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A B S T R A C T

Objectives: This study intended to investigate the dynamics of anti-spike (S) IgG and IgM antibodies in
COVID-19 patients.
Methods: Anti-S IgG/IgM was determined by a semi-quantitative fluorescence immunoassay in the
plasma of COVID-19 patients at the manifestation and rehabilitation stages. The immunoreactivity to full-
length S proteins, C-terminal domain (CTD), and N-terminal domain (NTD) of S1 fragments were
determined by an ELISA assay. Clinical properties at admission and discharge were collected
simultaneously.
Results: The positive rates of anti-S IgG/IgM in COVID-19 patients were elevated after rehabilitation
compared to the in-patients. Anti-S IgG and IgM were not apparent until day 14 and day ten, respectively,
according to Simple Moving Average analysis with five days’ slide window deduction. More than 90% of
the rehabilitation patients exhibited IgG and IgM responses targeting CTD-S1 fragments. Decreased total
peripheral lymphocytes, CD4+ and CD8+ T cell counts were seen in COVID-19 patients at admission and
recovered after the rehabilitation.
Conclusions: Anti-S IgG and IgM do not appear at the onset with the decrease in T cells, making early
serological screening less significant. However, the presence of high IgG and IgM to S1-CTD in the
recovered patients highlights humoral responses after SARS-CoV-2 infection, which might be associated
with efficient immune protection in COVID-19 patients.
© 2020 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Background

The outbreak of COVID-19 first occurred in December 2019 in
Wuhan, China, and is now prevalent in 110 countries (Korber et al.,
2020). It is caused by a newly identified human coronavirus SARS-
CoV-2 transmitting mainly through an airborne pathway (Huang
et al., 2020; Zhu et al., 2020). Clinical manifestations include fever,
tiredness, dry cough, and sometimes diarrhea. One out of six
patients becomes a severe case with shortness of breathing, rapid

progression to acute respiratory distress syndrome (ARDS), septic
shock, and difficult-to-tackle metabolic acidosis, which become
the principal causes of death (Lan et al., 2020). A rapid increase in
the number of patients caused the World Health Organization
(WHO) to declare COVID-19 as a pandemic after the outbreak.
Disease control thus became a challenge.

Virological investigations reveal that SARS-CoV-2 belongs to a
positive-strand RNA virus with 29.8 kilo-bases of the whole
genome, consisting of six major open-reading frames (ORFs)
encoding the replicase (ORF1ab), the spike (S) glycoprotein, the
envelope (E) protein, the membrane (M) protein and the
nucleocapsid (N) protein (Wu et al., 2020). It shares nearly 80%* Corresponding authors.
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oV (Li et al., 2003), the S protein on the surface of SARS-CoV-2
irion mediates receptor recognition and membrane fusion with
uman angiotensin-converting enzyme 2 (ACE2) molecules (Walls
t al., 2020; Wan et al., 2020; Yan et al., 2020). It contains three
ragments, including an ectodomain, a transmembrane domain,
nd a short intracellular segment. The ectodomain consists of a
eceptor-binding subunit (S1) and a membrane-fusion subunit
S2). During viral infection, the C-terminal domain of the S1
ragment (S1-CTD) binds to the extracellular peptidase domain
PD) of ACE2 to facilitate viral attachment to the surface of target
ells. The N-terminal domain of the S1 fragment (S1-NTD) is
eported to bind to the glycans. The attachment triggers the
leavage of S protein between S1 and S2 fragments by cellular
roteases, which in turn initiates the fusion of viral and cellular
embranes by the S2 unit (Li, 2016). In humans, ACE2 is mainly
xpressed on type II pneumocytes, epithelial cells of colon and
idney, etc. (Hamming et al., 2004). Although the life cycle of SARS-
oV-2 in the host cells is directly from RNA-to-RNA replication,
olecular epidemiological investigations demonstrate that the
utation rate of SARS-CoV-2 among different geographic locations
r individuals is low (Ahmed et al., 2020). D164G is the main
eported mutation site in S protein (Korber et al., 2020), which is
avorable for vaccine development as well as the dissection of
mmunological processes.

