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bstract

Progressive immune-associated injury is a hallmark of severe acute respiratory syndrome (SARS). Viral evasion of innate immunity, hypercy-
okinemia and systemic immunopathology in the SARS coronavirus (SARS CoV) infected host have been suggested as possible mechanisms for
he cause of severe pathology and morbidity in SARS patients. The molecular and cellular basis for how SARS CoV impacts the host immune
ystem resulting in severe SARS, however, has not been elucidated. The variable clinical course of SARS may be the result of complex programs of
ost responses against the infectious agent. Therefore, the systematic analysis of innate and adaptive immune responses to SARS CoV is imperative
n building as complete an immunological model as possible of host immunity and inflammatory responses during illness. Here we review recent

dvances in SARS immunopathogenesis research and present a summary of our findings regarding host responses in SARS patients. We contend
hat dysregulated type I and II interferon (IFN) responses during SARS may culminate in a failure of the switch from hyper-innate immunity to
rotective adaptive immune responses in the human host.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Severe acute respiratory syndrome (SARS) emerged in late
002 from Guangdong Province, China and spread worldwide
o over 30 countries by midsummer 2003 (Lau and Peiris, 2005).
efore the epidemic ended, the novel coronavirus causing SARS

SARS CoV) infected over 8000 persons around the world, killed
early 10% of those that contracted the disease and inflicted great
ocioeconomic strain. While the likelihood of another SARS

utbreak is uncertain, the severity of SARS as compared to
hat of other human coronaviral infections mandates continued
esearch into the pathogenesis of SARS CoV infection. More-
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ver, the emergence of new global health threats, such as avian
nfluenza (H5N1), has refocused our attention on deriving a
etter understanding of how highly pathogenic viruses cause
evere immunopathology in humans and our insight with SARS
oV may aid in treatment of individuals infected with emerging
iruses (Mandavilli, 2006).

SARS CoV causes a spectrum of disease ranging from flu-like
ymptoms and pneumonia to acute respiratory distress syndrome
ARDS) (Ding et al., 2004; Farcas et al., 2005; Hwang et al.,
005; Lew et al., 2003; Salto-Tellez et al., 2005). The molec-
lar and cellular basis for how SARS CoV impacts the host
mmune system resulting in severe morbidity and mortality is
ot well understood at this point. We believe that the variable
athogenesis and severity of SARS may be the result of complex
rograms of host responses against the infectious agent. There-
ore, the analysis of innate and adaptive immune responses to

ARS CoV on the whole host level is imperative in building
s complete a model as possible of immune and inflamma-
ory responses during the clinical evolution of SARS. Here we
eview recent advances in SARS immunopathogenesis research
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nd present an overview of our findings regarding host immune
esponses in SARS patients.

. Clinical evolution of SARS

The incubation period of SARS CoV infection ranges from
to 10 days but may last as long as 16 days (Booth et al., 2003;
ee et al., 2003). The initial symptoms of SARS are non-specific
nd include influenza-like symptoms such as fever, chills, rigor,
eadache, dizziness, malaise and myalgia, with fever being
he most common symptom upon presentation. The respira-
ory phase of SARS begins 2–7 days after the prodrome period
Booth et al., 2003; Lee et al., 2003; Peiris et al., 2003). The early
espiratory stage of SARS includes a dry, non-productive cough
nd mild dyspnoea. At the onset of fever, 70–80% of SARS
atients have abnormal chest radiographs (Antonio et al., 2005;
ong et al., 2003a); although chest radiographs may be normal

uring the febrile prodrome as well as throughout the course of
llness. Recent data from the Toronto cohort of SARS patients
ndicated that 91% of SARS cases had infiltrates by the end of
he first week of illness and that very few patients never devel-
ped infiltrates (Muller et al., 2006). In other cases, radiological
vidence of pneumonic changes may precede fever (Rainer et al.,
003), particularly in individuals with co-morbidities who may
e impaired in their ability to mount a fever response (Fisher et
l., 2003).

Early chest radiographs during SARS often show subtle
eripheral pulmonary infiltrates. Radiographic involvement pro-
resses over 1–2 days to become bilateral and generalized with
nterstitial or confluent infiltrates. Air-space opacities eventually
evelop during the course of the disease. In patients who dete-
iorate clinically, the air-space opacities may increase in size,
xtent and severity (Wong et al., 2003a,b).

After the onset of SARS, cases may progress to a non-severe
ariant of the disease characterized by relatively mild respira-
ory symptoms with fever or a “cough variant” characterized by
ersistent intractable cough (Christian et al., 2004). More com-
only, however, cases progress to a moderate to severe variant

haracterized by the development of dyspnea and hypoxia 8–12
ays post onset of symptoms (Booth et al., 2003; Lee et al., 2003;
eiris et al., 2003).

