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Although millions of patients have clinically recovered from COVID-19, little is known about the immune status of lymphocytes in
these individuals. In this study, the peripheral blood mononuclear cells of a clinically recovered (CR) cohort were comparatively
analyzed with those of an age- and sex-matched healthy donor cohort. We found that CD8™ T cells in the CR cohort had higher
numbers of effector T cells and effector memory T cells but lower Tc1 (IFN-y"), Tc2 (IL-4"), and Tc17 (IL-17A") cell frequencies.
The CD4" T cells of the CR cohort were decreased in frequency, especially the central memory T cell subset. Moreover, CD4" T
cells in the CR cohort showed lower programmed cell death protein 1 (PD-1) expression and had lower frequencies of Th1
(IFN-y "), Th2 (IL-47), Th17 (IL-17A"), and circulating follicular helper T (CXCR5"PD-1") cells. Accordingly, the proportion of
isotype-switched memory B cells (IgMCD20") among B cells in the CR cohort showed a significantly lower proportion, although
the level of the activation marker CD71 was elevated. For CD3 HLA-DR™ lymphocytes in the CR cohort, in addition to lower levels of
IFN-y, granzyme B and T-bet, the correlation between T-bet and IFN-y was not observed. Additionally, by taking into account the
number of days after discharge, all the phenotypes associated with reduced function did not show a tendency toward recovery within
4-11 weeks. The remarkable phenotypic alterations in lymphocytes in the CR cohort suggest that severe acute respiratory syndrome
coronavirus 2 infection profoundly affects lymphocytes and potentially results in dysfunction even after clinical recovery.
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Introduction

The worldwide pandemic of COVID-19 caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has be-
come a global threat to humans and society, although the epi-
demic subsided after control measures were taken in China. As
of January 12, 2021, there were >91 million confirmed infec-
tions globally, with ~2 million deaths and >65 million infected
individuals who had clinically recovered. Lymphocytes are criti-
cal for eliminating infection and for the establishment of long-
term immunity (Callaway, 2020; Corey et al., 2020; Leslie,
2020). However, lymphopenia was reported as a typical clinical
symptom in COVID-19 patients in addition to specific periph-
eral ground-glass opacity lung consolidation (GrifoNi et al.,
2020; Huang et al., 2020). A growing number of studies have
reported a decreased number and impaired function of CD4™" T,
CD8* T, and natural killer (NK) cells in COVID-19 patients, es-
pecially in severe cases (Chen et al., 2020; Giamarellos-
Bourboulis et al., 2020; MazzoNi et al., 2020; Qin et al., 2020;
Zhang et al., 2020). Although lymphocyte counts could gradu-
ally increase to the normal range in some patients after viral
clearance and clinical recovery (OuYang et al., 2020; Zheng
et al., 2020), the activation, differentiation, and function of
lymphocytes in individuals who have clinically recovered from
COVID-19 remain poorly understood. In a follow-up study of an
asymptomatic infected individual without lymphopenia, we
found that interferon-y (IFN-y)™ CD8" T cells and interleukin-
17A (IL-17A)* CD4™ T cells were still detected at remarkably re-
duced percentages even when the SARS-CoV-2 virus had be-
come undetectable for 3weeks (Yang et al., 2020). These
results indicate that SARS-CoV-2 may affect the immune system
over a longer period of time than previously thought. Despite
the large numbers of recovered individuals, there is a scarcity
of information on the composition, phenotype, and functional
potential of lymphocytes from these individuals. In this study,
we comprehensively investigated the phenotype and potential
function of lymphocytes from a COVID-19 clinically recovered
(CR) cohort recruited in Wuhan by comparative analysis of pe-
ripheral blood nonnuclear cells (PBMCs) from an age- and sex-
matched uninfected healthy donor (HD) cohort.

Results
Clinical evaluation of CR individuals

To investigate the immune response post SARS-CoV-2 infec-
tion in humans, we performed a cohort study in Wuhan
Jinyintan Hospital in April 2020. An HD cohort of 55 healthy
donors and a CR cohort of 55 subjects who had recovered from
COVID-19 were involved. In the CR cohort, there were only 2
patients (#30 and #32) with a history of severe COVID-19, and
the remaining 53 patients had a history of mild to moderate
COVID-19. The disease duration from symptom onset to dis-
charge was 13-60 days, and the median and average durations
were 30 and 32 days, respectively. On the day of blood collec-
tion, which was performed on average 45.22 days post dis-
charge, all CR subjects showed a normal oxygen saturation of

at least 95% by clinical examination. The majority of CR individ-
uals had not presented symptoms in the past 2 weeks, except
for four individuals who had experienced shortness of breath,
six who had experienced cough, three who had experienced ex-
pectoration, and one individual who had required supplemen-
tal oxygen (Supplementary Table S1).

