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Disease severity dictates SARS-CoV-2-specific neutralizing
antibody responses in COVID-19
Xiangyu Chen1, Zhiwei Pan1, Shuai Yue1, Fei Yu2, Junsong Zhang3, Yang Yang1, Ren Li4,5, Bingfeng Liu2, Xiaofan Yang2, Leiqiong Gao1,
Zhirong Li1, Yao Lin1, Qizhao Huang6, Lifan Xu1, Jianfang Tang1, Li Hu1, Jing Zhao7, Pinghuang Liu8, Guozhong Zhang9,
Yaokai Chen 10, Kai Deng 2,11 and Lilin Ye1

COVID-19 patients exhibit differential disease severity after SARS-CoV-2 infection. It is currently unknown as to the correlation
between the magnitude of neutralizing antibody (NAb) responses and the disease severity in COVID-19 patients. In a cohort of
59 recovered patients with disease severity including severe, moderate, mild, and asymptomatic, we observed the positive
correlation between serum neutralizing capacity and disease severity, in particular, the highest NAb capacity in sera from the
patients with severe disease, while a lack of ability of asymptomatic patients to mount competent NAbs. Furthermore, the
compositions of NAb subtypes were also different between recovered patients with severe symptoms and with mild-to-
moderate symptoms. These results reveal the tremendous heterogeneity of SARS-CoV-2-specific NAb responses and their
correlations to disease severity, highlighting the needs of future vaccination in COVID-19 patients recovered from
asymptomatic or mild illness.
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INTRODUCTION
As of July 28, 2020, the pandemic of coronavirus disease 2019
(COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection, has claimed 16,341,920
clinically confirmed cases and 650,805 deaths worldwide.1 The
infected patients show heterogeneous clinical manifestations,
which can be generally classified into four groups, including
severe, moderate, mild, and asymptomatic, according to the
severity of symptoms.2 Despite daily increasing confirmed cases
and death, currently no medical agents are approved to prevent
SARS-CoV-2 infection or treat COVID-19 patients.
A growing body of evidence shows that recovered COVID-19

patients can generate immunoglobulin G (IgG)-type antibodies
specifically binding to various structure proteins of SARS-CoV-2
particles shortly after the onset of disease, albeit at variable
levels.3–6 Among these virus-specific antibodies, only those
capable of blocking SARS-CoV-2 spike (S) protein-mediated viral
attachment and/or entry of host cells, called neutralizing
antibodies (NAbs), can effectively curtail infection.7 The convales-
cent plasma or sera containing NAbs harvested from recovered
patients have shown promising results in treating COVID-19
patients of critical illness in several small-scale clinic trials.8–11 In
addition, a variety of human monoclonal antibodies (mAbs) of

potent SARS-CoV-2 neutralizing activities has been cloned from
memory B cells from recovered COVID-19 patients,12–21 holding
great potentials for prophylactic or therapeutic use. However, little
is known regarding the relationship between disease severity and
the magnitude of SARS-CoV-2-specific NAb responses in patients
recovered from COVID-19. Defining the association of disease
severity with NAb responses will facilitate the screening of COVID-
19 recovered patients as therapeutic plasma donors as well as
memory B cell providers for cloning high-affinity human
neutralizing mAbs to prevent or treat COVID-19.
The circulation of high-titer NAbs provides the immediate

protection against corresponding viral infections, which can be
achieved by recovering from natural infection or by inducing
from vaccine immunization. Thus far, there is no vaccine
approved for COVID-19 prophylaxis, albeit several types of
COVID-19 vaccines, including inactivated, vector-based, DNA
and mRNA vaccines,22–25 are undergoing early stages of clinical
trials. In addition, the NAb titers can predict the possibility of re-
infection in patients recovered from a primary viral infection.
Currently, there are few clues regarding whether the patients
recovered from COVID-19 can be protected from re-infection or
will still require vaccination in the future when effective vaccines
become available.

