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Abstract

The immunopathogenesis of leukopenia and thrombocytopenia in patients with severe acute respiratory syndrome (SARS) is unclear. In
order to explore the leukopenia mechanism, we studied 15 SARS patients who were previously healthy, and 15 age-matched normal controls
in a paired design. Soluble vascular cell adhesion molecule-1 (sVCAM-1) and soluble Fas ligand (sFasL) in plasma were measured by ELISA,
and intracellular activated caspase-3 fragment in different leukocytes was determined by flow cytometry. Patients with SARS had significantly
lower lymphocyte and platelet counts and significantly higher sVCAM-1 and sFasL levels compared to healthy controls. sVCAM-1 levels
correlated negatively with total leukocytes and platelet counts, but positively with plasma sFasL levels. Intracellular cleaved caspase-
3 expression was also significantly higher in lymphocytes from SARS patients in acute phase than in convalescent stage. Lymphopenia and
thrombocytopenia in SARS patients may be caused, in part, by enhanced vascular sequestration associated with increased sVCAM-1 levels.
However, lymphopenia may be due to enhanced cell death. Inhibition of cell adhesion and caspase-3 activation could, therefore, have pre-
vented SARS patients from developing thrombocytopenia and lymphopenia.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The severe acute respiratory syndrome (SARS) caused by
a human coronavirus originating in Guangdong Province of
China spread to more than 30 countries in 2003 [1]. The
immunopathogenesis of SARS is not clear, while the trans-
mission route of SARS has been clarified. The treatment of
SARS patients with anti-virus therapy or with anti-
inflammatory corticosteroids remains highly controversial
[2–6]. Whether there is a direct viral pneumonitis (virus cyto-
tropic tissue damage) or indirect immune-mediated tissue
damage in SARS infections remains obscure. Patients with
SARS tended to have prolonged fever, rapid course of pul-

monary infiltration, leukopenia, thrombocytopenia and lym-
phopenia, frequently complicated with co-infections [3,4]. A
histology of lung necropsy showed abundant foamy macroph-
ages and multinucleated syncytial cells [4,7]. This suggests
that leukocyte sequestration in interstitial tissue or apoptosis
of circulatory leukocytes is implicated in the pathogenesis.

Earlier studies have shown that SARS patients with
elevated polymorphonuclear leukocytes (PMNs), but not
lower lymphocytes, had worse outcome [4]. It is uncertain
how the SARS patients had lower lymphocytes and platelets
but normal or higher PMNs. We have recently shown that
SARS patients appear to have altered mitogen-activated pro-
tein kinase activation patterns in different leukocytes, associ-
ated with increment of immunosuppressive mediators [8].
This, however, does not answer why lymphopenia occurs in
SARS patients. O’Donnell et al. [9] have proposed that apo-
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ptosis may explain lymphopenia of SARS. Leukocyte apop-
tosis plays a critical role in various immune reactions and
infectious diseases [10,11]. One of the major apoptotic path-
ways is the Fas ligand (FasL)/Fas pathway [12,13], in which
caspase-3 is a key molecule in executing Fas-mediated apo-
ptosis [14–16]. Soluble vascular cell adhesion molecule-1
(sVCAM-1) has been implicated in many vasculitis disor-
ders [17,18] and leukocyte adhesion and migration [19].
Patients with SARS had lymphopenia [9] and extensive lung
tissue damage [20]. Thus, we proposed that plasma sVCAM-
1 levels might be correlated to vascular sequestration, result-
ing in lymphopenia or tissue damage in SARS infections. An
alternative hypothesis is that lymphopenia could be related to
an increase in plasma FasL and intracellular caspase-3 cas-
cade. In an age-matched case–control design, we measured
plasma sVCAM-1 and sFasL, and intracellular cleaved
caspase-3 expression of different leukocytes in 15 SARS
patients. We sought to explore the relationship of lymphope-
nia, thrombocytopenia and clinical manifestations to plasma
sFasL and sVCAM-1 levels, as well as intracellular cleaved
caspase-3 levels in SARS patients.