The frequencies of CD8* T cells, B cells, and CD3~ HLA-DR™
cells but not CD4™ T cells showed normal levels in CR
individuals

All 55 CR individuals had normal total lymphocyte counts
(normal range: 1.0 x 10%-3.2 x 10%/ml), except for one individ-
ual who showed remarkable lymphopenia (0.64 x 10%/ml)
(Supplementary Table S1). Lymphocyte populations, including
CD8" T cells, CD4™ T cells, CD37CD19" B cells, and the non-T
non-B CD3 HLA-DR™ subset, were analyzed (Figure 1A). To our
surprise, the percentage of CD4™ T cells in the lymphocytes of
the CR cohort was significantly lower than that in the lympho-
cytes of the HD cohort, although the percentage of CD8* T
cells, B cells, or CD37HLA-DR™ cells in the lymphocytes of the
CR cohort was comparable to that of the HD cohort (Figure 1B).
We then assayed and analyzed the differentiation, activation,
proliferation, and functional potential of the four lymphocyte
subsets individually.

Remarkable reduction in the Tc1, Tc2, and Tc17 subsets of
CD8™ T cells in the CR cohort

In the context of CD8™ T cells, the frequencies of both effec-
tor T cells (CD45RO™CD277, Teff) and effector memory T cells
(CD45R0"CD27, Tem) in the CR cohort were significantly
higher than those in the HD cohort, while the frequencies of
naive T cells (CD45R0~CD27™, Tna) and central memory T cells
(CD45R0"CD27™, Tecm) in the CR cohort were lower than those
in the HD cohort (Figure 2A). The results above indicated that
significant differentiation occurred for CD8™ T cells post SARS-
CoV-2 infection. In terms of activation, the expression of hu-
man leukocyte antigen receptor (HLA-DR) and programmed cell
death protein 1 (PD-1) on CD8" T cells in the CR cohort was
similar to that on CD8™ T cells in the HD cohort (Figure 2B;
Supplementary Figure S1A and B), although slightly higher pro-
liferation activity was indicated by the presence of Ki-677 cells
in the Tcm subsets (Figure 2C; Supplementary Figure S1C).
Then, the functions of CD8" T cells were analyzed under poly-
clonal stimulation. Intriguingly, although the frequencies of
IL-2* and granzyme B (GZMB)™ CD8™ T cells showed no differ-
ence between the CR and HD cohorts (Figure 2D), the frequency
of IFN-y™ CD8' T cells (Tc1) in the CR cohort was notably
reduced compared to that in the HD cohort. However, T-bet
expression on CD8™ T cells in the CR cohort was not reduced,
and the correlation between T-bet™ and IFN-y* cells was still
observed (Figure 2E). Further analysis showed that the propor-
tions of IFN-y"IL-2™ cells and IFN-y"GZMB ™ cells in CD8™ T cells
in the CR cohort significantly reduced, while the percentage of
IFN-y~"GZMB™ CD8" T cells remarkably increased compared to
that in the HD cohort (Figure 2F). In addition, both the
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Figure 1 CD8™ T cells, CD4™ T cells, B cells, and CD3 HLA-DR™ lymphocytes in peripheral blood from the HDCR cohorts. (A) Gating strate-
gies used for CD8" T cells (CD3"CD4~CD8™), CD4™ T cells (CD37CD8CD4™), B cells (CD37CD19 HLA-DR™), and CD3 HLA-DR™ lympho-
cytes (CD3 HLA-DR™) in PBMCs. (B) Frequencies of CD8' T cells, CD4™ T cells, B cells, and CD3 HLA-DR™ lymphocytes among total
lymphocytes in the HD and CR cohorts. Data on the CD8" T cells, CD4™ T cells, and CD3 HLA-DR™ lymphocytes were obtained from 55
healthy donors and 55 COVID-19 recovered individuals. Data on the B cells were obtained from 55 healthy donors and 36 COVID-19 recov-

ered individuals. ns, nonsignificant; *P < 0.05.

frequencies of IL-4" CD8™" T cells (Tc2) and IL-17A" CD8™ T cells
(Tc17) in the CR cohort were significantly reduced (Figure 2G
and H). Moreover, the frequencies of Tc1, Tc2, and Tc17 cells in
the CR cohort were consistently different from those in the HD
cohort and showed no tendency to recover with the increase in
the number of days post clinical discharge from 4 to 11 weeks
of clinical recovery (Supplementary Figure S6A-C). The data
suggested the remarkable functional repression of CD8* T cells
in the CR cohort, although their activation, proliferation, and
differentiation might be normal.

Significant reductions in the Tem, PD-1%, Th1, Th2, Th17, and
cTfh subsets of CD4* T cells in the CR cohort

