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Abstract

There is an urgent need for effective treatment and preventive vaccine to contain this devas-

tating global pandemic, which requires a comprehensive understanding of humoral

responses specific to SARS-CoV-2 during the disease progression and convalescent phase

of COVID-19 patients. We continuously monitored the serum IgM and IgG responses spe-

cific to four SARS-CoV-2 related antigens, including the nucleoprotein (NP), receptor bind-

ing domain (RBD), S1 protein, and ectodomain (ECD) of the spike protein among non-

severe and severe COVID-19 patients for seven weeks since disease onset. Most patients

generated humoral responses against NP and spike protein-related antigens but with their

distinct kinetics profiles. Combined detection of NP and ECD antigens as detecting antigen

synergistically improved the sensitivity of the serological assay, compared to that of using

NP or RBD as detection antigen. 80.7% of convalescent sera from COVID-19 patients

revealed that the varying extents of neutralization activities against SARS-CoV-2. S1-spe-

cific and ECD-specific IgA responses were strongly correlated with the neutralization activi-

ties in non-severe patients, but not in severe patients. Moreover, the neutralizing activities of

the convalescent sera were shown to significantly decline during the period between 21

days to 28 days after hospital discharge, accompanied by a substantial drop in RBD-specific

IgA response. Our data provide evidence that are crucial for serological testing, antibody-

based intervention, and vaccine design of COVID-19.
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Author summary

The world is facing an unprecedented challenge with communities and economies

affected by the growing pandemic of coronavirus disease 2019 (COVID-19). Currently,

there is no vaccine or effective drugs have been approved to treat or prevent COVID-19.

The development of antibody response to SARS-CoV-2, the virus that causes COVID-19,

started to be reported but remained largely elusive. Understanding the adaptive responses

where the body makes antibodies that specifically bind to the SARS-CoV-2 among

COVID-19 patients provides fundamental information for developing effective treatment

and preventive vaccine. In this study, we not only successively analyzed the specificity and

magnitude of antibody responses using four SARS-CoV-2 related antigens, but also moni-

tored the neutralization potency of the convalescent sera from COVID-19 patients at the

time point of hospital discharge and follow-up visit. Our results indicated that most

patients generated humoral responses against nucleoprotein and three spike protein-

related antigens with their distinct kinetics profiles. Additionally, most convalescent sera

had the varying extents of neutralization activities against SARS-CoV-2. Of note, we iden-

tified that IgA antibody responses specific to S1 and ECD were strongly correlated with

neutralization activities in non-severe patients, but not in severe patients. Furthermore,

we identified a significant reduction of neutralizing activities of the convalescent sera

within one month. Our data provide a collective basis of serological testing, antibody-

based intervention, and vaccine design of COVID-19.

Introduction

The ongoing pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

that first emerged in China, has rapidly spread worldwide. As of June 29, 2020, the coronavirus

disease 2019 (COVID-19) had been confirmed in more than 10 million cases worldwide [1],

carrying a mortality rate of 1.3% [2]. There is an urgent need for effective treatment and pre-

ventive vaccine to contain this devastating global pandemic, which requires a comprehensive

understanding of humoral responses specific to SARS-CoV-2 during the disease progression

and convalescent phase of COVID-19 patients.

We recently reported that differential longitudinal patterns of nucleic acid and serology

testing among severe patients, non-severe patients, and asymptomatic carriers of SARS-CoV-2

[3]. We demonstrated that early, arising antibody responses were detected concurrent with

positive viral RNA among severe patients, while antibody responses which often facilitate the

viral clearance were observed from non-severe patients. This prompted us to further explore

the antigen specificity and humoral responses among severe and non-severe patients. The

kinetics of antibody response to nucleoprotein (NP) and spike protein receptor binding

domain (RBD) from SARS-CoV-2 have been reported [4, 5]. However, in addition to RBD,

the antibody response targeting the full-length S1 domain or ectodomain (ECD) of the spike

protein is still not known. The RBD of SARS-CoV-2 is relatively small containing 222 amino

acids, compared to the full-length S1 protein or ectodomain (ECD) of the spike glycoprotein.

Therefore, the sensitivity of antibody seroconversion might be compromised by exclusively

including the RBD instead of alternative recombinant antigens such as S1 and ECD protein

for COVID-19 serological testing. Additionally, recent studies demonstrated that transfusion

of convalescent plasma containing the neutralizing antibodies resulted in clinical improve-

ment [6, 7], which necessitates a comprehensive understanding of the specificity, isotypes,
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potency and persistence of the neutralizing antibody components present in the convalescent

sera of clinically recovered COVID-19 patients.