Received: 23 June 2020 Revised: 29 July 2020 Accepted: 14 August 2020

1Institute of Immunology, PLA, Third Military Medical University, 400038 Chongqing, China; 2Institute of Human Virology, Key Laboratory of Tropical Disease Control of Ministry of
Education, Zhongshan School of Medicine, Sun Yat-sen University, 510080 Guangzhou, China; 3Guangdong Provincial People’s Hospital, Guangdong Academy of Medical
Sciences, 510080 Guangzhou, China; 4State Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences, 150001
Harbin, Heilongjiang, China; 5College of Veterinary Medicine, Northeast Agricultural University, 150030 Harbin, Heilongjiang, China; 6Cancer Center, The General Hospital of
Western Theater Command, 610083 Chengdu, Sichuan, China; 7Biomedical Analysis Center, Third Military Medical University, 400038 Chongqing, China; 8Comparative
Immunology Research Center, College of Veterinary Medicine, China Agricultural University, 100193 Beijing, China; 9Key Laboratory of Animal Epidemiology of the Ministry of
Agriculture, College of Veterinary Medicine, China Agricultural University, 100193 Beijing, China; 10Chongqing Public Health Medical Center, 400038 Chongqing, China and
11Guangzhou Eighth People’s Hospital, Guangzhou Medical University, 510050 Guangzhou, China
Correspondence: Guozhong Zhang (zhanggz@cau.edu.cn) or Yaokai Chen (yaokaichen@hotmail.com) or Kai Deng (dengkai6@mail.sysu.edu.cn) or Lilin Ye (yelilinlcmv@tmmu.edu.cn)
These authors contributed equally: Xiangyu Chen, Zhiwei Pan, Shuai Yue, Fei Yu, Junsong Zhang

www.nature.com/sigtransSignal Transduction and Targeted Therapy

© The Author(s) 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00301-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00301-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00301-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00301-9&domain=pdf
http://orcid.org/0000-0002-3229-0108
http://orcid.org/0000-0002-3229-0108
http://orcid.org/0000-0002-3229-0108
http://orcid.org/0000-0002-3229-0108
http://orcid.org/0000-0002-3229-0108
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
mailto:zhanggz@cau.edu.cn
mailto:yaokaichen@hotmail.com
mailto:dengkai6@mail.sysu.edu.cn
mailto:yelilinlcmv@tmmu.edu.cn
www.nature.com/sigtrans


RESULTS
Antibody responses to SARS-CoV-2 in COVID-19 recovered
patients with different symptom severity
To explore the potential association between SARS-CoV-2 S
protein-specific antibody responses and the disease severity in
recovered COVID-19 patients, we included a cohort of 59 adult
patients, 48 patients with mild (n= 4), moderate (n= 34), and
severe (n= 10) symptoms admitted to Guangzhou Eighth
People’s Hospital and 11 asymptomatic adult patients admitted
to Chongqing Public Health Center Hospital. The median age of
these patients was 47 (33–62, interquartile range (IQR)) years;
50.8% of the patients were female; serum samples were collected
at the day of discharge after symptom resolution and SARS-CoV-
2 nucleotide testing negative twice by reverse transcriptase
polymerase chain reaction (RT-PCR). The median time between
the onset of symptom to sample collection was 20 (12–30, IQR)
days. Asymptomatic patients were identified by screening those
with close-contact history to COVID-19 patients and confirmed
by SARS-CoV-2 RT-PCR. The disease severity was stratified into
asymptomatic, mild, moderate, and severe, according to the
national diagnosis and treatment guideline of COVID-19
(Seventh edition) in China (Supplementary Table 1).
The SARS-CoV-2 S protein consists of S1 and S2 subunits. The

receptor-binding domain (RBD) within S1 subunit is essential for
virus attachment to host cell receptor, human angiotensin-
converting enzyme 2 (ACE2), while S2 is critical for virus entry
by mediating viral membrane fusion to host cell membrane.26–28

Both S1-RBD and S2 represent important potential targets of
NAbs.7 We first compared the antibodies that specifically bind to
S1, RBD, and S2 of SARS-CoV-2 in the sera of COVID-19 recovered
patients with different illness severity by IgG enzyme-linked
immunosorbent assay (ELISA). Notably, severe and moderate
symptomatic patients mounted the most and second robust S1-,
S1-RBD-, and S2-specific antibodies, respectively, while mild and
asymptomatic patients exhibited significantly lower abundances
of S1-, S1-RBD-, and S2-specific antibodies (Fig. 1a–c), highlighting
the disease severity as a key determinant factor of the levels of
antibodies specific to SARS-CoV-2 S proteins.
Next, we assessed the abilities of antibodies in these COVID-19

recovered patients to block the interaction between RBD and
ACE2. Similar to SARS-CoV-2 RBD-binding antibodies, the sera
from recovered patients with severe symptoms displayed the
highest scores of blocking RBD–ACE2 engagement, followed by
patients with moderate symptoms, while antibodies from mild
and asymptomatic patients showed much inferior capacity to
inhibit RBD–ACE2 interaction (Fig. 2a, b).

