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Abstract

Severe acute respiratory syndrome (SARS) is an acute respiratory disease with significant morbidity and mortality. While its clinical manifes-
tations have been extensively studied, its pathogenesis is not yet fully understood. A limited number of autopsy studies have revealed that the
lungs and the immune system are the organs that sustain the most severe damage. Other organs affected include the kidneys, brain, digestive tract,
heart, liver, thyroid gland and urogenital tract. The primary target cells are pneumocytes and enterocytes, both cell types abundantly expressing
angiotensin-converting enzyme 2 which is the main SARS-CoV receptor. Other cell types infected include the epithelial cells of renal tubules,
cerebral neurons, and immune cells. The pathology of this disease results from both direct and indirect injury. Direct injury is caused by infection
of the target cells by the virus. Indirect injury mainly results from immune responses, circulatory dysfunction, and hypoxia. In this review, we
summarize the major pathological findings at the gross, cellular and molecular levels and discuss the various possible mechanisms that may
contribute to the pathogenesis of SARS. The implications of the proposed pathogenesis for prevention, diagnosis and therapy of the disease are

discussed.
© 2007 Published by Elsevier B.V.
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1. Introduction

Severe acute respiratory syndrome (SARS) is an acute res-
piratory disease with significant morbidity and mortality. It first
emerged in China’s Guangdong province in late 2002, and then
spread to countries in Southeast Asia and throughout the world.
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The outbreak resulted in 8096 probable cases of SARS with a
mortality rate of 9.6% (WHO website).

SARS is a disease consisting of two phases, including a pro-
dromal influenza-like period characterized by myalgia, malaise,
chills and fever, followed by the onset of respiratory and gas-
trointestinal symptoms. Eight to nine days after the onset of
fever, approximately 20% of all patients deteriorate clinically
and develop respiratory insufficiency, in some cases resulting in
death (Lee et al., 2003; Liu et al., 2004a,b; HKU/UCH SARS
Study Group, 2003; Rainer et al., 2004a,b). The laboratory find-
ings characteristically include lymphopenia, thrombocytopenia,
elevated lactate dehydrogenase (Lee et al., 2003; Liu et al.,
2004a,b; HKU/UCH SARS Study Group, 2003; Wong et al.,
2003), and elevated liver enzymes (Chan et al., 2005; Yang et al.,
2005a,b). The majority of patients admitted to the hospital show
pulmonary X-rays abnormalities varying from bilateral intersti-
tial infiltrates to focal consolidation (Lee et al., 2003; Liu et al.,
2004a,b; HKU/UCH SARS Study Group, 2003). The pathogen
causing SARS has been identified as a novel coronavirus, SARS-
CoV, and the genome of this virus has been sequenced (Drosten
et al., 2003; Fouchier et al., 2003; Ksiazek et al., 2003; Kuiken
et al., 2003). The epidemiology, clinical manifestations, labora-
tory findings and radiological features of this disease have all
been studied in detail. However, its pathogenesis is still not fully
understood.

This review summarizes the major pathological findings
at the gross, cellular and molecular levels, which have been
reported in hitherto published postmortem studies of SARS
patients including a previous publication on multiple organ
infection in this disease. In addition, we discuss the various
known mechanisms that may contribute to the pathogenesis of
SARS including the one described by our group. The impli-
cations of such mechanisms for the prevention, diagnosis and
therapy of this disease are discussed.

2. Pathological changes
2.1. Respiratory system

The lungs of autopsied SARS patients were on average
heavier than normal lungs (Gu et al., 2005). Severe lung consol-
idation, edema with pleural effusion and hepatization have been
found on gross examination (Ding et al., 2003; Gu et al., 2005;
Nicholls et al., 2003; Tse et al., 2004). Focal hemorrhage and
mucopurulent material in the tracheobronchial tree have been
seen in some SARS patients (Ding et al., 2003; Nicholls et al.,
2003).

