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SUMMARY

 

Severe acute respiratory syndrome (SARS) is a recently emerged infectious disease caused by a novel
coronavirus, but its immunopathological mechanisms have not yet been fully elucidated. We investi-
gated changes in plasma T helper (Th) cell cytokines, inflammatory cytokines and chemokines in 20
patients diagnosed with SARS. Cytokine profile of SARS patients showed marked elevation of Th1
cytokine interferon (IFN)-

 

g

 

, inflammatory cytokines interleukin (IL)-1, IL-6 and IL-12 for at least 2
weeks after disease onset, but there was no significant elevation of inflammatory cytokine tumour
necrosis factor (TNF)-

 

a

 

, anti-inflammatory cytokine IL-10, Th1 cytokine IL-2 and Th2 cytokine IL-4.
The chemokine profile demonstrated significant elevation of neutrophil chemokine IL-8, monocyte
chemoattractant protein-1 (MCP-1), and Th1 chemokine IFN-

 

g

 

-inducible protein-10 (IP-10). Corticos-
teroid reduced significantly IL-8, MCP-1 and IP-10 concentrations from 5 to 8 days after treatment (all

 

P

 

 

 

<

 

 0·001). Together, the elevation of Th1 cytokine IFN-

 

g

 

, inflammatory cytokines IL-1, IL-6 and IL-12
and chemokines IL-8, MCP-1 and IP-10 confirmed the activation of Th1 cell-mediated immunity and
hyperinnate inflammatory response in SARS through the accumulation of monocytes/macrophages and
neutrophils.
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INTRODUCTION

 

Severe acute respiratory syndrome (SARS) is a recently
emerged infectious disease characterized by persistent fever,
respiratory symptoms with lung consolidation, lymphopenia and
respiratory failure in life-threatening cases [1–4]. Watery diar-
rhoea has also been manifested in some cases [5]. We found
that lymphopenia and depletion of CD4 and CD8 T lympho-
cytes could be associated with disease activity and adverse out-
comes in SARS [4]. The SARS-related deaths have resulted
mainly from pulmonary complications, including progressive
respiratory failure due to alveolar damage and acute respira-
tory distress syndrome (ARDS). The causative agent of SARS
has been identified as a new coronavirus (SARS-CoV) [6–8]
with a genome sequence that is only moderately related to

other known coronaviruses [9,10]. Rapid diagnostic tests using
molecular techniques for the detection of SARS-CoV RNA
have been developed recently [11,12]. Administration of the
antiviral drug ribarivin together with systemic corticosteroid
resulted in alleviation of inflammation, reduction of organ dys-
function and improvement on survival in the majority of SARS
patients [1,5,13], although controlled clinical trials are required
to confirm this regimen’s genuine efficacy.

It has been shown that the over-production of specific
inflammatory cytokines [tumour necrosis factor (TNF)-

 

a

 

, inter-
leukin (IL)-1

 

b

 

, IL-6, IL-10] and polymorphonuclear neutrophil
(PMN) CC chemokine IL-8 is the hallmark of viral infection,
probably through the activation of transcription factor nuclear
factor (NF)-

 

k

 

B, activator protein (AP)-1 and activating factor-2
(ATF-2) [14]. For example, the H5N1 ‘avian flu’ influenza
viruses are potent inducers of proinflammatory cytokines such
as TNF-

 

a

 

 in macrophages [15]. In swine pneumonia, the pro-
duction of TNF-

 

a

 

 and IL-6 was found to correlate positively
with disease severity [16]. Therefore, SARS sequalae such as
transendothelial migration of PMN into lung tissue, multiple
organ dysfunction and ARDS have been postulated to associate
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with cytokine and chemokine dysregulation [17,18]. In an
attempt to study possible SARS-CoV-induced cytokine and
chemokine dysregulation, to identify markers for disease sever-
ity, and to explore the feasibility of designing effective treat-
ment strategy such as anti-cytokine therapy, we have
prospectively investigated a panel of circulating T helper (Th)
cell cytokines, inflammatory cytokines and chemokines in
patients with SARS.