In this retrospective study, we successively monitored the serum IgM and IgG responses

specific to four SARS-CoV-2 related antigens, including the NP protein, RBD protein, S1 pro-

tein, and ECD protein in 19 non-severe and 7 severe COVID-19 patients during the disease

progression. Moreover, the neutralization activities of the serum collected at hospital discharge

were determined, and their correlations with the specific antibody of different isotypes target-

ing the above four recombinant antigens were identified. Furthermore, in order to determine

the duration of antibody responses, the neutralization activities and anti-SARS-CoV-2 anti-

body responses after hospital discharge were also analyzed. Our data provide important

insights for serological testing, antibody-based intervention, and vaccine design.

Materials and methods

Expression and purification of four SARS-CoV-2 related proteins

Four SARS-CoV-2 related proteins, recombinant spike protein receptor binding domain

(RBD) protein, S1 protein, the ectodomain of the spike protein (ECD), and nucleocapsid pro-

tein (NP) were used as detected antigens, respectively (Fig 1A). The genes encoding spike

RBD (residues Arg319 to Phe541 of spike protein), S1 protein (residue Val20 to Arg685 of

spike protein), the ectodomain of spike protein (ECD) (residue Met1 to Tyr1213 of spike pro-

tein), and the full-length NP protein were codon-optimized and synthesized (Genewiz,

China). Genes encoding for the spike RBD, S1, and ECD were cloned into the mammalian

expression vector pcDNA3.4, while the genes encoding the NP protein were inserted into the

Fig 1. Establishment of the serological assay for SARS-CoV-2. (A) Schematic representation of RBD, S1, and

ectodomain (ECD) of the SARS-CoV-2 spike protein. (B) The expression and purification of RBD, S1, ECD, and NP

protein. (C) ELISA assay for detecting IgM and IgG humoral responses against RBD, S1, ECD and NP protein was

performed using sera samples diluted at 1:200. The dashed blue line indicates the cutoff value for each assay, which was

determined based on the archived serum samples collected before the COVID-19 outbreak. Sera from 46 healthy

controls (HC) collected in 2019 served as the negative control, whereas 72 samples collected at different time points

from COVID-19 patients were used as the positive control.

https://doi.org/10.1371/journal.ppat.1008796.g001
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expression vector pET-28(b), in frame respectively and upstream of the series of six histidine

residues. The RBD, S1, and ECD proteins were expressed in 293f cells, while the NP protein

was from Escherichia coli, followed by affinity purification. The purity of the NP protein and

RBD proteins was determined by 10% sodium dodecyl sulfate (SDS) polyacrylamide gel elec-

trophoresis (Fig 1B).

Ethic statement

This study was approved by ethics committee of Affiliated Hospital of Xuzhou Medical Uni-

versity and Nanjing Drum Tower Hospital in Jiangsu Province (Protocol number:

XYFY2020-KL016-01 and 2020-023-01). Written informed consent was waived by the Ethics

Commission due to public health outbreak investigation.

Patients and clinical specimens

We retrospectively recruited 26 patients with COVID-19 from Jan 30 to Feb 25, 2020, at the

Affiliated Hospital of Xuzhou Medical University and Nanjing Drum Tower Hospital in

Jiangsu Province. Patients with suspected SARS-CoV-2 were confirmed after two sequential

positive respiratory tract sample results. Throat swab samples were collected every 1–2 days.

The serum samples retrieved from routine biochemical or immunological testing were inacti-

vated at 56˚C for 30 min. These samples were later stored at -80˚C for later serological

detection.

The severity of COVID-19 was judged based on the sixth revised trial version of novel coro-

navirus pneumonia diagnosis and treatment guidance [8]. Those who met the criterion as fol-

lows were defined as severe cases: (1) Respiratory distress with respiratory rate over 30 per

minute; (2) Hypoxia (oxygen saturation less than�93% in the resting state); (3) Arterial blood

oxygen partial pressure (PaO2)/oxygen concentration (FiO2) less than 300 mm Hg; or (4)

Severe disease complications including respiratory failure which requires mechanical ventila-

tion, septic shock, or non-respiratory organ failure.

Enzyme-linked immunosorbent assay (ELISA)

An in-house enzyme-linked immunosorbent assay (ELISA) was performed as previously

described (8). Briefly, 96-well plates were coated with 500 ng/mL of individual recombinant

viral antigen overnight, respectively. The plates were incubated with serum samples in a dilu-

tion of 1:200, followed by incubation with either anti-human IgM conjugated with HRP

(Abcam, ab97205, 1:2000 dilution) and IgG conjugated with HRP (Abcam, ab6759, 1:100000

dilution). Optical density (OD) value at 450nm was measured. For antibody isotyping of the

sera collected during convalescent COVID-19 patients, the plates were firstly coated with the

desired recombinant antigen, respectively. Later, the plates were added with serial diluted

serum samples starting from 1:200 to 1:437400. After washing, the plates were coated with

anti-human IgA conjugated with HRP (Abcam, ab97215, 1:1000 dilution), anti-human IgG1

conjugated with HRP (Abcam, ab99774, 1:2000 dilution), anti-human IgG2 conjugated with

