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The coronavirus disease 2019 (COVID-19), infected by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has caused a severe outbreak throughout the world. The host immunity of COVID-19 patients is unknown.

The routine laboratory tests and host immunity in COVID-19 patients with different severity of illness were compared after
patient admission.
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increased in severe and extremely severe patients. The absolute numbers of CD4* T cells, CD8" T cells, and B cells were
gradually decreased with increased severity of illness. The activation markers such as HLA-DR and CD45RO expressed

on CD4* and CD8* T cells were increased in severe and extremely severe patients compared with mild patients. The
costimulatory molecule CD28 had opposite results. The percentage of natural Tregs was decreased in extremely severe

patients. The percentage of IFN-y—producing CD8* T cells was increased in both severe and extremely severe patients
compared with mild patients. The percentage of IFN-y—producing CD4* T cells was increased [...]
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BACKGROUND. The coronavirus disease 2019 (COVID-19), infected by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has caused a severe outbreak throughout the world. The
host immunity of COVID-19 patients is unknown.

METHODS. The routine laboratory tests and host immunity in COVID-19 patients with different
severity of illness were compared after patient admission.

RESULTS. A total of 65 SARS-CoV-2-positive patients were classified as having mild (n = 30), severe
(n = 20), and extremely severe (n = 15) illness. Many routine laboratory tests, such as ferritin, lactate
dehydrogenase, and D-dimer, were increased in severe and extremely severe patients. The absolute
numbers of CD4* T cells, CD8* T cells, and B cells were gradually decreased with increased severity
of illness. The activation markers such as HLA-DR and CD45R0 expressed on CD4* and CD8* T

cells were increased in severe and extremely severe patients compared with mild patients. The
costimulatory molecule CD28 had opposite results. The percentage of natural Tregs was decreased
in extremely severe patients. The percentage of IFN-y-producing CD8" T cells was increased in

both severe and extremely severe patients compared with mild patients. The percentage of IFN-y-
producing CD4* T cells was increased in extremely severe patients. IL-2R, IL-6, and IL-10 were all
increased in extremely severe patients. The activation of DC and B cells was decreased in extremely
severe patients.

CONCLUSION. The number and function of T cells are inconsistent in COVID-19 patients. The
hyperfunction of CD4* and CD8* T cells is associated with the pathogenesis of extremely severe
SARS-CoV-2 infection.

FUNDING. This work was funded by the National Mega Project on Major Infectious Disease
Prevention (2017ZX10103005-007) and the Fundamental Research Funds for the Central
Universities (2019kfyRCPY098).

Introduction
In December 2019, a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which can cause
severe respiratory infection in humans, was first reported and confirmed in Wuhan, China (1, 2). Very soon,
the virus has caused a severe outbreak in China and spread to most regions of the world (3-5). The disease
caused by SARS-CoV-2 has been recently named as the coronavirus disease 2019 (COVID-19) by the World
Health Organization. Most patients infected with SARS-CoV-2 have mild illness and present common symp-
toms such as fever, cough, and fatigue (6). A small number of infected patients progress to severe cases with
acute respiratory distress syndrome, and some infected patients with severe illness worsen in a short period
of time and die of multiple organ failure, especially in elderly patients with comorbidities (7). Up to now, the
differences in pathogenesis between mild and severe illness in COVID-19 patients is unknown.

The current studies focus on the genome sequences (1, 8), epidemiology and outbreak investigation
(9, 10), detection methods (11, 12), receptor recognition (13), and drug treatment of SARS-CoV-2 (14).
There are currently no studies comparing host immunity between patients with mild and severe illness.
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Table 1. The demographic and clinical characteristics of 65 patients with SARS-CoV-2 infection

Patients (n = 65)

Age (mean * SD), years 57.11+13.03
Sex
Male 37 (57%)
Female 28 (43%)
Signs and symptoms at admission
Fever 59 (91%)
Cough 50 (77%)
Shortness of breath 19 (29%)
Muscle ache 19 (29%)
Chest distress 13 (20%)
Diarrhea 11 (17%)
Headache 6 (9%)
Confusion 6 (9%)
Nausea and vomiting 4 (6%)
Chest pain 2 (3%)
More than 1sign or symptom 61(94%)
Severity grouping
Mild 30 (46%)
Severe 20 (31%)
Extremely severe 15 (23%)
Clinical outcome
Remained in hospital 59 (91%)
Died? 6 (9%)

Data are presented as numbers (%) unless otherwise indicated. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2. *All dead cases belong to extremely severe group.

