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Background. The immunologic features of children with coronavirus disease 2019 (COVID-19) caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) are not clearly delineated. This study was conducted to evaluate SARS-CoV-2-specific
antibody responses in children with COVID-19.

Methods. 'The levels of anti-spike (S) IgG, anti-SARS-CoV-2 IgG, and neutralizing antibody (NAb) were measured during var-
ious time points in children <19 years of age with COVID-19 in South Korea from February 2020 to September 2020.

Results. One hundred sixty-five blood samples from 114 children with COVID-19 (43.9% asymptomatic and 56.1% mildly
symptomatic) were analyzed. In both asymptomatic and mildly symptomatic children, the positive rates of anti-S IgG, anti-SARS-
CoV-2 IgG, and NAD were low within 7 days after onset, but they soon reached 100% 14 to <28 days after onset. In symptomatic
children, the geometric mean titers (GMTs) of antibodies were all below the positive cutoff during the first 2 weeks from onset and
peaked at 28 to <56 days (5.6 for anti-S IgG, 383.6 for anti-SARS-CoV-2 IgG, and 55.0 for NAD, P < .001, respectively). Antibody
levels remained detectable up to 3 months after infection. The antibody GMTs during the period 14 to <56 days after symptom onset

were highest in children aged 0-4 years.
Conclusions.

These results collectively present the humoral immune responses during SARS-CoV-2 infection in children. A

further longitudinal study is needed to thoroughly understand the immune system and for effective vaccine development in children

during the COVID-19 pandemic.
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Numerous studies on coronavirus disease 2019 (COVID-19)
have hitherto observed that the prevalence and severity of
COVID-19 are both lower in children compared to adults [1].
Children seem to comprise approximately 17.4% of all COVID-
19 cases in the United States [2]. In South Korea, where large-
scale virus testing is performed, 120 712 cases of COVID-19
in children aged <19 years have been confirmed, comprising
18.2% of the total cases, with no deaths reported, as of January
9,2022 [3]. Most children with COVID-19 are asymptomatic or
have only mild symptoms [4, 5].
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The background of this difference in clinical manifestation
in children remains unknown, and several hypotheses have
been proposed. The expression and affinity of angiotensin-
converting enzyme 2 receptor are shown to be reduced in
children [6]. Children might also have distinct immune re-
sponses that modulate clinical severity [7]. Preexisting anti-
bodies to seasonal human coronaviruses may also contribute to
protection against severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) children at some level [8]. Many aspects
of the innate and adaptive immune responses in children have
not yet been characterized fully due to limited studies in this
population.

Vaccination against COVID-19 is currently being conducted
not only in adults, but also in children in many countries. At
the same time, a highly transmissible variant, named Omicron,
is recently causing the vast majority of new COVID-19 cases.
In order to face the ongoing pandemic, the basic character-
istics of immunity in children with COVID-19 need to be
understood. This study thus aimed to evaluate the magnitude
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and persistence of SARS-CoV-2-specific IgG, IgA, and neutral-
izing antibody (NAD) in asymptomatic and mildly symptomatic
children confirmed with COVID-19.

MATERIALS AND METHODS

Study Population

This study investigated children <19 years of age who had
COVID-19 confirmed by SARS-CoV-2 real-time reverse
transcription-polymerase chain reaction (RT-PCR) in nasopha-
ryngeal swabs, and who were hospitalized at 9 hospitals across
5 provinces in South Korea from February 2020 to September
2020. Children were tested for SARS-CoV-2 infection when
they had symptoms of COVID-19 or have come into close con-
tact with confirmed cases. During the study period, all patients
with COVID-19 in South Korea had to be isolated in hospitals
or in residential treatment centers regardless of age or symp-
toms. Clinical data, including age, sex, date of diagnosis, symp-
toms, and radiographic findings were collected. Patients who
did not develop any symptoms until lift of isolation were de-
fined as asymptomatic and those showing any symptoms with
or without mild infiltrates on chest imaging were defined as
mild COVID-19. Moderate case was defined when a child re-
quired oxygen supplementation, whereas severe case was de-
fined when mechanical ventilation was required. The onset of
COVID-19 was defined as the onset of symptom development
in symptomatic children and the time of first positive SARS-
CoV-2 PCR in asymptomatic children. This study was approved
by the institutional review board at each hospital and informed
consent was obtained.

Sample Collection

Blood samples were obtained during clinical care and at the
time of outpatient visits. The optimal time of the second
blood sample draw for each patient was at least 1 month from
COVID-19 onset; yet, the number and timing of blood sample
draw varied from institution to institution. Serum samples were
separated from whole blood by centrifugation and kept frozen
in aliquots at —70°C until analysis. All antibody tests were per-
formed in duplicate.