The recovery phase of SARS typically begins ∼14–18 days
fter the onset of symptoms; however, symptoms may worsen
n 10–20% of hospitalized patients to the point where mechan-
cal ventilation is necessary (Booth et al., 2003; Fowler et al.,
003; Lee et al., 2003; Lew et al., 2003). In the latter group
f SARS patients, progressive immune infiltration of the lungs
nd diffuse alveolar damage with unresolved viral burden may
ulminate in ARDS, a severe form of pulmonary failure with
n immune component caused by microbial infections, trans-
lant rejection, prolonged mechanical ventilation or trauma, etc.
Ding et al., 2004; Farcas et al., 2005; Hwang et al., 2005;
ew et al., 2003; Salto-Tellez et al., 2005). ARDS occurred in

pproximately 16% of all patients with SARS and was associ-
ted with a mortality rate of 50% in this context (Fowler et al.,
003; Lew et al., 2003). According to the WHO, the overall case
atality rate during the SARS outbreak in 2003 was estimated
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t 9.6%. Advanced age appears to be the strongest predictor
f poor outcome (patients aged >60 years have a case-fatality
ate of 45%). A number of other prognostic factors have been
dentified, including the presence of comorbidities (particularly
iabetes mellitus and cardiac disease), elevations of baseline
DH and ANC, baseline hypoxemia and the extent of radio-
raphic disease. Given the lack of a consensus therapeutic agent
uring the SARS outbreak, a wide range of treatment approaches
ere used, including ribavirin, steroids, convalescent plasma or

mmunoglobulin, protease inhibitors (lopinavir + ritonavir) and
nterferon-� (IFN-�). Stockman et al. recently reviewed these
herapies and concluded that, at the present moment, it is not
nown if any of the potential treatments for SARS, whether
ntiviral or immunomodulatory, will be particularly effective in
he event of a new outbreak (Stockman et al., 2006).

. Immunopathology of SARS

SARS CoV takes hold in the airways and other organs by
xploiting the renin-angiotension pathway via its main putative
eceptor, angiotensin-converting enzyme 2 (ACE2) expressed
n many cell types including pneumocytes, enterocytes and
ndothelial cells (Hamming et al., 2004; Kuba et al., 2005; Li
t al., 2003). SARS CoV can efficiently evade innate immune
esponses as exemplified by the steadily increasing viral loads
ound in the host during first 10 days of SARS infection (Peiris
t al., 2003; Wong et al., 2003c). The consequent hyper-immune
nflammation and systemic immunopathology in the SARS
oV-infected host has been well illustrated (Huang et al., 2005;
au and Peiris, 2005; Nicholls et al., 2003; Wong et al., 2004),
owever the fact that the majority of SARS patients recover after
relatively moderate disease course, indicates that the general
otion of deficient innate immunity against SARS CoV in con-
ert with hyper-immune responses or a “cytokine storm” driving
evere immunopathology in SARS may be oversimplified.

.1. Cytokines and the immunopathogenesis of SARS

The induction of proinflammatory cytokine and chemokines
s clearly involved in the host response to SARS CoV infection
nd clinical evolution of the disease. However, a great deal of
ontroversy has arisen in the literature regarding the relationship
etween immune mediators and the pathophysiological events
f SARS. Early work by Wong et al. demonstrated that ele-
ation of interferon-� (IFN-�), IL-1, IL-6 and IL-12 occurred
or at least 2 weeks after onset of SARS and that high levels
f the chemokines IL-8, CCL2, and CXCL10 were associated
ith acute SARS infection (Wong et al., 2004). In a subsequent

tudy, Tang et al. analyzed archival plasma samples collected
uring acute SARS illness and highlighted increased levels of
he chemokines CXCL10, CXCL9 and IL-8 as being associ-
ted with adverse outcome (Tang et al., 2005). Focusing on
levated plasma levels of CXCL10 and their association with

mmunopathology, Jiang et al. showed that CXCL10 remained
t high levels in SARS patients until convalescence and was
ighly expressed in lung and lymphoid tissues (Jiang et al.,
005). In addition to CXCL10, CXCL9 and IL-8, Huang et al.
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ound levels of IFN-�, transforming growth factor-� (TGF-�),
L-6 and CCL2 chemokine were pathologically relevant during
cute SARS but not tumor necrosis factor-� (TNF-�), IL-2, IL-
, IL-10 or IL-13 (Huang et al., 2005). On the other hand, Chien
t al. recently hypothesized that early induction of CXCL10 and
L-2 along with subsequent IL-6 induction versus a lack of IL-10
ay be key during the development of SARS immunopathology

Chien et al., 2006). While some of these results conflict and the
nterpretation of the data has been somewhat limited by a gen-
ral paucity of clinical history and status of SARS patients in
hese studies, it is clear that pronounced expression of a group of
roinflammatory cytokines and chemokines is associated with
cute and, in some cases, progressing SARS.

