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Characterizing the serologic features of asymptomatic SARS-CoV-2 infection is
imperative to improve diagnostics and control of SARS-CoV-2 transmission. In this
study, we evaluated the antibody profiles in 272 plasma samples collected from 59
COVID-19 patients, consisting of 18 asymptomatic patients, 33 mildly ill patients and 8
severely ill patients. We measured the IgG against five viral structural proteins, different
isotypes of immunoglobulins against the Receptor Binding Domain (RBD) protein, and
neutralizing antibodies. The results showed that the overall antibody response was lower
in asymptomatic infections than in symptomatic infections throughout the disease course.
In contrast to symptomatic patients, asymptomatic patients showed a dominant IgG-
response towards the RBD protein, but not IgM and IgA. Neutralizing antibody titers had
linear correlations with IgA/IgM/IgG levels against SARS-CoV-2-RBD, as well as with IgG
levels against multiple SARS-CoV-2 structural proteins, especially with anti-RBD or anti-
S2 IgG. In addition, the sensitivity of anti-S2-IgG is better in identifying asymptomatic
infections at early time post infection compared to anti-RBD-IgG. These data suggest that
asymptomatic infections elicit weaker antibody responses, and primarily induce IgG
antibody responses rather than IgA or IgM antibody responses. Detection of IgG
against the S2 protein could supplement nucleic acid testing to identify asymptomatic
patients. This study provides an antibody detection scheme for asymptomatic infections,
which may contribute to epidemic prevention and control.
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INTRODUCTION

COVID-19, caused by SARS-CoV-2 infection, has caused more
than 100 million laboratory-confirmed infections and more than
2 million deaths so far. The number of patients is increasing at an
alarming rate of hundreds of thousands every day, resulting in a
heavy medical and economic burden to the world (1–3).

Since the outbreak of COVID-19, asymptomatic infection has
been reported (4). Asymptomatic individuals do not show clinical
symptoms, and are usually identified through mass-community
screening or contact tracing (5), making them a likely population
that contributes to the continuous community spread of SARS-
CoV-2 virus. Some studies even believe that asymptomatic
individuals are more infectious than those with symptoms (6).
Recently, a systematic review showed that asymptomatic infections
accounted for at least one-third of SARS-CoV-2 infections (7),
further indicating that asymptomatic infections may play a pivotal
role in the COVID-19 pandemic (8). Thereby, management of
asymptomatic infections has become one of the key measures to
control theCOVID-19pandemic (9).Detectionof viral nucleic acid
by RT-qPCR is considered the gold standard to diagnose SARS-
CoV-2 infections (10). However, this approach is limited by the
influence of sampling time, types of clinical specimens andmethod
of inactivation, which can yield false-negative results and lead to
misdiagnosis, especially in asymptomatic infections (11–13).
Detection of SARS-CoV-2-specific antibodies is an important
complementary method for the diagnosis of COVID-19 (14).
There is an urgent need for a more sensitive antibody detection
scheme of asymptomatic infections.

Here, we conducted a study to compare the antibody profile
of asymptomatic infections to patients with different disease
severity. We also compared the pros and cons of different
antibody detection schemes for the diagnosis of asymptomatic
infections. We found that asymptomatic infections elicit weaker
antibody responses than symptomatic infections, and primarily
induced IgG-based antibody responses throughout the disease
course. Remarkably, detection of anti-SARS-CoV-2-S2 IgG is
more sensitive than anti-RBD IgG in identifying asymptomatic
COVID-19 patients.
MATERIALS AND METHODS

Patient Enrollment and Sample Collection
From January to April, 2020, 59 SARS-CoV-2 infected patients,
confirmed by real-time PCR and hospitalized in the Guangzhou
Eighth People’s Hospital, were enrolled in this study. The
patients were categorized into 3 groups based on their disease
severity, including 18 asymptomatic patients, 33 mild-ill
patients and 8 severe patients. Plasma samples were collected
from each patient at multiple time points. Clinical data
Abbreviations: AP, asymptomatic patients; MP, mildly ill patients; SP, severely ill
patients; HD, healthy donor; ECL, electrochemiluminescence; TPR, true positive
rate; FPR, false positive rate; TNR, true negative rate; FNR, false negative rate;
PPV, positive predictive value; NPV, negative predictive value; FDR, false
discovery rate; OA, overall accuracy.
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including patient’s demographic information and clinical
outcome was retrieved from the medical records. Plasma
samples from eight healthy donors collected in 2017-2018
were used as controls in this study.