Microscopic examination has typically demonstrated dif-
fused alveolar damage (DAD) (Cheung et al., 2004; Ding et
al., 2003; Franks et al., 2003; Gu et al., 2005; Hwang et al.,
2005; Lee et al., 2003). According to the morphological changes
observed, most authors have subclassified lung lesions in SARS
into two or three consecutive phases, which correlate with the
duration of illness. These phases consist of an acute exudative
inflammatory phase, a fibrous proliferative phase, and a final
fibrotic stage, although there is considerable overlap in histo-
logical findings among these phases. Findings characteristic of

all three phases have been observed in the same lung tissue spec-
imen, and evidence of the first phase with ongoing acute injury
has been found in most cases even up to 108 days after onset of
the disease (Hwang et al., 2005). The acute phase is character-
ized by extensive hyaline membrane formation, edema, alveolar
hemorrhage and fibrin exudation in alveolar spaces (Cheung et
al., 2004; Franks et al., 2003; Hwang et al., 2005; Lee et al.,
2003; Nicholls et al., 2003). In the acute phase both loss of
cilia of bronchiolar epithelial cells, and bronchiolar epithelial
denudation have been described, reflecting severe bronchiolar
damage (Franks et al., 2003). The proliferative phase is char-
acterized by widening of septae, pneumocyte hyperplasia and
organizing fibromyxoid and cellular exudates (Cheung et al.,
2004; Franks et al., 2003; Lee et al., 2003). In the final phase,
septal and alveolar fibrosis are found (Cheung et al., 2004), and
the extent of fibrosis is positively correlated with the duration of
the disease (Hwang et al., 2005; Tse et al., 2004).

In addition to the histological changes of the recognized
phases of pulmonary pathology, many other pathological
changes have been described. These include desquamation of
epithelial cells (Ding et al., 2003; Franks et al., 2003; Gu et
al., 2005; Lang et al., 2003; Nicholls et al., 2003), squamous
metaplasia (Franks et al., 2003; Hwang et al., 2005; Nicholls et
al., 2003), vascular injury including small vessel vasculitis and
vascular edema (Ding et al., 2003; Gu et al., 2005; Hwang et
al., 2005), and BOOP-like lesions such as proliferation of fibro-
granulation tissue in small airways and alveolar spaces located
subpleurally (Tse et al., 2004). Vascular fibrin thrombi and pul-
monary infarcts have also been identified in several cases (Ding
etal.,2003; Hwang et al., 2005; Lang et al., 2003; Nicholls et al.,
2003). Hwang et al. (2005) have reported an acute fibrinous and
organizing pneumonia pattern, characterized by intra-alveolar
fibrin balls and organizing pneumonia. However, the clinical
significance of this assortment of findings has not yet been
determined.

Several SARS autopsies have demonstrated a secondary
bronchopneumonia, especially in cases where the duration of the
disease has been greater than 10 days (Franks et al., 2003; Hwang
et al., 2005). The pathogens identified in the lungs include:
Pseudomonas aeruginosa, Staphylococcus aureus, Mucor sp.,
Aspergillus sp., and Cytomegalovirus (Franks et al., 2003;
Hwang et al., 2005; Xu et al., 2005).

Some have suggested that a paucity of pulmonary inflam-
matory infiltrates may be a main pathological feature of SARS
(Guetal., 2005; Tse et al., 2004). Mixed cellular infiltrates have
been found in lung interstitial tissue and alveoli. In the majority
of lung specimens they consisted of macrophages and lympho-
cytes (Cheung et al., 2004; Ding et al., 2003; Lang et al., 2003;
Nicholls et al., 2003; Tse et al., 2003), although in some speci-
mens macrophages appeared to be the predominant cells (Franks
et al., 2003; Ksiazek et al., 2003). Most of the infiltrated lym-
phocytes have been identified as CD3 positive T cells, some as
B cells (CD20 positive) with NK cells (CD56 positive) largely
lacking (Tse et al., 2004).

Several authors have reported the presence of atypical,
enlarged pneumocytes, characterized by large nuclei, prominent
nucleoli, and amphophilic granular cytoplasm (Cheung et al.,
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2004; Franks et al., 2003; Nicholls et al., 2003; Tse et al., 2004).
In addition, large syncytial cells with multiple nuclei have also
been reported in most cases (Cheung et al., 2004; Ding et al.,
2003; Gu et al., 2005; Lee et al., 2003; Ksiazek et al., 2003; Tse
et al., 2004). Immunohistochemistry has identified such multin-
ucleated cells as macrophages and/or epithelial cells (Franks et
al., 2003; Nicholls et al., 2003; Hwang et al., 2005). However,
the presence of multinucleated cells is not considered to be a spe-
cific feature of SARS, since pneumonias caused by other viruses
may also result in the appearance of multinucleated cells. SARS
viral genome has been detected by ISH in such multinucleated
macrophages and epithelial cells (Gu et al., 2005).