SARS-CoV-2 S Protein ELISA

IgG and IgA antibodies to the spike protein of SARS-
CoV-2 (anti-S IgG and anti-S IgA) were measured using the
EUROIMMUN Anti-SARS-CoV-2 enzyme-linked immuno-
sorbent assay (ELISA) (Euroimmune, Litbeck, Germany), an
ELISA, according to the manufacturer’s instruction [9, 10].
Optical density (OD) ratios of 21.1 were interpreted as positive.

Indirect Immunofluorescence Assay (IFA)
An in-house, indirect, immunofluorescence assay (IFA) was
performed to detect anti-SARS-CoV-2 IgG antibodies. Initially,

Vero cells were infected with NMC-nCoV02 and attached to a
glass slide, which was then cultured for 18 hours in a 37°C CO,
incubator, and fixed with 80% acetone. A 1:8- to 2-fold serial
dilution of patient serum was added to the antigen slide and
was incubated for 45 minutes at 37°C. After washing, Alexa-488
conjugated goat anti-human IgG (Jackson, Pennsylvania, USA)
was added. The slide was further incubated and was observed at
%400 magnification under a fluorescence microscope. For each
experiment, anti-nucleocapsid monoclonal antibody was in-
cluded as a positive control. Two researchers who were unaware
of the clinical information for the samples tested read the assay
results independently. The applicability of the IFA method was
validated by correlation analysis with the EUROIMMUN Anti-
SARS-CoV-2 ELISA results (Spearman’s correlation coeflicient
p was 0.869). From the receiver operating characteristics (ROC)
analysis, based on the ELISA OD ratio of 1.1, the cutoff was
selected at 21:32, where the IFA indicated a specificity of 95.1%
and a sensitivity of 93.5%.

Neutralizing Antibody (NAb) Assay

The NADb assay to NMC-nCoV02 was performed to evaluate
the neutralization titer of the patients’ serum samples. Equal
amounts of 100 TCID,, NMC-nCoV02 were combined with
heat-inactivated serum which was serially diluted 2-fold from
1:2.5 to 1:640, and then placed in a 37°C 5% CO, incubator to
react for 1 hour. After the neutralization reaction, the viral so-
lution was infected with Vero cells and cultured for 4-5 days to
observe the cytopathic effect. The virus was neutralized by fixing
and staining with 10% formalin solution containing crystal violet,
and the surviving cell titer was determined to be the NAb titer.
Titers of 21:10 were interpreted as positive neutralizing activity.

Statistical Analysis

Geometric mean titer (GMT) was determined by calculating the
mean and the standard deviation of the log-transformed data
points, and then back-transforming to the original scale. The
positive rate of SARS-CoV-2 antibody at a given point was cal-
culated when 5 or more samples were collected. The differences
between continuous variables were analyzed by the 2-sample ¢
test or the Mann-Whitney U test. The differences were statisti-
cally significant when P < .05. Statistical analysis was performed
using SPSS, version 26.0 (IBM).

RESULTS

Patient Characteristics

A total of 114 children with COVID-19 were included in this
study. The median age of the children was 9 years (range,
0-18 years), and males comprised 63.2% (Table 1). Among
the children, 50 (43.9%) were asymptomatic and 64 (56.1%)
had mild symptoms. Of those, 3 had pneumonia. No children
had moderate-to-severe clinical manifestation including
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Table 1. Clinical Characteristics of Children With COVID-19 Tested for
Serology, South Korea

Characteristics No. (%)
Total No. 14
Sex
Male 72 (63.2)
Female 42 (36.8)
Age, yr
Median (range) 9 (0-18)
<1 5 (4.4)
1-5 41 (36.0)
6-10 22 (19.3)
11-15 36 (31.6)
16-18 10 (8.8)
Clinical manifestation
Asymptomatic 50 (43.9)
Symptomatic? 64 (56.1)
Mild 64 (56.1)
Moderate 0(0.0)
Severe 0(0.0)
Blood collection
1 time 73 (64.0)
2 times 32 (28.1)
3 times 8 (70)
4 times 1(0.9)

Abbreviations: COVID-19, coronavirus disease 2019.