NAb responses to SARS-CoV-2 in COVID-19 recovered patients
Subsequently, we conducted SARS-CoV-2 S protein pseudotyped
lentiviral-based neutralization assay to examine the neutralization
capacity of sera from COVID-19 recovered patients. Such assay has
been proven to be free of biosafety issue but as reliable as the
canonical plaque assay with authentic SARS-CoV-2.17,19,21 We
observed that the sera neutralization capacity was positively
correlated to disease severity (Fig. 2c). Specifically, 80% of patients
with severe symptoms and 47.1% of patients with moderate
symptoms generated antibodies capable of completely neutraliz-
ing pseudovirus infection, while only 25% of serum samples from
patients with mild symptoms were able to block pseudovirus
infection; strikingly, sera from asymptomatic patients showed no
activity to neutralize pseudovirus infection in this assay (Fig. 2d).
Next, we performed neutralization assay with the authentic SARS-
CoV-2 to explore the neutralization capacity of sera from COVID-19
recovered patients. In accordance with the pseudotyped lentiviral-
based neutralization assay, we found that the sera neutralization
capacity of severe patients was the highest and was 61.1-fold,
1319.1-fold, and 2972.0-fold higher than those of moderate, mild,
and asymptomatic patients, respectively (Fig. 2e, f).
Furthermore, the binding abilities of S1, RBD, and S2 were

positively correlated to each other (Supplementary Fig. 1a–c) and
also positively correlated to both pseudovirus-neutralizing capa-
cities (Supplementary Fig. 1d–f) and authentic SARS-CoV-2 virus-
neutralizing capacities (Supplementary Fig. 1g–i). These data
together suggested that the disease severity determines both the
magnitude and neutralizing capacity of SARS-CoV-2-specific
antibodies in recovered COVID-19 patients.

Subtypes of NAbs to SARS-CoV-2 S proteins in COVID-19 recovered
patients
Given that NAbs can potentially target both S1 and S2 to block
viral infection,7 we set out to distinguish S1- and S2-specific NAbs
in COVID-19 patients with aforementioned pseudovirus neutrali-
zation assay. To this end, we used biotin-labeled S1 or S2
recombinant protein to deplete corresponding antibodies in sera
from 25 COVID-19 patients that were confirmed to be highly
neutralizing in Fig. 2c, e (Supplementary Fig. 2a, b). After
depletion, we found that, across all neutralizing sera, 40% of
patients generated both competent S1 and S2 NAbs (i.e., post
either S1- or S2-specific antibody depletion, sera can still
completely neutralize pseudoviruses; labeled as “S1/S2-NAbs”);
while 40% of patients only generated S1-competent NAbs (“S1-
NAbs only”), and 4% of patients only generated S2-specific NAbs
(“S2-NAbs only”); interestingly, 16% of serum samples strictly

Fig. 1 Antibody responses to SARS-CoV-2 in COVID-19 recovered patients with different symptom severity. a–c ELISA binding assays of 100-
fold diluted COVID-19 patient sera to ELISA plates after coating with SARS-CoV-2 S1 (a), RBD (b), and S2 (c) proteins. The dashed lines in
a–c represent the average values of the healthy control groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns not significant. Error
bars in a–c indicate SEM
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depended on the collaboration of S1- and S2-specific NAbs to
effectively neutralize pseudovirus infection (i.e., either S1- or S2-
specific antibody depletion in the serum can result in the failure of
neutralization; labeled as “(S1+S2)-NAbs”) (Fig. 3a, b). Among
NAbs in severe symptomatic patients, the majority of sera (62.5%)
potently neutralized both S1-mediated receptor attachment and
S2-mediated membrane fusion, while 37.5% only blocked S1-
mediated receptor engagement (Fig. 3c). For mild-to-moderate

symptomatic patients, NAb features were more diverse: 41.2% of
them consisted of only S1-neutralizing NAbs, 29.4% possessed the
abilities to block both receptor engagement and membrane
fusion. Notably, 23.5% of these sera required the combination of
S1- and S2-specific NAbs to effectively neutralize pseudovirus
infection (Fig. 3c). Collectively, our data revealed the highly
heterogeneous nature of NAb responses against SARS-CoV-2 S
protein and such diversity seemed to be closely associated with

