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Introduction
The Coronavirus Disease 19 (COVID-19) pandemic, caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) (1–3), has become the worst public health crisis in a century. As of  January 4, 2020, 
COVID-19 has infected nearly 90 million people and caused over 1.8 million deaths. SARS-CoV-2 is an 
enveloped, positive-strand RNA virus belonging to the β coronavirus genus and it is the seventh corona-
virus that has infected humans so far (4, 5). In terms of  clinical manifestations, most of  the patients with 
COVID-19 have no symptoms or mild symptoms, such as cough, headache, and myalgia, but the disease 
course in some patients can progress rapidly to severe and even to critical illness (6).

Antibody response plays an important role in host resistance to viral diseases and reinfections and is 
tightly correlated with the convalescent processes of  patients (7). Given the public health emergency and 
threat caused by the COVID-19 pandemic, it is critical to better understand the host antibody responses in 
patients with COVID-19, particularly those with severe symptoms. Thus far, dynamic changes of  antibod-
ies against SARS-CoV-2 in patients with COVID-19 have been mainly concentrated in patients who are 
asymptomatic or those with mild symptoms (8). However, in patients with severe COVID-19 symptoms, 
the effectiveness and durability of  serum antibody protection after experiencing severe bodily damage 
requires more attention (9, 10). Additionally, this knowledge will be helpful for addressing the most urgent 
concerns, including reinfection, herd immunity, and vaccine efficacy.

The host-derived antibodies to SARS-CoV-2 have been found to target a variety of  viral structural and 
nonstructural proteins (11, 12). Among all the viral antigens, 2 structural proteins — N protein and spike 

The coronavirus disease 19 (COVID-19) pandemic, caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has become the worst public health crisis in a century. However, 
knowledge about the dynamics of antibody responses in patients with COVID-19 is still poorly 
understood. In this study, we performed a serological study with serum specimens collected at the 
acute and the convalescent phases from 104 patients with severe COVID-19 who were part of the 
first wave of COVID-19 cases in Wuhan, China. Our findings revealed that neutralizing antibodies 
to SARS-CoV-2 are persistent for at least 6 months in patients with severe COVID-19, despite that 
IgG levels against the receptor binding domain (RBD) and nucleocapsid protein (N) IgG declined 
from the acute to the convalescent phase. Moreover, we demonstrate that the level of RBD-IgG is 
capable of correlating with SARS-CoV-2–neutralizing activities in COVID-19 serum. In summary, our 
findings identify the magnitude, functionality, and longevity of antibody responses in patients with 
COVID-19, which sheds light on the humoral immune response to COVID-19 and would be beneficial 
for developing vaccines.
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(S) protein — evoke the most common and robust antibody responses found in serum from patients with 
COVID-19 (13–15). N and S proteins are highly immunogenic antigens and frequently used in serological 
tests for SARS-CoV-2 (16–21). Furthermore, S protein is a large trimeric glycoprotein that contains the 
RBD (19, 22), which is required for SARS-CoV-2 to bind to the angiotensin-converting enzyme-2 receptor, 
thereby opening the door to entry into the target cells (23–25). A number of  reports have shown that RBD 
is the target of  the vast majority of  neutralizing antibodies in convalescent serum (26–28). Moreover, a 
recent study identified that the correlation between anti-S and anti-N IgG was moderate, while the anti-
RBD and anti-N IgG were better correlated (29).

Notably, the dynamic characteristics of  the antibodies with neutralizing activity reflect the protective 
immune responses in patients with COVID-19 and the vaccinated population (11, 27). However, little is 
known about the magnitude, functionality, and longevity of  neutralizing antibody responses in patients 
with COVID-19, especially in severe cases. Herein, we focused on 104 patients with severe COVID-19 who 
were among those of  the first wave of  COVID-19 in Wuhan and performed serological tests to measure 
the RBD-, N-, and S-IgG dynamic changes in serum approximately 6–7 months (median 195 days; IQR, 
188–201 days) after disease onset. The correlation between RBD-IgG levels and neutralizing antibody titers 
in serum of  patients with severe COVID-19 was also analyzed.

