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Background: To develop an effective vaccine against a novel viral pathogen, it is important to understand the
longitudinal antibody responses against its first infection. Here we performed a longitudinal study of anti-
body responses against SARS-CoV-2 in symptomatic patients.

Methods: Sequential blood samples were collected from 39 individuals at various timepoints between 0 and
154 days after onset. IgG or IgM titers to the receptor binding domain (RBD) of the S protein, the ectodomain
of the S protein, and the N protein were determined by using an ELISA. Neutralizing antibody titers were
measured by using a plaque reduction assay.

Findings: The IgG titers to the RBD of the S protein, the ectodomain of the S protein, and the N protein peaked
at about 20 days after onset, gradually decreased thereafter, and were maintained for several months after
onset. Extrapolation modeling analysis suggested that the IgG antibodies were maintained for this amount of
time because the rate of reduction slowed after 30 days post-onset. IgM titers to the RBD decreased rapidly
and disappeared in some individuals after 90 days post-onset. All patients, except one, possessed neutralizing
antibodies against authentic SARS-CoV-2, which they retained at 90 days after onset. The highest antibody
titers in patients with severe infections were higher than those in patients with mild or moderate infections,
but the decrease in antibody titer in the severe infection cohort was more remarkable than that in the mild
or moderate infection cohort.
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Interpretation: Although the number of patients is limited, our results show that the antibody response
against the first SARS-CoV-2 infection in symptomatic patients is typical of that observed in an acute viral

infection.
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Research in context

Evidence before this study

Immediately after the emergence of SARS-CoV-2, the antibody
response in infected individuals against SARS-CoV-2 infection
was unknown. We searched PubMed for articles up to August
2020, using the keywords “SARS-CoV-2” and “antibody
response”, “antibody” or “antibodies”. The published research
consistently reported that antibodies against the S and N pro-
teins and neutralizing antibodies are detectable in individuals
infected with the virus. However, it was unclear whether the
severity of disease affects the antibody response against SARS-
CoV-2. Furthermore, the antibody titer against SARS-CoV-2 was
reported to decline during the early phase especially in asymp-
tomatic or mildly symptomatic individuals.

Added value of this study

We found that the IgG titers to the S and N proteins peaked at
about 20 days after onset, gradually decreased thereafter, and
were maintained for over 150 days after onset. Our modeling
analysis indicated that the reduction rate of the IgG titers
slowed down after 30 days post-onset. Neutralizing antibodies
against authentic SARS-CoV-2 were also retained at 90 days
after onset. The highest antibody titers in patients with severe
infections were higher than those in patients with mild or mod-
erate infections, but the decrease in antibody titer in the severe
group was more remarkable than that in the other two groups,
resulting in all patients having similar antibody titers after 60
days post-onset.

Implications of all the available evidence

The publication of a paper on the decline of antibodies in
asymptomatic or mildly symptomatic individuals exposed to
SARS-CoV-2 spurred discussions regarding the reinfection of
recovered COVID-19 patients, vaccine efficacy, and building
herd immunity. Our results show that the antibody response
against the first SARS-CoV-2 infection is typical of that observed
in an acute viral infection. Furthermore, a robust and rapid anti-
body response is likely triggered by a second exposure in indi-
viduals who were previously infected with SARS-CoV-2,
leading to the suppression of virus growth in the respiratory
organs due to the immune responses induced upon the second
exposure. Individuals who recover from an initial symptomatic
SARS-CoV-2 infection will, therefore, likely be refractory to sub-
sequent exposure to this virus for several months after onset.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in Wuhan, China at the end of 2019 and spread throughout
the world, resulting in a pandemic [1]. SARS-CoV-2 causes coronavi-
rus disease-2019 (COVID-19), which can be asymptomatic or cause
fever, cough, severe pneumonia, and death [2]. As of 12 September

2020, more than 28 million cases of COVID-19 including approxi-
mately 1 million deaths have occurred (https://covid19.who.int/).