Reverse transcriptase polymerase chain reaction (RT-PCR)
performed on postmortem lung tissue samples has typically
detected SARS-CoV RNA (Cheung et al., 2003; Chow et al.,
2004; Ding et al., 2004; Franks et al., 2003; Nicholls et al.,
2003). In one case, high viral loads have been found even up to
the 8th week after onset of the disease (Farcas et al., 2005). In situ
hybridization has demonstrated the presence of SARS-CoV gene
fragments in type II pneumocytes, macrophages/monocytes
(Chow et al., 2004; Ding et al., 2004; Gu et al., 2005; Shieh
et al., 2005; Ye et al., in press) and in T lymphocytes (Gu et al.,
2005; Ye et al., in press). The ISH signal localizes to the cyto-
plasm (Gu et al., 2005; To et al., 2004; Ye et al., in press). Two
research groups have also detected the viral genome in both tra-
cheal and bronchiolar epithelial cells as well (Ding et al., 2004;
Gu et al., 2005; Ye et al., in press). In data unpublished at this
time, there is also evidence of infection of endothelial cells and
fibroblasts in the lung. Coronaviral-like particles, and in some
cases coronavirus nucleocapsid inclusions, have been observed
by electron microscopic (EM) examination in pneumocytes and
macrophages (Cheung et al., 2004; Ding et al., 2003; Gu et
al., 2005; Shieh et al., 2005; Tse et al., 2004). The identity of
these particles was confirmed by immunogold labeling (Gu et
al., 2005; Shieh et al., 2005).

Some authors have noted that the pathological features as
described above, are not unique to SARS and that diffused
alveolar damage may also be caused by several other agents,
such as bacteria, oxygen toxicity, trauma and drugs (Hwang
et al., 2005; Ksiazek et al., 2003). Therefore, differentiation
between cases of SARS and non-SARS pneumonia may not
be definitively based on the features of pulmonary histopathol-
ogy without confirmation by additional tests such as in situ
hybridization, RT-PCR, and virus isolation. Nevertheless, cer-
tain additional features which are described below, although not
specific for SARS infection, may be of help in distinguishing
diffused alveolar damage caused by SARS-CoV from others
caused by other agents. First, consolidation, edema and hyaline
membrane formation have appeared more prominently in SARS
cases than in non-SARS cases (Gu et al., 2005), although some
authors have attributed this observation to differences in disease
duration (Hwang et al., 2005). Second, the inflammatory cell
infiltrates of SARS pneumonia are characteristically paucicel-
lular or even absent, in contrast to pneumonias caused by other
agents. Third, extensive vascular endothelial injury and dam-
age to epithelial cells were found to be conspicuous features in
SARS.

In addition, certain extra-pulmonary disease features may be
helpful in confirming suspected SARS cases. First, SARS is
often complicated by infection and damage to multiple organs.
Second, the immune system injury plays a central role in SARS,
and histopathological confirmation of immune injury can be
found in destruction of lymphoid tissue in the spleen, lymph
nodes and the intestines. No other type of pneumonia has been
previously found to have the capacity to cause such broad organ
damage and to cause such profound immune system dysfunction
(Gu et al., 2005; To et al., 2004).

Ngetal. (2006) have compared the histopathological features
of SARS with those of avian influenza (H5N1). Both SARS and
human influenza (H5N1) are acute infectious diseases that target
pneumocytes, and both diseases are characterized by diffused
alveolar damage in the lungs. However, compared with avian
influenza (HS5N1), the progression of diffused alveolar damage
in SARS has been found to be less fulminant. The organizing
phase of both SARS and avian influenza (H5N1) are character-
ized by pulmonary fibrosis, though avian influenza (H5N1) is
less fibrocellular and, in contrast to SARS, shows no evidence
of BOOP-like organization (Ng et al., 2006).

