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Abstract

In this study, we found that 74 patients with severe acute respiratory syndrome (SARS) exhibited a rapid, dramatic decrease in numbers of

circulating myeloid and plasmacytoid dendritic cells (mDCs and pDCs) during the first 2 weeks of illness (5.3- and 28.4-fold reductions for

mDCs and pDCs compared with 25 healthy individuals, respectively), with slow return to normal cell numbers during convalescence (weeks

5–7 of illness on average). In addition, numbers of circulating CD4 and CD8 T cells exhibited milder reductions (2.1- and 1.8-fold at week 1)

and earlier return to normal at a mean of weeks 3 and 4, respectively. A significant inverse correlation was found between numbers of DC and

T-cell subsets and high-dose steroid treatment. Our novel findings thus suggest that the acute SARS-coronavirus infection probably

contributes to the initial reduction of DC and T-cell subsets in blood, and that high-dose steroid administration may subsequently exacerbate

and prolong low expression of the cell subsets. These findings will aid the framing of further studies of the immunopathogenesis of SARS.

D 2005 Elsevier Inc. All rights reserved.
Keywords: SARS; Myeloid dendritic cells; Plasmacytoid dendritic cells; Coronavirus; Steroid
Introduction

The worldwide outbreak of severe acute respiratory

syndrome (SARS) led to 8098 cases and 774 deaths in 26

countries during the first half year of 2003 [1]. Beijing, the

region most affected by the epidemic, reported 2521 cases

and 191 deaths [2]. Shortly after the description of this new

viral disease, a novel infectious coronavirus (SARS-CoV)

was identified as its pathogenic agent. Clinical observation

has revealed that hematological changes in peripheral blood

and acute lung injury are the major clinical characteristics of
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SARS. A marked lymphocytopenia occurred in most

patients during the acute phase of SARS, with CD4 and

CD8 T-cell subsets particularly affected, and the degree of

reduction of circulating T lymphocyte counts was found to

be associated with disease severity, indicating that host

immune functional changes are involved in the initiation

and progression of SARS [3–6]. Although acute lung injury

and hematological manifestations have been observed in

patients with SARS, the mechanisms underlying for patho-

genesis of SARS-CoV infection are not yet understood.

Dendritic cells (DCs) have been demonstrated to function

in orchestrating the immune response against invading

pathogens including bacteria, parasites, and viruses [7–9].

Although DCs include multiple subsets, human peripheral

blood DCs can be principally grouped into at least two

distinct subsets, myeloid dendritic cells (mDCs) and plas-

macytoid dendritic cells (pDCs), on the base of their
6 (2005) 225 – 235
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lineages and phenotypic and functional differences [8]. In

general, human mDCs are well-equipped to induce Th1

polarization via production of interleukin (IL)-12 or tumor

necrosis factor (TNF)-a when properly stimulated. pDCs are

characterized by their distinct capacity to produce large

amounts of type I IFN in response to virus [10,11].

However, the functions of each DC subset are flexible in

vivo and vary according to their state of activation and the

nature of the maturation stimuli given to DCs [12]. Recent

clinical studies by our and other laboratories have demon-

strated numerical decrease and functional impairment of

both mDC and pDC subsets in blood of patients with

chronic viral infections, resembling those caused by human

immunodeficiency virus (HIV) [13,14], hepatitis C virus

(HCV) [15], and hepatitis B virus (HBV) [16,17]. More-

over, pDC counts decrease in parallel with the progression

of HIV-related disorders [14]. Currently, whether DCs

participate in SARS is still unclear, since there is a paucity

of clinical data concerning DCs in patients with this

condition [18].

Early evidence suggested that the acute lung injury in

SARS patients is a characteristic pathological alteration that

may be induced by inflammatory and immune cells, as well

as the cytokines and chemokines they release [19]. Steroid

treatment is believed to play an immunosuppressive role and

to confer clinical benefits in the treatment of SARS, though

randomized clinical trials to support its clinical efficacy are

not available. To investigate the role of DCs in the immune

pathogenesis of SARS-CoV infection and the effect of

steroids on DCs in SARS patients, we serially examined

circulating mDC and pDC subsets, as well as CD4 and CD8

T cells in 74 SARS patients who received steroid treatment.