Antigen-specific antibodies targeting viral proteins are respon-
ible for the clearance of the virus in the late stage, either exerting
he neutralizing activity to eliminate the virus directly or killing
he infected host cells to avoid long-term infection (De Silva and
lein, 2015). Although most of the viral proteins are able to induce
pecific antibodies after SARS-CoV-2 infection, antibodies target-
ng viral S protein are more noteworthy because they can block the
ntry of SARS-CoV-2 into the host cells. The generation of anti-S
ntibodies is also an important indicator of infection, the
melioration, and the rehabilitation of the disease. Serological
haracteristics of anti-S IgG in the serum in COVID-19 patients have
een reported (Li et al., 2020). A previous study using seven
onfirmed cases reported an increase of viral antibodies from day
ve after illness onset (Zhang et al., 2020). Several reports
escribed the properties of anti-S antibodies and their interaction
ith ACE2, based on crystal structures (Cao et al., 2020b; Lan et al.,
020; Wang et al., 2020b), which supported the concept that
ntibodies targeting S protein in the rehabilitation individuals are
unctional enough for plasma transfusion-based therapy (Shen
t al., 2020a).
In this study, with the advantages of serial collection of patient

lood samples during treatment and in the rehabilitation period,
e investigated the dynamics of IgM and IgG generation
pecifically targeting SARS-CoV-2 S protein and defined the
roperty of the antibodies in the rehabilitation subjects.

ethods

ubjects

A total of 160 participants were enrolled in this study, including
onfirmed COVID-19 patients (N = 70) at the manifestation stage,
onvalescent COVID-19 patients (N = 33), non-COVID-19 pneumo-
ia patients (N = 24), and healthy controls (HCs) (N = 33). All
OVID-19 patients were in-hospital patients from Shanghai Public
ealth Clinical Center (Shanghai, China), and confirmed by at least

recruited from Shanghai Ninth People’s Hospital. They displayed
symptoms similar to COVID-19, including fever, dry cough, lowered
lymphocyte count, and pulmonary CT image, whereas the
negativity for virological detection in oral or nasal swabs occurred
at least twice. HCs were healthy blood donors undergoing annual
physical examinations in Shanghai Ninth People’s Hospital. They
had no medical history or disease symptoms.

Blood sample collection and lymphocyte analysis

Whole blood was collected in Ethylene Diamine Tetraacetic
Acid (EDTA) anticoagulation tubes (BD Biosciences, CA, USA).
Plasma was collected after centrifugation at 2000 rpm for seven
minutes, aliquoted, and stored at -80 �C. A blood Analyser (XE-
5000, SYSMEX, Shanghai, China) was used to count the total
peripheral lymphocytes and flow cytometry (BD FACSCanto II, BD,
NJ, USA) for CD4+, CD8+, and CD3+ T cells.

Fluorescence Immunoassay (FIA) for the detection of anti-S IgG and Ig

An FIA assay was performed using the detection cards coated
with fluorescence-labeled S protein (Sino Biological, Beijing,
China) for IgG and IgM detection according to the manufacturer’s
instructions (Dialab ZJG Biotech Co, Suzhou, China). Briefly, 10 mL
plasma was mixed in 990 mL dilution buffers. 80 mL diluted
solution was added to the sampling well of the detection cards. The
fluorescence signal was captured by DL300 Quantitative Immu-
nofluorescent Analyzer within 15 min. The cutoff value for IgG
positivity was 15, while 3.4 was the cutoff value for IgM positivity.
Anti-S IgG and IgM levels were represented by the values of the
fluorescence signal.

ELISA assay

An enzyme-linked immunosorbent assay (ELISA) that was
developed by Wuxi Diagnostics (Shanghai, China) and was carried
out according to the manufacturer’s instructions. Briefly, 5 mL
plasma and 95 mL Sample Dilutent was added to 96-well
polystyrene plates (Corning, NY, USA), coated with full-length S
proteins (both from Sino Biological Inc., Beijing, China), S1-CTD and
S1-NTD fragments (both from Shanghai Tolo Biotech, Shanghai,
China), and incubated at 37 �C for 30 min. After washing three
times with Wash Buffer (1�), the wells were incubated with
Enzyme Conjugate for 30 min at 37 �C. After washing three times
with Wash Buffer (1�), 50 mL of Chromogenic Reagent A and B
were added respectively to each well and incubated at 37 �C for ten
min. 50 mL of Stop Solution was added to each well, and the
absorbance at 450 nm was detected within five min by using
PowerWaveXS2 microplate spectrophotometer (BioTek Instru-
ments, Inc., VT, USA).