IgG and IgM against the spike (S) and nucleocapsid (N) proteins of
SARS-CoV-2 are elicited in most COVID-19 patients within 1-2
weeks after onset and contribute to viral clearance [3—7]. The S pro-
tein is the surface glycoprotein and binds to the cellular viral recep-
tor, angiotensin converting enzyme-2 (ACE-2), on host cells via its
receptor binding domain (RBD) [8,9]. Accordingly, the S protein,
especially the RBD, is a major target for neutralizing antibodies
[10—14]. Antibodies against the S and N proteins and neutralizing
antibodies are detectable in individuals infected with the virus
[15,16]. It has been reported that the severity of disease affects the
antibody titers [17,18], although one group reported no difference in
antibody levels between severe and non-severe patients [19]. There-
fore, it remains unclear whether the severity of disease affects the
antibody response against SARS-CoV-2. Furthermore, some studies
have reported that the antibody titer against SARS-CoV-2 declines
during the early convalescent phase, especially in asymptomatic or
mildly symptomatic individuals [4,15,17,20], whereas other groups
have shown that the antibody levels are relatively stable for 2—5
months [21-25]. It has been suggested that humoral immunity in
such individuals might not be long-lasting, and that in a worst case
scenario, individuals with no symptoms or mild symptoms may be
re-infected with SARS-CoV-2 [26,27]. To clarify these points, here we
compared the longitudinal antibody response to SARS-CoV-2 infec-
tion in 39 COVID-19 patients who exhibited mild, moderate, or
severe symptoms, at several timepoints from 0—154 days after onset.

Methods
2.1 Ethics and biosafety statements

Human samples were collected by following protocols approved
by the Research Ethics Review Committee of the Institute of Medical
Science, the University of Tokyo (approval number 2019-71-0201).
Signed informed consent was obtained from all participants.

All experiments with SARS-CoV-2 were performed in biosafety
level 3 (BSL3) laboratories at the University of Tokyo, which were
approved for such use by the Ministry of Agriculture, Forestry, and
Fisheries, Japan.

Cells

VeroE6 cells and Vero cells expressing human serine protease
TMPRSS2 (Vero-TMPRSS2) [28] were maintained in DMEM contain-
ing 10% fetal calf serum (FCS), 1 mg/ml G418, 100 units/mL penicillin,
100 pg/mL streptomycin, and 5 wg/ml plasmocin prophylactic
(Invivogen) and incubated at 37 °C under 5% CO,. We used these cells
after clearance of mycoplasma.

2.3 Viruses

SARS-CoV-2 (UT-NCGMO2/Human/2020/Tokyo) [29] virus was
propagated in VeroE6 cells and titrated in Vero-TMPRSS2 cells.
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2.4 Patient samples

COVID-19 patients (n = 39) were recruited to this study between
January 2020 and April 2020 and gave signed, informed consent.
They were then assigned to one of the following three groups based
on their clinical status: mild (hospitalized, symptomatic, not requir-
ing supplemental oxygen); moderate (hospitalized, symptomatic,
requiring supplemental oxygen); or severe [hospitalized, symptom-
atic, requiring tracheal intubation or extracorporeal membrane oxy-
genation (ECMO) or who succumbed to their infection] (Table S1).
Blood samples (serum or plasma) were obtained from each patient
on the indicated days after onset for other assessments or antibody
tests during hospitalization and after discharge. These samples were
incubated at 56 °C for more than 30 min to inactivate the virus. The
sample type (serum or plasma) did not affect the ELISA titers. HPCo-
010’s case study and the antibody repertoire of some of these
patients have been reported elsewhere (Ravichandran et al. 2020
submitted and [30,31]).