In addition, we screened the expression of SARS-CoV

receptor angiotensin-converting enzyme 2 (ACE2) on both

peripheral DC and lymphocyte populations, and examined

associations between DC number and specific antibody

generation.
Materials and methods

Subjects and samples

Seventy-four patients with SARS enrolled in this study

were all hospitalized in our unit from March 5th to July 31st

of 2003. Clinical diagnoses were made on the basis of the

Interim Standard for Clinical Diagnosis of Infectious

Atypical Pneumonia issued by the Office of the Chinese

Ministry of Health on 4 May 2003, and met the case

definitions of SARS recommended by World Health

Organization (WHO) [20]. Among these patients, thirty-

one are males and forty-three are females. Five patients died

from the disease. Average age of patients was 34.6 T 13.4

years old. All patients had a high fever (�38) before

receiving steroid treatment, and all had mild or severe

progressive consolidation change on serial chest radiographs
in one or both sides of lungs during the first week of illness.

Pneumonia severity was marked as mean chest radiograph

score calculated on the basis of average percentage of area

manifesting the ground glass opacification, consolidation, or

nodular shadow in each lung with a maximal score of 10

(equivalent to 100% area involved). The overall chest

radiographic score was the summation of scores from both

lungs, with a total score of 20 [21].

Heparinized fresh peripheral blood samples were

obtained from the patients weekly if possible. There were

260 blood samples in total availably used for examination of

DC and T-cell subsets in our study. Most of the patients

began to receive the analyses of peripheral DCs and T-cell

subsets at 3.8 T 2.2 days since the disease onset. Twenty-

five blood samples from healthy donors were recruited as

controls. Plasma samples were isolated from the peripheral

blood through centrifugation and stored at �70-C for

detection of SARS-CoV RNA, cytokines, and specific

antibody. The study protocol was approved by the Ethics

Committee of our unit, and written informed consent was

obtained from each subject.

Treatment protocol of steroids

All patients received ribavirin and steroid combination

therapy. Therapeutic dose of methylprednisolone includes

�40 mg/day, 80–160 mg/day, or �240 mg/day (intra-

venously once a day) based on the clinical manifestation,

radiograph deterioration, PO2 decrease, high fever, and

ventilation of patients. The timing to commence cortico-

steroid and ribavirin therapy varied for each individual

patient. Except for 16 patients, steroid treatment was started

at the first week after the onset of their illness. The total

dose of steroid administration each day was divided twice

daily, through i.v. In addition, when SARS individuals had

no fever and dyspnea, and the chest radiography was greatly

improved, the dose of steroid was gradually reduced and

finally withdrew if possible.

Quantification of peripheral DC and T-cell subsets

For analysis of DC subsets, heparinized fresh peripheral

blood were added into 4 tubes, all incubated with a mixed

lineage cocktail of fluorescein isothiocyanate (FITC)-con-

jugated monoclonal antibodies (mAbs) (including CD3,

CD14, CD16, CD19, CD20, and CD56 mAbs) and PerCP-

conjugated anti-HLA-DR mAb. Phycoerythrein (PE)-con-

jugated mAbs against CD11c, CD123, or the isotypes (BD

PharMingen, San Diego, CA) were separately added into

each tube. The tubes were incubated for 20 min at 4-C.
Afterwards, 2 ml of FACSi lysing solution (BD PharMin-

gen) was added and samples were incubated at room

temperature for 10 min in the dark. After having been

washed twice with PBS, cells were fixed in 1% of

paraformaldehyde and three-color flow cytometric analysis

was performed using FACSCalibur (Becton Dickinson, San
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Jose, CA). Circulating mDCs were defined as lineage�

HLA-DR+CD11c+, and pDCs was defined as lineage�

HLA-DR+CD123+ (Fig. 1). The percentage and absolute

numbers of mDCs and pDCs were calculated on the basis of

total peripheral lymphocyte and monocyte absolute counts,

as determined by an automated differential blood count.