Results
Clinical characteristics of  enrolled 104 patients with severe COVID-19. We enrolled a cohort of  104 patients with 
COVID-19 who were previously admitted at Wuhan Jinyintan Hospital and diagnosed with severe condi-
tions by the attending doctors according to the Chinese Health Commission (6th edition) (30). The disease 
onset time of  these patients was between December 20, 2019 and January 27, 2020, the beginning of  the 
first wave of  the pandemic. The clinical and pathological characteristics of  these patients are summarized 
in Supplemental Table 1 (supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.146267DS1). It is worth mentioning that all these patients were also enrolled in the clinical trial 
of  lopinavir–ritonavir (31). Serum samples from these patients were collected at the acute phase and the 
convalescent phase, respectively. The median sample-collecting time of  the acute phase for these patients 
was 23 days (IQR, 20–27 days) after the disease onset and that of  the convalescent phase was 172 days 
(IQR, 167–176 days) after the acute phase sampling. In order to visualize the interval of  each sampling 
point at the acute and the convalescent phase, sampling time-points for each patient were presented in the 
form of  a stacked histogram (Supplemental Figure 1). Additionally, 31 healthy donors were also enrolled 
in the cohort as controls for comparison.

Dynamic characteristics of  antibodies in patients with severe COVID-19 at the acute and the convalescent phases. 
We examined the IgG levels against S, RBD, and N of  SARS-CoV-2 by using ELISA assays, respectively. 
All the serum samples from 31 healthy donors and 104 patients with severe COVID-19 were serially diluted 
and the AUC of  S-IgG, RBD-IgG, and N-IgG for each sample was measured based on the OD value at each 
dilution ratio, respectively. Of all the serum samples, one (Patient 15) was used as the internal reference in all 
tests for normalization of  the AUC values in all further experiments (Figure 1A). As shown in Figure 1B, the 
averaged AUC values of  RBD-IgG (24995 ± 9496) and N-IgG (19419 ± 9169) of  patients with COVID-19 at 
the convalescent phase (green lines) were significantly lower than those at the acute phase (RBD-IgG: 59380 
± 31589; N-IgG: 48889 ± 47288; ****: P < 0.0001) (red lines), while the averaged AUC values of  S-IgG at 
these 2 time-points showed no significant difference (acute phase: 25258 ± 24892, convalescent phase: 21209 
± 9069; P = 0.1696). In addition, the AUC values of  RBD-, N-, and S-IgG from the convalescent or the acute 
serum were significantly higher than those from the healthy serum (*: P < 0.05; **: P < 0.01).

Furthermore, we sought to explore whether the levels of  the RBD-, S-, and N-IgG antibodies at the 
acute and the convalescent phase were related to age or sex. First, we divided the 104 samples into 5 
groups based on patient age: under 40 years of  age, 41–50 years of  age, 51–60 years of  age, 61–70 years 
of  age, and over 70 years of  age. Our results showed that there was no significant difference in RBD-, 
S- or N-IgG levels among the patients from different age groups either at the acute or the convalescent 
phase (P > 0.05, Figure 2, A and B). Subsequently, we divided these patients into male and female 
groups. Similarly, as a result, sex is not a decisive factor affecting the IgG levels at different phases (P > 
0.05, Figure 3, A and B).

Effective virus-neutralizing activities in the convalescent serum. We sought to examine whether the conva-
lescent serum still contains the neutralizing activity. To this end, we chose 60 samples from the 104 total 
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samples according to high, medium, and low RBD-IgG AUC values and organized them into 3 groups 
of  twenty samples each. Specifically, the AUC values of  high, medium, and low RBD-IgG groups were 
ranked from the 6th to 20th (AUC: 60900 to 29472), the 43rd to 62nd (AUC: 28957 to 21443), and the 85th 
to 104th (AUC: 20497 to 6826) among the 104 patients, respectively. There were significant differences in 
RBD-IgG levels between any 2 groups (****: P < 0.0001, Figure 4A). Serum samples of  high, medium, and 
low RBD-IgG level groups were then used to examine virus-neutralizing activity. A SARS-CoV-2 strain 
F13 (BetaCoV/Wuhan/IVDC-HB-envF13/2020) with very high titer and obvious evident cytopathic effect 
(CPE) when infected with Vero-E6 cells was used in the microneutralization assay. The overall titer of  
neutralizing activity of  each sample was measured as the maximum reciprocal dilution at which the serum 
could inhibit 100 TCID50 SARS-CoV-2 completely. As a result, the titers of  96.7% (58/60) of  these 60 
samples were more than 8, indicating that most of  the patients with severe COVID-19 still contain effective 
neutralizing activities even more than 6 months after disease onset.