Our results, derived from a cohort of clinically well-defined
ARS patients (n = 50) from the Toronto SARS outbreak

n 2003, provide evidence that the temporal involvement of
ytokines and chemokines, especially interferon (IFN) and IFN-
timulated genes (ISGs), are critical in the clinical evolution
f SARS in susceptible patients as part of a larger global host
esponse (Cameron et al., 2003). We found that SARS symp-
oms progress rapidly in patients during acute infection with
ever peaking at median 4 days since onset of symptoms (DSO),
hest radiographic involvement peaking at median 6 DSO and
rterial O2 saturation (SO2) nadir occurring at median 8 DSO
n surviving patients. The SO2 nadir in surviving patients was
sed to separate early (acute) and late phase SARS. Patients
ho required mechanical ventilation at any time during their

linical course were classified as having severe SARS. Severe
ARS patients exhibited a higher incidence of bilateral lung

nfiltration over the clinical course of the disease (100% ver-
us 40% of non-severe SARS patients). Severe SARS patients
ere also significantly older (median 63 years old versus median
4 years old for non-severe SARS patients, P < 0.05) and had
ignificantly longer disease courses in those that survived ver-
us non-severe patients (>2-fold, median 38 days in severe
ARS patients versus median 15 days in non-severe patients,
< 0.05).
Using cytometric bead array technology and the manufac-

urer’s protocol (BD Biosciences, NJ, USA), we found that
on-severe SARS patients exhibited significantly increased
P < 0.05) levels of IFN-� and IFN-� and the chemokines
XCL10 and IL-8 during the early (acute) phase of the disease

n comparison to healthy controls while CXCL10 and IL-8 levels
emained highly expressed with respect to healthy controls dur-

ng the late phase (Table 1). In comparison to healthy controls,
evere SARS patients showed significantly increased (P < 0.05)
evels of IFN-�, IFN-� and CXCL10 along with decreased lev-
ls of IL-12p70, IL-2 and TNF-� during acute SARS. In the late

o
u
c
t

able 1
ignificantly expressed cytokines and chemokines during SARS clinical evolutiona

Expression Early (ac

on-severe SARS Increased IFN-�, I
evere SARS Increased IFN-�, I

Decreased IL-12p7

a Compared to healthy controls (P < 0.05).
b Also significantly different compared to non-severe SARS patients (P < 0.05).
earch 133 (2008) 13–19 15

hase, severe SARS patients exhibited significantly increased
P < 0.05) levels of the chemokines IL-8, CXCL10 and CCL2
elative to the controls, but decreased levels of the cytokines
L-12p70, IL-2, TNF-� and IFN-�. When we compared the
ate phases in both groups, severe SARS patients exhibited sig-
ificantly higher (P < 0.05) levels of CXCL10 and CCL2 than
on-severe patients. On the other hand, the severe group showed
ecreased levels of IL-12p70 and TNF-� with respect to the
on-severe group (P < 0.05). Therefore, both SARS severity
roups showed increased levels of CXCL10 throughout disease,
ut CXCL10 and CCL2 levels were sustained in severe SARS
atients relative to non-severe late phase patients. Severe SARS
atients were also associated with more diffuse pulmonary infil-
rates, higher temperatures and longer periods of hospitalization
data not shown).

.2. Modeling host responses to SARS infection

Assembling a comprehensive model of how the human
mmune system responds to SARS CoV infection and plays

role in the pathogenesis of SARS is a high research prior-
ty. Microarray analysis of gene expression has represented a
otentially valuable tool in this regard. A paucity of SARS
enomics literature exists and previous studies have generally
een unable to assess human host responses to SARS CoV due to
nsufficient patient numbers, time points, clinical information or
latform coverage of immune-related genes. Nonetheless, Yu et
l. found that inflammatory genes, particularly proinflammatory
ytokine genes such as IL-1, TNF-� and IL-8, were upregu-
ated in an acute SARS patient compared with a healthy control
nd a convalescent SARS patient (Yu et al., 2005). Surpris-
ngly, IFNs were not expressed during acute SARS, however
his study included few patients. In comparing SARS-infected
atients to healthy controls, Reghunathan et al. also found that
cute SARS was associated with strong proinflammatory gene
esponses, albeit in the complete absence of cytokine gene
xpression (Reghunathan et al., 2005). Again, IFN-related genes
ere under-represented in this study. Lastly, Lee et al. compared
ARS patients to healthy controls and developed a distinctive
ene signature to accurately discriminate SARS patients from
on-SARS patients (Lee et al., 2005). The primary goal of this
tudy, however, was to develop a gene signature of SARS infec-
ion rather than model host immune responses. We have strived
o analyze innate and adaptive immune responses to SARS CoV