Detection of Anti-SARS-CoV-2-RBD IgA,
IgM and IgG by Electrochemiluminescence
The Kaeser 6600 automatic chemiluminescence immunoanalyzer
and the matching reagents kit (Guangzhou Kangrun Biotech Co.
Ltd, Guangzhou, China) was used to detect the SARS-CoV-2-
specific IgM, IgA and IgG levels using a two-step indirect
detection method as described previously (15). Briefly, the
amino group on the RBD protein was coupled with the carboxyl
group of the magnetic beads, and the antigen was fixed to form
RBD-coating magnetic beads. The SARS-CoV-2 RBD-specific
antibodies in the testing serum could bind to the RBD-coating
magnetic beads, and acridine ester derivatives-coupled anti-
human IgA, IgM and IgG antibodies were added. After the
unbound substances were removed, a photomultiplier was used
to detect light signals from acridine ester that were converted to
obtain the corresponding signal value. The relative light signal
values, expressed in relative light units (RLU), indicated the
specific IgM, IgA and IgG levels. The relative light signal value
is equivalent to the original signal value over the specific antibody
cut-off value. The cut-off values of IgM, IgA and IgG were 11 300,
56 492 and 42 213, respectively. A relative luminescence value
(RLV) greater than or equal to 1.0 was considered positive for
SARS-CoV-2 RBD specific IgM, IgA and IgG.

Comparison of Antibody Response
Against Different SARS-CoV-2 Proteins
To assess the antibody response against the different SARS-CoV-2
proteins or different fragments of the spike protein, SARS-
CoV-2 S (spike protein, 1203 aa), S1 (675 aa), S2 (533 aa), RBD
(228 aa) and N (424 aa) proteins were obtained from Sino
Biological, Inc (Beijing) and used as coating antigens in our in-
house ELISA to detect the antigen-specific IgG. Briefly, 96-well
plates (Jet, Biofil Co., Ltd, Guangzhou) were coated with 100 ml/
well (0.5 mg/ml) of SARS-CoV-2 S, S1, S2, RBD or N protein in
DPBS buffer (Thermo Fisher Scientific (China), Shanghai)
overnight at 4°C. After blocking (DPBS, 10%FBS), 100 ml of
diluted plasma (1:100) were added and plates were incubated at
37°C for one hour. After washing, plates were incubated with 100
ml of HRP-conjugated mouse anti-human IgG (H+L) antibody
(Catalog No: 109-035-088, Jackson ImmunoResearch, West
Grove, PA) at 37°C for one hour. Reactions were visualized by
adding 50 ml of TMB (3,3’,5,5’-Tetramethylbenzidine) substrate
solution (Biohao Biotechnology Co., Ltd., Beijing). Each plate was
monitored to have the same reaction time and the optical densities
at 450 nm were then read. The mean value of the healthy donor
plasma (named HD group) collected in 2017-2018 plus 3 standard
deviations was used as the detection threshold.

Focus Reduction Neutralization Test
SARS-CoV-2 focus reduction neutralization test (FRNT) was
performed in a certified Biosafety Level 3 lab. Fifty microliters of
plasma samples were serially diluted, mixed with 50 ml of SARS-
August 2021 | Volume 12 | Article 724763
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CoV-2 virus (100 focus forming unit, FFU) in 96-well plates and
incubated for 1 hour at 37°C. Themixtures were then transferred to
96-well plates seeded with Vero E6 cells (ATCC, Manassas, VA)
and incubated for 1 hour at 37°C to allow virus entry. Inoculums
were then removed before adding the overlay media (100 ml MEM
containing 1.2% Carboxymethylcellulose, CMC). The plates were
then incubated at 37°C for 24 hours. Overlays were removed and
cells were fixed with 4% paraformaldehyde solution for 30 min.
Cells were permeabilized with 0.2% Triton X-100 and incubated
with cross-reactive rabbit anti-SARS-CoV-N IgG (Cat: 40143-
R001, Sino Biological, Inc, Beijing) for 1 hour at 37°C before
adding HRP-conjugated goat anti-rabbit IgG(H+L) antibody
(1:4000 dilution) (Catalog Number: 111-035-144, Jackson
ImmunoResearch, West Grove, PA). Cells were further incubated
at 37°C. The reactions were developed with KPL TrueBlue
Peroxidase substrates (Seracare Life Sciences Inc, Milford, MA).
The numbers of SARS-CoV-2 foci were calculated using an Elispot
reader (Cellular Technology Ltd, Shaker Heights, OH).