In the context of CD4™ T cells, the frequencies of Teff, Tem,
or Tna cells in the CR cohort showed no change, but the

frequency of Tcm cells was remarkably reduced compared to
that in the HD cohort (Figure 3A). In terms of activation, the fre-
quencies of HLA-DR" CD4" T cells in the CR and HD cohorts
also showed no difference, although the frequency of HLA-DR*
CD4* Tna cells in the CR cohort was significantly reduced
(Figure 3B; Supplementary Figure S2A). However, the frequency
of PD-1" cells in all CD4™ T cell subsets was remarkably re-
duced in the CR cohort (Figure 3B; Supplementary Figure S2B),
indicating the significant repression of CD4™ T cell activation in
the CR cohort. Proliferation, as indicated by Ki-67 expression,
showed no difference between the CR and HD cohorts
(Figure 30), although the frequency of Ki-67" cells in the Tcm
subset in the CR cohort was slightly higher (Supplementary
Figure S2C). Functional analysis under polyclonal stimulation
showed that the frequency of IFN-y* CD4™ T cells (Th1) in the
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Figure 2 Differentiation, activation, proliferation, and function of CD8" T cells in peripheral blood from the HD and CR cohorts. (A) Gating
strategy and the frequencies of Teff (CD45R0~CD277), Tem (CD45ROTCD277), Tcm (CD45R0TCD271), and Tna (CD45R0~CD27™) subsets
among CD8™ T cells in PBMCs. (B and C) Frequencies of HLA-DR™, PD-17, and Ki-67" CD8" T cells. To analyze the function of CD87 T cells,
PBMCs were stimulated with PMA/ionomycin for 4.5 h in the presence of BFA and monensin. (D—H) The production of IL-2 (D, left panel),
GZMB (D, right panel), IFN-y (E, left panel), IFN-y/IL-2, IFN-y/GZMB (F), IL-4 (G), and IL-17A (H) by CD8™" T cells were analyzed by intracellular
staining. T-bet™ cells among CD8™ T cells without stimulation (E, middle panel) and the correlation of T-bet™ with IFN-y™ (E, right panel) are
shown. Data were obtained from 55 healthy donors and 55 COVID-19 recovered individuals, except that data on IL-2 (D) and IFN-y/IL-2 (F)
were obtained from 55 healthy donors and 36 COVID-19 recovered individuals. ns, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001;

***P < 0.0001.

CR cohort was notably lower than that in the HD cohort
(Figure 3E, left panel), although the frequencies of IL-2" and
GZMB™ CD4™ T cells showed no difference between the CR and
HD cohorts (Figure 3D). Similar to that of CD8" T cells, the fre-
quency of T-bet™ CD4™ T cells in the CR cohort was not reduced,

and the correlation between T-bet™ and IFN-y* cells was still
observed (Figure 3E, middle and right panels). In more detail,
the proportions of IFN-y"IL-2* and IFN-y"GZMB~ CD4™ T cells
in the CR cohort were significantly reduced, but the proportion
of IFN-y"GZMB* CD4* T cells was remarkably increased
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Figure 3 Differentiation, activation, proliferation, and function of CD4* T cells in peripheral blood in the HD and CR cohorts.
(A) Frequencies of Teff (CD45R0~CD277), Tem (CD45R0TCD277), Tcm (CD45R0TCD27™1), and Tna (CD45R0O~CD27™) subsets among CD4™
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PBMCs were stimulated with PMA/ionomycin for 4.5h in the presence of BFA and monensin. (D-H and J) The production of IL-2
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HD and CR cohorts was analyzed by intracellular staining. T-bet" cells in CD4™" T cells without stimulation (E, middle panel) and the correla-
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(Figure 3F). In addition, the frequencies of IL-4" CD4™1 T cells
(Th2) and IL-17AT CD4™ T cells (Th17) in the CR cohort were
both reduced significantly (Figure 3G and H), indicating that
the functions of Th1, Th2, and Th17 cells were somehow
repressed.

Follicular helper T (Tfh) cells, which express CXCR5 as a
marker, are a specialized subset of CD4™ T cells necessary for
germinal centers and related B cell responses (Crotty, 2019).
The frequency of circulating Tfh cells (cTfhs, PD-17CXCR5™) in
the peripheral blood in the CR cohort was distinguishably lower
than that in the HD cohort, and the percentage of IL-21-
expressing CD4™ T cells in the CR cohort was also lower than
that in the CR cohort (Figure 31 and J). cTfhs can be further clas-
sified into three subsets with different capabilities: cTfh1
(CCR6 CXCR3™"), cTfh2 (CCR6 CXCR37), and cTfh17 cells
(CCR6TCXCR37) (Morita et al., 2011). The percentage of cTfh1
cells in the CR cohort was remarkably lower than that in the HD
cohort, whereas the relative proportions of ¢Tfh2 and cTfh17
cells in the CR cohort were correspondingly higher
(Supplementary Figure S3A). Similar to that in the whole CD4™
T population, activation, as indicated by inducible T cell costi-
mulator (ICOS) expression, and proliferation, as indicated by
Ki-67 expression, in the cTfh subset showed no differences
between the CR and HD cohorts (Supplementary Figure S3B
and C). Moreover, Th1, Th2, Th17, and cTfh cells in the CR co-
hort consistently deviated from those in the CR cohort and
showed no tendency to recover within 4—11 weeks post clinical
discharge (Supplementary Figure S6D-G).