CD4 and CD8 T cells were analyzed with a SimultestTM

IMK-Lymphocyte kit (BD Biosciences, San Jose, CA). In

brief, heparinized fresh peripheral blood cells were sepa-

rately incubated with mAbs of FITC-conjugated anti-CD45

and PE-conjugated anti-CD14, or FITC-conjugated anti-

CD3 and PE-conjugated anti-CD4 or anti-CD8. The

incubation was kept for 20 min at 4-C, followed by lysis

of red blood cells, washing and fixation of staining cells as

mentioned above. Lymphocyte population gating was

performed according to the manufacturer’s instructions.

Screening ACE2 expression on the DC and T lymphocytes

Peripheral blood mononuclear cells (PBMC) were

incubated with optimal biotinylated goat-anti-human ACE-

2 ectodomain antibody (R&D, Minneapolis, MN) at room

temperature for 1 h. After washing twice with PBS, cells

were divided into separate tubes, individually incubated

with PE- or FITC-conjugated mAbs of CD3, CD4, CD8,
Fig. 1. Identification of myeloid and plasmacytoid dendritic cells (mDCs and pD

(PBMC) were gated from total peripheral leukocytes based on their fo

(CD3�CD14�CD16�CD19�CD20�CD56�) cells (R2) from PBMC were iden

CD123+ subpopulation (R4), respectively.
CD16, CD56 (BD PharMingen), and BDCA1 (CD1c) or

BDCA2 (CD303) (Miltenyi Biotec, Gladbach, Germany)

together with complementary FITC- or PE-conjugated

streptavidin (R&D) at 4-C for 30 min in the dark.

Afterwards, cells were washed and fixed for analysis

as aforementioned. Vero E6 and Hela cells were used

for positive and negative controls for ACE2 staining,

respectively.

Detection of SARS-CoV RNA in plasma

The method, as employed in our previous study, is based

on publication with modification [22–24]. In brief, RNA

was extracted directly from plasma using the QIAamp Viral

RNA Mini Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s instruction. The viral RNA was amplified

through nested reverse-transcription polymerase chain reac-

tion (RT-PCR), using two pairs of primers (outer sense/

antisense primers: 5V-ATGAATTACCAAGTCAATGGT-
TAC-3V/5V-CATAACCAGTCGGTACAGCTA-3V; inner

sense/antisense primers: 5V-GAAGCTATTCGTCACGT-
TCG-3V/CTGTAGAAAATCCTAGCTGGAG-3V). The prod-
ucts were analyzed by electrophoresis in 2.5% agarose gel

containing 0.5 Ag/ml of ethidium bromide. The viral

sequence was confirmed by DNA sequence analysis.
Cs) by flow cytometric analysis. Fresh peripheral blood mononuclear cells

rward and side scatter (R1). PerCP-HLA-DR+ and FITC-lineage�

tified as mDCs for PE-CD11c+ subpopulation (R3) and pDCs for PE-
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Detection of anti-SARS-CoV antibody

Plasma anti-SARS-CoV IgG antibody was detected

according to the instruction of commercially available

enzyme-linked immunosorbent assay (ELISA) kit (Huada-

Jibiai Biotech, Beijing). Indirect assay was employed by the

kit using culture-obtained SARS-CoVantigen for the capture

of antibody. OD value �0.105 was judged as positive.

Statistical analysis

All data were analyzed using SPSS software (SPSS Inc.,

Chicago, Illinois). Statistical significance of difference

between the 2 groups was determined by applying an

unpaired Student’s t test. Spearman correlation analysis was

performed between numbers of the DC or T-cell subsets and

steroid dosage administrated 1 day before sampling. P value

of less than 0.05 is considered as a significant difference.
Fig. 2. Dynamic changes in circulating mDCs and pDCs, CD4 and CD8 T

cells in patients with severe acute respiratory syndrome. The profiles

represent changes in absolute number of mDCs and pDCs (A), CD4 T and

CD8 T cells (B) in 74 hospitalized patients. *P < 0.01, P < 0.05 as

compared with 25 healthy controls; Mean values in peripheral blood of

healthy controls are 11.9 T 2.5/Al for mDCs (A, horizontal solid line), 8.8 T
4.7/Al for pDCs (A, horizontal dashed line), 664.2 T 300.8/Al for CD4 T (B,