The Coincidence Between Neutralizing
Antibodies and Binding Antibodies
In order to evaluate the predictive value of the binding antibodies
for the neutralizing antibodies, we calculated the true positive
rate (TPR), false positive rate (FPR), true negative rate (TNR),
false negative rate (FNR), positive predictive value (PPV),
negative predictive value (NPV), false discovery rate (FDR),
and overall accuracy (OA) during the evaluation. The
calculation formula is as follows:

TPR = TP= TP + FPð Þ

FPR = FP= FP + TNð Þ

TNR = TN= TN + FPð Þ

FNR = FN= TP + FNð Þ

PPV = TP= TP + FPð Þ

NPV = TN= TN + FNð Þ

FDR = FP= TP + FPð Þ

OA = TP + TNð Þ= TP + FP + FN + TNð Þ

Statistical Analysis
Statistical analysis was performed using Graphpad Prism
software, version 7.00. Shapiro-Wilk normality test was used to
evaluate the type of data distribution. One-way ANOVA with
Holm-Sidak's multiple comparisons test or Friedman test with
Dunn's multiple comparisons test was used for comparing the
IgA/IgM/IgG concentration-time curve of the three groups.
Nonlinear regression was used to map the trend of antibodies
or positive detection sensitivities of antibodies over time. Linear
Frontiers in Immunology | www.frontiersin.org 3
regression and Spearman correlation coefficient were used to assess
the relationship between binding antibodies and neutralizing
antibody. A p-value ≤0.05 was considered statistically significant
(*p-values of ≤0.05. **p-values of ≤0.01. ***p- values of ≤0.001.
****p-values of ≤0.0001). All values are depicted as mean ± standard
error of measurement (SEM).

Ethics Statement
This study was conducted according to the ethical principles of
the Declaration of Helsinki. Ethical approval was obtained from
the Ethics Committee of Guangzhou Eighth People’s Hospital
(202002135). Written informed consent was obtained from
all participants.
RESULTS

Patients and Clinical Information
Fifty-nine SARS-CoV-2-infected patients, confirmed by real-
time qPCR and hospitalized in the Guangzhou Eighth People’s
Hospital, were enrolled in this study. Plasma samples were
collected from each patient at multiple time points to analyze
the kinetics of antibody responses, and a total of 272 plasma
samples were finally collected. As shown in Table 1, 18
asymptomatic patients (AP), 33 mildly ill patients (MP) and 8
severely ill patients (SP) were enrolled in this study. The mean
age was 31.8 ± 15.5 years for AP, 47.3 ± 14.6 years for MP, 58.5 ±
9.62 years for SP. All patients were eventually cured and
discharged from the hospital. Because asymptomatic infections
do not develop symptoms, the day that the nucleic acid test was
first positive was defined as day 0 post-onset.

The Kinetics of Anti-SARS-CoV-2-RBD
IgA/IgM/IgG Were Different Among
AP, MP and SP
To understand the kinetics of antibody responses against SARS-
CoV-2 in patients, plasma IgA, IgM and IgG against the SARS-
CoV-2 receptor binding domain (RBD) were detected by
electrochemiluminescence (ECL).

As shown in Figure 1A, the average IgA, IgM and IgG
responses in MP and SP were much more robust than in AP.
The kinetics of IgA antibodies in the three groups of patients
showed a similar trend, beginning to rise in the first week after
disease onset, reaching a peak in the third week, and starting to
decline from the fourth week. In the seventh week, reduced but
still detectable IgA against SARS-CoV-2 RBD was observed in
each group. The concentrations of IgA reached similar peak
values in MP and SP, but decreased faster in MP. Unlike IgA, the
IgM response peaked in the third week for AP, and in the fourth
to fifth week for MP and SP, with a very close dynamics between
MP and SP. As for the IgG response, the average anti-RBD IgG
concentrations of AP and SP peaked in the fourth week and
plateaued till the end point of this study. However, the IgG level
in MP did not reach its peak until the end of the fifth week, which
was about 2 weeks later than the other two groups, and no
August 2021 | Volume 12 | Article 724763
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plateau was observed. These results suggest that SARS-CoV-2
can only elicit a limited anti-RBD antibody response in
asymptomatic infections.