2.5 ELISA

Ninety-six-well Maxisorp microplates (Nunc) were incubated with
2 pg/ml of recombinant RBD [5,32] or ectodomain of the S protein, the
N protein or with PBS at 4 °C overnight and were then incubated with
5% skim milk in PBS containing 0.05% tween-20 (PBS-T) for 1 h at
room temperature. Serum or plasma samples were initially diluted 40-
fold in PBS-T containing 5% skim milk, and subsequently serially 4-fold
diluted (40- to 2,621,440-fold). The microplates were reacted for 1 h at
room temperature with the diluted serum or plasma samples in dupli-
cate, followed by peroxidase-conjugated goat anti-human IgG, Fcy
Fragment specific antibody (Jackson Immuno-Research) or anti-human
IgM, Fcu Fragment specific antibody (Jackson Immuno-Research). 1-
Step Ultra TMB-Blotting Solution (Thermo fisher scientific) was then
added to each well and incubated for 3 min at room temperature. The
reaction was stopped by the addition of 2 M H,SO4 and the optical
density at 450 nm (OD4s¢) was immediately measured. The average
ODy4sp values of two PBS-wells were subtracted from the average
0Dysq values of two RBD-, ectodomain-, or N protein-wells for back-
ground correction. A subtracted OD4s¢ value of 0.1 or more was
regarded as positive, and the maximum dilution to give a positive
result was used as the ELISA titer.

2.6 Plaque reduction assay

Serum or plasma samples were initially diluted 10-fold in the
DMEM containing 5% FCS, 10 mM HEPES, 100 pg/ml gentamicin sul-
fate, and 2.5 ng/ml amphotericin B and then serially 3-fold diluted in
duplicate. The diluted serum or plasma samples were incubated with
approximately 100—200 plaque-forming unit (PFU) of SARS-CoV-2 at
room temperature for 1 h. The virus-sample mixtures were inoculated
into Vero-TMPRSS2 cells and incubated for 1 h at 37 °C. After the mix-
ture was removed, the cells were incubated with DMEM containing 5%
FCS, 10 mM HEPES, 100 pg/ml gentamicin sulfate, 2.5 pg/ml ampho-
tericin B, and 1% agar for 2 days at 37 °C. The maximum dilution to
reduce the plaque number by more than 50% compared to the control
(i.e., no serum or plasma present) was used as neutralization titer.

2.7 Modeling

A Bayesian hierarchical model was used to estimate the day of peak
response for each measurement and to aid visualization. Measurement
i, in individual, j, was modelled as y;; = h; f(ty;, otj, B;) exp(-A;t;;), where
tjj is the time of the measurement, f(t;;, «j, B;) is the cumulative gamma
distribution function at time t;; with shape ¢ and inverse scale g 4; is
the decay rate, and h; is the maximum response if /; = 0 [33]. Posterior
distributions of each parameter were sampled for each individual.

These distributions were in turn captured by overarching distributions
in a standard hierarchical model. Concretely: hj ~ N(ftp, on), @ ~ N(ie,
0o Bj~ N(ug, 0g) and 4; ~ N(ju,, 0;), where N(t, o) denotes a normal
distribution with mean ., and standard deviation o. Finally, the likeli-
hood of each measurement was modelled as y;; ~ N(0, o), allowing the
posterior distribution to be sampled using the NUTS MCMC algorithm
implemented in Stan [34]. Analyses were conducted on data trans-
formed to have unit standard deviation. Weakly informed priors, N(O,
5), were used throughout and six chains of 4000 iterations were run
for each assay. Excellent parameter convergence was obtained. Titra-
tions were transformed by y;; = log,(m;j/d) where my;; is the titration,
n = 4 for IgG, IgM, Ectodomain, n = 3 for PRNT50, and d is the starting
dilution in the titration series. The half-life of each antibody was esti-
mated by using a linear mixed model that included the log-titer as a
dependent variable and days after peak as an independent variable
with individual identifiers as random effects. Half-lives were then
obtained as log42 (logs2 for neutralization) divided by the coefficients
of the days after peak.