horizontal solid line), and 532.6 T 275.4/Al for CD8 T cells (B, horizontal

dashed line), respectively. n indicates the number of SARS patients

examined each week. Values are expressed as means with standard

deviations.
Results

Dynamic changes in circulating DC and T-cell subsets in

SARS patients

A combination of several markers was used to define

mDCs (lineage�, HLA�DR+, and CD11c+) and pDCs

(lineage�, CD11c�, HLA�DR+, and CD123+) in blood

[8,9], as shown in Fig. 1. Mean numbers of peripheral

mDCs and pDCs in SARS patients were significantly

reduced at week 1 (patients vs. healthy controls, 4.94 T
5.0/Al vs. 11.9 T 2.5/Al for mDCs, P < 0.01; and 3.14 T 2.84/
Al vs. 8.8 T 4.7/Al for pDCs, P < 0.01), and rapidly

decreased to minimum levels at week 2 of illness (2.24 T
4.38/Al and 0.31 T 0.59/Al for mDCs and pDCs, respec-

tively). At this point, the reduction was 5.3-fold for mDCs

and 28.4-fold for pDCs compared with healthy controls.

Numbers of both mDCs and pDCs then gradually increased

and reached normal levels at a mean of week 6 for mDCs

and week 7 for pDCs after the onset of illness, respectively

(Fig. 2A). In addition, prolongation of the period with

decreased number of DCs was observed in some SARS

patients with critical status continuing to weeks 7–10 of

illness. In our units, there were 16 patients not receiving

steroid treatment in the first week of illness, who also

exhibited decreased numbers of circulating mDCs (7.5 T
3.3/Al vs. 11.9 T 2.5/Al, P < 0.01) and pDCs (5.7 T 3.1/Al vs.
8.8 T 4.7/Al, P < 0.05, respectively) compared with healthy

controls, but higher amounts of both mDCs and pDCs than

the patients with steroid treatment (Fig. 3A).

Although SARS patients had similar peripheral leukocyte

counts, but with a broader range of variation (7.52 T 5.32 �
109/l) compared with healthy controls (6.06 T 1.57 � 109/l)

in the first week of illness, lymphocytopenia was observed

in all of them at that time, and in 44 cases lymphocyte count

was less than 40% of average level of the healthy controls.
Mean numbers of circulating CD4 and CD8 T cells in

patients were 309.8 T 110.2/Al and 302.8 T 126.4/Al,
respectively, at week 1 of illness, with 2.1- and 1.8-fold

reductions, respectively, compared with healthy controls

(664.2 T 300.8/Al for CD4 T cells and 532.6 T 275.4/Al for
CD8 T cells). Afterwards, numbers of both CD4 and CD8 T

cells progressively increased to reach normal levels by week

3 and week 4 of illness, respectively (Fig. 2B). For the16

patients not receiving steroid treatment in the first week of

illness, CD4 T cells (321.6 T 116/Al vs. 664.2 T 300.8/Al,
P < 0.05) and CD8 Tcells (316 T 108.9/Al vs. 532.6 T 275.4/
Al, P < 0.05) were also significantly lower compared with

healthy controls. In addition, though the patients with steroid

therapy exhibited slight lower amounts of T-cell subsets that

those without steroid therapy, there was no difference

between the two groups (Fig. 3B).

Reductions of amounts of mDCs and pDCs inversely

correlated with steroid administration

To evaluate the effect of steroid treatment on circulating

DC and T-cell subsets, patients were categorized into three



Fig. 3. Comparisons of amounts of peripheral DC subsets (A) and T-cell

subsets (B) between the healthy controls (yellow column) and SARS

patients with (blue column) and without steroid treatment (red column). n

indicates the number of SARS patients examined. Values are expressed as

means with standard deviations. *P < 0.05, **P < 0.01.
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groups based on doses of steroid treatment regimens (�40