Moreover, we revealed that the titers of  virus-neutralizing antibodies of  high, medium, and low RBD-
IgG groups showed a downtrend with significant differences between them (*: P < 0. 05, ****: P < 0.0001, 
Figure 4B), consistent with the RBD-IgG AUC values. Meanwhile, in order to further determine the cor-
relation between RBD-IgG levels and neutralizing antibody titers, correlation analysis was performed and 
the results showed that the neutralizing antibody titers were strongly correlated with RBD-IgG AUC values 
(r = 0.8349, P < 0.0001, Figure 4C).

Correlation analysis between RBD-, S-, and N-IgG. We also performed the AUC value-based correlation 
analyses of  RBD-, S-, and N-IgG at the convalescent phase and found that RBD-IgG and N-IgG were mod-
erately correlated (r = 0.5399, P < 0.0001) (Figure 5), whereas RBD-IgG and S-IgG (r = 0.4411, P < 0.0001) 
and N-IgG and S-IgG (r = 0.1894, P = 0.0542) were not correlated. Given that the neutralizing antibody 

Figure 1. Calculation of antibodies in patients with severe COVID-19 at the acute and the convalescent phases. (A) ELISAs measuring antiserum reactivity 
to RBD, S, and N proteins were shown; Optical density units at 450 nm (OD, Y axis) and reciprocal plasma dilutions (X axis). The red lines represent the 
antibody dilution curves for the 104 patients with severe COVID-19 at the acute phase, the green lines are antibody dilution curves for these patients at the 
convalescent phase and the black curves indicate the antibody dilution in the 31 healthy subjects. (B) RBD-, S-, and N-IgG of patients with severe COVID-19 
during acute and convalescent phases were shown and the results of healthy subjects by the same analysis were used as the control group. All kinds of 
IgGs were calculated according to the normalized AUC values in (A). The P value between any 2 groups was calculated by Student–Newman–Keuls multiple 
comparisons test, ANOVA, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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titers were strongly correlated with RBD-IgG levels, our findings indicated that the AUC values of  RBD-IgG 
and N-IgG examined by ELISA were correlated with the titers of  SARS-CoV-2–neutralizing antibodies.

The decreased antibody levels in patients with severe COVID-19 at the convalescent phase. To further explore 
the antibody dynamic profiles of  patients with severe COVID-19, we compared the AUC values of  RBD-
IgG, S-IgG, and N-IgG of  104 patients with COVID-19 at the acute and the convalescent phase and 
examined the details of  the alterations of  the antibody levels in each subject. As shown in Figure 6A, 
the levels of  RBD- and N-IgG decreased significantly from the acute to the convalescent sampling points 
(paired 2-tailed Student’s t tests, ****: P < 0.0001, left and right panel), whereas the levels of  S-IgG did not 
alter significantly at the different time-points (P = 0.1122, middle panel in Figure 6A). Moreover, the AUC 
values of  RBD-IgG in 91.35% (95/104), S-IgG in 57.69% (60/104), and N-IgG in 93.27% (97/104) of  the 
total patients were found to decline, respectively.

Additionally, we investigated the details of  the percentages of  decreased levels of  RBD-, S-, and 
N-IgG in the 104 patients at the convalescent phase. The degree of  the antibody that decreased in 
each patient was calculated by the following formula: the degree of  decline in antibody (%) = [(AUC 
value of  antibodies at the acute phase) – (AUC value of  antibodies at the convalescent phase)] / (AUC 
value of  antibodies at the acute phase). As a result, the median of  the degree of  reduction was 58.98% 
(IQR, 48.15%–68.25%) for RBD-IgG, 15.90% (IQR, 7.83%–30.91%) for S-IgG, and 51.63% (IQR, 
31.25%–66.30%) for N-IgG (Figure 6, B–D).