2.8 Statistical analysis

Antibody titers were log-transformed before all statistical pro-
cesses and are presented as geometric mean titers. Continuous values
were compared between multiple independent groups by analysis of
variance (ANOVA) with Tukey’s pair-wise comparison as necessary.
Paired comparisons within each group were performed by using the
paired t-test. Values for clinical status between groups were com-
pared by using Kruskal-Wallis test or Fisher’s exact test as appropri-
ate. P-values < 0.05 were considered statistically significant, and
SPSS 25.0 (IBM) was used for all analyses.

2.9 Role of the funding source

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. The
corresponding authors had full access to all the data in the study and
had final responsibility for the decision to submit for publication.

Results
3.1 Clinical status of the COVID-19 patients in this study

We analyzed the longitudinal antibody response of 39 symptom-
atic COVID-19 patients against SARS-CoV-2 infection (Tables 1 and S1).
The median age of the patients was 62 years (interquartile range [IQR],
49.5-69.5) and 27 (69.2%) were men (Table 1). The median time from
onset to hospital admission was 6 (IQR, 4—8) days. Twenty-five of the
patients (64.1%) had at least one comorbidity, such as hypertension
(28.2%), diabetes (25.6%), dyslipidemia (12.8%), respiratory diseases
(10.3%), and/or thyroid diseases (5.1%). At the end of the study period,
32 patients had been discharged and seven patients had died. The 39
symptomatic patients were divided into three groups based on their
recorded clinical status: 13 were assigned to the mild group, 12 to the
moderate group, and 14 to the severe group (see Methods for stratifi-
cation criteria and Table S1). There was a significant difference in the
median age of the mild (52 years), moderate (56.5 years), and severe
groups (67 years) (p = 0.022) and in the percentage of diabetes in each
group (7.7%, 16.7%, and 50.0%, respectively) (p = 0.041) (Table 1). Other
items showed no statistical difference. Sequential blood samples were
collected from all 39 individuals at various timepoints between 0 and
154 days after onset (Table S2).

3.2 Antibody responses against SARS-CoV-2 infection

To evaluate the antibody response of each patient after onset, we
performed ELISAs and neutralization assays using the RBD or
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Table 1
Clinical status of mild, moderate, and severe patients.
Mild(n=13) Moderate(n=12) Severe(n=14) Total (n=39) Pvalue
Age(Median, IQR) 52 (48-64) 56.5 (46.5-69.5) 67 (62-75) 62(49.5-69.5)  0.022f
Gender (%) Male 7 (53.8%) 9(75.0%) 11(78.6%) 27 (69.2%) 0.386"
Female 6 (46.2%) 3(25.0%) 3(21.4%) 12 (30.8%)
Days between onset and hospitalization (Median, IQR)  5(5-7) 5(3.5-9) 6(4-9) 6(4-8) 0.8011
Comorbidity (%) Any 5(38.4%) 9(75.0%) 11 (78.6%) 25 (64.1%) 0.071*
Hypertension 2(15.4%) 5(41.7%) 4(28.6%) 11(28.2%) 0.406*
Diabetes 1(7.7%) 2(16.7%) 7 (50.0%) 10 (25.6%) 0.041*
Dyslipidemia 2(15.4%) 2(16.7%) 1(7.1%) 5(12.8%) 0.716*
Respiratory disease 2 (15.4%) 2(16.7%) 0(0%) 4(10.3%) 0.363*
Thyroid disease 1(7.7%) 1(8.3%) 0(0%) 2(5.1%) 0.528"
Other 1(7.7%) 3(25%) 2(14.3%) 6(15.4%) -
Outcome (%) Discharged 13 (100%) 12 (100%) 6(42.9%) 31(79.5%) -
Still hospitalized 0(0%) 0(0%) 2(14.3%) 2(5.1%) -
Dead 0(0%) 0(0%) 6 (42.9%) 6(15.4%) -
P values were calculated by using.
* Fisher’s exact test or the 'Kruskal-Wallis test.
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ectodomain of the S protein, or the N protein and authentic SARS-
CoV-2, respectively. The longitudinal changes in antibody titers of
the 39 patients are shown in Figs. 1 and S1-S3. All patients possessed
detectable IgG against all antigens tested and detectable IgM against
the RBD (Figs. 1A, 1B, and S1-S3). Although the IgG response to all
antigens tested was elicited within 14 days of onset, the IgG response
to the ectodomain was detected earlier than that to the RBD and the
N protein (Figs. 1B—1D, and S1-S3). The IgG titers to the RBD, ectodo-
main, and N protein peaked at about 20 days after onset, decreased
thereafter, and were maintained for several months after onset. The
IgM response against the RBD was not induced before that of IgG
(Fig. 1A and 1B), as reported previously [6,35]. The IgM to the RBD
decreased rapidly, resulting in some individuals becoming anti-RBD
IgM-negative after 90 days post-onset. In the neutralization tests, all
patients, except for HPCo-023, possessed neutralization antibodies
against authentic SARS-CoV-2 (Figs. 1E and S1-S3). Although the
neutralization titer showed a similar trend to that of the IgM
response to the RBD, it was maintained after 90 days post-onset.
HPCo0-023, from whom no neutralizing antibody was detected, was
discharged from the hospital without his condition worsening, indi-
cating that factors other than neutralization antibodies contribute to
virus clearance. To better understand the decline in antibody titers
over time, we calculated the geometric mean titers at the highest