Statistical analysis

The descriptive data were represented by mean � S.E.M. or
median (range). All statistical analyses were performed using SPSS
20.0 statistics software (IBM Corp., NY, USA) or Graphpad Prism 5.0
(Graphpad Software Inc., CA, USA). Statistical significance was
calculated using paired or unpaired t-tests for the comparisons
between two groups, while the One-way ANOVA test was used for
at least three groups. The Chi-square test was performed to analyze
ne positivity of nucleotide acid detection using oral or nasal
wabs recommended by the Chinese Center for Disease Control
nd Prevention (CCDC). The convalescent COVID-19 patients had at
east two successive negativities of viral RNA in oral swabs with at
east a 24 hours’ interval. They were followed-up for 1-2 weeks
fter the discharge. The non-COVID-19 pneumonia patients were
54
the significance of clinicopathological characteristics and the
comparisons of positivity in ELISA data. The correlation between
the days of hospital stays and anti-S IgG levels was analyzed by the
Pearson test. Results were considered statistically significant when
the two-tailed P value was < 0.05.
1
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A Simple Moving Average (SMA) with a five days’ slide window
was calculated, based on anti-S IgG and IgM's fluorescence signal
values to reduce the variations of individual fluorescence values.
The SMA values were plotted with the sampling days (the day
between the disease onset and sample collection) using Excel
(Microsoft, USA).

Results

Demographic characteristics and the treatments of COVID-19 patients

A total of 160 subjects were enrolled in this study. All 103
COVID-19 patients were confirmed in the Shanghai Public Health
Clinical Center and received further treatments (Ling et al., 2020).
Twenty-four non-COVID-19 pneumonia patients recruited for this
study were excluded from the COVID-19 group after two nucleic
acid tests yielded negative results. Thirty-three healthy donors

were enrolled as the controls. The median ages were comparable
between the confirmed COVID-19 patients (44y, 21y–83y) and
non-COVID-19 patients (36y, 21y–81y), whereas the healthy
controls were younger (26y, 20y–56y). All the COVID-19 patients
received supportive treatments included oxygen therapy and
subcutaneous injection of thymosin twice a week. Antibiotics and
glucocorticoids were strictly adapted during the treatment.

Antibody profiles against S protein in COVID-19 patients

A fluorescence immunoassay (FIA) was performed to determine
the positive rates of S protein-specific IgG and IgM in 186 samples,
including 129 confirmed COVID-19 samples (33 convalescent
samples and 96 manifestation samples), 24 non-COVID-19
samples, and 33 HC samples. The assay we utilized exhibited
high specificity with no positivity in non-COVID-19 pneumonia
patients and HCs (Table 1). Of 33 convalescent samples, 96.97%
(32/33) of the samples were positive for anti-S IgG and 87.88% (29/
33) for IgM. Among 96 manifestation samples from 70 individual
patients (median sampling day: 14 (2–37 days)), 66.7% (64/96)
were IgG positive, and 57.3% (55/96) were IgM positive, which were
both significantly lower than those in the convalescent group
(P = 0.0003 and 0.0013, respectively). Additionally, there was a
large difference in IgG/IgM double-negative samples between two
groups (manifestation: 30.2% (29/96) vs convalescent: 0%;
P < 0.0001) (Table 2). Thus, our findings indicated that the
positive rates of both anti-S IgG and IgM were significantly higher
at the convalescent stage than the manifestation stage.

We directly compared the anti-S lgG and IgM levels among the
four groups based on semi-quantitative fluorescence signal values.
It was evident that IgG and IgM’s average signals in non-COVID-19
pneumonia patients and HCs were lower than cutoff values of 15
and 3.4, respectively. Consistent with the positive rates, IgG and
IgM’s average signals in the convalescent group were 153.50 �
15.03 and 18.13 � 2.53, respectively. Both were higher than those in
the manifestation group (115.46 � 12.08 for anti-S IgG, P = 0.0219;
8.69 � 0.95 for anti-S IgM, P = 0.0002), in which the difference in
IgM was more prominent (Figure 1A and B).