2Mild cases were defined by the presence of any symptoms with or without mild infiltrates
on chest imaging, moderate cases were defined by the requirement of oxygen supplemen-
tation, and severe cases were defined when a child was on mechanical ventilation.

multisystem inflammatory syndrome in children during the
study period. The median period to the last blood sample draw
was 28 days (range, 0-191 days) from onset for symptomatic
children and 16 days (range, 0-94 days) for asymptomatic
children. A total of 165 blood samples were collected for anal-
ysis, where blood was drawn once in 73 patients, twice in 32
patients, 3 times in 8 patients, and 4 times in 1 child. Fifty-
seven blood samples were drawn within 7 days from onset, 38
samples were collected after 7 to <14 days, 12 samples after 14
to <28 days, 41 samples after 28 to <56 days, 11 samples after
56 to <84 days, and 6 samples after 84 days from onset.

Positive Rate of Antibody to SARS-CoV-2 in Children With COVID-19

In symptomatic children, the positive rates of anti-S IgG, anti-
SARS-CoV-2 IgG, and NAb were as low as 10.7%, 3.6%, and
14.3%, respectively, within 7 days after onset (Figure 1A; Table 2).
The positive rates gradually increased and reached 100% 14 to
<28 days after onset. After reaching plateau until 56 days from
onset, the positive rates slightly declined to 77.8%-80.0%. The
positive rates of anti-S IgG, anti-SARS-CoV-2 IgG, and NAb
within 7 days after onset in asymptomatic children were 29.4%,
34.5%, and 47.1%, respectively (Figure 1B; Table 2). The anti-
bodies were detected in all asymptomatic cases at 14 to <28 days
and were detected in 82.4%-88.2% after 28 to <56 days from
onset.
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Figure 1. Changes in the positive rate of antibodies to severe acute res-

piratory syndrome coronavirus 2 (SARS-CoV-2) in symptomatic (A) and
asymptomatic (B) children with coronavirus disease 2019 over time, South
Korea. Abbreviations: NAb, neutralizing antibody; S, spike protein.

Compared to IgG antibodies and NAD, the positive rate of
anti-S IgA within 14 days from onset was higher in both sympto-
matic and asymptomatic children (Table 2). Specifically, 75.0%
and 60.0% of the symptomatic and asymptomatic children, re-
spectively, were already positive for anti-S IgA after 7 to <14
days from onset.

Changes in Antibody Titer in Children With COVID-19

The antibody titers analyzed from 165 blood samples of 114 in-
dividual children were plotted according to the time of onset.
In symptomatic children, the GMTs of anti-S IgG, anti-SARS-
CoV-2, and NAb were all below the positive cutoff during the
first 2 weeks from onset (Figure 2A-C). Anti-S IgG GMT titer
significantly increased and peaked at 14 to <56 days from onset
(GMT 5.6 [SD 1.5], P <.001) (Figure 2A; Supplementary Table).
The titer subsequently decreased to 3.0 (SD 4.8, P = .592) and
2.3 (SD 1.8, P =.002) after 56 to <84 days and 284 days, respec-
tively, but was still above the positive cutoff. The anti-SARS-
CoV-2 IgG and NAb GMTs also steadily increased and peaked
at 28 to <56 days from onset (GMT 383.6 [SD 3.1], P <.001 and
GMT 55.0 [SD 2.7], P < .001, respectively) (Figure 2B and C).
The titers significantly decreased thereafter, but remained above
the positive limit beyond 84 days from onset. In asymptomatic
children, the anti-S IgG, anti-SARS-CoV-2 IgG, and NAb GMTs
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Table 2. Detection of Antibodies to SARS-CoV-2 in Children With COVID-19, South Korea
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2Days from onset indicate days from symptom onset for symptomatic children and days from diagnosis for asymptomatic children.

were also below the positive cutoft during the first 2 weeks after
onset (Figure 2D-F). The titers significantly increased and
peaked at 14 to <28 days from onset, where the GMT was 5.1
(SD 1.4, P = .002) for anti-S IgG (Figure 2D; Supplementary
Table), 287.4 (SD 3.0, P = .001) for anti-SARS-CoV-2 IgG
(Figure 2E), and 31.7 (SD 1.8, P = .002) for NADb (Figure 2F).
There were no significant changes in GMTs thereafter.

Anti-S IgA was analyzed in 84 samples of 68 children. The
anti-S IgA in both symptomatic and asymptomatic children was
already detectable from 7 to <14 days after onset (Figure 2A and
D). Anti-S IgA increased and reached peak GMT of 4.8 (SD 2.1)
after 28 to <56 days in symptomatic children (P < .001) and of
2.8 (SD 3.0) after 14 to <28 days in asymptomatic children (P =
.124) (see Supplementary Table). The GMTs subsequently de-
creased and were undetectable beyond 84 days from onset.