Fig. 2 Neutralizing antibody responses to SARS-CoV-2 in COVID-19 recovered patients. a Scores showing the COVID-19 patient serum-
mediated inhibition of the SARS-CoV-2 RBD protein binding to ACE2 protein by ELISA. b Pie charts showing the proportions of patients with
high (>50, green) or low (<50, red) RBD-ACE2-binding inhibition score in each indicated situations. c Patient serum-mediated blocking of
luciferase-encoding SARS-CoV-2-typed pseudovirus into ACE2/293T cells. The dashed line indicates the cutoff value (7.121) determined by the
ROC curve analysis. d Pie charts showing the proportions of patients with pseudovirus neutralization positive (<7.121, green) or negative
(>7.121, red) in each indicated situations. e Patient serum-mediated blocking of SARS-CoV-2 virus into Vero E6 cells. f A table showing the fold
change of SARS-CoV-2 viral RNA fold reduction between indicated two groups in e. *P < 0.05, **P < 0.01, and ****P < 0.0001. ns not significant.
Error bars in a, c, e indicate SEM

Disease severity dictates SARS-CoV-2-specific neutralizing antibody. . .
Chen et al.

3

Signal Transduction and Targeted Therapy           (2020) 5:180 



disease severity. The immune mechanisms underlying the
diversity of NAbs responses in COVID-19 patients with different
degree of symptoms warrant further investigations.
Finally, we investigated whether NAbs depleted by S1-

recombinant protein are actually targeting RBD for their
neutralizing capacity. For this purpose, we depleted RBD-specific
antibodies in 10 serum samples showing S1-specific neutralization
by biotin-conjugated RBD protein-mediated pull-down (Supple-
mentary Fig. 2c). Antibodies post RBD depletion were shown to
lose RBD-binding ability but still keep their binding to both S1 and
S2 proteins, suggesting the efficiency and specificity of RBD Ab
depletion (Supplementary Fig. 2c–e). Notably, all sera with S1-
specific neutralization failed to neutralize pseudovirus infection
after RBD-specific NAb depletion (Fig. 3d, e), demonstrating the
strict dependency of RBD-specific NAbs to disengage viral
attachment to the host receptor. These data provided the
rationale for exclusively using RBD as S1-immunogen in vaccine
design, in particular, given that several reports have shown the
enhanced disease after whole S1 immunization.29,30

DISCUSSION
The COVID-19 patients show stratified symptoms, including
asymptomatic, mild, moderate, and severe.2 Using RBD–ACE2
blockade, pseudovirus neutralization, and authentic virus neutra-
lization, we observed that disease severity positively correlates to
NAb responses. The patients recovered from severe illness
mounted the most robust NAb responses. Strikingly, asympto-
matic patients fail to generate competent NAbs. The mechanisms
underlying disease severity-associated NAb responses are elusive.
One possible explanation is that the induction of SARS-CoV-2-
specific NAb responses requires the strengthened and prolonged
B cell receptor (BCR) stimulation. Indeed, enhanced BCR rearran-
gement was observed in COVID-19 patients with severe disease
symptom.31 This may provide important insights into the COVID-
19 vaccine design, in which the vaccine regimens should release
enough SARS-CoV-2 immunogens in an extended period.
Given the critical role of NAbs in protecting viral infection in

airways, the recovered asymptomatic patients may suffer from
SARS-CoV-2 re-infection. In this circumstance, these patients need