In contrast to the Th effector subsets, the frequencies of reg-
ulatory T cells (Tregs, CD37CD8 CD4"CD127 CD25™") in the CR
and HD cohorts were not significantly different (Figure 3K). For
Treg  subsets, the frequency of activated Tregs
(CD45RA~FoxP3M, aTreg) in the CR cohort was not different
from that in the HD cohort, although resting Tregs
(CD45RAFoxP3', rTreg) in the CR cohort showed a slightly
lower frequency (Supplementary Figure S4A). cytotoxic T lym-
phocyte-associated antigen 4 (CTLA4) is one of the most impor-
tant coinhibitory molecules expressed by Tregs. As shown in
Supplementary Figure S4B, the frequencies of CTLA4™ Tregs
and rTregs in the CR cohort were similar to those in the HD co-
hort, except for CTLA4* aTregs, which showed a relatively lower
frequency in the CR cohort.

Significant reduction in IgM~ memory B cells in the CR cohort
The frequencies of B cell subsets, including plasmablasts
(CD277CD38M), naive B cells (CD277CD38'°), and memory B
cells (MBCs, CD27+CD38'"), were not different between the CR
and HD cohorts (Figure 4A). However, the percentage of
isotype-switched MBCs (IgM~CD20M) in the CR cohort was sig-
nificantly lower than that in the HD cohort (Figure 4B). More de-
tailed analysis of the B cell activation marker CD71 and the
costimulatory molecule 1COS ligand (ICOSL) was carried out.
The frequencies of CD71" cells among both IgM* MBCs and
IgM™ MBCs but not naive B cells in the CR cohort were higher
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Figure 4 Differentiation and activation of B cells in PBMCs and total
IgM and IgG in plasma in the HD and CR cohorts. (A-C) Phenotypic
analysis of B cells in PBMCs. (A) Gating strategy and the frequen-
cies of the naive B cell (CD38'°CD277), plasmablast
(cp38"icD277), and memory B cell (MBC, CD38'°CD27™) subsets in
B cells. (B) The frequencies of nonisotype-switched IgM* MBCs
(IgMTCD20") and isotype-switched IgM~ MBCs (IgM~CD20") in B
cells. (C) The frequencies of CD71" and ICOSLTIgM™ MBCs, IgM~
MBCs, and naive B cells. (D) Total IgM and IgG in plasma were
assayed by ELISA. A dilution of 1:25600 was used for IgM and
1:512000 for IgG. Data in A-C were obtained from 55 healthy
donors and 36 COVID-19 recovered individuals, while data in D
were obtained from 55 healthy donors and 55 COVID-19 recovered
individuals. ns, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.01.

than those in the HD cohort (Figure 4C). The frequencies of
ICOSL™ cells were similar among IgM™ MBCs, IgM~ MBCs, and
naive B cells in the HD and CR cohorts (Figure 4C). SARS-CoV-2
infection had an effect on isotype-switched MBCs that
appeared to be long lasting (Figure 4B) because MBCs in the
CR cohort were still in the process of active proliferation.

To further characterize the functional potential of B cells, total
IgM and IgG levels in plasma were assayed by ELISA. Preliminary
experiments were carried out by serial dilution of a small
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number of plasma samples to obtain the optimal dilutions.
Finally, a dilution of 1:25600 was used for IgM and of 1:512000
for IgG. As shown in Figure 4D, the total IgM level in the CR co-
hort was lower than that in the HD cohort, whereas the total I1gG
level in the CR cohort was higher than that in the HD cohort.

High potential for dysfunction of CD3~HLA-DR™ lymphocytes in
the CR cohort

Among CD3 HLA-DR™ lymphocytes in the CR cohort, the fre-
quency of Ki-67* cells was significantly lower than that in the
HD cohort (Figure 5A). Furthermore, under polyclonal stimula-
tion, the frequencies of GZMB™ and IFN-y*CD3 HLA-DR™ cells
in the CR cohort were both significantly lower than those in the
HD group (Figure 5B and C). Among CD3 HLA-DR™ cells, the
proportion of IFN-y"GZMB™ cells in the CR cohort was remark-
ably reduced, while the proportion of IFN-y”"GZMB™ cells was
markedly increased compared to that in the HD cohort
(Figure 5D). On the other hand, the frequency of T-bet-express-
ing cells among CD3 HLA-DR™ cells in the CR cohort was also
reduced. Furthermore, the correlation between T-bet™ and
IFN-y" disappeared in CD3 HLA-DR™ cells in the CR cohort,
whereas a good correlation was observed between them in the
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HD cohort (Figure 5E). Further analysis showed that ~85% of
cells in the CD3 HLA-DR™ population were CD561 NK cells in
both the CR and HD cohorts (Supplementary Figure S5A and B),
suggesting that the phenotypes of CD3 HLA-DR™ cells de-
scribed above were mostly ascribed to NK cells. Similar to that
of CD8" and CD4*' T cells, the IFN-producing potential of
CD3 HLA-DR™ lymphocytes in the CR cohort showed no ten-
dency toward recovery with an increase in the number of days
post clinical discharge (Supplementary Figure S6H).

Males were more vulnerable to potential dysfunction of CD8*
and CD3™HLA-DR™ lymphocytes

Sex has been reported to be a factor in COVID-19, with higher
numbers of cases, greater disease severity, and higher death
rates being observed among men than women across the life-
span (Gadi et al., 2020; Guan et al., 2020). Therefore, based on
sex, we reanalyzed the data that were significantly different be-
tween the two cohorts at the total cohort level. First, in both the
HD and CR cohorts, no significant difference existed between
females and males.