One previous study showed that C-reactive protein (CRP) and IL-6 were increased in COVID-19
patients, whereas the number of lymphocytes was decreased (7). Another study found that infected
patients with severe illness had higher plasma level of cytokines such as IL-2, TNF-a, and IL-10 (6).
These studies indicated that the pathogenesis of SARS-CoV-2 infection is associated with the dysregu-
lation of host immunity.

The methods that can be used to predict the development of severe illness are of great value for treat-
ment and prognosis of SARS-CoV-2 infection. The establishment of these methods depends on an under-
standing of the pathogenesis of the disease. This can also help to design vaccine strategies and find new
treatment targets. In this study, we systematically investigated the clinical characteristics, routine laboratory
tests, and host immunity of COVID-19 patients with different severity of illness. Our results suggest that
the hyperfunction of both CD4* and CD8" T cells may lead to the development of extremely severe illness
in patients with SARS-CoV-2 infection.

Results

Enrolled patients. The demographic and clinical characteristics of COVID-19 patients are shown in Table 1.
A total of 65 COVID-19 patients with different severity of illness (mild, #» = 30; severe, n = 20; extremely
severe, n = 15) were recruited. The percentage of males was higher than females. Fever and cough were
the most common symptoms, and over 90% of patients had more than 1 symptom. Six patients died and
all belonged to the extremely severe group. The ages of severe patients (60.8 + 12.3) and extremely severe
patients (62 + 12.4) were significantly higher than mild patients (52.2 £ 12.4) (Table 2). The results of blood
routine, biochemistry, coagulation function, and infection biomarkers in different groups are shown in
Supplemental Table 1 (supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.137799DS1). The biomarkers that had significant differences among the 3 groups are shown in
Table 2. We observed that many indicators — such as leucocyte number, lymphocyte number, total protein,
total bilirubin, lactate dehydrogenase, urea nitrogen, D-dimer, CRP, and ferritin — had significant differ-
ences among the 3 groups, especially between the mild and extremely severe groups. Similarly, there were
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Table 2. Statistically significant biomarkers in COVID-19 patients with different severity of illness

Age, years

Blood routine

Leucocytes (1x 10°/L)
Increased
Decreased

Neutrophils (1x 10°/L)
Increased

Lymphocytes (1 x 10°/L)
Decreased

Blood biochemistry

Total protein (g/L)
Decreased

Albumin (g/L)
Decreased

Total bilirubin (umol/L)

y-Glutamyl transpeptidase (U/L)
Increased

Alkaline phosphatase (U/L)
Increased

Lactate dehydrogenase (U/L)
Increased

Blood urea nitrogen (mmol/L)
Increased
Decreased

Serum creatinine (umol/L)
Increased

Coagulation function

D-dimer (ug/mL)
Increased

Infection biomarkers

Procalcitonin (ng/mL)
Increased

C-reactive protein (mg/L)
Increased

Serum ferritin (ng/mL)
Increased

Mild (n = 30) Severe (n = 20) Extremely severe (n = 15)
52.2 (12.4) 60.8 (12.3)* 62 (12.4)*
5.2(2.4) 6.9(3.8) 8.7 (4.1)8

1(3%) 2 (10%) 7 (47%)

8 (27%) 2 (10%) 0
3.8(24) 5.7(3.7)" 7.7 (3.9)®

2 (7%) 8 (40%) 8 (53%)
0.9 (0.4) 0.8(0.4) 0.5(0.2)8¢
21(70%) 17 (85%) 14 (93%)
69.9 (5.2) 67.5 (7.4) 66.4 (6)*
4 (13%) 7 (35%) 8 (53%)
34.2 (5.7) 32.5(4.5) 30.6 (5.7)*
19 (63%) 13 (65%) 12 (80%)
8.5 (4.3) 9.5(2.4) 13.9 (6.1)¢°