HRP (Abcam, ab99779, 1:1000 dilution), anti-human IgG3 conjugated with HRP (Abcam,

ab86252, 1:2000 dilution), and anti-human IgG4 conjugated with HRP (Abcam, ab99823,

1:1000 dilution) for antibody isotyping analyses. Subsequently, the plates were incubated with

TMB substrate for 1 hour and the reaction stopped with 1M H2SO4. The preliminary cut-off

value for each ELISA assay was calculated as the mean of the negative control serum OD values

plus 2 standard deviation (SD) from 45 archived healthy individuals from the year of 2019.

Antibody endpoint titer was determined by the highest dilution which gives an OD value

higher than cut off value of the healthy control group at the same dilution.
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Microneutralization assay

Pseudoviruses expressing the SARS-CoV-2 spike protein were obtained as a general gift from

the institute of biological product control from National institute for Food and Drug Control

of China. SARS-CoV-2 pseudoviruses were prepared using VSV G pseudotyped viruses

(G�ΔG-VSV) that package the expression cassette for firefly luciferase instead of VSV-G in the

VSV genome, and the serum neutralization capability was performed as described recently [9].

Briefly, the SARS-CoV-2 pseudoviruses were preincubated with heat-inactivated serum sam-

ples at a 3-fold serial dilution starting at 1:20 at 37˚C for one hour, together with the pseudo-

virus control and cell control wells. The sera from healthy controls were served as the negative

control in hexaplicate. Next, the 96-well plates were seeded with 100 μL of freshly trypsinized

Huh7 cells (2x104 cells/well). After 24 hours of incubation in a 5% CO2 environment at 37˚C,

the luminescence was measured using luciferase substrate (Promega, E6120). The titer of

NAbs was calculated as 50% inhibitory dose (ID50), expressed as the reciprocal serum dilution

which resulted in a 50% reduction in relative light units (RLUs) compared to the virus control

wells after subtraction of background RLUs.

Data collection

Data including demographic information, medical history, symptoms, laboratory findings,

treatment regimen were retrieved from the patients’ medical record. Laboratory results

included blood routine, lymphocyte subsets, and CRP. The total number of lymphocytes in

peripheral blood was counted by hemocytometer. The percentage of lymphocyte subsets were

analyzed with FACS flow cytometry for those COVID-19 patients on admission.

Statistical analysis

Binding antibody titers or neutralizing antibody titers were expressed as geometric mean titers

(GMTs). The mean (standard deviation (SD)) or median (interquartile range (IQR)) was used

to present the continuous variables. Categorical variables were described as the count and per-

centage. The independent group t test (normal distribution) and Mann-Whitney U (non-nor-

mal distribution) were used to compare continuous variables between groups. SPSS software

program version 22.0 (Chicago, IL, USA) were used for data analysis. p<0.05 was considered

to be statistically significant. When multiple testing was performed in the correlation analysis,

the Bonferroni correction adjusted significance level was 0.05/3 = 0.016.

Results

Demographic and clinical characteristics of COVID-19 patients in our

cohort

A total of 26 COVID-19 patients were enrolled in our study (Table 1 and S1 Table). The

median age was 47 years (IQR, 35.5–57.5), and 14 patients were male. The median age for

severe COVID-19 patients was significantly higher compared to the non-severe group

(p = 0.005). Type 2 diabetes (42.9%) was the most common comorbidities. Fever (85.7%),

cough (100%), and myalgia (28.6%) were the most common symptoms. Blood test on admis-

sion revealed that the lymphocyte counts were significantly lower in the severe cases (0.86 x

109/L) than in the non-severe cases (1.36 x 109/L) (p<0.001). Lymphocyte subset analyses fur-

ther indicated that the numbers of T lymphocytes, CD8+ T cells and B cells were markedly

reduced in severe patients, in comparison to non-severe patients (p<0.001, p = 0.005,

p = 0.007, respectively) (S1 Table). All the severe and non-severe patients were administered

with empirical antimicrobial treatments including interferon α inhalation, arbidol, lopinavir-
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ritonavir combination and darunavir. As of March 25th, 2020, the 26 patients were clinically

recovered from COVID-19 and subsequently discharged.