Among CD8™" T cells, unlike the analysis at the total cohort
level, the frequencies of Teff, Tem, Ki-677, and Tc2 cells in the
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female or male sub-CR cohort were not significantly different
from those in their counterparts in the HD cohort. Moreover, a
substantial increase in Tem cells and a significant decrease in
Tc17 cells in the CR cohort were only observed in females,
while a remarkable decrease in Tcl cells was found in males
alone (Figure 6A; Supplementary Figure S7A). For CD4™ T cells,
similar to the statistical results at the total cohort level,
decreases in the Tcm, Th17, IL-21-producing, and cTfh cell sub-
sets were also observed in the female or male sub-CR cohorts
compared with the respective subcohorts in the HD cohort.
However, unlike the results of the analysis at the total cohort
level, the frequency of Th2 cells in the female and male sub-CR
cohorts was not significantly different from that in their coun-
terparts in the HD cohort. Moreover, significant decreases in
the PD-1" and Th1 subsets were only observed in females in
the CR cohort (Figure 6B; Supplementary Figure S7B). For B
cells, unlike the results of the analysis at the total cohort level,
the frequencies of IgM~ MBCs, CD71F7IgM*™ MBCs, and
CD71%IgM~ MBCs in the female and male sub-CR cohorts were
not significantly different from those in their counterparts in
the HD cohort (Supplementary Figure S7C). Among CD3 HLA-
DR™ lymphocytes in the CR cohort, the frequencies of GZMB™
cells in female and male sub-CR cohorts were not significantly
different from that in their counterparts in the HD cohort.
Moreover, a significant decrease in Ki-67" cells was only ob-
served in females in the CR cohort, while a remarkable de-
crease in IFN-y-producing and T-bet™ cells was found in males
alone (Figure 6C; Supplementary Figure S7D).

Discussion

Upon SARS-CoV-2 infection, a comprehensive understanding
of the host immune response, the immunopathological charac-
teristics, and the immune protective effect in COVID-19
patients and recovered individuals is very important for devel-
oping effective therapeutic treatment and prophylactic vaccine.
Because of the critical role of T cells in defending against vi-
ruses, studies on specific T cell responses against SARS-CoV-2,
as performed previously (Sekine et al., 2020; Weiskopf et al.,
2020), are undoubtedly extremely important. Nevertheless, it is
also essential to characterize the changes in the general im-
mune response, including the immune phenotype and func-
tional potential of lymphocytes, over time (Mathew et al,
2020). In this study, we generated cross-sectional lymphocyte
response data from a COVID-19 CR cohort in Wuhan. By using
flow cytometry with different molecule marker sets, we gener-
ated an overview picture of the CD8" T, CD4" T, B, and
CD3 HLA-DR™ populations in terms of differentiation, prolifera-
tion, activation, and functional potential. In CR individuals, a
significant loss in CD4™ T cells was still observed after clinical
recovery. Specifically, the loss was reflected to a significant de-
gree in the decreased percentages of CD4" Tem cells in the
CD4™ T cell population (Figure 1B) of the CR cohort.

What is even more remarkable is that profoundly decreased
function was observed in almost all T cell subsets we tested
from the CR cohort, including Tc1, Tc2, Tc17, Thi, Th2, Th17,
and cTfh cells. The decrease in function was persistent even
11 weeks after the CR cohort had clinically recovered. This sug-
gests that COVID-19 patients experienced long-lasting repres-
sion of the function of both CD4" and CD8" T cells. The long-
lasting dysfunction of T lymphocytes is common in patients
infected by viruses that could induce chronic infection, such as
HIV and HCV, or cancer patients (Douek et al., 2002; Ahmed
et al., 2019; Hodgins et al., 2019) but is rarely reported in
patients infected by viruses that only induce acute infection,
except for the reported loss of Th17 cells in influenza-infected
individuals (Jiang et al., 2010). To the best of our knowledge,
there is currently no report regarding whether this kind of long-
lasting reduction in function occurs in patients infected with
the highly pathogenic coronavirus, Middle East respiratory syn-
drome coronavirus or SARS-CoV. Our findings in the present
study suggested that SARS-CoV-2 infection may uniquely affect
lymphocytes and maintain suppression of the functions of lym-
phocytes for a long time. The mechanism underlying specific
lymphocyte loss in COVID-19 patients warrants further
investigation.