mg/day, 80–160 mg/day, or �240 mg/day). Peripheral

mDCs, pDCs, CD4, and CD8 T-cell numbers were

monitored weekly for each individual. Considering the

delay in effect of steroids, the dose administered 1 day

before sampling was used in analysis. As shown in Fig. 4,

steroid administration was inversely correlated with abso-

lute numbers of both circulating DC and T-cell subsets. In

general, patients in the group receiving higher doses of

steroid had lower numbers of circulating mDCs, pDCs,

CD4, and CD8 T cells and slower restoration of cell

numbers to normal levels than patients in the group

receiving lower doses of steroid. A significant inverse

correlation between steroid dosage and numbers of cells in

DC subsets was observed from week 2 after the onset of
illness. This correlation was sustained throughout the course

of steroid administration for the subjects examined. By

contrast, though a significant inverse correlation was also

observed between steroid dosage and numbers of CD4 and

CD8 T cells, the duration of decrease in numbers of cells in

T-cell subsets was shorter. In addition, no clear correlation

was observed between the changes in numbers of cells of

DC or T-cell subsets and ribavirin treatment in our study.

DC and T-cell subsets do not express surface ACE2

Cells stained with antibodies to ACE2 and specific CD

markers (see Materials and methods) were employed for flow

cytometric analysis. The screening results showed that, with

the exception of the positive control Vero E6 cells, all blood

cells tested including those of the DC and T-cell subsets were

negative for surface expression of ACE2 (data not shown).

Association of reduction of DC amount with generation of

anti-SARS-CoV antibody

In our study, 19 SARS patients were weekly monitored

for peripheral DC subsets and anti-SARS-IgG antibody

throughout the course of disease. To investigate whether the

dynamic changes in the DC subsets were associated with

antibody response, the 19 patients were artificially divided

into 2 groups: a DC-high group (n = 7) and a DC-low group

(n = 12) on the basis of the restoration of both mDC and

pDC numbers in the convalescent phase (week 5 to week 7).

Patients were assigned into the DC-high group if the

numbers of both mDCs and pDCs, at least, reached higher

than the mean value of the healthy controls during this

period. Otherwise, patients were assigned into the DC-low

group. In this way, both groups had similar DC counts over

the initial 4 weeks of illness, but the DC-high group had an

earlier increase and full restoration of DC numbers (Figs.

5A and B). As shown in Fig. 5C, the DC-high group had a

better IgG anti-SARS-CoV antibody response than the DC-

low group, suggesting that persistence of reduction of both

mDC and pDC subsets might have affected the generation

of the specific antibody in SARS-CoV infection, as

previously speculated [7,25].

Longitudinal observation of 6 representative individuals

with SARS

To determine profiles of DC and T-cell subset numbers,

clinical status, steroid and ribavirin administration, as well

as viral RNA and specific antibody status overall, we

selected 6 representative individual cases of SARS who

were examined for these parameters throughout the course

of SARS. As shown in Fig. 6, the administration of steroid

often can attenuate high fever and decrease the high body

temperature. Patient 1 had a normal body temperature on

day 8 because he had received the high-dose steroid

treatment (160–480 mg/day) since the 6th day of disease



Fig. 4. Comparison of circulating dendritic and T-cell numbers among patients receiving different doses of steroid (�40 mg/day, 80–160 mg/day, and �240

mg/day). The data are from 74 patients with SARS. Comparison was performed for numbers of circulating mDCs (A), pDCs (B), CD4 T cells (C), and CD8 T

cells (D) each week throughout the course of illness. The upper table indicates the numbers of SARS patients examined for different groups receiving a given

dose of steroid treatment (�40 mg/day, 80–160 mg/day, and �240 mg/day) each week. In the lower figure panel, values are expressed as means topped by

standard deviations. Spearman correlation analyses were performed between cell number and steroid dosage administered one day before sampling. The

coefficients (R) and P values ( P) are listed for each group in the panels underneath the figure.
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(time was showed in the first line in upper table). Patient 2