n the whole host level throughout the natural history of SARS
sing multiple techniques and a full clinical history to build as
omplete a model as possible of host immunity and inflamma-
ory responses during the illness.

ute) SARS Late SARS

FN-�, CXCL10, IL-8 CXCL10, IL-8
FN-�, CXCL10 IL-8, CXCL10b, CCL2b

0, IL-2, TNF-� IL-12p70b, IL-2, TNF-�b, IFN-�
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Fig. 1. Microarray analysis of host gene expression during SARS infection. Detailed microarray procedures are posted at the UHN Microarray Facility website
(http://www.microarrays.ca) and described previously (Bosinger et al., 2004). 102 significantly deviated genes (P < 0.05) involved with IFN-responses (ISGs),
adaptive immune responses, inflammation, antigen presentation (HLA/MHC class I and II) and immunoglobulin (IgL and IgH) gene clusters were chosen from larger
gene lists identified by ANOVA (F-test) analysis of early (n = 15, 5369 genes) and late phase (n = 13, 3860 genes) SARS patients versus healthy controls (n = 10).
GO annotation (http://www.geneontology.org) and the Interferon Stimulated Gene Database (de Veer et al., 2001) were used to classify genes by related function.
SARS patient datasets were then normalized gene by gene against healthy control means. Agglomerative hierarchical clustering with Pearson correlation and average
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inkage distance metrics was used to organize datasets corresponding to multip
epresentative patients described in the text. Genes shown in red are upregulate

To this end, we used cDNA microarrays (∼16,000 sequence
erified ESTs) to analyze host responses in peripheral blood
ononuclear cells from a Toronto cohort of 50 SARS patients

rom onset of symptoms to discharge from hospital or death. Our
ongitudinal ANOVA (F-test) analysis between SARS patients
nd healthy controls is summarized in Fig. 1 in the form
f three representative patients sampled throughout the early
acute) and late (progression/recovery) phase of SARS. We
ocused on 102 significantly deviated genes (P < 0.05) involved
ith IFN-responses (ISGs), adaptive immunity, inflammation,

ntigen presentation (human leukocyte antigen, HLA/major his-
ocompatibility complex, MHC) and immunoglobulin (Ig) gene
lusters. These genes are hierarchically clustered over multi-
le time points (at onset of symptoms and every 5–7 days)
hroughout the clinical course of SARS in three representative
atients (Fig. 1). Patient 1 exhibited a non-severe case of SARS
nd recovered by day 25. Patient 2 developed severe SARS
increased O2 support) but recovered by day 50. Patient 3 also
eveloped severe SARS and died on day 40.

As shown in Fig. 1, the ISG cluster, including myxovirus
influenza) resistance 1 (MXA), peaks in expression during acute
ARS in patient 1 (non-severe) and quickly resolves by the
nd of the first week since onset of symptoms. ISGs are sim-
larly upregulated during acute SARS in the two severe patients;
owever, many of these genes, including the IFN-�/� receptor
(IFNAR1) for example, are strongly expressed for a longer

eriod of time and are unresolved prior to the time of death
n patient 3. These ISG profiles are echoed in the expression
f the inflammatory gene cluster (includes CD14 for example).
nterestingly, there is evidence of growing adaptive immunity as
xemplified by Ig gene expression and increased expression of

he adaptive immune response cluster (includes VAV1 and VAV2
ncogenes) in all three patients; although peak gene expression
n the adaptive immune response cluster is delayed in patient 2
severe) relative to patient 1 (non-severe) and is not evident in

e
p
t
p

e points (at onset of symptoms and every 5–7 days) throughout SARS in three
genes shown in blue are downregulated >1.5-fold relative to healthy controls.

atient 3 who ultimately dies. Strikingly, only the non-severe
ARS patient exhibits appreciable expression of antigen pre-
entation (MHC Class I and II/HLA) genes. Collectively, these
ata indicate that key signatures of IFNs and ISGs are associated
ith developing innate and adaptive immune responses during

he clinical evolution of SARS.