In the present study, we observed a profound reduction in
CXCR5'PD-1" cTfhs in the CR cohort. Kuri-Cervantes et al.
(2020) and Mathew et al. (2020) both reported that the propor-
tions of cTfhs were similar in healthy donors, acute COVID-19
patients, and recovered individuals. The discrepancy in our
study compared with the other two studies might be due to, at
least in part, confounding demographic factors such as age,
sex, race, and the size of the cohorts. Moreover, Mathew et al.
(2020) also documented that the expression of CXCR5 was sig-
nificantly decreased on cTfhs from both COVID-19 patients and
recovered donors. Additionally, the loss of Bcl-6™ Tfh cells and
germinal centers and a striking reduction in Bcl-6* germinal
center B cells were found in the thoracic lymph nodes and
spleens of deceased COVID-19 patients (Duan et al.,, 2020;
Kaneko et al., 2020). Moreover, parallel peripheral blood stud-
ies revealed the loss of follicular B cells in severe disease,
which indicated the consistency of the lymphocyte response
between the draining lymph nodes and peripheral blood.
Together, these data identify defective Tfh cell generation in
COVID-19 patients and suggest the possibility of a decrease in
cTfhs, the circulating counterpart of Tfh cells, in peripheral
blood.

It should be noted that the frequencies of cTfhs were re-
duced significantly in the CR cohort compared to the HD cohort,
but the expression levels of both Ki-67 and ICOS in cTfhs in the
CR and HD cohorts were similar, suggesting that there was no
suppression of the proliferation and activation of cTfhs in the
CR cohort (Figure 3l; Supplementary Figure S3). This lack of
suppression is in line with the elevated activation indicated by
expression of CD71 in memory B cells in the CR cohort
(Weinstein et al., 2018). The lower frequency of IgM isotype-
switched MBCs in the CR cohort than in the HD cohort indicated
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that the induction of isotype switching in MBCs might be re-
pressed by SARS-CoV-2 infection. This repression of isotype
switching might be related to the reduced frequency of cTfhs,
which are critical for the differentiation and isotype switching
of germinal center B cells (Weinstein et al., 2018). In a recent
report on the antibody responses of individuals who recovered
from SARS-CoV-2 infection, SARS-CoV-2-specific antibody
responses rapidly waned within 8 weeks (Long et al., 2020). As
IgM~ isotype-switched MBCs are more responsive than IgM*
MBCs (Marasco et al., 2017), the decrease in IgM™ isotype-
switched MBCs might be one reason for the sharp decrease in
SARS-CoV-2-specific antibody responses. Moreover, the total

*, and IL-17A" CD8™" T cells in PBMCs. (B) Frequencies of
, and T-bet™ cells in CD3 HLA-DR™ lymphocytes. ns, nonsig-

IgM level in the CR cohort was less than that in the HD cohort
(Figure 4D), which indicated that SARS-CoV-2 also reduced the
production of nonspecific IgM.

We further found that the proportions of IFN-y~"GZMB™ cells
were significantly higher among CD4™ T cells, CD8™ T cells, and
CD3 HLA-DR™ lymphocytes in the CR cohort than among
those in the HD cohort, in contrast to the reduced proportions
of IFN-y* cells in the corresponding cell populations
(Figures 2E and F, 3E and F, and 5C and D). In the CD3 HLA-
DR™ cell population, the correlation between T-bet and IFN-y
disappeared in the CR cohort, whereas a good correlation was
observed in the HD cohort (Figure 5E). These data suggested



206 | Yangetal.

that perturbations were also observed in T cells and
CD37HLA-DR™ lymphocytes from COVID-19 CR individuals in
addition to repression. However, further classification of
CD37HLA-DR™ lymphocytes was not performed in this study
due to the lack of corresponding antibodies during the COVID-
19 crisis in Wuhan. Although ~85% of the CD3"HLA-DR™ lym-
phocytes might be NK cells, as we further determined in either
the CR or HD cohort, there is another important cell population,
innate lymphocytes (ILCs), which are also CD37HLA-DR™ cells.
The responses and statuses of NK cells and ILCs in the CR co-
hort should be of high interest for understanding COVID-19.

Since a growing body of studies have reported greater dis-
ease severity and higher death rates among men than women
(Gadi et al., 2020; Guan et al., 2020; Shi et al., 2020), we also
analyzed the association of sex with the long-term phenotype
and dysfunction potential of lymphocytes. Although the statisti-
cal analysis results at the sex-based subcohort level were
somewhat different from those at the total cohort level, it was
also suggested that long-term decreases in function were also
observed in the female and male sub-CR cohorts, especially in
CD8" T, CD4* T, and CD3 HLA-DR™ lymphocytes. For CD4"
T cells, the susceptibility of females and males were very
similar, which was exemplified by decreases in both Th17
and cTfh cells. However, in terms of CD8" T and CD3 HLA-DR™
lymphocytes, males were more vulnerable, as shown by the
lack of differentiation of CD8" Tem cells and a decrease in
IFN-y-producing CD8" T and CD3 HLA-DR™ lymphocytes.
Therefore, in agreement with the sex-based susceptibility to
COVID-19 described in previous studies, a higher probability of
long-term lymphocyte dysfunction was found among men than
women in our cohort. The female sex hormones and the im-
mune stimulatory genes, including Toll-like receptors, interleu-
kins, and microRNAs, present on the X chromosome (Chanana
et al., 2020) may result in reduced infectivity and mortality due
to SARS-CoV-2, as described in previous studies, and a lower
probability of long-term lymphocyte dysfunction in females
than in males in our study.