2.2. Immune system

SARS has been found to have a profoundly adverse effect
on the immune system. Hemorrhagic necrosis is usually evi-
dent in lymph nodes and spleen (Ding et al., 2003; Lang et
al., 2003). In some lymph nodes, especially in the pulmonary
hilar lymph nodes, there is destruction of germinal centers, with
evidence of cellular infiltrates in the remaining sinuses (Ding
et al.,, 2003; Lang et al., 2003). Splenic white pulp atrophy,
depletion of both T and B lymphocytes, and disappearance of
germinal centers have all been found in many cases (Gu et al.,
2005; Lang et al., 2003; Nicholls et al., 2003; Tse et al., 2004;
Wong et al., 2003; Zhan et al., in press). The numbers of peri-
arterial lymphatic sheaths are decreased and the splenic capsule
shows evidence of shrinkage (Wong et al., 2003; Zhan et al.,
in press). In addition, massive hemorrhage and necrosis have
been found in the red pulp of the spleen. Peyer’s patches are
also affected, with both CD20 positive B cells and CD3 positive
T cells decreased (Shi et al., 2005). RT-PCR has demonstrated
high viral loads in both the spleen and lymph nodes (Farcas et al.,
2004). With respect to the immune cells, lymphopenia, in par-
ticular T cell lymphopenia, has been observed in the majority of
SARS patients. Both CD4 and CD8 cell counts have shown a sig-
nificant decrease, while the CD4/CD8-ratios remained normal.
In one series the absolute counts of lymphocyte subsets of SARS
patients were listed as follows: T cells (0.60 £ 0.33) x 10°L71,
CD4 positive T cells (0.27 +0.15) x 10° L~!, CD8 positive T
cells (0.29+0.20) x 10°L™", B cells (0.21 £0.18) x 10° L™,
NK cells (0.17 £0.10) x 10° L~! (Cui et al., 2003). The T cells
counts have generally reached a nadir approximately 2 weeks
after disease onset (Cui et al., 2003; Gu et al., 2005; He et al.,
2005; Li et al., 2004; Wong et al., 2003).

In our research on SARS and the immune system (Gu et al.,
2005), EM and in situ hybridization have respectively shown
viral particles and genomic sequences in both monocytes and
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lymphocytes in blood samples of SARS patients, implying that
SARS-CoV is capable of infecting both cell types. Approx-
imately 50% of lymphocytes and 30% of monocytes in the
circulation were infected by SARS-CoV. A great majority of the
infected lymphocytes have been identified as T cells by immuno-
histochemistry, with the remainder of infected cells comprising
both B cells and NK cells. By EM, it has been demonstrated that
viral particles tend to form clusters and were located within or
near the endoplasmic reticulum. In addition, in autopsy cases, all
types of immune cells in the spleen show a significant decrease
in number, except that the numbers of macrophages decrease
to a lesser extent. However, the average size of macrophages
appeared to be increased indicating possible activation (Zhan et
al., in press). In autopsies, both EM and ISH have confirmed the
infection of substantial numbers of macrophages and lympho-
cytes in the circulating blood, spleen, and lymph nodes (Gu et
al., 2005).

SARS-CoV infection also affects the lymphoid component of
the intestine. Excessive atrophy of submucosal lymphoid tissue
has been observed, and in some cases only the depleted stromal
framework of the follicular structure can be found. Such atrophy
is demonstrated in the submucosal tissue of the pharynx and in
the Peyer’s patches of the ileum, jejunum and appendix (Shi et
al., 2005). The follicles, germinal centers of the follicles, and
thymus-dependent areas have all been found destroyed (Gu et
al., 2005; Shi et al., 2004). EM and in situ hybridization have
identified viral particles and viral genome in lymphocytes both
in the intestinal mucosa and in Peyer’s patches (Gu et al., 2005;
Shi et al., 2004).

2.3. Bone marrow

In some SARS cases hemophagocytosis has been detected in
bone marrow biopsies (SARS Research Group, 2004; Ng et al.,
2006), though this finding was not present in other cases (Wong
et al., 2003). No instances of hypoplastic bone marrow have
been reported (Wong et al., 2003). RT-PCR and ISH have been
both negative for SARS virus on bone marrow specimens (Ding
et al., 2004; SARS Research Group, 2004; To et al., 2004).