57.5(81.2) 47.2 (41.8) 63.5 (46.7)"
9 (30%) 4 (20%) 9 (60%)
78.5 (42.3) 64.8 (23.3) 89.1(35.7)¢
3 (10%) 1(5%) 3 (20%)
305.6 (103.7) 4241 (162.6)° 542.5(220.9)8
26 (87%) 20 (100%) 15 (100%)
3.9(1.9) 5.8 (3.4)" 6.4(2.2)°

1(3%) 4 (20%) 5(33%)

4 (13%) 0 0
65.2 (21.4) 81.9 (28.1)* 69.4 (18.8)

2(7%) 4(20%) 1(7%)

1.6 (3) 4.7 (74) 6.9 (8.4)°
23 (77%) 16 (80%) 14 (94%)
0.1(0.4) 0.3 (0.6)° 0.8 (1.2)8¢
6 (20%) 13 (65%) 15 (100%)

53.6 (57.7) 91.8 (77.8)* 114.9 (62.5)°

30 (100%)
821.1(651.9)
29 (97%)

20 (100%)
1331 (1205)
19 (95%)

15 (100%)
1368 (638.8)°
15 (100%)

Data are n (%), mean (+ SD). Increased means over the upper limit of the normal range and decreased means below the lower limit of the normal range.
COVID-19, coronavirus disease 2019; M, mild; S, severe; E, extremely severe. #8°Mvs. S or M vs. E has statistical difference. S vs. E has statistical
difference. #‘P < 0.05; °P < 0.01; 8P < 0.001.
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more indicators, such as lymphocyte number, total protein, albumin, urea nitrogen, and D-dimer, in the
extremely severe group that were out of normal ranges. The normal ranges of laboratory tests are shown
in Supplemental Table 2.

T cell, B cell, and NK cell counts. The percentages of CD3* and CD4* T cells in extremely severe patients
were significantly lower than in mild patients. In contrast, the percentages of B cells and NK cells were rel-
atively increased in extremely severe patients. The absolute numbers of CD3* T cells, CD4* T cells, CD8" T
cells, and B cells were all gradually decreased with increased severity of illness, and these cells in extremely
severe patients were all significantly lower than in mild patients. The number of B cells in extremely severe
patients was also significantly lower than in severe patients (Figure 1).

T cell subset analysis. The expression of activation marker HLA-DR on both CD4* and CD8" T cells
was significantly increased in severe and extremely severe patients compared with mild patients, espe-
cially the increase of that on CD4" T cells in extremely severe patients (Figure 2, A and G). The expres-
sion of CD45R0O on CD4" T cells had a similar trend as HLA-DR (Figure 2, E and G). In contrast,
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Figure 1. TBNK lymphocyte counting. The percentages and absolute numbers of T cells, B cells, and NK cells, and the results of CD4/CD8 ratio in different
groups are shown in graphs (mean + SD). *P < 0.05, **P < 0.01, ***P < 0.001 (1-way ANOVA).
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the costimulatory molecule CD28 expressed on CD4* and CD8* T cells was decreased in severe and
extremely severe patients. CD28 expression on CD4* T cells in extremely severe patients was significant-
ly lower than in severe patients (Figure 2, B and G). Furthermore, the expression of PD-1 on both CD4*
and CD8" T cells was significantly increased in extremely severe patients compared with mild patients
(Figure 2, C and G). The expression of Tim-3 on CD4* and CD8" T cells also had an increased trend in
extremely severe patients, but no significant difference was found among the 3 groups (Figure 2, D and
G). Although the percentage of Tregs had no difference among the 3 groups, the percentage of natural
Tregs (CD45RA" Tregs) was significantly decreased in severe patients, especially in those with extremely
severe illness, when compared with mild patients (Figure 2, F and G).

Lymphocyte function analysis. The results of PMA/ionomycin-stimulated lymphocyte function were
approximately consistent with the results of phenotype analysis. In particularly, the percentage of IFN-y—
producing CD4" T cells in extremely severe patients was much higher than in both mild and severe
patients. The percentage of IFN-y—producing CD8" T cells in both severe and extremely severe patients
was significantly higher than in mild patients, but the percentage of IFN-y—producing CD8" T cells had
no difference between severe and extremely severe group. The percentage of IFN-y—producing NK cells
had no difference among the 3 groups (Figure 3, A and B). Although the percentages of IFN-y—producing
CD4* and CD8" T cells in severe and extremely severe patients were increased, the absolute numbers of
them had no difference among these 3 groups (Figure 3B). These data suggest that the increased IFN-y—
producing ability of T cells, especially the CD4" T cells, is associated with the pathogenesis of extremely
severe SARS-CoV-2 infection.