After infection with SARS-CoV-2, patients experience asymp-
tomatic to severe disease or even death. Numerous studies
have reported that COVID-19 severity impacted the lymphocyte
count. Lymphopenia, i.e. a reduction in lymphocytes, especially
T and NK cells, was reported in individuals with COVID-19, and
decreased frequencies of these cells were associated with
more severe disease (Chen et al., 2020; Kuri-Cervantes et al.,
2020; Mathew et al., 2020; Sekine et al., 2020). Moreover, dis-
ease severity also affected the activation of T and NK cells. By
deep immune profiling of 125 COVID-19 patients with various
disease severities, Mathew et al. (2020) found that HLA-
DR*CD38" CD8" T cells as well as both Ki-67" and HLA-
DR"CD38* CD4™ T cells were increased in patients with more
severe disease. By further employing uniform manifold approxi-
mation and projection embedding, they suggested a link be-
tween CD4" T cell activation and an increased severity score
(Mathew et al., 2020). Kuri-Cervantes et al. (2020) observed
that CD16, an activation marker of NK cells, was markedly

downregulated in patients with severe disease. However, dis-
ease severity had different impacts on the formation of SARS-
CoV-2-specific CD4™ and CD8™ T cells. A higher frequency of
SARS-CoV-2-specific CD4™ T cells was seen in convalescent
donors with severe disease, whereas the production of SARS-
CoV-2-specific CD8™ T cells was reduced (Sekine et al., 2020).
Collectively, the results indicated that COVID-19 severity im-
pacted the count and activation of T and NK cells, but the
impact was not uniform. However, in our CR cohort, there
were only 2 patients (#30 and #32) with a history of severe
COVID-19, and the remaining 53 patients had a history of mild
to moderate COVID-19. Therefore, it is not possible to divide
the patients into two subcohorts because of the limited number
of subjects with a medical history of severe disease.

Protein kinase C (PKC) is a key enzyme in T lymphocytes,
where it plays an important role in signal transduction down-
stream of the activated T cell antigen receptor and the CD28
costimulatory receptor (Isakov and Altman, 2012). Phorbol 12-
myristate 13-acetate (PMA), a phorbol ester, is a PKC activator,
while ionomycin is a calcium ionophore. Therefore, cells can be
activated by stimulation with optimal concentrations of PMA/
ionomycin in vitro. In this study, we used the polyclonal stimu-
lator PMA/ionomycin, which is widely applied by immunolo-
gists for detecting T cell functional potential in infections by
viruses such as respiratory syncytial virus (Knudson et al.,
2015) and hepatitis B virus (Chang et al., 2019) as well as
SARS-CoV-2 (MazzoNi et al., 2020; Zheng et al., 2020), to eval-
uate the functional potential of CD8* T, CD4™ T, and CD3 ™ HLA-
DR™ lymphocytes. Since they act as the first and second activa-
tion signals of T cells, aCD3 and aCD28 are also frequently
used as polyclonal stimulators of T cells. In a recent work,
Mathew et al. (2020) used aCD3 plus oCD28 to stimulate
PBMCs in vitro. They found that PBMCs from COVID-19 patients
produced more cytokines and chemokines than those from
healthy donors, and the concentrations of some chemokines
were correlated in the matched supernatants from stimulated
PBMCs and plasma samples, which supported the notion that
PBMCs produce proinflammatory cytokines and leukocyte-
recruiting chemokines (Mathew et al., 2020).

Our studies of the phenotypic alterations and potential dys-
functions of lymphocytes in COVID-19 recovered patients
focused on peripheral blood. Since Kaneko et al. (2020) found
that the loss of follicular B cells in peripheral blood in severely
ill COVID-19 patients was consistent with the striking reduction
in Bcl-6* germinal center B cells in the parallel thoracic lymph
nodes and spleen, it is quite possible that the changes in the
respiratory tract or secondary lymphoid compartments in the
CR cohort may reflect similar changes in blood. Nevertheless, a
deeper understanding will likely await the acquisition of more
knowledge and the development of suitable animal models. For
example, human ACE2-expressing mice will be very helpful in
addressing how lymphocyte responses in the blood are related
to lung-infiltrating lymphocytes during the acute and convales-
cence phases of SARS-CoV-2 infection (Chen and John Wherry,
2020; Jiang et al., 2020).



In summary, we provided a cross-sectional profile of lympho-
cyte responses in a COVID-19 CR cohort and found significant
long-term phenotype alterations and potential dysfunctions of
lymphocytes in this cohort (Figure 7). We still do not know how
long the phenotypic alterations and potential dysfunctions of
lymphocytes will last. As reported, CD4™ T cells, CD8™ T cells,
and NK cells are all critical for the control of intracellular patho-
gen infections and tumors (Douek et al., 2002; Yang et al.,
2016; Molgora et al., 2017) and can coordinate with each other
(Kelly et al., 2013; Bai et al., 2019). CD4™ T cells, especially Tfh
and B cells, are also critical for the processes that lead to long-
term humoral immunity (Morita et al., 2011). The broad long-
term dysfunction of these lymphocyte subsets might pro-
foundly impair immune surveillance and protection by lympho-
cytes in individuals clinically recovered from COVID-19,
although SARS-CoV-2-specific memory CD4™ T cells and CD8™ T
cells with broad and strong effects could be detected in
COVID-19 patients (Peng et al., 2020; Sekine et al., 2020;
Weiskopf et al., 2020). A recent study on SARS-CoV-2-specific
humoral and cellular immunity in COVID-19 convalescent indi-
viduals highlighted that antiviral T cells may not be maintained
at high numbers in PBMCs in recovered patients (Ni et al.,
2020). This finding alerts us more to concerns regarding the