Fig. 3 Subtypes of neutralizing antibodies to SARS-CoV-2 S proteins in COVID-19 recovered patients. a Blocking of luciferase-encoding SARS-
CoV-2 typed pseudovirus into ACE2/293T cells by patient sera (no depletion) or S1 antibody-depleted sera (S1-Abs depletion) or S2 antibody-
depleted sera (S2-Abs depletion). The dashed line indicates the cutoff value (6.749) determined by the ROC curve analysis. HC healthy control,
NC negative control. b, c Pie charts showing the proportions of patients with different neutralizing antibody (NAb) subtype responses in the
total 25 patients (b), 8 severe patients (c, left panel), and 17 moderate and mild patients (c, right panel) of pseudovirus neutralization positive.
d Blocking of luciferase-encoding SARS-CoV-2 typed pseudovirus into ACE2/293T cells by “S1-NAbs only” patient sera with RBD antibody
depletion (RBD-Abs depletion) or without RBD antibody depletion (no depletion). The dashed line indicates the cutoff value (6.034)
determined by the ROC curve analysis. HC healthy control, NC negative control. e Pie chart showing the proportions of “S1-NAbs only”
patients with RBD-Nab-dependent or -independent antibody response. Error bars in a, d indicate SEM
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to be vaccinated whenever the effective vaccines are available.
Thus far, it is unknown as to the protective immunity that prevents
asymptomatic patients from progressing to more severe disease.
Probably, these patients can mount robust SARS-CoV-2-specific
CD8+ T cell responses, which may confer the protection by
directly clearing virus-infected target cells. However, this hypoth-
esis needs to be confirmed in future investigations.
Our results also demonstrated the tremendous heterogeneous

NAb responses in patients capable of inducing high-titer NAbs. The
majority (80.7%) of patients can produce S1-specfic NAbs, and half
of these patients are able to generate S2-specific NAbs. However,
only around 40% of patients generated both S1- and S2-specific
competent NAbs. Particularly, approximately 7% patients had to
depend on the collaboration between S1- and S2-specific
antibodies for efficient viral neutralization. The mechanisms
underlying the heterogeneous NAb responses in recovered
patients remain unknown and warrant further studies. Notably, all
S1-specific NAbs were strictly RBD dependent and deletion of RBD-
specific antibodies led to failure in neutralization in S1-specific sera.
These results highlighted the importance of S1 RBD itself, but not
other parts of S1 protein, in inducing competent NAbs.
In conclusion, we have demonstrated the positive correlation

between the magnitude of NAb responses and disease severity in
patients recovered from COVID-19. We have also found that
disease severity also influences the neutralization heterogeneity of
SARS-CoV2-specific antibodies. Our results highlight the needs to
include mild illness and asymptomatic patients for future
vaccination and also suggest that the collection of plasma from
COVID-19 recovered patients should be restricted to those with
moderate to severe symptoms for passive antibody therapy. Our
data also provide important rationale for exclusively using SARS-
CoV-2 RBD as S1-immunogen in COVID-19 vaccine regime.

MATERIALS AND METHODS
Human samples
The 59 COVID-19 recovered patients enrolled in the study
provided written informed consent and were from different
sources. The sera of the severe, moderate, and mild patients were
obtained from Guangzhou Eighth People’s Hospital. The sera of
the asymptomatic patients were obtained from Chongqing Public
Health Medical Center. Healthy control subjects were four adult
participants in the study. The study received Institutional Review
Board approvals at Guangzhou Eighth People’s Hospital
(KE202001134) and Chongqing Public Health Medical Center
(2020-023-01-KY).

Enzyme-linked immunosorbent assay
As previously described,15 50 ng of SARS-CoV-2 S1 protein (Sino
Biological, 40591-V08H) or SARS-CoV-2 RBD protein (Sino Biologi-
cal, 40592-V08B) or SARS-CoV-2 S2 protein (Sino Biological, 40590-
V08B) in 100 μl phosphate-buffered saline (PBS) per well was
coated on ELISA plates (Costar, 42592) overnight at 4 °C. The ELISA
plates were blocked for 1 h with 100 μl blocking buffer (5% fetal
bovine serum (FBS) and 0.1% Tween 20 in PBS) and then
incubated with diluted patient or healthy control sera in 100 μl
blocking buffer for 1 h. After washing with PBST buffer (0.1%
Tween 20 in PBS), the ELISA plates were incubated with anti-
human IgG horseradish peroxidase (HRP) antibody (Bioss Biotech,
0297D) for 45 min, followed by PBST washing and addition of
3,3′,5,5′-tetramethylbenzidine (TMB) buffer (Beyotime, P0209). The
ELISA plates were allowed to react for 5–10min and stopped by
1 M HCl stop buffer. The optical density (OD) value was detected
at 450 nm.