Table 1
Positive rates of anti-spike IgG and IgM in the enrolled subjects.

COVID-19 Non-COVID-19 Healthy controls

Total 129 24 33
IgG+ 74.41% (96/129) 0 0
IgM+ 65.12% (84/129) 0 0
IgG-IgM- 22.48%(29/129) 100% (24/24) 100% (33/33)

Table 2
Comparison of anti-S IgG and IgM positivity in COVID-19 patients between
manifestation and convalescent periods.

COVID-19 Manifestation COVID-19
Convalescent

P valueb

Total 96 33
Sampling daya

(Median: range)
14 (2–37) 27 (18–43)

IgG+ 66.7% (64/96) 96.97% (32/33) 0.0003
IgM+ 57.3% (55/96) 87.88% (29/33) 0.0013
IgG- IgM- 30.2% (29/96) 0% (0/33) <0.0001

a The day between the disease onset and sample collection.
b By Chi-square test.
Figure 1. The positive rates of anti-spike protein IgG and IgM in COVID-19 confirmed samples during the manifestation and the convalescent periods.
(A) Comparison of the anti-spike protein IgG levels in the convalescent samples (n = 33), the manifestation samples (n = 96), the non-COVID-19 samples (n = 24) and healthy
controls (n = 33) (P = 0.0219, Unpaired t-test).
(B) Comparison of the anti-spike protein IgM levels in the convalescent samples (n = 33), the manifestation samples (n = 96), the non-COVID-19 samples (n = 24) and healthy
controls (n = 33) (P = 0.0002, Unpaired t-test).

542



A
S

t
b
c
p
p
A
t
d
fl

r
g
g
o
d
o
a
i

v
p
d
fl

S
b
w
t

D
r

s
e
t
p
s
(
p
i
r
c
o
p
a
p

L

c
(
c
a
t
a
d
a
o
l
c
d
(

Y. Bao, Y. Ling, Y.- Chen et al. International Journal of Infectious Diseases 103 (2021) 540–548
ssessment of the occurrence duration of anti-S IgG and IgM upon
ARS-CoV-2 infection

Since SARS-CoV-2 is a newly emerging virus, determination of
he occurrence periods of anti-S IgG and IgM is very informative
oth for early diagnosis and vaccine evaluation. Owing to the
orresponding anti-S IgG and IgM signal values with the time
oints of sample collection, we intended to deduce their antibody
roduction window periods. Using the 5-day Simple Moving
verage (SMA) trajectory of anti-S IgG median values, it was found
hat anti-S IgG remained at a very low level from the onset of the
isease until day 12, where there exhibited an apparent increase in
uorescence signals. The signal values increased until day 22 and
emained at that plateau later on (Figure 2A). When we sub-
rouped the samples by day 14, a typical time point for antibody
eneration after a viral infection, it showed that the average value
f anti-S IgG since day 14 was dramatically higher than that before
ay 14 (P < 0.0001) (Figure 2B). When testing blood samples at two
r three time points of individual COVID-19 patients, it was
pparent that anti-S IgG in most patients also exhibited a dramatic
ncrease after 14 days (Figure 2C).

Similarly, anti-S IgM also exhibited very low fluorescence
alues at the onset until day ten with a rapid increase. The plateau
eaked on day 15 and maintained until day 27, then slowly
escended afterward (Figure 2D). When we compared the
uorescent values based on the time points deduced from the
MA analysis, it was evident that the average fluorescence value
efore day ten was the lowest and that between day ten and day 27
as the highest. After day 27, the average level of anti-S IgM started
o descend (Figure 2E).

ominant domain of S protein recognized by specific antibodies in
ehabilitation patients

SARS-CoV-2 S protein binds to human ACE2 molecule in a very
imilar pattern to SARS-CoV according to the crystal structures (Gui
t al., 2017; Song et al., 2018; Yan et al., 2020). To investigate the
argeting fragments of anti-S protein IgG and IgM, full-length S
rotein, S1-NTD, and S1-CTD fragments were prepared and
ubjected to ELISA assays. Our results revealed that 96.67%
29/30) of the convalescent COVID-19 patients exhibited IgG
ositivity to full-length S protein (Figure 3A), which were all
mmunoreactive to S1-CTD fragment (96.67%, 29/30) (Pearson