Dynamic and distinct anti-SARS-CoV-2 IgM and IgG antibody profile

targeting NP protein and three spike protein-related antigens

108 serum specimens were obtained from 26 COVID-19 patients (mean 4.1 serum samples

per patient). We serially monitored the antibody profile specific to RBD, S1, ECD and NP dur-

ing the disease progression phase of COVID-19 patients (Fig 2 and S1 Fig). Overall, 24

(92.31%) out of 26 patients were seroconverted, whereas 2 patients (P22 and P23) showed a

barely detectable level of both IgM and IgG response against four SARS-CoV-2 antigens dur-

ing our observation period. We cannot rule out the possibility that these two patients might

have been seroconverted later after hospital discharge. An increase in serum IgM and IgG anti-

body levels against four proteins for most patients at 4 days or later after symptom onset was

noticed, as illustrated by the OD values in Fig 2. Throughout our observation period, 80.7%

(21/26) of patients exhibited a strong response of IgM or IgG against four antigens, while three

patients (P13, P17 and P18) had a relatively low level of antibody response against spike pro-

tein derived antigens. Furthermore, distinct kinetics of antibodies with different specificities

were identified. The patients initially reached the NP-specific IgM peak and S1-specific IgM

peak on day 21 (IQR: 16–25 and IQR: 16–30, respectively), then anti-RBD IgM, anti-ECD

IgM, and anti-NP IgG peaked at day 25 (IQR: 21–28, IQR: 21–30, IQR: 18–34, respectively),

followed by the RBD-specific IgG peaked on day 28 (IQR:23–34), and the peak IgG responses

specific of S1 and ECD antigens on day 33 (IQR: 21–40, IQR:28–41, respectively).

Table 1. Demographic and epidemiologic characteristics of severe and non-severe COVID-19 patients.

Variables (n [%] or median [IQR]) All patients (n = 26) severe (n = 7) Non-severe (n = 19) p value�

Age (ys) 47 (35.5, 57.5) 56 (49.5, 62.0) 41 (31, 56) 0.006

Sex 0.665

Female 12 (46.2) 4 (57.1) 8 (42.1)

Male 14 (53.8) 3 (42.9) 11 (57.9)

Onset signs and symptoms

Cough 17 (65.4) 7 (100) 10 (52.6) 0.058

Fever 15 (57.5) 6 (85.7) 9 (47.4) 0.178

Myalgia 3 (11.5) 2 (28.6) 1 (5.3) 0.167

Shortness of breath 2 (7.7) 0 (0) 2 (10.5) 1.000

Comorbidities

Diabetes 4 (15.4) 3 (42.9) 1 (5.3) 0.047

Hypertension 2 (7.7) 1 (14.3) 1 (5.3) 1.000

Alzheimer’s disease 1 (3.8) 1 (14.3) 0 (0) 0.269

Cerebral infarction 1 (3.8) 1 (14.3) 0 (0) 0.269

Liver cyst 1 (3.8) 0 (0) 1 (5.3) 1.000

The duration of positive viral RNA (days) 18.0 (10.0, 25.0) 19.0 (13.5, 26.0) 17.5 (7.8, 23.8) 0.149

ct value of RT-PCR 27.0 (24.0, 35.0) 24 (23.5, 28.5) 28.5 (24.0, 35.0) 0.038

Lymphocyte (×109/L) 1.2 (0.9, 1.8) 0.9 (0.7, 1.1) 1.4 (1.1, 1.9) <0.001

CRP (mg/L) 26.4 (19.8, 39.1) 31.0 (22.0, 35.0) 23.3 (20.5, 39.1) 0.324

ESR (mm/h) 15.5 (6.3, 34.3) 21.0 (12.0, 39.0) 10.0 (5.5, 30.0) 0.333

IL-6 (pg/ml) 0.013 (0.003, 0.022) 0.02 (0.0095, 0.0265) 0.08 (0.0028, 0.0165) 0.308

IQR, interquartile range; ct, cycle threshold; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IL-6, Interleukin- 6.

�p value refers to the statistical difference between severe and non-severe group.

https://doi.org/10.1371/journal.ppat.1008796.t001
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Interestingly, antibody responses were sharply dropped in 25% (6/24) of patients after reaching

their peak, whereas the antibody responses in the remaining patients were sustained. Our data

suggested that SARS-CoV-2 infection induced a distinct temporal profile of humoral

responses against viral NP, RBD, S1 and ECD antigens.

Correlation analyses of antibody responses targeting RBD, S1, ECD, and NP

Correlation analyses of OD values derived from four ELISA assays were performed (Fig 3).