2. Materials and methods

2.1. Hospital outbreak of SARS and the design of this
study

On April 26, 2003, an index case of SARS in a patient
from Taipei who initially presented with flank pain and fever
was admitted to our hospital at Kaohsiung, southern Taiwan.
This patient was not suspected of SARS until April 30. From
May 2 to 17, 2003, a cluster of SARS patients including in
patients, family caregivers, and health care workers devel-
oped probable SARS. We recruited those who were previ-
ously healthy for this study in a case–control design. Once
we had recruited one to three SARS patients for immune stud-
ies, we simultaneously included one to three age-matched
healthy adults that had not been exposed to SARS patients as
controls. Confirmation of SARS infections was determined
by a definite exposure history and positive RT-PCR detection
of coronavirus in acute stage or detectable coronavirus spe-
cific antibody in convalescent stage [8].

2.2. Preparation of plasma and leukocytes under safety
procedures

Studies proceeded with a safety protocol. The blood col-
lection and safety procedure for this study were approved by
the Institute Review Board of this hospital. The progression
of SARS can be summarized in three stages: (i) incubation
period, (ii) febrile pneumonitis stage, and (iii) recovered stage
or fulminant hypoxemia associated with adult respiratory dis-
tress syndrome (ARDS). We therefore collected whole blood
(4 ml) into an ethylenedinitrilo-tetraacetic acid (EDTA)-
containing blood collection tube in the first week of admis-

sion (acute phase) as well as in the third week of admission
(convalescent phase). The blood samples were separated into
plasma and blood cells by centrifugation at 1500 × g for
15 min. The upper plasma layer was harvested for cytokine
determination after heat inactivation (56 °C, 30 min) of poten-
tial viruses, and the bottom blood cells were separated into
red blood cells and white blood cells (WBCs) by dextran sedi-
mentation [21]. The WBCs were then drawn into a 2%
formaldehyde-containing Eppendorf tube at 1/1 (v/v) for inac-
tivation of any possibly viable organisms and fixation of leu-
kocytes. During the whole procedure, we did not open the
original blood collection tube, operated the procedure in a
P2 laboratory, and had the blood collection tubes autoclaved
before undertaking standard bio-hazard waste management.

2.3. Measurement of plasma sVCAM-1 and soluble FasL

The levels of sVCAM-1 were measured by an enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems,
Inc., Minneapolis, MN). Soluble FasL levels were also mea-
sured by ELISA kit (Bender Medsystems, Vienna, Austria)
in plasma. Plasma aliquots at 0.1 ml were used for each indi-
vidual ELISA assay as previously described [22].

2.4. Flow cytometric analysis of intracellular cleaved
caspase-3 in different leukocytes

Flow cytometric detection of intracellular cleaved caspase-
3 levels was performed as previously described [23]. For
experiments, 1% formaldehyde-fixed leukocytes were sub-
jected to cell permeabilization by methanol at 1/4 (v/v) for
30 min after washing twice in PBS. This method has been
shown to be more rapid and sensitive than other classical
methods in human T cells [24]. The formaldehyde-fixed leu-
kocytes were suspended to 1 × 106 cells per ml for studies.
The permeabilized leukocytes in 0.1 ml aliquots were sub-
jected to dual staining of cell surface molecules by PE-
conjugated mouse anti-human CD4, CD8 or CD14 antibod-
ies (BD Pharmingen, Inc., Franklin Lakes, CA); and staining
of intracellular signal molecules by rabbit anti-human cleaved
caspase-3 antibodies (Cell Signaling Technology, Inc., Bev-
erly, MA) for 30 min. This was followed by recognition with
FITC-conjugated goat anti-rabbit IgG antibodies (Serotec,
Ltd., Oxford, UK) for another 30-min staining. After wash-
ing twice with PBS, the reactions were suspended in 0.3 ml
PBS for flow cytometric analysis of different cleaved caspase-
3 in different leukocyte populations.