2.4. Digestive tract

In general, no changes have been evident on gross examina-
tion of the digestive system. In some confirmed SARS cases,
mild diffused inflammation of the digestive tract, together with
autolytic changes have been reported (Gu et al., 2005; Shi et al.,
2005; To et al., 2004), whereas other authors have reported no
histological abnormalities (Lang et al., 2003; Leung et al., 2003).
The most prominent histopathological change, which has been
reported in the digestive tract, is atrophy of the submucosal lym-
phoid tissues (Shi et al., 2005), which is described in detail in
Section 2.2 of this review. The epithelial cells of the mucosa of
both the small and the large intestines have been confirmed to be
infected by SARS-CoV through in situ hybridization, fluores-
cence in situ hybridization, RT-PCR and EM (Ding et al., 2004;
Farcas et al., 2005; Gu et al., 2005; Leung et al., 2003; To et al.,
2004). This finding is consistent with reports of viral shedding

in stool samples detected by RT-PCR and viral isolation (Chan
et al., 2004; Cheng et al., 2004; Liu et al., 2004a,b; HKU/UCH
SARS Study Group, 2003). No histological abnormalities have
been detected in the tissues of the esophagus or the stomach (Gu
et al., 2005).

2.5. Liver

Liver tissues of SARS autopsies have shown numerous hep-
atocyte mitoses, balloon degeneration of hepatocytes and mild
to moderate lymphocytic infiltrates (Chau et al., 2004; Lang et
al., 2003). Fatty degeneration and central lobular necrosis have
also been reported (Ding et al., 2003; Gu et al., 2005; Lang et
al., 2003; Shi et al., 2005). Apoptosis was evident in all three
SARS cases reported by Chau et al. (2004). In several cases,
RT-PCR has confirmed SARS-infection of hepatocytes (Chau
et al., 2004; Farcas et al., 2005), whereas the viral genome and
virus particles have not been detected by ISH and EM (Chow et
al., 2004; Gu et al., 2005; To et al., 2004).

2.6. Urinary system

The kidneys of some SARS autopsies have been found to be
focally hemorrhagic and have shown various degrees of acute
tubular necrosis. No glomerular pathology or cellular infiltrates
have been found in the kidneys. Non-specific features such as
benign hypertensive nephrosclerosis and autolysis have been
present in many cases (Chu et al., 2005; Gu et al., 2005; Lang et
al., 2003). Both in situ hybridization and EM have detected viral
sequences and particles in the epithelial cells of the distal renal
tubules (Ding et al., 2004; Gu et al., 2005). The detection of the
virus in the distal tubules may also explain the presence of viral
RNA and isolation of the SARS-CoV in urinary samples (Chan
et al., 2004; Cheng et al., 2004; Gu et al., 2005; HKU/UCH
SARS Study Group, 2003).

2.7. The nervous system

Histological examination of brain tissue specimens has
shown degeneration and necrosis of neurons, edema, exten-
sive glial cell hyperplasia, and cellular infiltrates (Ding et al.,
2003; Gu et al., 2005; Xu et al., 2005). The infiltrates consist
of microglia/resident macrophages and CD3 positive T lympho-
cytes (Ding et al., 2003; Xu et al., 2005). By means of EM and
in situ hybridization, viral particles and viral genome sequences
have been detected in the cytoplasm of neurons of the brain,
mainly in the hypothalamus and the cortex (Gu et al., 2005; Xu
et al., 2005), indicating that the virus can cross the blood-brain
barrier. The exact route by which SARS-Co infection of the brain
takes place is not known. Infected monocytes/macrophages
migrating across the blood—brain barrier may be involved in
a similar manner as with HIV-1 (Albright et al., 2003). In addi-
tion, interaction of SARS-CoV with microvascular endothelial
cells, the principal cells forming the blood-brain barrier, could
also facilitate viral entry into the brain. Infection of neurons may
provide an explanation for the neurological and psychological
symptoms frequently observed in SARS patients.
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2.8. The endocrine system

Thyroid glands obtained from five SARS patients showed
extensive damage to the follicular epithelium, with large
numbers of cells exfoliated in the follicle, and loss of
parafollicular cells. The follicular architecture was prominently
affected, showing follicular distortion and collapse. Terminal
deoxynucleotidyl transferase-mediated dUPT nick end labeling
(TUNEL) assays have shown many cells in the thyroid undergo-
ing apoptosis (unpublished data), but viral genomic sequences
were absent from thyroid cells evaluated by ISH (Ding et al.,
2004; Gu et al., 2005).

Vasculitis of small veins in the adrenal gland and the presence
of SARS-CoV have been reported by some authors (Ding et al.,
2003, 2004), but this feature has not been confirmed by others
(Gu et al., 2005).