Further analysis of the antibody isotypes against RBD in the
plasma of patients revealed that anti-RBD IgG was always the
dominant type of antibody in AP. The levels of IgA and IgM were
Frontiers in Immunology | www.frontiersin.org 4
similar by the fourth week of admission, but IgM declined faster
than IgA and became undetectable within week 7 (Figure 1B). In
MP, anti- SARS-CoV-2-RBD antibodies were dominated by IgM
in the first week, IgA in the second and third weeks, and IgG after
the third week. From the fourth week, the IgA level fell below the
IgM level. In SP, the antibodies were dominated by IgM in
A

B

C

FIGURE 1 | The kinetics of anti-SARS-CoV-2-RBD IgA/IgM/IgG in COVID-19 patients. Serum IgA, IgM and IgG against the RBD protein of SARS-CoV-2 were
detected by electrochemiluminescence. (A) The kinetics of anti-SARS-CoV-2-RBD IgA/IgM/IgG antibodies in AP, MP and SP groups. The line is a trend line fitted by
Nonlinear Regression method. Antibody concentrations were expressed as mean ± SEM. (B) The kinetics of different anti-SARS-CoV-2-RBD antibody isotypes in
each group. The line is a trend line fitted using the nonlinear regression method. (C) Positive rates of different anti-SARS-CoV-2-RBD isotypes over time in each
group. One-way ANOVA with Holm-Sidak’s multiple comparisons test was used. A p-value of ≤ 0.05 was considered statistically significant (*p-values of ≤ 0.05;
**p-values of ≤ 0.01; ***p-values of ≤ 0.001).
TABLE 1 | Patients involved in this study.

Group Asymptomatic Patients Mildly ill Patients Severely ill Patients

Numbers 18 33 8
Age (years old) �X ± SD 31.8 ± 15.5 47.3 ± 14.6* 58.5 ± 9.62*

Sex
Male 7 17 7
Female 11 16 1

Outcome
Discharge 18 33 8
Death 0 0 0

Virus shedding time (days) median ± IQR 3.0 ± 4.5 19.0 ± 15.5* 18.0 ± 27.5
Duration of hospitalization (days) median ± IQR 8.0 ± 5.0 21.0 ± 10.0* 26.5 ± 14.3*
August 2021 | Volum
�X mean; SD, standard deviation; IQR, interquartile range; *P < 0.05 (vs. asymptomatic patients, Mann-Whitney test).
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the first week, IgA and IgG in the second week, and IgG from the
third week on.

Consistent with the much weaker antibody responses in AP,
the percent positive rates of SARS-CoV-2 RBD-specific IgA, IgM
and IgG were lower in AP, with the positive rates of all these
three isotypes reaching 100% by the end of the third week in MP
and SP but not in AP. Specifically, the positive rate of IgM
dropped rapidly from the sixth week and became 0 by the end of
the 7th week in AP (Figure 1C).

These results demonstrate that the kinetics and magnitude of
the antibody responses in patients with different disease severity
are different. More importantly, detecting anti-RBD IgG rather
than IgM and IgA antibodies, even at early stage after infection,
can be helpful for identifying AP.

The Kinetics of IgG Response Against
SARS-CoV-2-RBD/S1/S2/S/N Varied
Among AP, MP and SP
In order to further dissect which structural proteins of SARS-
CoV-2 are mainly targeted by the IgG antibodies and to
understand their kinetics, we used ELISA to detect the antigen-
specific IgG recognizing the different SARS-CoV-2 proteins. We
included RBD (aa 319-514 of the spike protein), S1 (aa 1-685 of
the spike protein), S2 (aa 686-1213 of the spike protein), S (aa 1-
1213 of the spike protein), and N (aa 1-419 of the nucleocapsid
protein) (Figure 2). The kinetics of anti-RBD IgG detected by
ELISA (Figure 2) was consistent with that detected by the ECL
Frontiers in Immunology | www.frontiersin.org 5
assay (Figure 1A). Surprisingly, although the S1 protein contains
the RBD fragment, the anti-S1 IgG kinetics were quite different
from those of anti-RBD IgG, with a concordant upward trend in
all the three groups. While the anti-S2 IgG response peaked in
the third week post-onset in both MP and SP, it peaked in the
fifth week in AP.