titer found over the entire study period (Fig. 1F, black square) and
after 60 days post-onset (Fig. 1F, gray square). The geometric mean
highest IgG and IgM titers against the RBD, ectodomain, and N pro-
tein and neutralization titers after 60 days post-onset decreased sig-
nificantly from the peak titers. The reduction in the IgM titer against
the RBD was 1/10.8, whereas that in the IgG titer against the RBD,
ectodomain, and N protein ranged from 1/3.18—1/4.67, suggesting
that IgG antibody levels tend not to decrease as rapidly as IgM anti-
body levels.

To understand the overall trend of the antibody responses in these
39 patients, we visualized the group level responses from a hierarchi-
cal model (Fig. 2). The peak RBD IgG response estimated from the
posterior distribution of parameters occurred on day 22.8 [interquar-
tile range (IQR): 19.5-26.0]. For RBD IgM, these values were 18.8
(15.3-21.5) and similarly for the ectodomain, 22.5 (19.3—-25.8) and
the N protein, 20.3 (17.0—23.8). Neutralizing antibody titers reached
a peak 23.8 days after onset (IQR: 19.3—29.0). Although the IgM titer
against the RBD and the neutralization titer were predicted to drop
below the limit of detection within 6 months, the IgG titers against
the RBD, ectodomain, and N protein were predicted to be retained for
a long time. We next calculated the half-lives of the antibody titers
by using data after the peak antibody titers or after 30 days post-
onset (Table 2). The half-lives of the RBD-IgG, RBD-IgM, ectodomain,
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Table 2
Antibody titer half-lives.

Half-life (day) of antibody titer (95%CI)

Severity

After peak titer

After 30 days post-onset™

RBD-IgG Mild
Moderate
Severe
Combined
RBD-IgM Mild
Moderate
Severe
Combined
Ectodomain Mild
Moderate
Severe
Combined
N Mild
Moderate
Severe
Combined
Neutralization ~ Mild
Moderate
Severe
Combined

56.6 (33.1-194.3)
34,5 (24.9-55.9)
27.7(22.8-35.4)
32.9(27.7-40.7) (
23.3(18.1-32.7) (
229(182-31.1)  402(19.0— —334.0)
16.6(14.5-19.3) (
19.3(17.3-21.9) (
41.5(28.4-76.8)
63.5(38.0-192.7)
47.0(33.1-81.5
493(383-693)  60.6(
37.5(252-732)  29.2(18.4-70.7)
42.1(27.5-89.8)
30.4(23.0-44.9)
35.5 (28.6-46.9)
39.3(23.2-126.2)
36.8 (22.8-95.6)
40.7 (28.2-73.1)
39.6 (30.0-58.1)