The anti-RBD IgM response was correlated with anti-NP IgM (r = 0.2928, corrected

p<0.0001), anti-S1 IgM (r = 0.6590, corrected p<0.0001), and anti-ECD IgM (r = 0.8261, cor-

rected p<0.0001), while the anti-RBD IgG response was associated with the levels of anti-NP

IgG (r = 0.5549, corrected p<0.001), anti-S1 IgG (r = 0.8253, corrected p<0.0001), and anti-

ECD IgG responses (r = 0.9024, corrected p<0.0001). Besides, the anti-S1 IgM response was

associated with the anti-N IgG response (r = 0.2824, corrected p<0.0001) and anti-ECD IgM

responses (r = 0.7338, corrected p<0.0001). The anti-S1 IgG response was linked with the

anti-NP IgG (r = 0.5254, corrected p<0.0001) and anti-ECD IgG response (r = 0.7634, cor-

rected p<0.0001), anti-ECD IgM response was correlated with the anti-NP IgM response

(r = 0.2343, corrected p<0.0001), whereas anti-ECD IgG response was correlated with anti-N

IgG response (r = 0.5469, corrected p<0.0001). Overall, the level of RBD-specific IgM or IgG

was well correlated with either the anti-S1 or anti-ECD antibody responses, while the NP-spe-

cific IgM or IgG was weakly related with the level of IgM or IgG response targeting various

subunits of the spike protein. Our data indicated a distinct recognition pattern of NP protein

and various domains of spike protein in the serum of COVID-19 patients.

Fig 2. Representative dynamic IgM or IgG responses specific to NP, RBD, S1, and ECD for three severe COVID-19 patients and three

non-severe COVID-19 patients over time since symptom onset, determined by ELISA assay.

https://doi.org/10.1371/journal.ppat.1008796.g002
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Combined ECD-specific IgM and NP-specific IgG improved the sensitivity

of COVID-19 serological testing at an early infection phase

Since the temporal profiles of NP-specific and spike protein-specific antibody responses were

distinct, we determined the sensitivity of serological testing using different SARS-CoV-2

Fig 3. Correlation analysis of IgM or IgG responses specific to NP, RBD, S1, and ECD. The Bonferroni correction was used

and the adjusted significance level of p value was 0.05/3 = 0.016.

https://doi.org/10.1371/journal.ppat.1008796.g003

Table 2. Detection sensitivity of serological analysis using four SARS-CoV-2 related antigens at different time since disease onset.

Days after onset 1–7 8–14 15–21 22–28 29–42 after 42

number of samples 22 24 19 12 16 15

antibody

specificity

N (+) Sensitivity

(%)

N

(+)

Sensitivity

(%)

N

(+)

Sensitivity

(%)

N

(+)

Sensitivity

(%)

N

(+)

Sensitivity

(%)

N

(+)

Sensitivity

(%)

RBD IgM 4 18.18 12 50.00 19 100.00 10 83.33 15 93.75 13 86.67

S1 IgM 6 27.27 17 70.83 18 93.75 10 83.33 15 93.75 14 93.33

ECD IgM 8 36.36 18 75.00 19 100.00 10 83.33 15 93.75 15 100.00

NP IgM 6 27.27 16 66.67 13 68.42 7 58.33 12 75.00 12 80.00

RBD IgG 6 27.27 12 50.00 17 89.47 9 75.00 14 87.50 13 86.67

ECD IgM 5 22.73 13 54.17 18 93.75 10 83.33 14 87.50 14 93.33

S1 IgM 6 27.27 15 62.5 19 89.47 9 75.00 12 75.00 14 93.33

NP IgM 8 36.36 18 75.00 17 89.47 10 83.33 15 93.75 15 100.00

NP IgG + ECD IgM 15 68.18 23 95.83 16 100.00 10 83.33 15 93.75 15 100.00

NP IgG + RBD IgM 11 50.00 18 75.00 19 100.00 10 83.33 15 93.75 15 100.00

NP IgG + NP IgM 9 40.91 19 79.17 18 93.75 10 83.33 15 93.75 15 100.00

NP IgG + S1 IgM 12 54.55 22 91.67 18 93.75 10 83.33 15 93.75 15 100.00

RBD IgM + RBD IgG 8 36.36 18 75.00 19 93.75 10 83.33 15 93.75 13 86.67

https://doi.org/10.1371/journal.ppat.1008796.t002
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derived antigens from week 1 to week 4 after disease onset. Since the number of sera collected

after week 4 of disease onset was relatively limited in our cohort, the sensitivity of our ELISA

assay with the clinical samples within the first four weeks was analyzed. As shown in Table 2,

among the eight anti-SARS-CoV-2 specific IgM or IgG parameters, serological testing of NP

protein-specific IgG was able of achieving optimal sensitivities of 36.36%, 75.00%, 89.47%, and

83.33% from week 1 to week 4 after disease onset, respectively. However, the combined testing

of ECD-specific IgM and NP-specific IgG responses were able to further synergistically boost

the assay sensitivity to 68.18%, 95.83%, 100%, and 83.33% from week 1 to week 4, respectively,

yielding the highest sensitivity if compared to that obtained using either combined anti-RBD

IgM and anti-RBD IgG or combined anti-NP IgM and anti-NP IgG.