Cytokine profiles. There are no differences of IL-1B, IL-8, and TNF-a in COVID-19 patients with
different severity of illness. The level of IL-2 receptor (IL-2R) was gradually increased with increased
severity of illness but had no significant difference among the 3 groups. The levels of IL-6 and IL-10 were
also gradually increased with increased severity of illness, and the levels of IL-6 and IL-10 in extremely
severe patients were significantly higher than in mild patients (Figure 4).

DC and B cell subset analysis. Although the percentage of DC in lymphocytes had no difference in patients
with different severity of illness, the expression of CD86 on DC was significantly decreased in extremely severe
patients compared with mild patients (Figure 5, A and C). Similarly, the expression of CD86 on B cells had a
decreased trend in extremely severe patients, but no significant difference was found among these groups. The
percentage of memory B cells (CD27*CD19") had no difference among the 3 groups (Figure 5, B and C).

Discussion

SARS-CoV-2 infection has become an urgent public health challenge in China and throughout the world.
Most infected patients have mild illness and are recovered after 2—-3 weeks. However, once infected patients
progress to severe illness with acute respiratory distress syndrome, over 10% of them worsen in a short
period of time and die of multiple organ failure (7). As the pathogenesis of SARS-CoV-2 infection is
unknown, there is no standard treatment and most patients receive symptomatic treatment. Thus, a further
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Figure 2. The phenotypes and subsets of T cells. (A-E) FACS dot plots showing the expression of HLA-DR (A), CD28 (B), PD-1(C), Tim-3 (D) on CD4*
and CD8" T cells, and the expression of CD45RA and CD45R0 (E) on CD4* T cells in representative patients with different severity of illness. (F) FACS
dot plots showing the gating of Tregs, and the expression of CD45RA and CD45R0 on Tregs in representative patients with different severity of
illness. (G) The percentages of HLA-DR*, CD28*, PD-1*, and Tim-3" cells in CD4* or CD8* T cells, the percentage of CD45R0" cells in CD4* T cells, the
percentage of Tregs in lymphocytes, and the percentage of CD45RA* Tregs in lymphocytes in patients with different groups are shown in graphs
(mean £ SD). *P < 0.05, **P < 0.01, ***P < 0.001 (1-way ANOVA).
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understanding of the pathogenesis of the disease is urgently needed. The most important finding of this
study is that the hyperfunction of CD4* and CD8* T cells is associated with the pathogenesis of extremely
severe SARS-CoV-2 infection.

Previous study has found that some routine laboratory biomarkers are out of reference ranges and are
higher in more severe disease (6). In accordance with this study, we also found that some biomarkers such
as lactate dehydrogenase and D-dimer were higher in severe illness, but these biomarkers were not all spe-
cific to SARS-CoV-2. Similar to other viral infection, neutrophils and procalcitonin had no obvious change
in mild patients, while inflammatory biomarkers such as CRP and erythrocyte sedimentation rate were
increased. These data suggest that the pathogenesis of extremely severe SARS-CoV-2 infection is involved
with the disorder of inflammatory response.

T lymphocytes, especially CD8* cytotoxic T cells, are the most important immune cells to protect
against viral infection (15-17). One of the typical characteristics of SARS-CoV-2 infection is decreased
number of lymphocytes, which is in accordance with previous findings showing that the number of lym-
phocytes could be used as a reference index in the diagnosis of SARS-CoV-2 infection in the clinic (7).
We further found that both CD4* and CD8* T cells were gradually decreased with increased severity of
illness. The previous concept is that a substantial decrease in the total number of lymphocytes indicates
that SARS-CoV consumes immune cells and inhibits the body’s cellular immune function, and damage to
T lymphocytes might be an important factor leading to exacerbations of patients (18).