. Conclusions

It appears that the current understanding of the potential role
f cytokines and chemokines during SARS, i.e. hypercytokine-
ia or a “cytokine storm” driving SARS immunopathology, may

e oversimplified. Type I IFNs are key mediators in innate immu-
ity to viral infections and also provide a connection between the
nnate and adaptive arms of the immune response (Takaoka and
anai, 2006). Likewise, the sole type II IFN, IFN-�, is a critical
ontributor to adaptive immunity, especially in T helper 1 (Th1)-
ype responses (Malmgaard, 2004) and can potentiate type I IFN
ntiviral activity (Takaoka and Yanai, 2006). We contend that
FNs and IFN-stimulated chemokines, such as CXCL10, are
nduced during acute SARS infection in severe and non-severe
atients as part of a robust innate immune response (Fig. 2).
FN responses may function as expected during inflammatory
esponses to SARS CoV infection in the majority of SARS
atients who recover. Nevertheless, unregulated expression of
FNs and IFN-stimulated chemokines, e.g. CXCL10 and CCL2,
n severe SARS patients as the illness progresses may lead
o widespread immune dysregulation and serious pathogenic
vents (Fig. 2). The self-sustaining expression of proinflamma-
ory chemokines during late SARS in susceptible patients may
e a compensatory mechanism to the incapacity to mount an

ffective adaptive immune response to clear the virus. Those
atients who ultimately succumb to SARS behave as a differen-
iated group; not only clinically but also from an immunological
oint of view. The term severe acute respiratory syndrome may

http://www.microarrays.ca/
http://www.geneontology.org/
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Fig. 2. Model of immunopathological events associated with SARS clinical evolution. SARS patients mount robust IFN-mediated innate immune responses during
early (acute) illness and peak symptomology. Following the median SO2 nadir in surviving patients (late SARS), most SARS patients resolve inflammation and
mount effective adaptive immunity against SARS CoV. Immune dysregulation in severe SARS patients is hallmarked by continued expression of inflammatory
c une-m
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(http://www.canadiansarsresearchnetwork.ca) investigators and
hemokines and ISGs and deficiencies in MHC and Ig gene expression. Imm
nresolved CXCL10 expression and viral burden is associated with poor outcom

herefore best describe a subgroup of particularly at-risk patients
haracterized by persistent induction of CXCL10 and CCL2
long with evidence of deficient adaptive immunity, more exten-
ive thoracic involvement and a more severe compromise of
espiratory indicators.

Viral evasion during SARS infection may benefit in part
y downregulation of type I IFN-directed innate immunity as
as been proposed in in vitro studies (Castilletti et al., 2005;
heung et al., 2005; Ziegler et al., 2005). Our results argue that
ARS patients mount robust type I and II IFN responses and
ven express innate antiviral ISGs, such as MXA, during acute
llness (Fig. 2). Type I and II IFN-responses may therefore act to

aintain homeostasis between the development of effective ver-
us autoinflammatory innate and adaptive immune responses.
ytokine and chemokine levels subside in the vast majority of
ARS patients after acute infection and a critical switch from
FN-driven innate immunity to protective adaptive immunity and
iral clearance occurs as patients recover. Conversely, the pro-
onged burden of SARS CoV in the lungs of at-risk patients, i.e.
hose with comorbidities as described above, may be the event
hat breaks down this homeostatic regulation. Persistent expres-
ion of distinct ISGs, unremitting induction of CXCL10 and
CL2 protein levels and deficient function of antigen presen-

ation genes hallmark patients with progressing hypoxemia and
oor disease course. Moreover, deficiencies in the expression of

L-12p70, IL-2, TNF-� and IFN-� in severe SARS patients may
ndicate the incapacity to develop an effective adaptive immune
esponse in these patients. Ultimately, unmanageable viral
oad, self-sustaining chemokine-mediated proinflammation and

t
c
t
h

ediated pathology worsens in the minority of susceptible SARS patients and

rogressive pulmonary injury/ARDS are characteristic of those
ARS patients at risk for fatal outcome (Fig. 2).

The host immune response to SARS may be the first to be
apped in detail in terms of an emerging infectious disease.
hile we do not know the exact mechanism that leads to a
alfunction in the switch from innate to adaptive immunity in

evere SARS patients, the gene signatures we describe in this
tudy may help assess the immunopathology and management
f severe viral infections. Using genomic technology to study
ost responses during severe viral illnesses, such as SARS and
vian influenza (H5N1), may identify parallel gene signatures
hat are diagnostic and/or prognostic during clinical evolution.
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