2804 (67.7— —71.2)
101.3(32.1— —88.0)
42.8(31.8-65.2)
57.9 (40.5-95.0)
434(23.3-315.1)

22.7(18.0-30.7)
26,6 (21.3-35.5)
50.0 (24.4— —951.5)
130.8 (29.0— —52.1)
66.9 (33.9-2194)
36.4-180.0)

1412 (33.7— —35.7)
48.5(28.9-151.1)
43.4(29.4-83.1)
28.8(17.3-84.6)
~556.8 (33.2— —29.7)
107.8 (43.6— —228.9)
71.8 (39.8-369.8)

* Negative half-lives theoretically correspond to doubling times as calculated by
using the statistical model. However, they should be interpreted as “infinite” if such
areversal after peak-out is biologically unlikely.

N protein, and neutralization titers after each peak titer were 32.9,
19.3,49.3, 35.5, and 39.6 days, respectively, whereas those more than
30 days post-onset were 57.9, 26.6, 60.6, 43.4, and 71.8 days, respec-
tively (Table 2), indicating that the half-lives of the antibody titers
are extended at later timepoints. These data demonstrate that the
rate of antibody decline slows down at later timepoints post-infec-
tion. Taken together, our findings show that the antibody titers reach
their maximum values at approximately 20 days after onset and
gradually decrease but the IgG antibodies are maintained for a long
time because the rate of reduction slows down after 30 days post-
onset. Therefore, such antibodies might play protective roles against
subsequent SARS-CoV-2 infection.

3.3 Comparisons of antibody responses in patients with mild, moderate,
or severe disease

Because severity is thought to be one of the factors that affects the
antibody response against SARS-CoV-2 infection [4,17,20], we com-
pared the longitudinal changes in antibody titers of patients with
mild, moderate, or severe infections. The IgG and IgM responses
against the RBD, ectodomain, or N protein were similar between the
mild, moderate, and severe groups (Fig. 3). The half-lives of the RBD-
IgG, RBD-IgM, ectodomain, N protein, and neutralization titers at
least 30 days post-onset were longer than those after the peak titer,
except for the antibody titer against the N protein in the mild group
(Table 2).

Next, we compared the geometric mean antibody titers at the
highest titers over the entire study period and at least 60 days post-
onset among the mild, moderate, and severe groups. Over the entire
study period, the IgG titer to the RBD and the neutralization titer in
the severe patient group were significantly higher than those in the
mild patient group, whereas the antibody titers to the ectodomain
and N protein in the severe group were significantly higher than
those in the mild and moderate groups (Fig. 4). After 60 days post-
onset, although the neutralization titer in the severe group was sig-
nificantly higher than that in the mild group, the other antibody titers
tested were not significantly different between the two groups. The
IgM titer to the RBD was similar among the three groups at both
points. Taken together with our longitudinal analysis of the three
groups, these results show that the highest antibody titers in severe

patients are higher than those in mild (or moderate) patients, but the
decrease in antibody titer in the severe infection cohort is more
remarkable than that in the mild or moderate infection cohorts,
resulting in all patients having similar antibody titers after 60 days
post-onset (Fig. 4).