also received steroid therapy (80–160 mg/day) beginning

on second day of illness and had a normal body temperature

on the 5th day when very lower levels of mDCs and pDCs

were analyzed. Patient 5 had a similar condition like patients

1 and 2. Fig. 6 also displayed that SARS-CoV RNA and

specific antibody were detectable in plasma from all of these

patients (coexistence of viral RNA and antibody was

observed in patients 2 and 5). Five patients (1, 2, 3, 4,

and 5) were clinically in critical status and one case (patient

6) was in general (non-critical) status. Patient 1 (51 years

old, male) and patient 2 (73 years old, male) exhibited

extreme decrease in circulating numbers of the DC and T-

cell subsets throughout high-dose steroid treatment. Both
succumbed to SARS because of development of severe

immune suppression or impairment, which favored multiple

organ failure and development of aspergillosis, as previ-

ously reported [26]. Patients 3, 4, 5, and 6, who survived,

also had low peripheral cell expression when receiving

high-dose steroid treatment, but this change was reversible

during convalescent phase with reduction or suspension of

steroid administration.
Discussion

SARS is an acute self-limited disease. Its clinical

progression is mostly uniform, with a tri-phasic pattern,



Fig. 5. Analysis of association of myeloid dendritic cell subsets (mDCs or

pDCs) with specific antibody profiles. Patients with SARS were divided

into a DC-high group (n = 7) and DC-low group (n = 12) based on dynamic

changes in circulating DC subsets. In the convalescent phase of illness, the

DC-high group exhibited earlier increase and full restoration of cell number

than the DC-low group (A and B). Plasma IgG antibody against SARS-

CoV was monitored weekly as shown by the average optical density (OD)

for each group determined by ELISA (C). OD value �0.105 was

considered positive. Data are expressed as means topped by standard

deviations.
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which includes an active viral replication phase (1st–8th

day of illness), immune storm or lung damage phase (8th–

15th), and convalescent phase (roughly after the 16th day),

though these three phases probably overlap [3,27]. In our

study, longitudinal observation demonstrated for the first

time a rapid, dramatic decline and sustained period of low

levels of peripheral subsets of both mDCs and pDCs. We

simultaneously observed a significant but reversible

decrease in both CD4 and CD8 T-cell populations,

consistent with previous reports [4,5]. SARS is character-
ized by a peak in viral load in respiratory secretions around

the 10th day of illness, with subsequent decrease [27].

Our findings showed that peak reduction of DC subsets

often occurred around the 12th–15th day of disease and

partly overlapped with the lung damage phase. Since 16

patients with SARS were not administered steroid in week

1 of illness, the initial reduction of both DC and T-cell

subsets may have been due mainly to acute SARS-CoV

infection.

Previous reports suggested that SARS-CoV infection

probably induced mild immunosuppression, and that

immune function was further suppressed by high-dose

steroid treatment [26,28]. However, it is still unclear how

the human immune system is impaired in SARS infection.

Our findings showed amounts of DCs and T cells were

inversely correlated with intensity of high-dose steroid

treatment in SARS patients (Figs. 4 and 6), though our

data should be interpreted with caution (see below).

Notably, the DC subsets in blood exhibited significant

delay in restoration to normal number compared with

clinical recovery and resolution of pulmonary damage in

our study. In addition, our findings suggest that lower

counts of mDC and pDC subsets may be associated with

poor prognosis in some patients, as in a previous study of

low CD4 and CD8 lymphocyte counts [27]. It is likely that

use of steroid at high doses (�160 mg/day) over 2–3 weeks

further exacerbated and prolonged the decrease in numbers

of pDCs and mDCs in SARS patients. Therefore, long-term

use of high-dose steroid therapy is potentially risky,

especially for SARS patients in critical status who have

other conditions like diabetes and heart disease. Compared

with the mDCs and T-cell subsets, pDCs exhibited a greater

decrease and slower restoration of number, suggesting at a

minimum that circulating pDCs are likely to be more

sensitive to steroid administration, as described by Shodell

et al. [29,30]. In addition to direct effects of SARS-CoV

infection, the following mechanisms may have accounted

for the reduction of circulating mDCs, pDCs, and T-cell

subsets in SARS patients: (1) Steroid treatment may induce

apoptosis of activated T cells [31] and T-lymphocyte

movement out of the intravascular compartment [32]. In

particular, the decrease of DC subsets might have been

caused by preferential trafficking and recruitment of these

cells into the pathologically pulmonary tissue sites from

naturally circulating blood as reported in tuberculosis [33].