 

MATERIALS AND METHODS

 

Patients

 

Our study included 20 consecutive adult patients who were diag-
nosed to have SARS and admitted to the Prince of Wales Hospi-

tal, Hong Kong for treatment from 20 March to 11 April 2003. In
accordance with the World Health Organization (WHO), our case
definition was a fever (temperature 

 

>

 

38

 

∞

 

C), a chest radiograph or
computed tomographic image of the thorax showing evidence of
new consolidation with or without respiratory symptoms (e.g.
cough and shortness of breath) and a history of close contact with
a person in whom SARS had been diagnosed [19]. The diagnosis
of SARS was confirmed by an indirect immunofluorescence assay
with fetal rhesus kidney cells that were infected with coronavirus
and fixed in acetone to detect a serological response to the SARS-
CoV [7], or by a positive viral culture. Our protocol was approved
by the Clinical Research Ethics Committee of the Chinese Uni-
versity of Hong Kong and informed consent was obtained from all
participants.

 

Fig. 1.

 

Box & whiskers plots of changes in plasma cytokine concentrations following day of disease onset in the 20 SARS patients. Normal
ranges: (a) IL-1

 

b

 

 

 

<

 

 3·9 ng/l; (b) IL-6 

 

<

 

 3·1 ng/l; (c) IL-10 

 

<

 

 7·8 ng/l; (d) IL-12 

 

<

 

 7·8 ng/l; (e) TNF-

 

a

 

 

 

<

 

 10·0 ng/l; and (f) IFN-

 

g

 

 

 

<

 

 15·6 ng/l.
*Significantly elevated compared to normal values (all 

 

P

 

 

 

<

 

 0·05).
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Measurement of plasma cytokines and chemokines

 

EDTA blood samples were collected from SARS patients daily
for a maximum of 19 consecutive days. They were immersed in ice
and transported immediately to the laboratory for processing.
Plasma were separated by centrifugation (2000 

 

g

 

 for 10 min) at
4

 

∞

 

C and stored in 300 

 

m

 

l aliquots at 

 

-

 

70

 

∞

 

C until analysis.
Because the more commonly used procedure of enzyme-

linked immunosorbent assay (ELISA) may generate infectious
droplets and aerosols, T helper (Th)1/Th2 cytokines, inflamma-
tory cytokines and chemokines in plasma were measured seri-
ally by cytometric bead array (CBA) using a four-colour
FACSCalibur flow cytometer (Becton Dickinson, CA, USA)
located in a Biosafety Level II laboratory [20,21]. In CBA, five
or six bead populations with distinct fluorescence intensities had

been coated with capturing antibodies specific for different
cytokines or chemokines. These bead populations could be
resolved in the fluorescence channels of the flow cytometer.
After the beads had been incubated with 50 

 

m

 

l of plasma, dif-
ferent cytokines or chemokines in the sample were captured by
their corresponding beads. The cytokine/chemokine captured
beads were then mixed with phycoerythrin-conjugated detec-
tion antibodies to form sandwich complexes. Following incuba-
tion, washing and acquisition of fluorescence data, the results
were generated in graphical format using the BD CBA soft-
ware. The concentrations of Th1/Th2 cytokines IL-2, IL-4 and
IFN-

 

g

 

; inflammatory cytokines IL-1

 

b

 

, IL-6, IL-10, TNF-

 

a

 

 and
IL-12p70; and chemokines IL-8, regulated upon activation nor-
mal T cell-expressed and secreted (RANTES), monocyte
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chemoattractant protein-1 (MCP-1), IFN-

 

g

 

-inducible protein-10
(IP-10) and monokine induced by IFN-

 

g

 

 (MIG) were measured
using the human Th1/Th2 cytokine, inflammatory cytokine and
chemokine CBA kits (BD Pharmingen, CA, USA), respec-
tively. The assay sensitivities of these eight cytokines and five
chemokines were 2·6, 2·6, 7·1, 7·2, 2·5, 3·3, 3·7, 1·9, 0·2, 1·0, 2·7,
2·8 and 2·5 ng/l, respectively. The coefficients of variation for all
cytokine and chemokine assays were less than 10%. Their
respective normal ranges have been derived from measurement
of 

 

≥

 

100 healthy subjects.

