines and chemokines measurements in the plasma

from SARS patients are difficult to interpret partly

because of the many confounding factors during the

disease course [43]. Nevertheless both chemokines

(IL-8, MCP-1 and IP-10) and inflammatory cytokines

(IL-1, IL-6 and IL-12) were found to be elevated in

patients. Interestingly, prolonged disturbances of in vitro
cytokine production in SARS patients have also been

demonstrated [44].

The adaptive immune response to SARS-CoV
Lymphopenia with a rapid decrease in both CD4 and

CD8 T cells is common during the acute phase of SARS

and may be associated with an adverse outcome [45,46].

In recovering patients, rapid restoration of T cell subsets

was seen [46]. The mechanism underlying the acute

lymphopenia remains unclear, and may be related to

induced apoptosis of uninfected lymphocytes as in

measles, since the consistent absence of ACE2 in T

and B lymphocytes and macrophages in all haemato-

lymphoid organs suggests that direct viral infection

may not be the cause [33]. Overexpression of 7a, a protein

specifically encoded by SARS-CoV, can induce apoptosis

via a caspase-dependent pathway and in cell lines derived
www.sciencedirect.com
from different organs, including lung, liver and kidney.

Expression of 7a may be one of the underlying mechan-

isms for the pathogenesis of SARS-CoV infection [47].

Detection of serum IgG, IgM and IgA against SARS-CoV

using immunofluorescent assays and by ELISA against

nucleocapsid antigen occurs around the same time with

most patients seroconverted by day 14 after onset of

illness [48]. IgG can be detected as early as 4 days after

the onset of illness. The kinetics of neutralization anti-

bodies nearly parallel those for IgG [48] and most of the

neutralizing-antibody activity is attributed to IgG [49]. In

a study of 623 SARS patients, the neutralizing-antibody

levels peaked at 20–30 days and were sustained for over

150 days. These antibodies can neutralize the pseudotype

particles bearing the S protein from different SARS-CoV

strains, suggesting that these antibodies are broadly active

and that the S protein is highly immunogenic [49]. Indeed

the S protein, among the other structural proteins, such as

M, E or N, is the only significant SARS-CoV neutraliza-

tion antigen and protective antigen [50], with amino acids

441–700 as the major immunodominant epitope [51].

An anti-S1 human monoclonal antibody 80R has been

shown to have nanomolar affinity, to potently neutralize

SARS-CoV infection and to inhibit syncytia formation

through blocking of receptor binding [52]. The 80R

epitope is located within the N-terminal 261–672 amino

acids of S protein and is not glycosylation-dependent.

Immortalization of memory B cells from a SARS patient

who recovered also enabled the isolation of human mono-

clonal antibodies with potent neutralization of SARS-CoV

[53]. These antibodies have two patterns of staining the S

protein and neutralizing activity: some antibodies have

high-avidity binding to spike transfectants and a neutra-

lizing titer proportional to the degree of binding, whereas

others have low-avidity binding in spite of efficient viral

neutralization. The B cell memory repertoire of patients

can be analyzed by this approach.

In a study of the functional effects of S-protein mutations

in terms of their affinity for cellular receptor ACE2 and

their sensitivity to antibody neutralization with viral

pseudotypes, substantial functional changes were found

in S-proteins derived from a case in late 2003 from

Guangdong [S(GD03T0013)] [54]. S(GD03T0013)

depends much less on ACE2 as receptor for cell entry

and is markedly resistant to antibody neutralization in

comparison to eight strains transmitted during human

outbreaks in early 2003. Moreover, antibodies that neu-

tralize most human S proteins can enhance entry

mediated by the palm civet virus S proteins [54]. This

underscores the need to address the evolving diversity of

SARS-CoV for vaccine development; progress in experi-

mental vaccine candidates for SARS has been previously

reviewed [1]. Insight into the mechanisms of antibody-

dependent enhancement will help to avoid complications
Current Opinion in Immunology 2005, 17:404–410
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during vaccine development. The inability to maintain,

using in vitro culture, the animal SARS-CoV precursor

virus from palm civets makes it difficult to confirm

whether these findings with pseudotyped virus are rele-

vant to infectious SARS-CoV-like virus isolates. An alter-

native approach will be to address this question using

techniques of SARS-CoV reverse genetics, which are now

becoming available.

The cytotoxic T-cell response is the other major specific

defence against viral infection. Two HLA-A2-restricted

T-cell epitopes capable of eliciting a CD8 T-cell response

in patients who had recovered from SARS-CoV infection

have been identified [55].

Host genetic susceptibility to SARS
Since SARS is an entirely new disease, it offers a unique

opportunity to study the genetics of innate immunity in

SARS at population level. As mentioned above, indivi-

duals carrying the low-MBL-producing haplotype YB

have an odds ratio (OR) of 1.5 in developing SARS

[37�]. Association of HLA-B*4601 with SARS-CoV infec-

tion has been reported in a study of 37 SARS patients in

Taiwan [56], but not confirmed in another study of 90

patients in Hong Kong [57], which instead found signifi-

cant association of HLA-B*0703 (OR 4.08) and HLA-DR

B1*0301 (OR 0.06) with the development of SARS.

ACE2 gene polymorphisms were not associated with

SARS susceptibility or outcome in a study of 168 patients

and 328 healthy controls [58].

Conclusions
Although much has been learnt of the SARS in the two

years since its discovery, aspects of the pathogenesis of

the disease are still not fully understood. This is because

there are no further human cases of SARS and because

there is no animal model that accurately reflects the

human disease (reviewed in [1]). Although the kinetics

and protective role of the host antibody responses are

better defined, the roles of the adaptive cell-mediated

and the innate immune responses to SARS are still being

unravelled. Empirical approaches to vaccine develop-

ment are progressing rapidly but it remains important

to better elucidate the mechanisms of disease pathogen-

esis so as to minimize the risk of being unpleasantly

surprised by unintended consequences of vaccination.

Update
The lack of a b-interferon response in cells infected with

SARS CoV has now been documented in two other cell

culture models in vitro; human primary myeloid-derived

DCs [59�] and the epithelial cell line 293 [60�]. SARS

CoV induced the nuclear translocation of interferon

regulatory factor (IRF)-3 in 293 cells but it was proposed

that the lack of an interferon response is due to a block in

subsequent dimerization and hyper-phosphorylation of

IRF-3.
Current Opinion in Immunology 2005, 17:404–410
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