Higher magnitude of anti-RBD IgG and IgA responses observed in the

convalescent serum of severe patients than in the non-severe patients

To dissect the antibody component and specificity from the sera of COVID-19 clinically recov-

ered patients, the magnitude of IgM, IgA, IgG, and IgG isotypes including IgG1 to IgG4 target-

ing RBD, S1, ECD, and NP were further analyzed by ELISA (Fig 4). Of note, barely detectable

levels of anti-SARS-CoV-2 IgG2 and IgG4 were observed from all the patients in our cohort.

Compared to non-severe patients, severe patients tended to generate a higher level of antibody

responses. Specifically, remarkably higher level of RBD-specific IgG, IgA, IgG1, and IgG3 titers

were found in severe patients compared to non-severe patients (p = 0.018, p = 0.009, p = 0.043,

p = 0.004, respectively). Likewise, considerably higher levels of S1-specific IgA, NP-specific

IgA and IgG1 were also present in severe patients when compared to non-severe patients

(p = 0.020, p = 0.012, and p = 0.027, respectively).

The neutralizing activities of convalescent sera strongly correlated with

S1-specific and ECD-specific IgA responses in non-severe patients

The neutralization activities were subsequently determined by the pseudovirus microneutrali-

zation assay as previously described. 84.6% (22/26) of COVID-19 patients, including 85.7% (6/

Fig 4. The IgM, IgG, IgA, IgG1, and IgG3 binding tiers specific with RBD, S1, ECD, and NP, respectively, in the

convalescent sera of non-severe and severe COVID-19 patients.

https://doi.org/10.1371/journal.ppat.1008796.g004
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7) of the severe patients and 84.2% (16/19) of the non-severe patients, generated neutralization

activities at the time point of discharge with a geometric mean titer of 274 (Fig 5A and 5B).

Meanwhile, 5/26 (19.23%) of patients elicited low levels of neutralization activities (ID50 titer

between 20 to 270), while 9/26 (34.6%) of patients produced a moderate level of neutralization

activities (ID50 titer between 271 to 1000), and 7/26 (26.92%) patients exhibited a potent level

of neutralization activity (ID50 titer over 1000). There was no statistically significant difference

in terms of neutralizing titers between the severe group (geometric titer, 772; IQR:470–1463)

and non-severe group (geometric titer: 280; IQR, 82.5–584.5) (p = 0.18), despite the fact that

the severe patients had considerably higher level of anti-SARS-CoV-2 specific binding anti-

body titers.

Using the antibody binding titers and neutralizing activities form the 19 non-severe

patients, we discovered that the neutralizing antibody titers moderately correlated with the

ECD-specific IgA responses (r = 0.6689, p<0.0001), S1-specific IgA response (r = 0.6365,

p<0.0001), RBD-specific IgG responses (r = 0.5806, p<0.0001), RBD specific IgA responses

(r = 0.5157, p = 0.0002), and NP-specific IgM responses (r = 0.5075, p<0.0001) (Fig 5D). Fur-

thermore, we also noticed that the ECD-specific IgG1 titer (r = 0.4790, p = 0.0005), ECD-spe-

cific IgG3 titer (r = 0.4473, p = 0.0009), and RBD-specific IgG3 titer (r = 0.2471, p = 0.0186)

were weakly correlated with the serum neutralization activities. Additionally, in addition to

IgG antibodies, IgA also greatly contributed to the anti-SARS-CoV-2 neutralizing activities. It

is worth mentioning that in contrast to the correlation between the neutralizing activities and

the binding antibody titers established in non-severe patients, we did not find any strong rela-

tionship between the neutralization activities and binding titers in the severe patients, suggest-

ing a complex involvement of non-neutralizing antibodies during disease progression.

The neutralizing activities were significantly declined concurrent with

remarkedly diminished anti-RBD IgA responses

Whether clinical recovered COVID-19 patients might be susceptible to SARS-CoV-2 re-infec-

tion remains questioned. Serum samples from sixteen COVID-19 patients (eleven non-severe

and five severe patients) were collected at the time point of discharge and during follow-up

visit between 21 and 28 days. Then, their neutralizing activities and binding antibody titers

were further compared (Fig 6A). The neutralizing activities of serum obtained at the follow-

up visit between 21 days and 28 days after discharge were significantly lower than those

obtained at the time point of hospital discharge (p = 0.04, paired-t test), concurrent with signif-

icantly reduced anti-RBD IgA responses (p = 0.04, paired-t test), which might be responsible

for the declining trend of neutralizing activities. Nevertheless, we did not observe a profoundly

reduced IgM or IgG response targeting the NP or spike protein-related antigens. Additionally,

the reduced fold of IgM, IgG and IgA binding titer and neutralization activities at the time

point of hospital discharge and follow-up visit between 21 days and 28 days after discharge

were also analyzed between severe patients and non-severe patients (Fig 6B). The severe

patients and non-severe patients had comparable reduced fold of IgM, IgG, and IgA binding

titer specific to RBD, ECD, S1, and NP protein and neutralization activities.