 

Statistical analysis

 

Because plasma cytokine and chemokine concentrations were not
in a Gaussian distribution, the Mann–Whitney rank sum test was

used for assessing their differences. Results were expressed as
median (interquartile range). All analyses were performed using
the Statistical Package for Social Sciences (SPSS) software for
Windows, Version 9·0 (SPSS Inc., IL, USA). A probability
(

 

P

 

) 

 

<

 

 0·05 was considered as significantly different.

 

RESULTS

 

SARS patients

 

The characteristics of the 20 SARS patients are summarized in
Table 1. Coincidentally, all except one were female patients,
although the female-to-male ratio of the 1755 SARS patients in
this outbreak in Hong Kong, as well as that of the 290 patients

 

Fig. 2.

 

Box & whiskers plots of changes in plasma chemokine concentrations following day of disease onset in the 20 SARS patients.
Normal ranges: (a) IL-8 

 

<

 

 5·0 ng/l; (b) IP-10 202–1480 ng/l; (c) MCP-1 

 

<

 

 10–57 ng/l; (d) MIG 48–482 ng/l; and (e) RANTES 4382–18783
ng/l. *Significantly elevated compared to normal values (all 

 

P

 

 

 

<

 

 0·05).
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treated in our Prince of Wales Hospital, were both 1·0–0·8.
None of the 20 SARS patients recruited in this study died or
required admission to the intensive care unit (ICU). Initial
treatment included antibiotics, cefotaxime and clarithromycin
(or levofloxacin) to cover common pathogens causing commu-
nity-acquired pneumonia. Oseltamivir (Tamiflu) was also given

initially to treat possible influenza infection. After fever had
persisted for more than 48 h and leukopenia, thrombocytope-
nia, or both, had developed, oral ribavirin (40–60 mg/kg/day)
and oral prednisolone (1 mg/kg/day) were started as a com-
bined regimen from 2 to 9 days after disease (fever) onset.
Patients who did not respond clinically to standard empirical
treatment including persistent fever, increasing shortness of
breath, worsening lung opacities involving 

 

>

 

50% of lung field in
chest radiograph and deteriorating oxygen saturation to 

 

<

 

90%
by pulse oximetry, were given intravenous ribavirin (400 mg
every 8 h) and an additional one to three pulses of 0·5 g of
methylprednisolone sodium succinate (methylprednisolone)
daily.

 

Plasma cytokines of SARS patients

 

The longitudinal trends of plasma Th1/Th2 cytokines and
inflammatory cytokines of the 20 SARS patients are illus-
trated in Fig. 1. Th1 cytokine IFN-

 

g

 

 and inflammatory cytok-
ines IL-1

 

b

 

, IL-6 and IL-12 concentrations were significantly
elevated above their normal range, respectively, within the
first 12, 7 and 5 days after disease onset (all 

 

P

 

 

 

<

 

 0·05). In con-
trast, there was no significant increase in proinflammatory
cytokine TNF-

 

a

 

 in all SARS patients. Anti-inflammatory
cytokine IL-10 was found to increase in some but not all
patients (no overall significance). The plasma concentrations of
Th1 cytokine IL-2 and Th2 cytokine IL-4 of all patients were
low and within their respective normal range at all time points
(data not shown).
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Table 1.