Figure 2. Antibody levels of different age groups in patients with severe COVID-19 at the acute and the convalescent phases. (A and B) The 104 patients 
with severe COVID-19 were divided into 5 groups by age (under 40 years, 41–50 years, 51–60 years, 61–70 years, and over 70 years). RBD-, S-, and N-IgG 
levels of each group at the acute (A) and the convalescent (B) phases were shown according to normalized AUC values. The P value among different groups 
was calculated by ANOVA analysis; P > 0.05, no significant difference.
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Discussion
The magnitude, functionality, and longevity of  neutralizing antibody responses in patients with severe 
COVID-19 is poorly understood. In this study, we investigated the virus-neutralizing activities and anti-
body dynamic profiles of  104 patients with severe COVID-19 who were admitted to Wuhan Jinyintan 
Hospital during the first wave of  the COVID-19 outbreak in Wuhan, China (32). Our findings provide 
evidence that the neutralizing antibodies to SARS-CoV-2 are persistent for at least 6 months in patients 
with severe COVID-19. Moreover, we identified that the level of  RBD-IgG is capable of  correlating with 
SARS-CoV-2–neutralizing activity in COVID-19 convalescent serum, consistent with previous studies (27, 
33–35), which establishes the possibility that RBD-IgG be considered as the target for constantly monitor-
ing vaccination effectiveness.

Elucidation of  the antibody dynamic profiles in patients with COVID-19 not only reveals the progno-
sis of  the disease, but also provides the experimental basis for practical applications of  vaccines. Through 
the follow-up on early patients with severe COVID-19, we found that, although IgG levels of  patients 
with severe COVID-19 at the convalescent phase were generally lower compared with those at the acute 
phase, the serum antibodies of  more than 95% of  patients were still able to neutralize SARS-CoV-2. Our 
findings are consistent with the previous observations that the neutralizing antibody titers in patients with 
COVID-19 decreased during the course of  time after convalescence (8, 36). However, some reports showed 
that the neutralizing antibodies were consistent with the time frame in patients with COVID-19 (11, 37, 
38). This discrepancy may be attributed to the different methods used for examining neutralizing activity 
by distinct research groups and the different sampling time-points during the acute phase and/or the con-
valescent phase, as well as to the fact that the cohorts were from different geographical regions. Overall, 
current studies, both those reported by others and ours, have shown that the serum collected from most of  

Figure 3. Antibody levels of different sex groups in patients with severe COVID-19 at the acute and the convalescent phases. (A and B) The 104 patients 
were divided into 2 groups by sex. Graphs showed RBD-, S-, and N-IgG levels of each group at the acute (A) and the convalescent (B) phase by normalized 
AUC values. The P value between any 2 groups was calculated by unpaired 2-tailed Student’s t test, P > 0.05, no significant difference.
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the patients with COVID-19 at the convalescent phase possess SARS-CoV-2–neutralizing activity, which 
supports the notion that the probability of  reinfection with SARS-CoV-2 could be greatly reduced 6 months 
after disease onset and antibody acquisition (39, 40).

Interestingly, as the 104 patients in our study had been enrolled in the trial of  lopinavir–ritonavir (31), 
with 50 in the lopinavir–ritonavir group and 54 in the standard-care group, AUC values were also used 
to compare the antibody levels in the 2 groups. Our results showed that no significant difference of  IgG 
levels was found between these 2 groups at the convalescent phase (Supplemental Figure 2A). Moreover, 
the percentage of  decrease in the RBD-IgG level from the acute to the convalescent phase in the lopinavir–
ritonavir group was lower than that in the standard-care group (P = 0.0462, Supplemental Figure 2B), while 
the percentage of  decreased S- and N-IgG levels between these 2 group showed no difference. Our results 
suggest that lopinavir–ritonavir may play a positive role in the production or maintenance of  antibodies, 
which are consistent with previous studies that found the counts of  B lymphocyte (CD19+) were higher in 
HIV patients who took lopinavir–ritonavir than in those who did not (41, 42).

It should be noted that our study has some limitations. First, the limited stock capacity of  serum 
samples is an obstacle to us to further explore the correlation between RBD-IgG and virus-neutraliz-
ing activities in animal protection experiments. Second, more sampling points in a longer period after  

Figure 4. Analysis of correlation between RBD-IgG and neutralizing antibody titers. (A) According to the normalized AUC values, a total of 60 serum 
samples were divided into 3 groups based on the RBD-IgG levels of high, medium, and low. (B) Neutralizing antibody titers by using the authentic SARS-
CoV-2 were detected for serum samples indicated by (A). The P value between any 2 groups in (A) and (B) was calculated by Student–Newman–Keuls mul-
tiple comparisons test, ANOVA, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. (C) Correlation analysis between normalized AUC values of RBD-IgG 
and neutralizing antibody titers in the 60 serum samples from (A and B). There was a strong correlation between neutralizing antibody titer and RBD-IgG 
(P < 0.0001, r = 0.8349). Pearson correlation coefficient was used to determine the r value of the correlation between the 2 groups.
 