2.5. Statistical analysis

Data related to quantity of sVCAM-1 and sFasL are pre-
sented with mean ± standard error, and P values are analyzed
by Student’s t-test. Data regarding the geometric mean inten-
sities and percentage of positive staining cells of intracellular
cleaved caspase-3 levels between the patient and control
groups were analyzed using the Mann–Whitney U-test. Spear-
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man rho correlation was used to test the correlation of lym-
phopenia or thrombocytopenia with sVCAM-1, sFasL and
intracellular cleaved caspase-3 levels.

3. Results

3.1. Clinical features of the subjects studied

Fifteen patients aged 23–45, and 15 normal controls aged
29–41 were studied. The 15 SARS patients, who were previ-
ously healthy, all had fever (> 38 °C) and different extent of
pneumonia on chest radiography. As shown in Table 1, they
initially presented profound lymphopenia (range, 0.3–1.3;
mean 0.6 × 109 per l, P < 0.001) and thrombopenia (range,
96–228; mean 145.5 × 109 per l, P < 0.001). The total WBCs
(range, 3.1–14.8; mean 4.4 × 109 per l) and neutrophil count
(range, 2.3–14.1; mean 4.5 × 109 per l) were within normal
limits. Most of the patients (55.6%, P < 0.001) had pro-
longed activated partial thromboplastin time (APTT; defined
by the clotting time longer than 130% of normal control); but
normal PT (prothrombin time), suggesting vascular insult but
not hepatic insufficiency. Normal or elevated lactate dehydro-
genase (LDH) and creatine phosphokinase (CPK) were also
noted. These patients were treated under a protocol with ini-
tial institution of ribavirin 400 mg/m2 per day in the first 7 days
after a loading dose of 2 g. These patients did not receive
steroid (methylprednisolone, 1 mg/kg per day with and with-
out pulse therapy 500 mg every 12 h for 2 days) until progres-
sion to pneumonitis or ARDS that usually occurred between
7 and 21 days of the disease.

3.2. Elevated levels of sVCAM-1 in the plasma of patients
with SARS

It was found that plasma sVCAM-1 levels were signifi-
cantly higher in SARS patients than in normal controls in the

first week of illness (1240.04 ± 160.67 vs. 547.54 ±
52.90 ng/ml; P = 0.003, Fig. 1A). The elevated sVCAM-
1 levels returned to normal in the third week (Fig. 1A). Higher
sVCAM-1 levels were significantly correlated to lower total
leukocytes and platelets (P = 0.047 and 0.031, respectively;
Fig. 1B, C), but not lymphocytes (P = 0.417).

3.3. Elevated sFasL levels in the plasma of patients with
SARS

To investigate the role of apoptosis in the lymphopenia of
patients with SARS, we measured the plasma sFasL in patients
with SARS and those in normal controls. Plasma sFasL lev-
els were significantly higher in SARS patients than normal
controls in early stage (0.24 ± 0.04 vs. 0.11 ± 0.02 ng/ml;
P = 0.039, Fig. 2A). The sFasL levels remained higher in the
third week (P = 0.015, Fig. 2A). According to Spearman’s
rho correlation analysis, sFasL levels in the plasma of patients
with SARS were correlated to sVCAM-1 levels (P = 0.023,
Fig. 2B). The plasma sFasL levels were, however, not corre-
lated to total WBC (P = 0.641) or thrombocytopenia
(P = 0.091).

3.4. Altered cleaved caspase-3 activation in different
leukocytes

Caspases are known to play a major role in the execution
of apoptosis in mammalian cells [25]. Using formaldehyde-

Table 1
Characteristics of controls and patients with SARS

Characteristic factors SARS patients Controls P
Leukocytes (× 109 per l) 5.4 ± 2.9 6.7 ± 1.3 0.123
(95% CI) (3.1–14.8) (4.7–8.6)
Lymphocytes (× 109 per l) 0.6 ± 0.3 2.0 ± 0.2 < 0.001a