We also believe the function of lymphocytes in the final stage of COVID-19 patients is in the status of
inhibition, as exuberant inflammatory responses can promote T cell apoptosis. However, before this hap-
pened, we speculate that lymphocytes are in the status of hyperfunction. In the early stages of disease, the
migration of lymphocytes from blood to the lung may be the cause of lymphocyte deficiency in peripheral
blood, which is mediated by antigenic stimulation. The phenotype and function results of T cells support
the speculation. We found that activation marker HLA-DR was increased and that costimulatory mole-
cule CD28 was decreased in patients with severe illness, which suggests the activation of T cells in severe
patients. The expressions of PD-1 and Tim-3 on CD8" T cells were also increased in extremely severe
patients, which is in accordance with previous studies showing that PD-1 and Tim-3 can also be used as
markers of acute T cell activation (19-21). The lymphocyte function assay further demonstrated that the
IFN-y—producing ability of CD8* T cells was increased in severe patients. If the activation of CD8* T cells
cannot eliminate the virus, CD4" T cells will be activated to further increase immune responses. Thus,
we found that the IFN-y—producing ability of CD4* T cells was also remarkably increased in extremely
severe patients. We speculate that the hyperfunction of CD4* T cells will initiate macrophage activation
syndrome, which leads to cytokine storm in extremely severe patients.

The increased level of IL-2R supports the hyperfunction of CD4* T cells. The loss of natural Tregs
and increased level of IL-10 also support the hyperfunction of host immunity in extremely severe patients.
Regarding why older people have higher mortality after infection, one possible reason is that they have low
storage of lymphocytes, especially the CD8* T cells (22). As insufficient numbers of lymphocytes migrate
to infection sites, the host might compensatorily increase the function of CD4* T cells, which finally induc-
es the occurrence of cytokine storm. It also emphasizes that evaluation of host immunity plays an import-
ant role in the treatment of immune-related diseases.

We hypothesize that the host immunity in severe COVID-19 patients might have the following char-
acteristics. First, antigen presenting cells may be in the state of consumption. The number of B cells is
decreased, and the activation of DC and B cells is decreased. Second, the number and function of T cells
may be inconsistent. Although the numbers of CD4* and CD8" T cells are decreased, the IFN-y—producing
ability of both them is increased, especially the increased ability of CD4* T cells. The increase of IL-2R
supports the hyperfunction of CD4" T cells in the pathogenesis of extremely severe illness. Third, negative
immune regulation may be activated. The number of Tregs, especially the natural Tregs, is consumed.

https://doi.org/10.1172/jci.insight.137799 6
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Figure 3. The IFN-y-producing ability of CD4* T cells, CD8* T cells, and NK cells. PMA/ionomycin-stimulated lympho-
cyte function assay was performed in patients with different severity of illness. (A) FACS dot plots showing the produc-
ing of IFN-y in CD4* T cells, CD8* T cells, and NK cells in representative patients with different severity of illness after
stimulation. (B) The percentages of IFN-y* cells in CD4* T cells, CD8* T cells, and NK cells, and the absolute numbers of
IFN-y producing CD4* T cells, CD8* T cells, and NK cells are shown in graphs (mean + SD). ***P < 0.001 (1-way ANOVA).

The increase of IL-10 in extremely severe patients may support the activation of Tregs. However, the char-
acteristics of host immunity in extremely severe patients have not always been like this. Given that the
continuous and overwhelming inflammatory responses will finally induce the apoptosis of lymphocytes,
lymphocyte anergy will occur in the later stages of infection. Thus, the function of lymphocytes can be
completely different in different stages of infection. This could be the reason why the results of lymphocyte
function in our research are different from previous published results (17, 18).

Three limitations should be mentioned. First, the number of patients in this study is relatively
small. The results should be validated in another prospective study. Second, we only analyzed periph-
eral blood lymphocytes. A further analysis of lymphocytes from alveolar lavage fluid is needed. Third,
the expression of some immunological markers, such as CD28 and CD45RO0, is different in different
age stages (23). Therefore, continuously monitoring host immunity in the same patients is needed.
However, there was no significant difference in age between severe and extremely severe patients.

https://doi.org/10.1172/jci.insight.137799 7
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Figure 4. Cytokine profile analysis. The serum levels of IL-1B, IL-2R, IL-6, IL-8, IL-10, and TNF-a in different groups are shown in graphs (mean + SD).
*P < 0.05, **P < 0.01 (1-way ANOVA).