The antibody titers of 41 children whose blood was collected
twice or more were further evaluated to analyze the change of
titers over time. Similar to the results of the whole cohort, the
antibody titers increased rapidly and gradually decreased with
time in symptomatic children (see Supplementary Figure).

Comparison of Antibody Titers According to Age Groups

Symptomatic children with COVID-19 were divided into 3 age
groups (0-4 years, 5-11 years, and 12-18 years) in order to an-
alyze the difference of antibody titers according to age during
the period 14 to <56 days after onset. The median length of time
for blood draws was comparable between the 3 groups (37 days
[range, 23-53 days] for 0-4 years, 32 days [range, 24-51 days]
for 5-11 years, and 34 days [range, 26-47 days] for 12-18 years).
Anti-S IgG GMT was significantly higher in children aged 0-4
years (GMT 7.0 [SD 1.2]) compared to children aged 5-11 years
and 12-18 years (GMT 5.9 [SD 1.1], P = .008 and GMT 3.7 [SD
1.8], P = .029, respectively) (Figure 3A). NAb GMT also was
higher in 0- to 4-year-olds (GMT 65.8 [SD 2.0]) compared to
5- to 11-year-olds (GMT 30.2 [SD 1.8], P = .077) (Figure 3C).
Anti-SARS-CoV-2 IgG GMT tended to be higher in children
aged 0-4 years compared to those aged 5-11 years and 12-18
years but was not statistically significant.

DISCUSSION

In this multicenter study of asymptomatic and mildly sympto-
matic children with COVID-19, anti-S IgG, anti-SARS-CoV-2
IgG, and NAbs were detectable in all children after 14 to <28
days from onset. The antibody GMTs peaked at 28 to <56
days in symptomatic children and at around 14 to <28 days in
asymptomatic children. A previous short report of 6 children
with COVID-19 similarly presented that antigen-specific anti-
body was produced within 2-3 weeks after symptom onset [11].
A more recent study on 69 children demonstrated robust an-
tibody responses against SARS-CoV-2 during the acute phase
of infection [12]. Production of SARS-CoV-2-specific IgG and
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Figure 2. Changes of titers of antibodies specific for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in children with coronavirus disease
2019, South Korea. Antibody titers were analyzed in both symptomatic (A, B, and C) and asymptomatic children (D, E, and F). SARS-CoV-2 S protein (S)-specific
IgG and IgA titers were analyzed by enzyme-linked immunosorbent assay (A and D). SARS-CoV-2-specific IgG titers were analyzed by the in-house, indirect,
immunofluorescence assay (B and E). Neutralizing antibody (NAb) was analyzed by a neutralizing antibody assay using live SARS-CoV-2, NMC-nCoV02 (C and
F). Bars indicate geometric mean titers (GMTs) and solid lines indicate geometric standard deviations. Dashed lines indicate the positive cutoff.
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NAbs in most children with COVID-19 is reassuring. It has
recently been shown that SARS-CoV-2-infected children with
humoral responses have lower viral load than those with neg-
ative serologic response, and higher levels of antibody titers
correlate with faster virus clearance [13]. Children with neu-
tralizing activity have more frequent antigen-specific B cells,
with more switched memory B cells, along with SARS-CoV-
2-specific T-cell production. As with adults, children are able
to control viral replication via their own protective immune
system [14].

The GMTs of SARS-CoV-2-specific IgG and NADb remained
above the positive cutoff for the observed 3 months in children
in this study. Both the positive rate and antibody GMTs, how-
ever, started to decrease 56 to <84 days from symptom onset
in symptomatic children. Similar observation has been de-
scribed in a long-term analysis of 11 adults with SARS-CoV-2
infection, which showed that anti-S and anti-nucleocapsid anti-
bodies peaked around 4-7 weeks after diagnosis and declined
thereafter [15]. NAbs targeting the receptor-binding domain
of SARS-CoV-2 also decayed by 18-30 weeks after diagnosis,
implying that humoral immunity may not be long-lasting. This
finding was also supported by a study of 65 patients where neu-
tralizing activity waned after 1 month from symptom onset, re-
gardless of disease severity [16].