Figure 5. Correlation analysis among RBD-, S-, and N-IgG in patients with severe COVID-19 at the convalescent phase. According to normalized AUC val-
ues, correlation analysis of RBD-, S-, and N-IgG were performed. (A–C) RBD-IgG and N-IgG were moderately correlated (r = 0.5399, P < 0.0001; A), whereas 
RBD-IgG and S-IgG (r = 0.4411, P < 0.0001; C), and N-IgG and S-IgG (r = 0.1894, P = 0.0542; B) were not correlated. Pearson correlation coefficient was used 
to determine the r value of the correlation between any 2 groups.
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convalescence should be included for further assessment of  RBD-, S-, and N-IgG levels and virus-neu-
tralizing activities. In the future, we will keep following up on patients with COVID-19 at extended 
points in time to make more accurate and integrated judgments on the robustness and longevity of  
antibodies and the threshold for protection from reinfection.

In summary, our findings identified the magnitude, functionality, and longevity of  antibody respons-
es in the first wave of  patients with COVID-19, which provide valuable data for the research community 
to better understand COVID-19-associated humoral immunity and would be beneficial to the efforts for 
developing vaccines.

Methods
Study design and participants. All 104 subjects in our study had been enrolled in the randomized con-
trolled clinical trial of  lopinavir–ritonavir at Jinyintan hospital, Wuhan, China. The period of  disease 
onset in patients was from December 20, 2019 to January 27, 2020 and the admission period was 

Figure 6. Analysis of the decreased tendency of IgG levels in patients with severe COVID-19. (A) Dynamic changes of normalized AUC values of RBD-, 
S-, and N-IgG levels during acute and convalescent phases. The P value was calculated by paired 2-tailed Student’s t tests. ****P < 0.0001, P > 0.05, no 
significant difference. (B–D) The left panel shows the number of patients with increased or decreased antibodies in the 104 patients, the middle panel shows 
the decreased percentage of antibodies in patients, the distribution of percentage of antibody reduction for these patients is shown in the right panel.  
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between January 17, 2020 and March 30, 2020. Diagnosis of  SARS-CoV-2 infection was based on clini-
cal diagnostic guidelines of  the Chinese Health Commission (6th edition). Respiratory tract samples of  
the subjects were positive for nucleic acid of  SARS-CoV-2, which were tested by real-time quantitative 
pCR (qRT-PCR) and viral pneumonia of  each patient was confirmed with chest imaging by CT. The 
severity of  the patients with COVID-19 was determined by the attending doctors based on the clinical 
diagnostic guidelines. In addition, demographic data of  each subject were collected.

In our study, serum samples of  patients with COVID-19 were collected during the acute and convales-
cent phases. The median period from disease onset to acute sampling point was 23 days (IQR, 20–27 days) 
and the median period from the acute sampling point to the convalescent sampling point was 172 days 
(IQR, 167–176 days). The collected serum samples were used for subsequent ELISA of  RBD, S, and N-IgG 
and virus-neutralizing activities assay.

Enzyme linked immunosorbent assay. IgG antibodies against RBD, S, and N proteins were detected with 
anti-RBD, S, and N protein Human IgG ELISA Kit (AnyGo Technology Co., Ltd., XG100H8, XG100H7, 
and XG100H6) according to the manufacturer’s instructions. In short, serum samples of  patients were 
diluted and added into RBD, S or N protein-coated plates, then incubated for 30 minutes. After washed 
with 1× PBST 4 times, horseradish peroxidase conjugated anti-human IgG antibodies were added and 
incubated for 15 minutes at room temperature. After additional rounds of  washes, tetramethylbenzidine 
substrates were added and incubated for 5–10 minutes before termination. The plates were then read at 450 
nm and 630 nm with F50 infiniteinfinite (TECAN).