 = 0.8835, P < 0.0001) (Figure 3B). Only 3.33% (1/30) of the
onvalescent patients displayed IgG immunoreactivity to S1-NTD in
ur assay (Figure 3A). Similar IgM immunoreactivity patterns to S
rotein fragments were observed (Figure 3C and D). Therefore, both
nti-S IgG and IgM in the plasma of the convalescent COVID-19
atients mainly target the S1-CTD fragment rather than S1-NTD.

ymphocyte features in COVID-19 patients

Clinical reports indicate that lymphopenia is one of the
ommon symptoms at the early stage of COVID-19 infection
Wang et al., 2020a). The decrease in peripheral total lymphocyte
ounts has been considered an important indicator for the disease
nd its severity in COVID-19 patients (Ling et al., 2020). We also
racked the peripheral total lymphocyte dynamics at admission
nd discharge in 33 convalescent patients (Table 3). The average
ays of hospital stay were 18.15 � 4.47 days. At admission, the

lymphocyte counts at admission,15 (15/17, 88.90%) were recovered
to the normal levels, whereas two patients remained below the
cutoff value (1.00 � 109/L and 0.32 � 109/L, respectively) (Figure
4A). There exhibited dramatic decreases in the average of CD3+ T
cell counts (721.88 � 45.12 cells/mL; cutoff value: 1141 cells/mL),
CD4+ T cell count (395.09 � 29.06 cells/mL; cutoff value:
478 cells/mL) as well as CD8+ T cell counts (291.91 � 20.47 cells/
mL; cutoff value: 393 cells/mL). The CD4/CD8 ratio was 1.48 � 0.11,
which was at the normal levels (normal ratio: 0.87–2.29) (Table 3).
CD3+, CD4+, and CD8+ T lymphocyte counts were compared in 13
convalescent patients between admission and discharge time
points. It was shown that the counts of CD4+ T lymphocyte at
discharge increased dramatically in 13 patients (average: 882.31 �
73.10 cells/mL) when compared to that at admission (average:
445.40 � 36.51 cells/mL) (P < 0.0001) except for one patient (from
398 to 475 cells/mL) (Figure 4B). While total CD3+ (P < 0.0001) and
CD8+ T cell counts (P = 0.0003) of 13 patients also increased at
discharge (Figure S1A and S1B), the increase in CD4/CD8 ratio
(P = 0.0051) (Figure 4C) was apparent, indicating that the
restoration of the CD4+ T cell pool was more significant.
Interestingly, there was a negative correlation between the days
of hospital stays and the patients’ anti-S IgG titer (Pearson
r = �0.4036, P = 0.0198) (Figure 4D). These data revealed that
although COVID-19 patients exhibited a decrease in lymphocyte
pools at the onset of the disease, most of them could restore T cell
pools after recovery. The moderate increase in CD4/CD8 ratio
implies the expansion of CD4+ T cells to a greater extent.

Discussion

Unlike low transmission and high mortality of SARS-CoV and
MERS-CoV infections that occurred some years ago (WHO), SARS-
CoV-2 spreads more prevalently, leading to substantial more
infected cases in China as well as worldwide. The virological
property of SARS-CoV-2 facilitates the development of serological
assays upon SARS-CoV-2 infection. In the present study, we have
explicitly analyzed anti-S IgG and IgM generation dynamics in
COVID-19 patients. At the early stage of the illness, both IgG and
IgM levels were very low and reached a high level after recovery.
When we analyzed the clinical information collected in parallel
(Supplementary Tables S1–S4), it was found that impaired cell
counts of peripheral lymphocytes including CD3+, CD8+, and CD4+