Contradicting larger studies, however, reported that anti-
bodies to SARS-CoV-2 persist for at least 4-6 months following
SARS-CoV-2 infection [17, 18]. Recent studies conducted in
Spain and Italy demonstrated persistent SARS-CoV-2 IgG and
NAbs for more than 6 months in children with asymptomatic
or mildly symptomatic COVID-19 [19, 20]. Although antibody
levels gradually decrease over time, their responses are still ro-
bust 4 months after acute infection [12]. More encouragingly,
recent in-depth studies on adults revealed that SARS-CoV-2-
specific memory B cells were detectable and maintained for at
least 6 months after infection, and these memory B cells could
generate monoclonal antibodies with neutralizing function [21,
22]. Cytokine-secreting memory T cells likewise persist for at
least 3 months and expand when encountered with antigens
[23]. If the responses of memory B cells and T cells are also ro-
bust in children and cells react actively upon reinfection, de-
clining NAb responses over time might count little. Further
long-term follow-up studies on children with SARS-CoV-2 in-
fection are needed to observe whether the neutralizing activity
will continue to decline or, plateau. In addition, comparable as-
says are needed to compare the results of immunity. More im-
portantly, the activity of memory cells in children needs to be
analyzed.

In this study, the GMTs of anti-S IgG and NAb of sympto-
matic children aged 0-4 years were higher than that of children
aged 5-11 years and adolescents aged 12-18 years. The more
robust humoral immune responses in younger children has
been similarly observed in another study, where compared to

adolescent and young adults, young children exhibited higher
SARS-CoV-2 IgG, total receptor-binding domain-binding anti-
body, and NAD levels [24]. A recent study further demonstrated
that SARS-CoV-2-specific IgG responses declined more slowly
in asymptomatic or mild symptomatic children and adoles-
cents compared to adults with COVID-19 [12]. Conversely, in
the studies of Weisberg et al and Pierce et al, adults produced
higher NAD titers and more vigorous T-cell responses than
children [7, 25]. The same study by Pierce et al observed that
children had higher IL-17A and IFN-y within 7 days of presen-
tation [25]. There is also an increase in the activation of neutro-
phils, and more recruitment of monocytes, dendritic cells, and
natural killer cells in the infection site in children [26, 27]. The
combination of active innate and adaptive immune responses
might account for the mild clinical symptoms in children with
COVID-19 [6].

We additionally observed that there was an early rise in
anti-S IgA in children with COVID-19. Data suggest that IgA
contributes more than IgG in enhanced SARS-CoV-2 neutral-
ization in the first week after symptom onset [28, 29], hence
IgA-mediated immunity might also be an important defense
mechanism in children with COVID-19. It has been previously
proposed that the early potent activity of IgA in SARS-CoV-2
infection might have a negative influence on the clinical course
through enhanced inflammation [27, 30]. However, our results
of higher IgA response in young children with mild COVID-19
do not support this hypothesis, warranting further investiga-
tions on the functional significance of IgA in COVID-19.

A partial analysis of anti-SARS-CoV-2 IgM by IFA was con-
ducted on 24 children in this study, and none had positive re-
sults during their course of infection. This contrasts with the
data of adult COVID-19 patients who display broader anti-
body responses with higher titers of SARS-CoV-2-specific IgM
[8, 15]. This most likely suggests that in children, most of the
SARS-CoV-2-specific B cells undergo class switching within 1
week after virus exposure [11, 12]. Early induction of protective
antibodies in children might contribute to the milder clinical
manifestation in children compared to adults.

There are several limitations to this study. Few children
had their blood drawn >56 days after onset, and paired sam-
ples were not obtained from all children, limiting long-term
analysis and interpretation of the antibody kinetics. The an-
tibody titers obtained in this study more reflect the titers at
different time points in a heterogenous pediatric population
with COVID-19. Moreover, we did not compare the anti-
body responses between asymptomatic and symptomatic
children because determining the start of SARS-CoV-2
infection in asymptomatic children was not possible. Severe
cases of COVID-19 were also not included in this study, thus
investigating immunological differences according to severity
was not possible. Despite these limitations, however, we were
able to present a comprehensive characterization of humoral
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immune responses and antibody kinetics of children with
asymptomatic or mild COVID-19. The results of this study
add information for vaccine development and application
against SARS-CoV-2 infection in children and provide impli-
cations for public health responses, including vaccination of
children.

In conclusion, SARS-CoV-2-specific IgG and NAD are pro-
duced by children with asymptomatic or mild COVID-19 from
14 days of illness and for at least 3 months with statistically
significantly decreasing antibody titers. A further longitudinal
study in children with COVID-19 with individuals followed
over time is needed to thoroughly understand the response of
the immune system for safe and effective vaccine development
in children during the era of the COVID-19 pandemic.

Supplementary Data

Supplementary materials are available at the Journal of the Pediatric
Infectious Diseases Society online.
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