Overall, assays against the RBD and S2 proteins gave better
signal and higher positive rates for all the three groups, and the
IgG responses against all the indicated SARS-CoV-2 structural
proteins were much weaker in AP than in MP or SP. Taken
together, RBD and S2, but not other proteins (S1, S and N) are
suitable targets for detecting SARS-CoV-2-reactive IgG
antibodies in AP.

The Kinetics of Neutralizing
Antibodies and Their Correlation With
Binding Antibodies
In the previous assays, we have evaluated the SARS-CoV-2-
reactive IgG antibodies that possess binding activity, but not
their neutralization capacity. Here, neutralizing antibodies in the
different groups of patients were assessed using authentic SARS-
CoV-2 virus in a focus reduction neutralization test (FRNT).
As shown in Figure 3A, the dynamics of neutralizing
antibodies in the three groups was similar to those of anti-
RBD IgG (Figure 1A), which is in line with previous studies
demonstrating that neutralizing antibodies are mainly IgG
antibodies that bind to the RBD region (16). The magnitude of
FIGURE 2 | The kinetics of IgG against SARS-CoV-2-RBD/S1/S2/S/N of COVID-19 patients. IgG against RBD/S1/S2/S/N proteins of SARS-CoV-2 in plasma were
detected by ELISA. The line is a trend line fitted by Nonlinear Regression method. OD values were expressed as mean ± SEM. Eight healthy donor plasma samples
collected in 2017-2018 served as a control group (HD group) in this experiment. Threshold (dashed line) was defined as mean (of HD group) + 3SD. One-way
ANOVA with Holm-Sidak’s multiple comparisons test was used. A p-value of ≤ 0.05 was considered statistically significant (*p-values of ≤ 0.05; **p-values of ≤ 0.01;
***p-values of ≤ 0.001; ****p-values of ≤ 0.0001).
August 2021 | Volume 12 | Article 724763

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Liao et al. Antibody in Asymptomatic COVID-19 Patients
neutralizing antibody response was high in SP, moderate in MP,
and low in AP (Figure 3A). Further, the positive rate of
neutralizing antibodies reached 100% two weeks faster in SP
than in MP or AP (Figure 3B).

In order to investigate the association between binding
antibodies and neutralizing antibodies, we performed correlation
analysis and linear regression analysis on the levels of neutralizing
antibodies and binding antibodies (Figures 3C, D). As shown in
Figures 3C, D, the titers of neutralizing antibodies (FRNT 50) had
Frontiers in Immunology | www.frontiersin.org 6
a significant linear correlation with the concentration of IgA/IgM/
IgG against SARS-CoV-2-RBD (Figure 3C) and with the level of
IgG antibodies against multiple SARS-CoV-2 structural proteins
(Figure 3D). To further explore whether the presence of
neutralizing antibodies can be predicted by detection of binding
antibodies, the consistency between the detection results of
different binding antibodies and the neutralizing antibodies was
analyzed (Table 2). As expected, there was indeed a certain degree
of consistency between the presence of neutralizing antibodies and
A B

C

D

FIGURE 3 | The kinetics of neutralizing antibodies and its strong correlation with the magnitude of anti-SARS-CoV-2 binding antibodies. (A) Kinetics of neutralizing
antibodies in different groups. The line is a trend line fitted by Nonlinear Regression method. The neutralizing antibody titers were expressed as mean ± SEM.
(B) Positive rates of neutralizing antibodies over time in different groups. (A, B) One-way ANOVA with Holm-Sidak’s multiple comparisons test was used. A p-value
of ≤ 0.05 was considered statistically significant (*p-values of ≤ 0.05; **p-values of ≤ 0.01). (C) Correlation between neutralizing antibody titers and RBD-specific IgA/
IgM/IgG concentrations detected by ECL assay was analyzed by linear regression. (D) Correlation between neutralizing antibody titers and multiple structural protein
(RBD/S1/S2/S/N)-specific IgG levels detected by ELISA assay was analyzed by linear regression.
August 2021 | Volume 12 | Article 724763
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binding antibodies, although this degree depended on the type of
binding antibody. Among the binding antibodies, different
isotypes of anti-RBD antibodies detected by ECL and anti-S2 or
anti-RBD IgG detected by ELISA showed an overall accuracy
(OA) of over 90% in predicting the presence of neutralizing
antibodies. Specifically, anti-S2 IgG had the highest overall
accuracy (94.85%) and highest negative prediction value
(97.87%), indicating that when anti-S2-IgG is negative, the
neutralizing antibody is most likely to be negative. Whereas
anti-RBD-IgG detected by ELISA had the highest positive
prediction value (98.48%), indicating that when anti-RBD-IgG is
positive, the neutralizing antibody is most likely to be positive. In
line with this, the linear regression results showed that the linear fit
between RBD-IgG and neutralizing antibody detected by ELISA
assay was the best (R2 = 0.7162, P<0.0001) (Figure 3D).