Microneutralization assay. Vero E6 cells were seeded at 1 × 105 per well in a 96-well culture plate 
at 37°C for 24 hours before use. Serial 2-fold dilutions of  50 μL of  serum were prepared in a 96-well 
tissue culture plate in DMEM medium. An equal volume of  SARS-CoV-2 working stock containing 
200 TCID50 was added and the antibody-virus mixture was incubated at 37°C for 1 hour. Serum from 
healthy donors was used as negative controls. The antibody-virus mixture was then added into a 96-well 
microtiter plate containing equal volume of  confluent Vero E6 cells with 8 repeats and incubated at 
37°C in CO2 incubator for 3 days. Cells infected with 100 TCID50 of  SARS-CoV-2 and cells without 
infection were used as positive and uninfected controls, respectively. Cytopathic effect (CPE) in each 
well was observed daily and recorded on day 3 after infection. A virus back-titration was performed to 
assess the correct virus titer used in each experiment.

Statistics. All consecutive data are described as the medians (IQRs) or the means ± SD and categorical 
data are described as numbers (%). Unpaired 2-tailed Student’s t tests were used to compare 2 unpaired 
groups of  variables. Paired 2-tailed Student’s t tests were used to compare the significance of  paired sam-
ples. The 1-way ANOVA Student–Newman–Keuls multiple comparisons test was performed to test differ-
ences of  continuous variables among multiple groups.

A P value less than 0.05 was considered significant (*: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 
0.0001). The Pearson correlation coefficient (r) and the probability P value were calculated using GraphPad 
Prism, version 8.

Study approval. This study conformed to the 1975 Declaration of  Helsinki guidelines and was approved 
by the Ethics Committees of  Wuhan Jinyintan Hospital (KY-2020-83.01). Written informed consents were 
obtained from all involved patients.

Author contributions
YW and XZ conceived the study. DZ, GW, YH, PL, and YQ designed the experiments. YH, PL, J. Zhou, 
YL, XH, QY, RH, XW, HS, PY, MY, and WJL performed the experiments. YH, PL,YQ, J. Zhang, and KP 
analyzed data and interpreted the results. The majority of  the manuscript was written by YH, PL, and YQ, 
with some help from YW, XZ, DZ, and GW. All authors approved the final version of  the manuscript. The 
order of  the co–first authors was determined by their relative contribution to this study.

Acknowledgments
This work was supported by the Strategic Priority Research Program of  CAS (XDB29010300 to XZ), 
the National Key R&D Program of  China (2020YFC0846900 to DZ), the National Science and Tech-
nology Major Project (2018ZX10733403 to YW, 2020ZX09201-001 to DZ), National Natural Science 
Foundation of  China (32000115 to YH, 81873964 to YQ), Grant from the CAS Youth Innovation 
Promotion Association (20203 to YQ).

https://doi.org/10.1172/jci.insight.146267


9

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(4):e146267  https://doi.org/10.1172/jci.insight.146267

Address correspondence to: Guizhen Wu, Institute of  Medical Virology and School of  Basic Medical Sci-
ences, Chinese Center for Disease Control and Prevention, 155 Changbai Road, Changping District, Beijing 
102206, China. Phone: 8601058900001; Email: wugz@ivdc.chinacdc.cn. Or to: Dingyu Zhang, Jinyintan 
Hospital, Wuhan, No.1 Yintan Road, Dongxihu District, Hubei 430023, China. Phone: 8602785509145; 
Email: zhangdy63@hotmail.com. Or to: Xi Zhou, Wuhan Institute of  Virology, Chinese Academy of  Sci-
ences, No.44, Xiaohongshan Middle District, Wuchang District, Wuhan, Hubei 430071, China. Phone: 
8602787197080; Email: zhouxi@wh.iov.cn. Or to: Ying Wu, Institute of  Medical Virology and School of  
Basic Medical Sciences, Wuhan University,115 Donghu Road, Wuchang District,Wuhan 430071, China. 
Phone: 8602788878990; Email: yingwu@whu.edu.cn.

 1. Zhu N, et al. A novel Coronavirus from patients with pneumonia in China, 2019. N Engl J Med. 2020;382(8):727–733.
 2. Pan A, et al. Association of  public health interventions with the epidemiology of  the COVID-19 outbreak in Wuhan, China. 

JAMA. 2020;3(19):1915–1923.
 3. Han Y, et al. Feasibility study of  mixing throat swab samples for severe acute respiratory syndrome Coronavirus-2 screening. 