 

Characteristics of SARS patients

SARS patients

Number 20
Sex (female/male) 19/1
Age, mean 

 

±

 

 s.d. (range) years 32·7 

 

± 

 

11·7 (21–58)
ICU admission, % 0
Mortality, % 0
Treatment with oral ribavirin

Patient number (%) 20 (100)
Daily dose, mg/kg 50 

 

± 

 

10·2
Treatment with oral prednisolone

Patient number (%) 20 (100)
Daily dose, mg/kg 1

Treatment with intravenous ribavirin
Patient number (%) 5 (25)
Daily dose, g 1·2

Treatment with intravenous methylprednisolone
Patient number (%) 13 (65)
Daily dose, g 1·3 

 

± 

 

0·3

 

Fig. 2.
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Plasma chemokines of SARS patients

 

As shown in Fig. 2, plasma PMN CC chemokine IL-8, monocyte
CC chemokine MCP-1 and Th1 CXC chemokine IP-10 concen-
trations were elevated, respectively, within the first 9, 3 and
14 days after disease onset (all 

 

P

 

 

 

<

 

 0·05). The overall plasma con-
centrations of T cell chemoattractants, namely CXC chemokine
MIG and CC chemokine RANTES, were not significantly ele-
vated.

 

Plasma cytokines and chemokines in SARS patients treated and 
not treated with pulsed methylprednisolone

 

Among the 20 SARS patients in our cohort, 13 had more severe
disease activity including persistent fever and worsening lung
opacities; they were additionally given intravenous pulsed meth-
ylprednisolone. The other seven patients had milder disease
severity and were not treated with pulsed steroid. Figure 3 shows
that plasma IFN-

 

g

 

, IL-1

 

b

 

, IL-6, IL-8, IP-10 and MCP-1 of the
former group of patients had higher median concentrations than
those of the latter, particularly from day 3–10 after disease onset.
Following recovery, the cytokine and chemokine levels decreased
progressively to normal values at about 1 week after disease onset
for both groups of patients.

 

Effects of corticosteroid treatment on plasma cytokines and 
chemokines

 

As summarized in Table 2, plasma chemokine IL-8, IP-10 and
MCP-1 were significantly reduced to their respective normal
ranges from 5 to 8 days after corticosteroid treatment compared
to the elevated pretreatment levels (all 

 

P

 

 

 

<

 

 0·005). These 5–8-day
post-treatment concentrations were also significantly lower than
those of 1–2 days after treatment (all 

 

P

 

 

 

<

 

 0·05). All the other mea-
sured cytokines and chemokines (IL-1

 

b

 

, IL-6, IL-10, IL-12p70,
TNF-

 

a

 

, IFN-

 

g

 

, RANTES and MIG) did not show any significant
difference before and after corticosteroid treatment.

 

DISCUSSION

 

This study was designed to investigate prospectively the longitu-
dinal plasma cytokine and chemokine profile of adult patients
with SARS. The progression of this potentially lethal disease may
be represented by three phases: acute viral multiplication, hyper-
active immune response, recovery or pulmonary destruction and

death [1,4,5]. Accordingly, it is worthwhile to investigate cytokine
and chemokine induction, which may be the cause or conse-
quence of immune hyperactivity in SARS.

We observed that for at least 2 weeks after disease onset, all
SARS patients exhibited a significant increase in the typical anti-
viral Th1 cytokine IFN-

 

g

 

 and an array of proinflammatory cytok-
ines (IL-1

 

b

 

, IL-6 and IL-12), together with a moderate increase in
anti-inflammatory IL-10 that was manifested in some patients. IL-
1

 

b

 

 can act as the early response cytokine to viral infection such as
that caused by the human immunodeficiency virus, for mediation
of inflammatory response, synthesis of acute phase proteins and
release of IL-8 [14,22]. IL-6 may play a proinflammatory role in
pulmonary inflammation [23]. Th2 cytokine IL-10 is an anti-
inflammatory cytokine that suppresses the secretion of proinflam-
matory cytokines [24], therefore it was elevated in some patients
1 week after disease onset and followed the elevation of other
inflammatory cytokines. IL-12, also known as natural killer (NK)
cell stimulatory factor or cytotoxic lymphocyte maturation factor,
is a pleiotropic proinflammatory cytokine which is produced pri-
marily by antigen-presenting cells (monocytes, macrophages, den-
dritic cells and B cells) and PMN [25]. IL-12 can induce the
production of IFN-