Taken together, asymptomatic infections elicit significantly
weaker neutralizing antibody responses and the presence and
abundance of neutralizing antibodies show strong correlation
with anti-RBD and anti-S2 IgG binding antibodies.

Sensitivity of Various Detection Schemes
in Identifying AP
In order to better control the spread of SARS-CoV-2, accurate
identification of asymptomatic or pre-symptomatic infections is
essential. We compared the overall sensitivity (the overall
antibody positive rate in all samples covering all the time
points) of different detection schemes in identifying
asymptomatic infections (Figures 4A–C). By comparing the
sensitivity of anti-RBD-IgG detected by different methods
(Figure 4A), we found that the sensitivity of ECL was higher
than that of ELISA (49.00% vs. 45.10%). By comparing the
sensitivity of IgG against different SARS-CoV-2 proteins
detected by ELISA (Figure 4B), we found that the detection of
anti-S2-IgG can achieve the highest positive detection rate
(56.86%). By comparing the sensitivity of different antibody
Frontiers in Immunology | www.frontiersin.org 7
isotypes against RBD detected by ECL (Figure 4C), we found
that detection of IgG can achieve the highest sensitivity (49.00%).

In order to further explore whether and how the sensitivity of
these schemes changes over time, they were plotted against the
time post-onset (Figure 4D). The sensitivity of all schemes
increased steadily in the first five weeks, and most of them
declined rapidly afterwards, except anti-S2 IgG, anti-RBD IgG
and anti-RBD IgA. Detection of anti-S2 IgG was better than anti-
RBD IgG, manifested by a higher sensitivity in the first two weeks
post-onset. Comparing the sensitivity-time curves of anti-RBD-
IgG detected by ECL and ELISA, ECL showed slightly higher
sensitivity than ELISA, mainly in the first 1-2 weeks
after admission.

Taken together, detection of IgG against SARS-CoV-2-S2
protein by ECL may improve the sensitivity for early detection
of asymptomatic infections.
DISCUSSION

In this study, we tested SARS-CoV-2-specific antibodies in 272
plasma samples from 59 COVID-19 patients. The dynamics of
the different binding antibody isotypes against the major SARS-
CoV-2 structural proteins, as well as neutralizing antibodies in
patients with different disease severity were evaluated and the
sensitivity of the different detection schemes were compared.

Since asymptomatic SARS-CoV-2 infection was reported, it
has caused widespread concerns for not only the high risk of
silent spread of the disease, but also limited understanding of the
immune response (6). A previous study showed that
asymptomatic individuals develop a weaker immune response
to SARS-CoV-2 infection than symptomatic patients, including
lower levels of virus-specific IgG (17). Consistent with this, we
found that the overall antibody response is lower in asymptomatic
infections than in symptomatic infections throughout the disease
TABLE 2 | Overall performance of binding antibodies for predicting neutralizing antibodies.

Method Binding antibody Neutralizing antibody TPR(%) FPR(%) FNR(%) TNR(%) PPV(%) NPV(%) FDR(%) OA(%)

Positive Negative

ECL Anti-RBD IgA Positive 202 7 94.84 11.86 5.16 88.14 96.65 82.54 3.35 93.38
Negative 11 52

Anti-RBD IgM Positive 203 6 95.31 10.17 4.69 89.83 97.13 84.13 2.87 94.12
Negative 10 53

Anti-RBD IgG Positive 194 3 91.08 5.08 8.92 94.92 98.48 74.67 1.52 91.91
Negative 19 56

ELISA Anti-RBD IgG Positive 195 3 91.55 5.08 8.45 94.92 98.48 75.68 1.52 92.28
Negative 18 56

Anti-S1 IgG Positive 107 4 50.23 6.78 49.77 93.22 96.40 34.16 3.60 59.56
Negative 106 55

Anti-S2 IgG Positive 212 13 99.53 22.03 0.47 77.97 94.22 97.87 5.78 94.85
Negative 1 46

Anti-S IgG Positive 177 0 83.10 0.00 16.90 100.00 100.00 62.11 0.00 86.76
Negative 36 59