Lymphocyte alterations post COVID-19 | 207

prognosis of COVID-19 patients. Considering that the SARS-
CoV-2-specific antibody response also sharply wanes over time
(Long et al., 2020), it is hard to speculate whether the clinically
recovered population could resist reinfection for a long period.
If lymphocyte dysfunction is sustained for a long time, this pop-
ulation might be even more susceptible to SARS-CoV-2 infec-
tion or other viral infections. Hence, more comprehensive
longitudinal and cross-sectional profiling studies of the rela-
tionship of immune responses and SARS-CoV-2 infection in dif-
ferent cohorts are urgently needed.

Materials and methods
Study approval

This study was reviewed and approved by the Medical
Ethical Committee of Wuhan Jinyintan Hospital (approval num-
ber KY-2020-47.01). Written informed consent was obtained
from individuals recovered from COVID-19 and healthy donors.

Study design and participants

We performed a cohort study on individuals aged 25—
70years in Wuhan Jinyintan Hospital in April 2020. We col-
lected peripheral blood from 72 individuals who had clinically
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Figure 7 The phenotypic alterations and potential dysfunction of lymphocytes in individuals clinically recovered from COVID-19 compared
with those in healthy controls. —, without significant change; |, reduction; T, upregulation; N.D., not detected. The CD8* T, CD4™ T, and
CD37HLA-DR™ cells contained in the red rectangles warrant further study.
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recovered from documented COVID-19 and were recruited for
physical re-examination after discharge for at least 4 weeks
and from 61 healthy donors who were recruited for regular
physical examination.

Clinically recovered individuals with redetection of virus posi-
tivity (3 persons) and those with both SARS-CoV-2 receptor-bind-
ing domain (RBD)-specific IgM and IgG negativity in plasma (13
persons) were excluded. Healthy donors without ongoing or past
SARS-CoV-2 infection were enrolled and confirmed based on nu-
cleotide acid assays of nasopharyngeal swab samples and SARS-
CoV-2 RBD-specific IgM and IgG assays of plasma (two persons
excluded). Individuals who had chronic conditions, such as HIV
infection, HCV infection, cerebrovascular disease, and kidney dis-
ease, were also excluded (one clinically recovered individual was
excluded). To ensure age- and sex-matching of the CR and HD
cohorts, four young male individuals were further excluded.

After exclusion, a cohort of 55 healthy donors (HD, 23 male and
32 female, mean age 49.1, median age 51) and a cohort of 55
COVID-19 clinically recovered patients (CR, 21 male and 34 fe-
male, mean age 48.8, median age 51) were involved in the study
(Supplementary Table S1), except for the assay of cTfh and B cells
and the cytokine IL-2, for which a subcohort of only 36 clinically
recovered individuals (14 male and 22 female, mean age 50.6,
median age 52) was used due to a lack of antibody reagents.

Clinical laboratory measurements

The clinical laboratory measurements, including the complete
blood count test, SARS-CoV-2 RBD-specific antibody detection
using colloidal gold strips, and SARS-CoV-2-specific nucleotide
detection, were performed at Wuhan Jinyintan Hospital in April
2020. Nasopharyngeal swab samples were collected on the day
of peripheral blood collection and were tested by quantitative
real-time polymerase chain reaction for amplification of the E
gene, RdRp gene, and N gene of SARS-CoV-2 as described by
our previous study (Cao et al., 2020).

Lymphocyte response evaluation by flow cytometry

Plasma and cell pellets were separated from fresh peripheral
blood from clinically recovered subjects and healthy donors.
Plasma was used for the detection of SARS-CoV-2-binding IgM
or IgG and total IgM and total 1gG. PBMCs were separated from
the cell pellets after resuspension in phosphate-buffered saline
by density gradient centrifugation and used for lymphocyte re-
sponse evaluation by flow cytometry as described in
Supplementary Materials and methods.

Measurement of total IgM and IgG in plasma
Total IgM and IgG in plasma were determined by ELISA as de-
scribed in Supplementary Materials and methods.

Statistical analysis
Data are presented as mean=+SD. To analyze the differences
between the CR and HD cohorts, unpaired two-tailed Student’s

t-test was used for normally distributed data with homoge-
neous variance, and the Mann-Whitney U test was used for
nonnormally distributed data. To analyze the tendency of the
functional recovery of lymphocytes or the association of T-bet
and IFN-y, linear regression was used. Statistical analysis was
carried out with InStat, version 8.0 (GraphPad Software).
P < 0.05 was considered significant.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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