ELISA-based RBD–ACE2-binding inhibition assay
As previously described,15 200 ng of ACE2 protein (Sino Biological,
10108-H08H) in 100 μl PBS per well was coated on ELISA plates

overnight at 4 °C. The ELISA plates were blocked for 1 h with 100 μl
blocking buffer (5% FBS and 0.1% Tween 20 in PBS); meanwhile,
50 μl 10-fold diluted patient or healthy control sera were
incubated with 7.5 ng SARS-CoV-2 RBD-mouse FC protein (Sino
Biological, 40592-V05H) in 50 μl blocking buffer for 1 h. Then the
incubated sera/SARS-CoV-2 RBD-mouse FC protein mixture was
added into the ELISA plates and allowed to develop for 30 min,
followed by PBST washing and incubation with anti-mouse FC HRP
antibody (Thermo Fisher Scientific, A16084) for 30 min. Next, the
ELISA plates were washed with PBST and treated with TMB buffer
(Beyotime, P0209). After 5 min, the ELISA reaction was stopped by
1 M HCl stop buffer and determined at 450 nm. The RBD–ACE2-
binding inhibition score was calculated as: 100 × (1− (OD450
value of patient sera/OD450 value of healthy control sera)).

Pseudovirus neutralization assay
The pseudovirus neutralization assay was previously described.15,32

Briefly, HEK-293T cells were transfected with pLenti-luciferase,
psPAX2, and 2019-nCov S plasmids by using TransIT-293 Transfec-
tion reagent (Mirus, MIR 2700). After 12 h, the culture media was
changed to fresh media. And at 64 h after transfection, the culture
supernatants containing SARS-CoV-2 typed pseudovirus were
harvested. Next, 200-fold diluted patient or healthy control sera
were mixed with SARS-CoV-2 typed pseudovirus for 1 h at 37 °C.
Then the ACE2-expressing HEK-293T (ACE2/293T) cells were
incubated with the sera/pseudovirus mixture overnight and then
cultured with fresh media. At 40 h after the mixture incubation, the
luciferase activity of SARS-CoV-2 typed pseudovirus-infected ACE2/
293T cells were measured by a luciferase reporter assay kit
(Promega, E1910).

SARS-CoV-2 serum neutralization assay
Patient sera were diluted in Dulbecco’s Modified Eagle Medium (40
fold-dilution) and mixed with an equal volume of 80–100 plaque-
forming unit SARS-CoV-2 (EPI_ISL_444969) for 1 h at 37 °C.
Serum–virus mixture were then added to the Vero E6 cell monolayers
in 48-well plates and incubated at 37 °C in 5% CO2 for 1 h. After
removing the inocula, plates were overlaid with culture medium and
cultured at 37 °C for 48 h. Subsequently, viral RNA from the cultural
supernatants was extracted and the viral RNA copies were
determined by quantitative PCR according to the viral detection
kit’s protocol (DAAN Gene Co., Ltd. of Sun Yat-Sen University). All
experiments related to authentic viruses were performed in the
certified BSL-3 facility of Sun Yat-sen University. The SARS-CoV-2 viral
RNA fold reduction= 2(CT value of sample− CT value of mock).

Depletion of SARS-CoV-2 S protein-specific antibodies
First, SARS-CoV-2 S1 protein (Sino Biological, 40591-V08H) or
SARS-CoV-2 RBD protein (Sino Biological, 40592-V08B) or SARS-
CoV-2 S2 protein was conjugated with biotin by following the
manufacturer’s protocol (Thermo Fisher Scientific, A39257). Then
biotin-conjugated proteins were incubated with BeaverBeads Mag
Streptavidin Matrix (Beaver, 22305) at 4 °C for 1.5 h. After washing
with PBS, the SARS-CoV-2 S protein-coupled beads were next
incubated with diluted patient sera at 4 °C for 1.5 h. Then the
supernatants were harvested and quality controlled by ELISA
assays for SARS-CoV-2 S proteins.

Statistics
The SARS-CoV-2 antibody titers or virus-neutralizing function of
the sera belonging to patients with different severity were
compared with the one-way analysis of variance test (Tukey’s
multiple comparisons test). The cutoff value in each pseudovirus-
neutralizing function assay was determined by the receiver
operating characteristic curve analysis and was of the highest
likelihood ratio. Correlations between different SARS-CoV-2 anti-
body titers or between SARS-CoV-2 antibody titers and pseudo-
virus titers or between SARS-CoV-2 antibody titers and SARS-CoV-2
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virus titers were analyzed using Pearson’s correlation coefficient.
P values < 0.05 were defined as statistically significant. Prism
6 software was used for statistical analysis.

DATA AVAILABILITY
The data sets of the study are available from the corresponding authors upon
reasonable request.
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