This study suggests that the hyperfunction of CD4* and CD8* T cells is associated with the pathogen-
esis of extremely severe SARS-CoV-2 infection.

Methods

Patients. This study was carried out in January 2020 at Tongji Hospital (Wuhan, China). The suspected
patients who had typical clinical symptoms (fever, cough, or shortness of breath) and radiological charac-
teristics (unilateral pneumonia, bilateral pneumonia, or ground-glass opacity) were admitted to the fever
ward of Tongji Hospital. Then, the patients with positive SARS-CoV-2 real-time RT-PCR results aged
18-80 years were continuously recruited.

The routine laboratory tests including blood routine, biochemistry, coagulation function, and infection
biomarkers (procalcitonin, erythrocyte sedimentation rate, ferritin, CRP) were performed in each patient
after patient admission. The host immunity was simultaneously evaluated by analysis of TBNK lympho-
cyte number; PMA/ionomycin-stimulated lymphocyte function; T cell, B cell, and DC subsets; and cyto-
kine profiles, as described in Methods. The treatment of patients was mainly based on symptomatic treat-
ment, as there is currently no effective antiviral therapy for SARS-CoV-2. The demographic and clinical
information, laboratory results, and outcome data were finally collected from electronic medical records.

Grouping criteria. The COVID-19 patients with different severity of illness were classified into 3 groups
according to the guideline of diagnosis and treatment for SARS-CoV-2 pneumonia made by the Chinese
National Health Commission as follows: (a) mild illness, in which the patients had typical symptoms and
radiological findings; (b) severe illness, in which the patients met one of the following criteria: respiratory
distress (respiration rate = 30 times/min), oxygen saturation (SpO2) < 93% in the resting state, and arte-
rial partial pressure of O, and the fraction of inspired oxygen (PaO,/FiO,) ratio < 300 mmHg; and (c)
extremely severe illness, in which the patients met 1 of the following criteria: respiratory failure requiring
mechanical ventilation, shock, and organ failure needing intensive care unit (ICU) treatment. The classi-
fication of patients was performed by 2 clinicians: one was from Department of Respiratory and Critical
Care Medicine, and the other was from ICU.

Real time RT-PCR. Throat-swab specimens from the upper respiratory tract that were obtained
from patients at admission were maintained in viral-transport medium. SARS-CoV-2 was confirmed
by using TagMan One-Step RT-PCR Kits from Shanghai Huirui Biotechnology Co. Ltd and Shanghai
BioGerm Medical Biotechnology Co. Ltd, both of which have been approved by the China Food and
Drug Administration. Briefly, RNA was extracted from clinical samples. A total of 5 pL. of RNA was
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Figure 5. DC and B cell subsets. (A) FACS dot plots showing the gating of DC and the expression of CD86 on DC in representative patients with differ-
ent severity of illness. (B) FACS dot plots showing the expression of CD27 and CD86 on CD19* B cells in representative patients with different severity
of illness. (C) The percentages of DC in lymphocytes, CD86* cells in DC, and CD27* and CD86* cells in B cells in different groups are shown in graphs
(mean + SD). *P < 0.05 (1-way ANOVA).

used for real-time RT-PCR, which targeted the ORFlab and N gene. Real-time RT-PCR was performed
using the following conditions: 50°C for 15 minutes and 95°C for 5 minutes, 45 cycles of amplification
at 95°C for 10 seconds, and 55°C for 45 seconds. The positive SARS-CoV-2 real-time RT-PCR result
was defined if both ORF1ab and nucleoprotein cycle thresholds were < 35.

Flow cytometry analysis. Heparinized peripheral blood was collected from study participants. Fluores-
cence-labeled mAbs were added to label surface markers on stimulated or unstimulated cells. For labeling
intracellular antigens, the cells were fixed and permeabilized with Fixation/Permeabilization Buffer (BD
Biosciences) and then stained with mAbs. Isotype controls with irrelevant specificities were included as
negative controls. The cell pellets were finally analyzed with FACSCanto flow cytometer (BD Biosciences).