Discussion

Using four recombinant SARS-CoV-2 related antigens, we were able to monitor the dynamic

antibody responses with various specificities. We demonstrated that the kinetics profile of IgM

or IgG responses specific for four antigens might be distinct in time and magnitude aspects.

The ELISA assay was developed using RBD [5, 10], S1 [11], stabilized full-length spike protein

[12], NP protein [13], combined RBD and NP protein (4), respectively, as serological assay,
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Fig 5. Neutralization activities of convalescent sera from COVID-19 recovered patients. (A) The neutralization titers (ID50) were determined

between severe and non-severe patients. (B) The percentage of convalescent serum samples with undetectable neutralization titers (ID50 titer less than

20), low level of neutralization titers (ID50 titer between 20 to 270), moderate level of neutralization titers (ID50 titer between 270 to 1000), high level of

neutralization titers (ID50 titer over 1000). (C) Correlation analysis of neutralization titers with the binding titers of S1-specific IgA, RBD-specific IgA,

RBD-specific IgG, RBD-specific IgG3, N-specific IgM, ECD-specific IgA, ECD-specific IgG1 and ECD-specific IgG3.

https://doi.org/10.1371/journal.ppat.1008796.g005
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which is a feasible approach to analyze the SARS-CoV-2 specific humoral responses in

COVID-19 patients and perform large-scale sero-epidemiology studies. Our current study

suggested that combined detection of NP-specific IgM and ECD-specific IgG could greatly

improve the sensitivity of serological assay especially during the first 2 weeks after symptom

onset, compared to the mere inclusion of either the NP-specific antibody or RBD-specific

antibody.

Despite of improved sensitivity of our ELISA assay, a small portion of non-severe COVID-

19 patients was still identified as seronegative. This was consistent with recent findings. First, it

is well-established that the non-severe COVID-19 patients generated significantly lower level

of viral-specific humoral response compared to that in severe patients [14, 15], consistent with

our results. Besides, asymptomatic SARS-CoV-2 carrier patients had a remarkably reduced

level of virus specific IgG levels, compared to symptomatic group, accompanied by prolonged

Fig 6. The dynamic humoral responses at the time point of hospital discharge and follow-up visit between 21 days and 28 days

after discharge. (A) The comparison between the IgM, IgG, and IgA titer specific to RBD, ECD, S1, and NP protein and the

neutralization activities at the time point of hospital discharge and follow up visit between 21 days and 28 days after discharge. (B)

The reduced folds of IgM, IgG and IgA titer specific to RBD, ECD, S1, and NP protein and neutralization activities at the time point

of hospital discharge and follow-up visit between 21 days and 28 days after discharge were analyzed between severe patients and

non-severe patients.

https://doi.org/10.1371/journal.ppat.1008796.g006
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presence of viral RNA and remarkable reduction of IgG and neutralizing activities [16]. The

differential pattern of specific humoral responses elicited by SARS-CoV-2 might be contrib-

uted by host factors such as age and host inflammatory responses [17, 18].

It is unclear whether clinically recovered patients acquire the protective immunity from re-

infection. Limited information regarding the neutralization activities of the clinically recov-

ered patients was available. In this study, we reported that 80.7% of convalescent sera had vary-

ing degrees of neutralization activities, and only a small portion of patients elicited a potent

level of neutralization activity. Preliminary studies indicated that the major factor associated

with the efficacy of convalescent plasma therapy is the neutralizing antibody titer of the conva-

lescent plasma obtained from the donor [6, 19]. Our data also demonstrated the importance of

prior selection of convalescent serum using neutralization assays. Additionally, the rapidly

declined neutralizing activities in COVID-19 clinically recovered patients within 28 days after

discharge, suggesting that the circulating anti-SARS-CoV-2 neutralizing antibodies might

have a relatively short half-life. This finding was consistent with previous studies demonstrat-

ing that the humoral immunity rapidly waned over time in patients that recovered from

SARS-CoV [20] and MERS-CoV [21] infections.