 

g

 

 and other Th1 cytokines with suppression of
the Th2 pathway [26,27]. It has multiple effects on T lymphocytes
and NK cells, including the ability to stimulate cytotoxicity, pro-
liferation, cytokine production and the development of Th1 sub-
sets [28,29]. Therefore, the observed early elevation of
inflammatory cytokines IL-1

 

b

 

, IL-6, IL-12 and IFN-

 

g

 

 could be
causative of the SARS-CoV-induced activation of Th1 cells and
NK cells, release of chemokines such as IL-8, and results in pul-
monary inflammation [16].

A previous study has suggested that the infiltration of proin-
flammatory PMN is involved in the pathogenesis of acute lung
injury [30]. PMN are abundant in the airspaces of most ARDS
patients with infection, and their secretory products such as
myeloperoxidase and elastase in bronchoalveolar lavage (BAL)
fluid can cause acute lung injury [31–33]. IL-8, the PMN 

 

a

 

-
chemokine, has been shown to be elevated in blood and alveolar
spaces [34] and exhibit a positive correlation with the number of
PMN in BAL fluid of patients with pneumonia and ARDS [35].
Our SARS-CoV-infected patients also showed elevation of
plasma IL-8 soon after disease onset, which declined from 5 to
8 days after corticosteroid treatment. In our former clinical study,

 

Fig. 3

 

Box & whiskers plots of changes in plasma cytokine and chemokine concentrations following day of disease onset in SARS patients
(a) treated (

 

n

 

 = 13) and (b) not treated (

 

n

 

 = 7) with pulsed methylprednisolone. Although not reaching statistical significance, median
concentrations in (a) are higher than corresponding values in (b).

 

Table 2.

 

Changes in plasma chemokines of SARS patients before and after corticosteroid treatment

Chemokine concentration
(ng/l)

Immediately before
corticosteroid treatment

1–2 days after
corticosteroid treatment

5–8 days after 
corticosteroid treatment

IL-8 8·7 (4·8–14·1) 5·9 (2·8–19·8) 2·2 (1·7–6·1)*†
IP-10 5553·0 (4864·0–7557·0) 4826·0 (2725·0–6098·0) 894·5 (574·0–3117·0)*†
MCP-1 84·0 (36·5–198) 68·5 (26·0–118·5) 23·0 (14·0–37·0)*†

Results as median (interquartile range). *

 

P 

 

<

 

 0·005 compared with concentrations before corticosteroid treatment; †

 

P

 

 

 

<

 

 0·05 compared with concen-
trations 1–2 days after corticosteroid treatment.
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82% of 157 SARS patients developed neutrophilia and the high
neutrophil counts were associated with ICU admission and mor-
tality from pneumonia [4]. Therefore, PMN-induced acute pneu-
monitis should be crucial in the pathogenesis of ARDS and
pulmonary destruction in SARS patients.

Apart from the 

 

a

 

-chemokine IL-8, we have also observed ele-
vation of the monocyte/macrophages 

 

b

 

-chemokine MCP-1 soon
after the onset of SARS, followed by decline after corticosteroid
treatment. MCP-1 concentration has been shown to increase in
BAL fluid of patients with persistent ARDS [36], correlating pos-
itively with the predominance of alveolar macrophages [37] that
has also been found in the postmortem examination of SARS
patients [2,38]. IP-10 is a specific chemoattractant for Th1 cells for
the activation of cell-mediated immune response; its expression
can be up-regulated by the Th1 cytokine IFN-