(95% CI) (0.3–1.3) (1.5–2.6)
Neutrophil (× 109 per l) 4.5 ± 3.0 4.3 ± 1.1 0.890
(95% CI) (2.3–14.1) (2.6–6.1)
Monocytes (× 109 per l) 0.16 ± 0.05 0.22 ± 0.04 0.391
(95% CI) (0.1–0.4) (0.2–0.7)
Platelet counts (× 109 per l) 145.5 ± 32.0 270.3 ± 69.4 < 0.001a

(95% CI) (96–228) (174–430)
APTT prolong (%)b 55.6% 0% < 0.001a

PT prolong (%) 0% 0% NA

Abbreviations used: SARS, severe acute respiratory syndrome; C.I.: confi-
dence interval; APTT, activated partial thromboplastin time. Data presented
as mean ± S.D. NA: not applicable.

a Indicates a significant difference between both groups as analyzed by
Student’s t-test.

b APTT prolong was defined by clotting time longer than 130% of normal
controls.

Fig. 1. Plasma sVCAM-1 levels in patients with SARS and age-matched
controls (ctrl). (A). Plasma sVCAM-1 levels were significantly higher in
SARS patients than in normal controls in the early stage (first week of ill-
ness) (mean ± S.E.: 1240.04 ± 160.67 vs. 547.54 ± 52.90 ng/ml; P = 0.003).
The elevated sVCAM-1 levels returned to normal in the late stage (second to
third weeks; mean ± S.E.: 615.58 ± 88.07 ng/ml, P = 0.017). (B). Plasma
sVCAM-1 levels were negatively correlated to patients’ leukocytes tested by
Spearman’s rho correlation (P = 0.047). (C). Plasma sVCAM-1 levels were
negatively correlated to patients’ platelet counts (P = 0.031).
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fixed peripheral blood leukocytes, we measured the intracel-
lular cleaved caspase-3 expression in total leukocytes from
patients with SARS and age-matched normal controls. As
shown in a representative experiment (Fig. 3A), it was found
that SARS patients had an increase in leukocytes with posi-
tive intracellular cleaved caspase-3 staining. In a summary
calculated from the results of 15-paired experiments, leuko-
cytes with positive intracellular cleaved caspase-3 staining
were significantly higher in SARS patients than in controls
(Fig. 3B). In order to identify which subtypes of leukocytes
had higher cleaved caspase-3 expression in SARS patients,
we used a dual staining of anti-cleaved caspase-3 antibody
plus anti-CD14, anti-CD4, or anti-CD8 antibody for this pur-
pose. It was found that SARS patients tended to have higher
cleaved caspase-3 expression in CD4 and CD8 cells than
healthy controls (Fig. 4), although it did not reach a signifi-
cant difference. The cleaved caspase-3 expression in CD4 and
CD8, but not CD14, cells from SARS patients was signifi-
cantly higher in acute phase than in convalescent phase
(Fig. 4).

4. Discussion

Patients with SARS usually have a rapid progression of
pneumonitis, even develop ARDS and pulmonary fibrosis in
the second and third weeks of disease [3–5,26]. Histological
examinations of lung necropsy from SARS patients have dem-
onstrated infiltration of inflammatory cells associated with
foamy macrophages, multinuclear syncytial cells and occa-

Fig. 2. Plasma sFasL levels in patients with SARS and age-matched controls
(ctrl). (A). Plasma sFasL levels were significantly higher in SARS patients
than in age-matched controls in the early stage (mean ± S.E.: 0.24 ± 0.04 vs.
0.11 ± 0.02 ng/ml; P = 0.039). The sFasL levels were significantly elevated
in the late stage (second and third weeks) compared with the early stage
(mean ± S.E.: 0.46 ± 0.09 ng/ml, P = 0.015). (B). Plasma sFasL levels in
patients with SARS were correlated to sVCAM-1 levels (P = 0.023).

Fig. 3. Flow cytometric analysis of cleaved caspase-3 expression in peripheral blood leukocytes from SARS patients and controls (ctrl). (A). Expression of
intracellular cleaved caspase-3 in total leukocytes from SARS patients was higher than controls in a representative case–control experiment. (B). In a summary
calculated from the results of 15-paired experiments, leukocytes with positive intracellular cleaved caspase-3 staining were significantly higher in the SARS
patients than in normal controls (% of positive cells: 66.65 ± 4.19 vs. 27.78 ± 7.54; P = 0.046).