Discussion

Here we compared the longitudinal changes in antibody titers
against SARS-CoV-2 among 39 COVID-19 patients, who exhibited
mild, moderate, or severe symptoms, until several months post-
onset. Antibodies against the RBD, ectodomain, and N protein of
SARS-CoV-2 were detectable at approximately 10 days after onset
and reached a peak at approximately 20 days after onset. The peak
IgG titers against the RBD, ectodomain, and N protein, and the neu-
tralization titer in the severe group tended to be higher than those in
the other groups. However, the decrease in antibody titers was
greater in the severe group over time, such that there were ultimately
no differences in these antibody titers among the three groups,
except for the neutralizing titers between the severe and mild
groups. Similar reductions in antibody titers (i.e., within 30—60 days
of onset) have been reported in COVID-19 patients [4,15,17,20] and
there is concern that antibodies against SARS-CoV-2 may not be
long-lasting. However, in our study, antibody titers in all 39 patients
were maintained for several months post-onset, suggesting that anti-
bodies against SARS-CoV-2 do not drop below the detection limit in
this timeframe. Although the sample size of our study is small, similar
antibody responses in other COVID-19 patient cohorts have been
reported recently [16,21—-25]. Such antibody behavior has been
observed in the immune response to primary infections with other
acute viral pathogens [36,37]. Since it is unclear what the long-term
antibody titer changes will be (i.e., more than six months after onset)
and what the antibody response in asymptomatic infected individu-
als will be, follow-up assessments of recovered individuals for more
than a year should be considered.

Although the small sample size in our study is a limitation, the
statistical power is sufficient to detect biologically meaningful differ-
ences because the variations in antibody titer among cases within
each group were relatively small. We can assume a SD of 1.0 log-titer
based on the observed statistics, and a paired t-test with the 18
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Fig. 3. Changes in antibody titers of patients with mild, moderate, or severe infections. The changes in antibody titers against the RBD, ectodomain, and N protein shown in Fig. 1
were divided into three groups (mild, moderate, and severe) according to disease severity. Lines of the same color in each group indicate data from the same patient.

samples can detect the difference of 0.8 log-titer and ANOVA with the
39 samples can detect the difference of 1.1 log-titer as a statistical
significance with the power of >80%. This means that the titer ratio
of 2.7 to 4.6 between groups can be detected in each comparison.
Therefore, the sample size in this study was sufficient to detect differ-
ences.

We found that the antibody response against the first exposure to
the newly emerged SARS-CoV-2 was consistent in the COVID-19
patients of the mild, moderate, and severe groups. Although levels of
neutralizing antibodies tend to decrease as time passes, one study
reported that 804 recovered patients showed no clinical reinfections

within three months of hospital discharge [38] and only one asymp-
tomatic reinfection has been reported [39]. These findings suggest
that a robust and rapid antibody response relative to the initial SARS-
CoV-2 infection is likely triggered by the second exposure to SARS-
CoV-2, meaning that the virus growth in the respiratory organs could
be suppressed by the immune response and no clear symptoms
might appear. However, as yet, we know little about the immune cor-
relates of protection against SARS-CoV-2, which will be important for
long-term follow-up of infected patients and clinical studies of
COVID-19 vaccines. Yet, we cannot rule out the possibility that
acquired non-neutralizing antibodies against the S protein may
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Fig. 4. Geometric mean highest antibody titers over the entire study period and after 60 days post-onset. The geometric mean titers of RBD IgG, RBD IgM, ectodomain, N proteins,
and neutralization in the mild, moderate, and severe groups at the highest titers over the entire study period (black squares) and after 60 days post-onset (gray squares) were calcu-
lated. * and **, p<0.05 and p<0.01, respectively (one-way ANOVA followed by Tukey’s test).

enhance the pathogenicity of the virus via antibody-dependent
enhancement (ADE) activity. ADE has been observed in vitro and in
vivo in dengue patients and its animal models [40—42] and ADE in
vitro or by serum/antibody transfer in an animal model has been
reported for Ebola and Zika viruses [43,44]. Numerous studies involv-
ing COVID-19 patients and animal models have been conducted all
over the world, and the induction of neutralizing antibodies by infec-
tion and vaccination and the efficacy of monoclonal antibody, serum,
or plasma therapies have been reported [12,29,45]. But no studies
describing an increase in pathogenicity due to ADE have been
reported yet, which suggests that ADE may be limited in human
SARS-CoV-2 infection. Nevertheless, we should consider looking
closely at ADE in individuals who have recovered from COVID-19 or
received a COVID-19 vaccine.
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