Anti-N IgG Positive 155 4 72.77 6.78 27.23 93.22 97.48 48.67 2.52 77.21
Negative 58 55
August 202
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TPR, true positive rate; FPR, false positive rate; TNR, true negative rate; FNR, false negative rate; PPV, positive predictive value; NPV, negative predictive value; FDR, false discovery rate;
OA, overall accuracy.
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course, based on the response against various viral structural
proteins, and the different isotypes of immunoglobulins against
the RBD protein, as well as neutralizing antibodies. Besides,
asymptomatic infections also show a lower antibody positive
rate when compared with symptomatic infections at the same
stage after infection, indicating that some asymptomatic
infections develop antibody responses later. Taken together,
these results demonstrate that asymptomatic infection induces a
weaker humoral immune response.

We also found that the characteristics of antibody isotypes are
different in patients with different disease severity. First, IgA
appears later than IgG in asymptomatic infections, but earlier
than IgG in symptomatic infections, especially in severe patients
(Figure 1C). Our findings are consistent with the previous
reports showing that IgA levels in severe cases were higher
than those in mild or moderate cases (18, 19). Second, IgG is
always dominant in asymptomatic individuals but not in
symptomatic patients.

Neutralizing antibodies are important correlates of protection
against infection. Detection of neutralizing antibodies in plasma
Frontiers in Immunology | www.frontiersin.org 8
is useful for evaluating the risk of infection in COVID-19
vaccinees and the risk of reinfection in COVID-19
convalescents (20). However, high-throughput detection of
neutralizing antibodies is difficult due to the need for authentic
SARS-CoV-2 viruses in biosafety level 3 laboratories and the long
experimental procedure. Therefore, based on our findings, we
propose here a candidate detection scheme to predict the level of
neutralizing antibodies. Presence of IgG antibodies against S2
and RBD protein, which has the highest negative predictive value
and the highest positive predictive value respectively, may best
predict the presence of neutralizing antibodies. Further, the
magnitude of neutralizing antibodies can be predicted from the
anti-RBD IgG level. This approach may provide a safe alternative
to predict the presence of neutralizing antibodies after infection.

Currently, a big challenge to control the pandemic is to rapidly
and accurately identify asymptomatic infections at an early stage.
As a gold standard, viral nucleic acid detection has high specificity,
but its sensitivity is affected by many factors including sample
collection. Serological testing can be a good supplement to nucleic
acid testing (14). Although anti-RBD or anti-N IgG antibodies are
A B

D

C

FIGURE 4 | Comparison of sensitivity of various detection schemes in identifying AP. (A) Overall sensitivity of anti-RBD-IgG detected by different methods in all
samples. (B) Overall sensitivity of IgG against different SARS-CoV-2 proteins detected by ELISA assay. (C) Overall sensitivity of different antibody isotypes against
SARS-CoV-2-RBD detected by ECL assay. (A–C) Overall sensitivity = 100% × (the number of antibody positive samples/the number of all samples). (D) Sensitivity of
various detection schemes over time. The line is a trend line fitted using the nonlinear regression method. Sensitivity = 100% × (the number of antibody positive
samples at each time point/the number of total samples at each time point). Friedman test with Dunn's multiple comparisons test was used. A p-value of ≤ 0.05 was
considered statistically significant (*p-values of ≤ 0.05; **p-values of ≤ 0.01).
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often the major targets in serological testing, here we find that
detection of IgG against the S2 protein by ECL improves the
sensitivity for early identification of asymptomatic infections.
Although the S2 protein of SARS-CoV-2 is relatively conserved
within the beta-coronaviruses, no non-specific reactivity were
observed in healthy donors (21), indicating that this test could
be a good candidate for auxiliary testing.

In summary, our findings suggest that compared with a
symptomatic infection, an asymptomatic infection elicits a
weaker humoral immune response, that is dominated by an
IgG-based response. Detection of IgG antibodies against S2 and
RBD proteins may help to estimate the abundance of
neutralizing antibodies. Additionally, the detection of IgG
against SARS-CoV-2-S2 protein may be a good supplement to
nucleic acid testing. Our findings should be further validated
with a larger cohort and could only be applicable within the
context of natural infection but not vaccination. In conclusion,
this study provides a more sensitive antibody detection scheme
for identification of asymptomatic infections that may help
mitigate the COVID-19 pandemic.
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