2.9. The reproductive system

SARS also affects the reproductive system. The testes of
SARS patients have displayed widespread destruction of germ
cells, few or no spermatozoa in the seminiferous tubules,
thickened basement membranes, and infiltration by mainly lym-
phocytes and macrophages. However, in situ hybridization and
EM have failed to detect SARS viral particles and genomic
sequences in the testes (Ding et al., 2004; Gu et al., 2005; Xu et
al., 2000).

2.10. Other organs

Focal myocyte necrosis in skeletal muscle has been reported
in some SARS autopsy cases, but no viral particle or viral
sequence has been detected by viral culture, EM or in situ
hybridization, respectively (Chow et al., 2004; Ding et al., 2004;
Leung et al., 2005; To et al., 2004; Tse et al., 2003). In one pub-
lication the presence of SARS-CoV has been reported in sweat
glands (Ding et al., 2004). No specific pathological changes have
been observed in the heart or the pancreas (Ding et al., 2003; Gu
et al., 2005; Lang et al., 2003; To et al., 2004).

3. Pathogenesis of SARS

During the SARS epidemic in 2002 and 2003, more than 8000
people were infected by SARS-CoV globally. SARS-CoV was
isolated from Himalayan palm civets found in a live-animal mar-
ket in Guangdong, China. The full-length genome sequences had
99.8% homology to the SARS-CoV genome found in humans,
which indicates a route of interspecies transmission. Many other
animals have also been found to host or to be infected by
the virus (Guan et al., 2003). Recently, bats were reported as
natural carriers of SARS virus (Li et al., 2005). There is cer-
tain evidence suggesting that SARS-CoV spreads via droplet
and contact transmission and via fecal-oral route (Muller and
McGeer, 2006; Wang et al., 2005). Through these routes, SARS-
CoV can spread/transmit from animal to human or from human
to human.

The pathogenesis of SARS appears to be multifactorial and
complex. The most plausible and possible mechanism appears
to consist of a direct injury to the target cells by the virus and
an indirect injury mediated by subsequent immune system dys-
function.

SARS-CoV has been found to infect the immune sys-
tem, involving circulating immune cells, lymph nodes and
spleen, in addition to injuring pneumocytes. T lymphocytes
and macrophages/monocytes are the key immune cells that
are infected by SARS-CoV. Severe damage to the splenic
white pulp has been demonstrated, which is accompanied by
a marked decrease in numbers of splenic immune cells. In
addition, epithelial cells both of the intestines and distal renal
tubules, together with neurons in the central nervous system are
infected by SARS-CoV. Furthermore, limited SARS-CoV infec-
tion of the endothelial cells and fibroblasts in the lungs has been
identified.

Based on these findings the following pathogenetic mech-
anism may be postulated. By means of droplet inhalation,
SARS-CoV reaches the respiratory tract and invades the epithe-
lial cells of the trachea, bronchi, bronchioles and alveoli, as
supported by the presence of viral genomic sequences in such
cells. Virus infection and replication in target cells cause direct
damages to the respiratory tract. Local inflammatory changes
destroy the integrity of the blood—gas barrier and increase the
permeability of the capillary blood vessels. Exudation of fibrin
results in the formation of hyaline membranes. The infection
and associated inflammation bring about acute injury of type
II alveolar cells, decreasing the secretion of alveolar surfactant
resulting in alveolar collapse. At the same time, SARS-CoV
infects resident and circulating immune cells. The infected
immune cells include mainly macrophages and T cells. The
observed infection and destruction of immune cells is consis-
tent with the fact that lymphopenia is almost always found in
SARS patients. Circulating immune cells disseminate the virus
to other organs, including the spleen and the lymph nodes.
The destruction of immune cells together with extensive dam-
age to the splenic white pulp results in immunodeficiency.
A weakened immune defense exacerbates the infection and
replication of the virus in the lungs and viral damage to the
respiratory alveoli, resulting in respiratory distress. The degree
of such immune deficiency as determined by the peripheral
lymphocyte count may predict both the severity and outcome
of the disease. The clinical observation that the extent of T
cell decrease seems related to the severity of the disease (He
et al., 2005), lends support to this supposition. In a similar
manner, SARS patients with a co-morbid condition such as dia-
betes mellitus or chronic hepatitis with a compromised immune
function have been found to have adverse disease outcomes
(Chan et al., 2003; HKU/UCH SARS Study Group, 2003).
Fig. 1 diagrammatically illustrates the proposed mechanism
including the role of infected immune cells in the pathogene-
sis of SARS. SARS resembles AIDS with respect to the fact
that both are viral diseases that result in immunodeficiency.
However, SARS infects various immune cells and progresses
rapidly whereas HIV mainly attacks CD4 lymphocytes and
is slowly progressive. It should be pointed out that SARS-