(2) Glucocorticoids may suppress differentiation and matu-

ration of DC subsets, induce their apoptosis and tissue

sequestration singly or together [34–37].

Some viruses may directly infect immunocytes and cause

impairment of the cell populations, as occurs in HCV

infection [38]. However, it is still unclear how SARS-CoV

impairs the human immune system in the pathogenesis of

SARS-CoV infection. SARS-CoV replication was observed

in PBMC [39], and mDCs are able to interact with S protein

and to bind virus [40]. Even though ACE2 is the functional

receptor for SARS-CoV [41], our findings further demon-



Fig. 6. Longitudinal observation of 6 representative SARS patients over the course of illness. For each of 6 patients with SARS, the upper table shows the

severity of pneumonia, detection of SARS coronavirus RNA, specific IgG antibody in plasma, and body temperature recorded on different days. The lower

figure shows dynamic alterations in numbers of circulating mDCs, pDCs, CD4, and CD8 T-cell subsets as well as the doses (each being represented by given

color) of steroid and ribavirin administered. y axis of DCs calibration is 0–3/Al for patient 1–3 and 0–30/Al for patient 3–6, respectively. The severity of

pneumonia is marked as mean chest radiograph score with a maximum score of 10 for pathology in each lung (a total score of 20 for pathology in both lungs)

according to Ho et al. [21]. Findings for each patient are detailed in Results.
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Fig. 6 (continued).

Z. Zhang et al. / Clinical Immunology 116 (2005) 225–235 233
strated lack of ACE2 expression on human DC subsets and

T lymphocytes, consistent with previous findings [42]. It is

thus unlikely that the decreases in numbers of circulating

DC and T-cell subsets in vivo are due to direct injury by

SARS-CoV infection of these cells through ACE2 mole-

cules. In addressing this issue, some investigators have

recently reported that SARS-CoV may infect macrophages

through cellular phagocytosis, and enter mDCs through viral

binding to surface DC-SIGN receptors [43] or other unclear

mechanisms since DCs rarely express DC-SIGN in vivo

[44]. Recent studies have shown that viral infection usually

induces the production of large amounts of IFN-a by pDCs,

as a host defense against virus [14,45]. However, we found

a significantly lower level of plasma IFN-a (161.09 T
132.69 pg/ml) in 85.7% patients in the acute phase of SARS

illness than in healthy controls (867.18 T 306.50 pg/ml)

[46]. This finding accords with the observed reduction of

pDC number, but the precise relationship between these

remains to be clarified.

In this study, we were unable to design a randomized

controlled investigation during an emergency associated

with a SARS outbreak. The limited availability of clinical

specimens restricted the sample size in some groups, and

functional analysis of mDCs and pDCs was insufficient. It is

thus difficult to conclude with certainty that the observed

reduction of DC subset numbers was entirely the result of

steroid treatment. On the other hand, our clinical observa-

tions indeed suggest that dose of steroid does impact

numbers of DC as well as T-cell subsets, since most of

the SARS patients, both those in non-critical and critical
status, exhibited further reduction of cell number soon after

receiving steroid therapy (Fig. 4).

Previous studies have reported that both mDC and pDC

subsets may affect the production of antibody [25,47,48]. In

this study, we observed the interesting finding that SARS

patients with faster restoration of mDC and pDC subsets in

peripheral blood had a better antibody response to SARS-

CoV than patients with slower restoration of mDC and pDC

subsets. However, this finding should be interpreted with

caution, since use of high-dose steroid was more common

in critical cases. Whether this finding is directly associated

with impairment of mDCs and pDCs remains to be

clarified.

In conclusion, we observed for the first time a dramatic

but reversible decrease in circulating subsets of mDCs and

pDCs in SARS patients. In addition, our findings suggest

that acute SARS-CoV infection may contribute to the rapid

initial reduction of both circulating mDCs and pDCs.

Subsequently, steroid administration, particularly at high

doses over weeks, probably exacerbated and prolonged the

decrease in numbers of DC subset as well as T-cell subsets.

These findings will be of use in framing further studies of

the immunopathogenesis of SARS.
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