T cells were the notable features of SARS-CoV-2 patients, which is
similar to HIV infection (Gottlieb et al., 1981). Together with the
restoration of periphery lymphocyte pools, the anti-S IgG and IgM
increased and reached a certain level after treatments. Therefore,
the recovery of lymphocyte numbers might be a significant event
associated with the induction of viral-specific anti-IgG and IgM
antibodies. This is entirely rational. It is well known that CD4+ T
cells play an essential role in mediating adaptive humoral
immunity. Upon viral infection, host CD4+ T cells are activated
and differentiated into functional subsets, including type 2 help T
cells (Th2) to assist B cell activation and trigger humoral immunity.
With a deficiency of CD4+ T cells, humoral immunity is impaired
(Xin et al., 2018). In fact, our previous study reported that CD4+ T
lymphocyte count at admission was inclined to predict the
duration of SARS-CoV-2 viral RNA detection (Ling et al., 2020).
In this study, total lymphocyte and CD4+ T cell counts and the CD4/
CD8 ratio increased in almost all patients, with the clearance of
SARS-CoV-2 at discharge. Interestingly, we also observed that the
verage total lymphocyte counts were (1.11 � 0.06) � 109/L. 51.52%
f the onset patients (17/33) had lymphocyte counts below the
ower limit (1.10–3.20 � 109/L). A significant increase in lympho-
yte counts was observed up to the average (1.81 � 0.10) � 109/L at
ischarge when compared to the admission point (P < 0.0001)
Table 3 and Figure 4A). Among 17 patients with lowered
54
hospital stay was negatively correlated with the anti-S IgG titer,
suggesting that anti-S IgG might be protective in COVID-19
patients. Therefore, the recovery of T cell homeostasis with
antibody induction might be indicative of the clearance of the virus
in the rehabilitation of COVID-19 patients.
3



Figure 2. Assessment of the window periods for the occurrence of anti-spike protein IgG and IgM upon SARS-CoV-2 infection.
(A) The Simple Moving Average (SMA) of anti-spike protein IgG in COVID-19 patients with five days’ slide window. Red line: the regression curve of anti-spike IgG with the
time moving in the duration from two days to 37 days.
(B) Comparison of anti-spike protein IgG levels in COVID-19 patients between the duration of 0–13 days and more than 14 days (P < 0.0001, Unpaired t-test).
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Being a newly emerging virus, the generation kinetics of SARS-
oV-2-specific IgM and IgG is very important for diagnosis and
reatment. According to the WHO's recommendation, the estimat-
d latent period for COVID-19 infection is suggested to be around
ve days ranging from 1–14 days (WHO). We have observed that
he durations to induce high levels of both anti-S IgG and IgM upon
ARS-CoV-2 infection were 14 days and ten days, respectively.
nother interesting issue is whether viral-specific IgA levels are
enerated earlier due to the airborne infection, which can be

exist after the recovery is more important. A cohort study of 56
convalescent patients with SARS-CoV has shown that virus
antigen-specific IgG antibodies peaked at month four after the
onset of disease but decreased after that (Liu et al., 2006). For
SARS-CoV-2-specific antibodies, a recent investigation reveals that
a similar duration of antiviral responses exists after the recovery
(Gudbjartsson et al., 2020). Because of the occurrence of
re-infection cases in Europe and the USA (Hoang et al., 2020;
Yuan et al., 2020), whether the existing antiviral antibodies exert

igure 3. Determination of the Immunoreactivity to full-length spike protein and two S1 fragments in the plasma of the convalescent COVID-19 patients.
n ELISA assay was performed using full-length, S1-NTD, and S1-CTD as coating antigens to determine the samples' immunoreactivity from convalescent COVID-19 patients.
A) Positive rates of IgG to full-length spike protein and two S1 fragments in the plasma of the convalescent COVID-19 patients (P < 0.0001, Chi-square).
B) Correlation between IgG reactivity to full-length spike protein and S1-CTD fragment (P < 0.0001, Pearson r = 0.8835).
C) Positive rates of IgM to full-length spike protein and two S1 fragments in the plasma of the convalescent COVID-19 patients (P < 0.0001, Chi-square).
D) Correlations between IgM reactivity to full-length spike protein and S1-CTD fragment (P < 0.0001, Pearson r = 0.8494).
: spike protein; S1-CTD: C-terminal domain of S1 fragment; S1-NTD: N-terminal domain of S1 fragment.
nvestigated (He et al., 2015). How long antiviral antibodies will
C) Anti-S IgG in 18 COVID-19 patients with two or three samples at different time 

D) The Simple Moving Average (SMA) of anti-spike protein IgM in COVID-19 patients
ime moving in the duration from two days to 37 days.
E) Comparison of anti-S IgM levels in COVID-19 patients at different sampling days

54
points.
 with five days’ slide window. Red line: the regression curve of anti-spike IgM with the

: 0–10 days, 10–27 days, and more than 27 days (P < 0.0001, Unpaired t-test).
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Table 3
Lymphocyte features of COVID-19 patients at admission and at discharge.