Y. Guo et al. / Virus Research 133 (2008) 4—12 9

Dissemination to other organs
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Infection of epithelial
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(Transient)
Immunosuppression

Fig. 1. Diagram depicting the role of infected immune cells in the pathogenesis
of SARS. Other etiological factors involved are not included in this diagram.

CoV infections show differing degrees of severity in different
cases. Only the most severe cases demonstrate the full range
of pathological changes that have been described in autopsy
findings.

Several other viral infectious diseases, such as measles, Ebola
virus infections, and respiratory syncytial virus infections, are
also associated with severe lymphopenia (Geisbert and Jahrling,
2004; Schneider-Schaulies et al., 2001; Openshaw, 2002). The
etiological factors accounting for lymphopenia in these diseases,
however, appear to differ from those in SARS. Direct infection
of lymphocytes is not seen in RSV or Ebola virus infections,
and only in a very small proportion of peripheral blood cells
in measles (Geisbert and Jahrling, 2004; Schneider-Schaulies
et al., 2001; Openshaw, 2002). As to these infections, direct
infection therefore seems to play a minor role in the depletion
of lymphocytes.

Many investigators have speculated that host immune over-
reaction may play a role in the pathogenesis of SARS. It has
been suggested that SARS-CoV infection may cause hyperin-
duction of the immune system, and increased levels of cytokines
and chemokines have indeed been found in SARS patients
(Ward et al., 2005), although not consistently. In vitro stud-
ies have shown that SARS-CoV infection of both macrophages
and dendritic cells may cause cytokine production (Tseng et al.,
2005). Through in vitro experiments it has been demonstrated
that macrophages, dendritic cell and other cell lines infected
by SARS-CoV, induced upregulation of certain chemokines
(Cheung et al., 2005; Law et al., 2005a,b; Yen et al., 2006).
Hyperinduction of cytokines and chemokines may result in exac-
erbation of a local inflammatory reaction through attraction of
inflammatory cells.

However, some authors have suggested that these findings
are not sufficiently conclusive and have expressed doubt as to
the relevance of cytokines in the process described above (Gu et
al., 2005) particularly as no consistent cytokine profile has been
observed in SARS patients.

Deficiencies in the innate immune response may also affect
the pathogenesis of SARS. Deficiency of mannose binding
lectin, a key component of the innate immune system, has
been detected in several SARS patients. Such a deficiency may
increase susceptibility for SARS infection (Ip et al., 2005). In
addition, in vitro experiments have shown little or no interferon
response induced by SARS-CoV infection of macrophages and
dendritic cells (Cheung et al., 2005; Law et al., 2005a,b). Such
a minimal interferon response may also result in a substantial
shortfall of the innate immune response.

Auto-immune responses may also be involved in the patho-
genesis of SARS. In vitro experiments have shown that
auto-antibodies obtained from sera of SARS patients induce
cytotoxicity against epithelial and endothelial cells (Lin et al.,
2005; Yang et al., 2005a,b).

Angiotensin-converting enzyme 2 (ACE2) has been identi-
fied as the primary functional receptor for SARS-CoV (Li et al.,
2003; Kuba et al., 2005). ACE2 is expressed in the epithelial
cells of the lungs and small intestines, as well as in the endothe-
lial and smooth muscle cells of several other organs (Hamming
etal., 2004). ACE2 is not only a SARS-CoV receptor, but also a
key component in the pathogenesis of SARS-related lung injury.
Based on animal experiments, ACE2 may protect against respi-
ratory failure, and down regulation of ACE2 may cause acute
lung injury (Imai et al., 2005; Kuba et al., 2006). ACE2 is a
negative regulator of the Renin Angiotensin System (RAS) and,
as such, has a negative effect on the formation of Angiotensin
II. Angiotensin II appears to be one of the elements of the RAS
that contributes to exacerbation of acute lung injury (Imai et
al., 2005). With respect to SARS-related lung injury, binding of
SARS-CoV Spike proteins to ACE2 has been found to reduce
ACE2 expression, thus inducing acute lung edema (Kuba et al.,
2005).