Virol Sin. 2020(6):1–3.
 4. Kim D, et al. The architecture of  SARS-CoV-2 transcriptome. Cell. 2020;181(4):914–921.
 5. Andersen KG, et al. The proximal origin of  SARS-CoV-2. Nat Med. 2020;26(4):450–452.
 6. Wu Z, McGoogan JM. Characteristics of  and important lessons from the Coronavirus Disease 2019 (COVID-19) out-

break in China: summary of  a report of  72 314 cases from the Chinese center for disease control and prevention. JAMA. 
2020;323(13):1239–1242.

 7. Tay MZ, et al. The trinity of  COVID-19: immunity, inflammation and intervention. Nat Rev Immunol. 2020;20(6):363–374.
 8. Ibarrondo FJ, et al. Rapid decay of  anti-SARS-CoV-2 Antibodies in persons with mild Covid-19. N Engl J Med. 

2020;383(11):1085–1087.
 9. Cummings MJ, et al. Epidemiology, clinical course, and outcomes of  critically ill adults with COVID-19 in New York City: a 

prospective cohort study. Lancet. 2020;395(10239):1763–1770.
 10. Chen N, et al. Epidemiological and clinical characteristics of  99 cases of  2019 novel coronavirus pneumonia in Wuhan, China: 

a descriptive study. Lancet. 2020;395(10223):507–513.
 11. Wajnberg A, et al. Robust neutralizing antibodies to SARS-CoV-2 infection persist for months. Science. 2020;370(6521):1227–1230.
 12. Hachim A, et al. ORF8 and ORF3b antibodies are accurate serological markers of  early and late SARS-CoV-2 infection. Nat 

Immunol. 2020;21(10):1293–1301.
 13. To KK, et al. Temporal profiles of  viral load in posterior oropharyngeal saliva samples and serum antibody responses during 

infection by SARS-CoV-2: an observational cohort study. Lancet Infect Dis. 2020;20(5):565–574.
 14. Tian Y, et al. Sensitivity and specificity of  SARS-CoV-2 S1 subunit in COVID-19 serology assays. Cell Discov. 2020;6(1):75.
 15. Ni L, et al. Detection of  SARS-CoV-2-specific humoral and cellular immunity in COVID-19 convalescent individuals. Immuni-

ty. 2020;52(6):971–977.
 16. Dutta NK, et al. The nucleocapsid protein of  SARS-CoV-2: a target for vaccine development. J Virol. 2020;94(13):00647–20.
 17. Yao H, et al. Molecular architecture of  the SARS-CoV-2 virus. Cell. 2020;183(3):730–738.
 18. Savastano A, et al. Nucleocapsid protein of  SARS-CoV-2 phase separates into RNA-rich polymerase-containing condensates. 

Nat Commun. 2020;11(1):1–10.
 19. Walls AC, et al. Structure, function, and antigenicity of  the SARS-CoV-2 spike glycoprotein. Cell. 2020;181(2):281–292.
 20. Liu L, et al. Potent neutralizing antibodies against multiple epitopes on SARS-CoV-2 spike. Nature. 2020;584(7821):450–456.
 21. Ou X, et al. Characterization of  spike glycoprotein of  SARS-CoV-2 on virus entry and its immune cross-reactivity with SARS-

CoV. Nat Commun. 2020;11(1):1620.
 22. Wrobel AG, et al. SARS-CoV-2 and bat RaTG13 spike glycoprotein structures inform on virus evolution and furin-cleavage 

effects. Nat Struct Mol Biol. 2020;27(8):763–767.
 23. Lan J, et al. Structure of  the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature. 

2020;581(7807):215–220.
 24. Shang J, et al. Structural basis of  receptor recognition by SARS-CoV-2. Nature. 2020;581(7807):221–224.
 25. Yan R, et al. Structural basis for the recognition of  SARS-CoV-2 by full-length human ACE2. Science. 

2020;367(6485):1444–1448.
 26. Piccoli L, et al. Mapping neutralizing and immunodominant sites on the SARS-CoV-2 spike receptor-binding domain by struc-

ture-guided high-resolution serology. Cell. 2020;183(4):1024.
 27. Yang J, et al. A vaccine targeting the RBD of  the S protein of  SARS-CoV-2 induces protective immunity. Nature. 