Fig. 4. Flow cytometric dual staining of cleaved caspase-3 expression in
CD14, CD4, and CD8 cells from SARS patients and controls (ctrl). (A). In a
summary calculated from the results from 15-paired experiments, CD14 cells
with positive intracellular cleaved caspase-3 staining were not significantly
different between SARS patients and controls, or between early (acute) and
late (convalescent) phases. (B). CD4 cells with positive intracellular cleaved
caspase-3 staining were higher in early phase of SARS than those in late
phase (P = 0.034). (C). CD8 cells with positive intracellular cleaved caspase-
3 staining were also marginally higher in the early phase of SARS than those
in the late phase (P = 0.050). Results were analyzed by Mann–Whitney
U-test.
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sional hemophagocytic phagocytes [4,7]. This has raised the
possibility of immunopathological damage of lung tissues due
to exaggerated host response but not uncontrolled virus rep-
lication in the lung [3]. As previously reported, apoptosis of
lung epithelial cells by Fas ligation may be involved in lung
injury and fibrosis [27,28]. We did find the plasma sFasL lev-
els were significantly higher in SARS patients. Whether the
higher plasma sFasL levels were related to apoptosis of cir-
culating leukocytes or lung tissue damage remains to be deter-
mined. The fact that sFasL levels were correlated to sVCAM-
1 levels but not total leukocytes or platelet counts suggest the
elevated sFasL in plasma may be not related to lymphopenia
but tissue damage.

Soluble VCAM-1 is generated at sites of vascular insult or
inflammation [29,30]. Elevation of sVCAM-1 levels may
originate in shedding from vascular or tissue inflammation.
sVCAM-1 perhaps acts as a competitive ligand to inhibit leu-
kocyte adhesion to inflamed vascular endothelium. Kitani et
al. [31] have shown that sVCAM-1 inhibits T cell prolifera-
tion possibly because of the suppression of IL-2 production.
Rose et al. [19] showed that sVCAM-1 could actively bind T
cells but the binding is disrupted in apoptosis. This suggests
that sVCAM-1 may be involved in adhesion and chemotaxis
toward endothelium of circulating lymphocytes. Patients with
SARS had significantly higher sVCAM-1 levels in the first
week of illness but returned to normal levels in the third week.
The elevated sVCAM-1 might contribute to early vascular
insult and suppression of T cell function. Assessment of vas-
cular adhesion molecules to predict sepsis or systemic infec-
tions has been recently extensively reviewed [32]. Results
showed that sVCAM-1 levels correlated well with the sever-
ity of inflammation and diseases, but lacked specificity of cer-
tain infection induced endothelial damage. It remains unclear
whether vascular insult or immunosuppression associated with
overwhelming lung infection or co-infection is the cause of
morbidity or mortality.

Lymphopenia has been found in many infections includ-
ing SARS [9,33–35]. Patients with measles tend to have lym-
phopenia due to inhibition of lymphocyte proliferation [34],
and herpes and vaccinia infections tend to inhibit maturation
of CD8 lymphocytes [33]. Extensive leukocyte apoptosis has
been implicated in Ebola virus infections [36]. It has been
proposed that lymphopenia in SARS patients is related to cell
apoptosis [9]. We did find that SARS patients appeared to
have higher plasma FasL levels, associated with higher intra-
cellular cleaved caspase-3 positive CD4 and CD8 lympho-
cytes in the acute phase of SARS. Although the FasL levels
were not significantly correlated to lymphocyte counts in
blood, this may be because T cell apoptosis usually requires
a two-step mechanism [35]. Inhibition of cell apoptosis has
recently been shown to improve survival of septic animals
[37]. Taken together, this suggests that inhibition of lympho-
cyte apoptosis could prevent lymphopenia in SARS. Whether
correction of lymphopenia would improve the outcome of
SARS may never be known.
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