This study also revealed a pivotal role of mucosal immunity in humoral protection against

SARS-CoV-2. First, we discovered that the neutralization activities were strongly associated

with S1-specific IgA and ECD-specific IgA responses, and moderately correlated with RBD-

specific IgA and IgG responses, suggesting that mucosal immunity might contribute greatly to

viral neutralization. Even though our current temporal antibody profile did not include the

IgA responses, previous studies demonstrated the presence of NP or RBD-specific IgA

responses in the early phase during SARS-CoV-2 infection, whereas the systemic IgM and IgG

responses occurred later [10, 13]. Of note, the RBD-specific IgA response declined sharply

after hospital discharge, accompanied by the rapidly waned neutralization activities. Due to

the relatively short half-life of IgA [22], our finding of rapidly declined RBD-specific IgA

response is not surprising, which might be responsible for the clinical observation of pro-

longed viral RNA shedding in fecal samples [23] or re-occurrence of positive viral RNA in rec-

tal swabs [24]. Furthermore, significantly higher level of IgA response was detected from the

clinically recovered severe patients in comparison to non-severe patients. Consistent with our

findings, vaccine-induced potent mucosal IgA was associated with lower level of viral load and

reduced pulmonary pathological damages upon challenge with SARS-CoV [25]. The beneficial

role of IgA during the COVID-19 disease course still requires thorough investigation. It is

important to further analyze the magnitude of IgA responses between the survivor and non-

survivor groups in a large cohort.

The antibody-dependent enhancement (ADE) phenomenon has been a major concern in

viral infections [26–28]. Antibody specificity, concentration, neutralization ability, and isotype

might define the ability of antibody to neutralize virions and protect the host or promote ADE

and acute inflammation [29]. Previous animal studies of SARS-CoV indicated that the spike

protein RBD region or HR2 domain-specific antibodies might exert a beneficial role in viral

clearance, whereas the antibodies specific for NP and other S protein epitopes other than the

RBD and HR2 domain might induce ADE and escalate acute inflammation [29, 30]. Besides,

IgG isotype also controls the effector function, in which IgG1 and IgG3 engage FcrRIIa and

FcrRIIb with high affinity leading to the possible occurrence of ADE. Our data showed that

severe patients generated significantly higher level of antibody titers, especially for NP-specific

IgG1 and RBD-specific IgG1 and IgG3 compared to the non-severe patients. Consistently, we

did not identify any correlation between the binding antibody titers and the neutralizing activ-

ities from the convalescent sera of severe COVID-19 patients, suggesting that a large amount

of non-neutralizing antibodies might have been present in the severe group. Whether such
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higher magnitude of NP-specific IgG1 or RBD-specific IgG1 and IgG3 contributed to the

severity of COVID-19 disease progression remains to be determined.

Our data also have important implications for the current development of the COVID-19

vaccine. The majority of patients generated potent humoral responses recognizing spike pro-

tein-related antigens, including RBD, S1 and ECD proteins, implying their high immunoge-

nicity makes them vaccine candidates. Additionally, our correlation analyses showed that the

neutralizing activities were strongly correlated with ECD-specific IgA and S1-specific IgA

responses, compared to RBD-specific IgA responses. Several human neutralizing monoclonal

antibodies (mAbs) isolated from convalescent COVID-19 patients were not exclusively tar-

geted at RBD region. For example, the epitope of a potent neutralizing mAb, 4A8, is within N

terminal of spike protein [31], while other mAbs targeted at cryptic epitopes on spike trimeric

interface [32]. Collectively, our study and others suggested that the antibodies targeting at

diverse domains of the spike protein might greatly contribute to higher neutralization activi-

ties. Consequently, the inclusion of the full-length spike protein might be ideal to elicit

humoral responses targeting to the major neutralizing targets. Moreover, the IgG subclass

responses in COVID-19 patients were skewed toward IgG1 and IgG3, and induction of opti-

mal antibody isotypes such as IgA and certain IgG subclasses such as IgG2 might be desired in

vaccine studies of SARS-CoV-2.

Our study also has some limitations. First, we only included a small number of recovered

COVID-19 patients and did not have the deceased COVID-19 patients. Second, the cytokines

and antigen-specific cellular responses were not serially monitored, which could facilitate our

understanding of innate and adaptive immune responses during COVID-19 disease. Thirdly,

the mucosal IgA responses such as the IgA responses in saliva warrant further investigation.

In conclusion, our study demonstrated that the majority of COVID-19 patients generated a

distinct profile of immune response against NP and spike protein-related antigens in both

time and magnitude aspects. Therefore, combining NP and ECD as detecting antigens could

further enhance the sensitivity of the serological assay. Furthermore, 80.7% of the convalescent

sea from COVID-19 patients displayed varying levels of neutralization activities against

SARS-CoV-2, which correlated with S1-specific and ECD-specific IgA responses in non-severe

patients. A rapid decline in these neutralizing activities was observed, accompanied by a

sharply reduced RBD-specific IgA response. Our comprehensive, longitudinal analysis pro-

vides clues for the optimization of future serological testing, antibody-based intervention, and

vaccine design.
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