2020;586(7830):572–577.
 28. Ju B, et al. Human neutralizing antibodies elicited by SARS-CoV-2 infection. Nature. 2020;584(7819):115–119.
 29. Wang Y, et al. Kinetics of  viral load and antibody response in relation to COVID-19 severity. J Clin Invest. 2020;130(10):5235–5244.
 30. Commission CH. The clinical diagnostic guideline for COVID-19 (trial version 6). http://www.nhc.gov.cn/yzygj/s7653p/2020

02/8334a8326dd94d329df351d7da8aefc2.shtml.
 31. Cao B, et al. A trial of  lopinavir-ritonavir in adults hospitalized with severe Covid-19. N Engl J Med. 2020;382(19):1787–1799.
 32. Wang C, et al. A novel coronavirus outbreak of  global health concern. Lancet. 2020;395(10223):470–473.
 33. Robbiani DF, et al. Convergent antibody responses to SARS-CoV-2 infection in convalescent individuals [preprint]. https://doi.

org/ 10.1101/2020.05.13.092619. Posted on bioRxiv May 22, 2020.
 34. Prabakaran P, et al. Structure of  severe acute respiratory syndrome coronavirus receptor-binding domain complexed with neu-

tralizing antibody. J Biol Chem. 2006;281(23):15829–15836.

https://doi.org/10.1172/jci.insight.146267
mailto://wugz@ivdc.chinacdc.cn
mailto://zhangdy63@hotmail.com
mailto://zhouxi@wh.iov.cn
mailto://yingwu@whu.edu.cn
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1056/NEJMc2025179
https://doi.org/10.1056/NEJMc2025179
https://doi.org/10.1016/S0140-6736(20)31189-2
https://doi.org/10.1016/S0140-6736(20)31189-2
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1038/s41590-020-0773-7
https://doi.org/10.1038/s41590-020-0773-7
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1038/s41421-020-00224-3
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1038/s41467-019-13993-7
https://doi.org/10.1038/s41467-019-13993-7
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/s41594-020-0468-7
https://doi.org/10.1038/s41594-020-0468-7
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1038/s41586-020-2599-8
https://doi.org/10.1038/s41586-020-2599-8
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1172/JCI138759
https://doi.org/10.1056/NEJMoa2001282
https://doi.org/10.1016/S0140-6736(20)30185-9
https://doi.org/10.1101/2020.05.13.092619
https://doi.org/10.1074/jbc.M600697200
https://doi.org/10.1074/jbc.M600697200


1 0

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(4):e146267  https://doi.org/10.1172/jci.insight.146267

 35. Zost SJ, et al. Potently neutralizing and protective human antibodies against SARS-CoV-2. Nature. 2020;584(7821):443–449.
 36. Roltgen K, et al. Defining the features and duration of  antibody responses to SARS-CoV-2 infection associated with disease 

severity and outcome. Sci Immunol. 2020;5(54):eabe0240.
 37. Gudbjartsson DF, et al. Humoral immune response to SARS-CoV-2 in Iceland. N Engl J Med. 2020;383(18):1724–1734.
 38. Isho B, et al. Persistence of  serum and saliva antibody responses to SARS-CoV-2 spike antigens in COVID-19 patients. Sci 

Immunol. 2020;5(52):eabe5511.
 39. Harvey RA, et al. Real-world data suggest antibody positivity to SARS-CoV-2 is associated with a decreased risk of  future infec-

tion [preprint]. https://doi.org/ 10.1101/2020.12.18.20248336. Posted on medRxiv on December 20, 2020.
 40. Lumley SF, et al. Antibody status and incidence of  SARS-CoV-2 infection in health care workers [published online December 

23, 2020]. N Engl J Med. https://doi.org/10.1056/NEJMoa2034545.
 41. Landay A, et al. 3rd IRS Conference on HIV Pathogenesis and Treatment. Paper presented at: Universidade Federal do Rio de 

Janeiro and Sociedade Brasileira de Infectologia; July 24–27, 2005; Rio de Janeiro, Brazil. https://www.iasociety.org/Web/
WebContent/File/IAS_2005_Evaluation_Report.pdf. Accessed January 22, 2021.

 42. Landay A, et al. XIV International AIDS Conference. Presented at: International AIDS Society; July 7–12, 2002; Barcelona, 
Spain. https://quod.lib.umich.edu/c/cohenaids/5571095.0171.069?rgn=main;view=fulltext. Accessed on January 22, 2021.

https://doi.org/10.1172/jci.insight.146267
https://doi.org/10.1038/s41586-020-2548-6
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1056/NEJMoa2026116
https://doi.org/10.1101/2020.12.18.20248336
https://doi.org/10.1056/NEJMoa2034545

	Graphical abstract