TBNK lymphocyte counting. The percentages and absolute numbers of CD4* T cells, CD8" T cells, B
cells, and NK cells were determined by using TruCOUNT tubes and BD Multitest 6-color TBNK Reagent
Kit (BD Biosciences) according to the manufacturer’s instructions. In brief, 50 uL. of whole blood was
labeled with 6-color TBNK Ab cocktail for 15 minutes in room temperature. After adding 450 uL of FACS
lysing solution, samples were analyzed with FACSCanto flow cytometer using FACSCanto clinical soft-
ware (BD Biosciences).

T cell subsets. The following mAbs were added to 100 pL of whole blood: anti-CD45 (catalog
652803), anti-CD3 (catalog 663490), anti-CD4 (catalog 560345), anti-CD8 (catalog 335822), anti-
CD28 (catalog 662797), anti-HLA-DR (catalog 652809), anti-CD45RA (catalog 662840), anti-
CD45R0O (catalog 663530), anti-CD25 (catalog 662525), anti-CD127 (catalog 560822), anti—-PD-1
(catalog 557860), and anti—-Tim-3 (catalog 565558) (all from BD Biosciences). Different T cell subsets
were defined as following: costimulatory molecule (CD28*CD4* or CD28*CD8" T cells), activated T
cells (HLA-DR*CD4" or HLA-DR*CDS8* T cells), naive/memory CD4* T cells (CD45RA*/CD45RO*
CD4* T cells), Tregs (CD25MCD127°CD4* T cells), and natural Tregs (CD45RA* Tregs). PD-1 and
Tim-3 were also used as activation markers of T cells. Gating strategies of T cell subsets are shown in
Supplemental Figure 1, A, B, and F.
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B cell subsets. The following mAbs were added to 100 uL. of whole blood: anti-CD45 (catalog 662912),
anti-CD19 (catalog 341113), anti-CD27 (catalog 662839), and anti-CD86 (catalog 555660) (all from BD Bio-
sciences). Different B cell subsets were defined as following: memory B cells (CD27*CD19* cells) and acti-
vated B cells (CD86*CD19* cells). Gating strategies of B cell subsets are shown in Supplemental Figure 1E.

DC subsets. The following mAbs were added to 100 pL of whole blood: anti-CD45 (catalog 652803),
anti-CD3 (catalog 663490), anti-CD19 (catalog 349209), anti-CD14 (catalog 564054), anti-CD56 (catalog
663487), anti-HLA-DR (catalog 652827), and anti-CD86 (catalog 555660) (all from BD Biosciences). The
percentage of CD3-CD19-CD14 CD56 HLA-DR" cells in CD45* lymphocytes was defined as the percent-
age of DC. The expression of CD86 on DC was defined as activated DC. Gating strategies of DC subsets
are shown in Supplemental Figure 1D.

Lymphocyte function. PMA/ionomycin-stimulated lymphocyte function assay was performed as
described in our previous studies (22, 24). Briefly, 100 uL of whole blood was diluted with 400 pL of
IMDM medium and stimulated with Leukocyte Activation Cocktail (containing PMA, ionomycin and
brefeldin A, BD GolgiPlug) for 4 hours. The cells were labeled with mAbs (anti-CD45, anti-CD3, anti-
CD4, anti-CD8§, and anti-CD56) and then were fixed and permeabilized. The cells were stained with intra-
cellular anti-IFN-y (catalog 554702) Ab and were analyzed with flow cytometry. Gating strategies of lym-
phocyte function assay are shown in Supplemental Figure 1C.

Cytokine profile analysis. Serum samples were collected from study participants. The levels of IL-1p,
IL-2R, IL-8, IL-10, and TNF-a in serum were measured according to an automatic procedure of a sol-
id-phase 2-site chemiluminescent immunometric assay via IMMULITE 1000 Analyzer (Siemens). The
level of IL-6 was measured by the electrochemiluminescence method (Roche Diagnostics).

Statistics. The results are presented as mean + SD. Continuous variables were compared with 1-way
ANOVA. Statistical significance was determined as P < 0.05 (*P < 0.05, **P < 0.01, ***P < (0.001). Statis-
tical analyses were performed using SPSS version 19.0.

Study approval. This study was approved by the ethical committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology, Wuhan, China. All patients gave written
informed consent.
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