Admission Discharge P-valueb Cutoff value

Hospital stay (day): 18.15 � 4.47
WBC(�109/L) 5.36 � 0.60 5.80 � 0.30 0.3568 3.95–9.5
N(�109/L) 3.75 � 0.57 3.31 � 0.24 0.3358 1.8–6.3
L(�109/L) 1.11 � 0.06 1.81 � 0.10 < 0.0001 1.1–3.2
CD4 (cell/mL) 395.09 � 29.06 882.31 � 73.10a < 0.0001 478–1440
CD8 (cell/mL) 291.91 � 20.47 525.92 � 42.93a 0.0003 393–1250
CD3 (cell/mL) 721.88 � 45.12 1488.46 � 116.28a < 0.0001 1141–1920
CD4/CD8 1.48 � 0.11 1.74 � 0.14a 0.0051 0.87–2.29

a n = 13.
b By paired t-test.

Figure 4. Lymphocyte features in the COVID-19 patients.
(A) The comparative analysis of total lymphocyte counts at admission and discharge of 33 patients (P < 0.0001, paired t-test).
(B) The comparative analysis of CD4+ T lymphocytes at admission and discharge of 13 patients (P < 0.0001, paired t-test).
(C) The comparative analysis of the ratio of CD4+/CD8+ T lymphocytes at admission and discharge of 13 patients (P = 0.0051, paired t-test).
(D) The correlation between hospital stays and anti-S IgG titers in COVID-19 patients (P = 0.0198, Pearson r = �0.4036).
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rotection against re-infection needs to be urgently investigated in
he future through a long-term follow-up.

At present, no antiviral drug is demonstrated to be completely
ffective in treating COVID-19 (Cao et al., 2020a). Antibody-based
reatment is one of the promising ways with more specificity and
uccess in several studies, such as Zika virus (Bailey et al., 2018;
effron et al., 2018), Hepatitis Virus C (Brown et al., 2007), SARS-
oV as well as SARS-CoV-2 infection (Butler, 2015; Hui et al., 2018;
o and Fisher, 2016; Shang et al., 2007). Since patient plasma
ontains polyclonal antibodies targeting multiple epitopes of
ifferent viral proteins, convalescent plasma therapy's success
ostly relies on the broad spectrum in different individuals.
ortunately, the SARS-CoV-2 virus remains genome-stable among
nfected populations (Shen et al., 2020b). When we investigated
he possible targets of convalescent plasma, especially in the S
rotein, it was found that the fragment targeted by anti-S IgG and
gM was mainly S1-CTD, whereas very low immunoreactivity was
bserved to S1-NTD. S1-CTD is mainly responsible for binding to
CE2, while S1-NTD is responsible for binding sugar (Wrapp et al.,
020). The possible reasons for the dramatic difference in immune
eactivity to two S1 fragments may lie in the fact that the S1-NTD
ragment displays a ceiling-like structure that would protect their
ugar-binding site from host immune surveillance (Li, 2016).
owever, the exact mechanisms of the difference in the diverse
mmunoreactivity to S1-CTD and S1-NTD needs to be further
nvestigated. Nevertheless, the high positivity of anti-S IgG and IgM
o the S1-CTD fragment in convalescent patients provides strong
upport for the plasma transfusion therapy.
Our results collectively demonstrated that both anti-S IgG

nd IgM do not appear at the onset of the disease. However, the
igher titers of anti-S IgG in the rehabilitation COVID-19
atients might be useful to determine the latently infected
opulation by using serological screening after the pandemic.
he dominant recognition of the convalescent plasma to S1-
TD fragment of the S protein provides supportive evidence of
he plasma transfusion application for the treatment of severe
OVID-19 patients.
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