 

g in acute lung
inflammation [39]. Consistently, our results showed that both cir-
culating IFN-g and IP-10 were increased in SARS patients. Our
observation of low or normal Th2 cytokine IL-4 in SARS patients
is also similar to the finding of a previous study of viral pneumonia
[40]. These suggest that SARS-CoV does not enhance the Th2
pathway and the subsequent humoral immue response. Such
imbalance of Th1/Th2 cytokine profile confirms the SARS-CoV-
induced Th1 predominance. In contrast to H5N1 infection [15],
plasma TNF-a was not elevated in our patients. This finding,
therefore, does not support the therapeutic use of TNF-a mono-
clonal antibody for SARS. However, it must be cautioned that the
concentration of TNF-a at the pulmonary inflammatory sites has
not been investigated. Previous studies have implicated that
inflammatory IL-b and the acute-phase cytokine IL-6 are endog-
enous pyrogens or inducers of fever [41]. Therefore, elevations of
IL-b and IL-6 might account for the fever onset, as both of them
were found to have high plasma concentrations during the first
week of disease. Moreover, the T cell chemokines MIG and
RANTES also did not show any significantly elevation. There-
fore, the recruitment of activated T cells in pulmonary tissue
should be studied by performing chemokine assay and differential
cell count in BAL fluids, although this should be difficult because
of the high risk of infection.

In summary, we postulate that the elevation of the plasma
chemokines IL-8, MCP-1 and IP-10, Th1-related cytokine IFN-g
and IL-12, and inflammatory cytokines IL-1b and IL-6 can induce
the hyperinnate inflammatory response due to the SARS-CoV
invasion of the respiratory tract. This leads to the recruitment and
accumulation of alveolar macrophages and PMN [42], as well as
the activation of Th1 cell-mediated immunity by the stimulation
of NK and cytotoxic T lymphocytes (CTL). Treatment with immu-
nosuppressive corticosteroid can significantly suppress the ele-
vated chemokines IL-8, IP-10 and MCP-1, and subsequently
alleviate the chemokine-associated pulmonary inflammation in
SARS. Indeed, the reduction in IL-8, IP-10 and MCP-1 correlated
with the improvement in general clinical condition, pulmonary
function and radiological appearance in SARS patients of our
present study. In addition, we also observed that higher disease
severity was associated with more elevated plasma IFN-g, IL-1b,
IL-6, IL-8, IP-10 and MCP-1 concentrations (Fig. 3). It can be
postulated that the addition of pulsed steroid in the severe-dis-
ease group not only controlled the rapidly deteriorating clinical
condition, but basically attenuated the otherwise over-exagger-
ated immunological response with potentially much high median
concentrations of plasma cytokines and chemokines. This further
supports that the above cytokines and chemokines played impor-

tant roles in the immunopathological mechanisms of SARS. We
have initiated a study comparing plasma cytokines and chemok-
ines in SARS patients with and without corticosteroid treatment.
The elevated plasma cytokines and chemokines should also shed
light on the possibility of using them as prognostic indicators for
disease severity in SARS. For example, the presence of high anti-
IL-8 : IL-8 complexes in BAL fluid has been shown to be an
important prognostic indicator for ARDS [43].

Although our study has provided some understanding of the
immunological mechanisms of inflammation in SARS and the
therapeutic effects of corticosteroid, many further investigations
are required to explore the detailed pathophysiology of this novel
emerging disease with global impact. In order to correlate cytok-
ine release with disease severity, in vitro mechanistic study of
cytokine induction using SARS-CoV and immune cell culture,
and eventually the measurement of cytokine and chemokine con-
centrations at local inflammatory sites should be contemplated.
Other chemokines such as epithelial neutrophil-activating pep-
tide (ENA)-78, a neutrophil chemoattractant [30], and macroph-
age inflammatory peptide-1 alpha (MIP-1a), a monocyte
chemoattractant [30], should be measured. Recently, transform-
ing growth factor (TGF)-b has been shown to be active early in
acute lung injury, and potentially contribute to the development
of pulmonary oedema [44]. Therefore, the role of TGF-b in SARS
also requires investigation. Given the prominent roles of cytok-
ines and chemokines in the pathogenesis of SARS, anticytokine/
chemokine immunotherapy using anticytokine/chemokine anti-
bodies (e.g. anti-IL-8, anti-MCP-1) or cytokine/chemokine antag-
onists may represent a novel approach for the treatment of
hyperactive inflammation in SARS [45,46].
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