Local viral replication may also play a significant role in
the pathogenesis of SARS. As mentioned previously, the sever-
ity of cell damage differs in the various organs, with the lungs
and the immune system generally sustaining the most severe
injury. The distribution of ACE2, the functional SARS-CoV
receptor, partially accounts for such organ-to-organ differences.
However, this does not explain how certain cell types, such
as lymphocytes, fibroblasts, and colonic intestinal epithelial
cells, which do not express ACE2, are affected by SARS-CoV
(Gu et al., 2005; Hamming et al., 2004). In contrast, only few
vascular endothelial cells, although these cells substantially
express ACE2, show infection by SARS-CoV (unpublished
data). Both L-SIGN (CLEC4M) and DC-SIGN (CD209L) have
been reported to be additional receptors for SARS-CoV (Jeffers
et al.,, 2004; Simmons et al., 2005), though they are much
less efficient. In vitro experiments have demonstrated that
homozygous L-SIGN plays a protective role against SARS-
CoV infection (Chan et al., 2006). Nevertheless, the precise
role of both L-SIGN and DC-SIGN needs to be further clari-
fied.

In addition, there is evidence that apoptosis plays a role in
the pathogenesis of SARS. In vitro experiments indicate that
overexpression of certain non-structural proteins may induce
apoptosis in several cell types (Fielding et al., 2004; Law et al.,
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2005a,b; Tan et al., 2004; Yuan et al., 2005). As further evidence
for this mechanism, apoptotic cells were found in the liver and
the thyroid tissue samples of SARS patients (Chau et al., 2004;
unpublished data).

Finally, genetics have been suggested to affect the pathogen-
esis of SARS. Certain HLA haplotypes are associated with a
higher susceptibility to SARS infection (Ip et al., 2005; Ng et
al., 2004). In contrast, L-SIGN homozygote individuals have a
lower susceptibility to SARS infection (Chan et al.,2006).

4. Implications and future directions

The proposed mechanisms of SARS have significant implica-
tions for the prevention, diagnosis, therapy and future research
on this newly emerged disease. A better understanding of the
distribution of target cells and viral concentration will pro-
vide a guide for accurate and early detection of the virus.
The status of the immune function should be a key param-
eter in gauging the treatment of SARS infection. The state
of the immune system at different stages of the disease gives
clues as to how immune suppressive, immune supportive and
steroid therapy may best be administered in treating the dis-
ease, and may also help to determine the timing and the dosage
of the treatment. Due to the lack of a good understanding
of the pathogenesis and the role of immunopathology during
the SARS epidemic, the administration of steroids in treat-
ing SARS was a controversial topic, and the outcome of such
treatment was not uniformly beneficial. The wide spread dis-
tribution of the virus in the body and the high concentration
of the virus in the blood and leukocytes imply that the virus
may be transmissible through blood and body fluid. The detec-
tion of virus in the intestine, the kidney, the stool and the
urine indicate that the contaminated stool and urine may also
be a vehicle of viral transmission. The development of vaccine
to SARS depends on the establishment of appropriate animal
models. As immune dysfunction and immune pathology play
pivotal roles in the pathogenesis of SARS, the measurement
of immune indices should be important parameters to be mon-
itored in evaluating animal models and effectiveness of any
vaccine under investigation. Unfortunately, this important fact
has to date been neglected by investigators developing vaccines
to SARS. Infections of the central nervous system and the pathol-
ogy of other organs should also be taken into consideration
when conducting the follow up examinations of recovered SARS
patients.

Many questions with respect to the pathogenesis of SARS
still remain unanswered and demand further investigation. In
particular, investigation of the role played in the interaction
between SARS-CoV and the target cells by other receptors or
cofactors, in addition to the SARS-CoV receptors that have
already been identified is warranted. Furthermore, the exact
role of immune cells needs to be further clarified. The role of
chemokines and cytokines and their interaction with immune
cells must also be further addressed. The role and mechanism
of genetic mutations of the virus in causing the disease and
in eventual termination of the epidemic are still poorly under-
stood.
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