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A Corrigendum on

Children and Adults With Mild COVID-19: Dynamics of the Memory T Cell Response Up to 10
Months
By Kaaijk P, Olivo Pimentel V, Emmelot ME, Poelen MCM, Cevirgel A, Schepp RM, den Hartog G,
Reukers DFM, Beckers L, van Beek J, van Els CACM, Meijer A, Rots NY and de Wit J (2022) Front.
Immunol. 13:817876. doi: 10.3389/fimmu.2022.817876

An author name was incorrectly written as Martien Poelen. It should be written as Martien C.
M. Poelen.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

The authors discovered an error in data export, resulting in minor data discrepancies and in the
misclassification of three subjects (three subjects were actually moderate cases but were classified
before corrections as mild cases).

Reanalysis of all data presented in the manuscript based on the corrected classification/data did
not change the original major findings.

The corrected text for the Abstract, Results andDiscussion sections appear below, as well as the
corrected Table 1, Figures 1–6 and Supplementary Figures 2, 4.
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Kaaijk et al. Corrigendum: SARS-CoV-2-Specific T Cells in Children
Background: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has led to considerable morbidity/mortality

worldwide, but most infections, especially among children, have a mild course. However, it remains largely unknown whether

infected children develop cellular immune memory.

Methods: To determine whether a memory T cell response is being developed, we performed a longitudinal assessment of the

SARS-CoV-2-specific T cell response by IFN-γ ELISPOT and activation marker analyses of peripheral blood samples from

unvaccinated children and adults with mild-to-moderate COVID-19.

Results: Upon stimulation of PBMCs with heat-inactivated SARS-CoV-2 or overlapping peptides of spike (S-SARS-CoV-2)

and nucleocapsid proteins, we found S-SARS-CoV-2-specific IFN-γ T cell responses in infected children (83%) and adults

(100%) that were absent in unexposed controls. Frequencies of SARS-CoV-2-specific T cells were higher in infected adults,

especially several cases with moderate symptoms, compared to infected children. The S-SARS-CoV-2 IFN-γ T cell response

correlated with S1-SARS-CoV-2-specific serum antibody concentrations. Predominantly, effector memory CD4+ T cells of a

Th1 phenotype were activated upon exposure to SARS-CoV-2 antigens. Frequencies of SARS-CoV-2-specific T cells were

significantly reduced at 10 months after symptom onset, while S1-SARS-CoV-2-specific IgG concentrations were still detectable

in 90% of all children and adults.

Conclusions: Our data indicate that an antigen-specific T cell and antibody response is developed after mild SARS-CoV-2

infection in children and adults. It remains to be elucidated to what extent this SARS-CoV-2-specific response can contribute to

an effective recall response after reinfection.
RESULTS

Study Subjects
SARS-CoV-2 specific T cell responses were assessed from SARS-
CoV-2-infected children and adults, and for comparison from
unexposed children and adults. None of the study subjects were
vaccinated against SARS-CoV-2. Demographic and clinical
characteristics are presented in Table 1. Blood samples from
24 children and 27 adults (13 with mild symptoms and 14 with
moderate symptoms, including two hospitalized cases) with
PCR-confirmed SARS-CoV-2 infection were collected. The
median time point of the first sample (T1) was for children 8
days [5.0-16 days] and for adults 12.5 days [interquartile range
(IQR) 11-14 days] post-symptom onset. Additional blood
samples were taken 10-14 days after T1 (referred to as ‘T2’)
and only for adults also at 4-6 weeks after T1 (referred to as ‘T3’).
Ex Vivo Determination of Activated T Cells
Over Time After SARS-CoV-2 Infection in
Children and Adults
No significant differences in major immune cell types were found
over time after infection neither in children nor adults, i.e.
frequencies of total T cells, B cells, monocytes, or NK cells
were comparable between infected groups and healthy age-
matched unexposed groups (Supplementary Figure 1). In
infected adults, slightly higher frequencies of CD4+ TEM (TEM;
CD45RO+, CD27-) cell subsets were found at T3 compared to T1
(4.7% vs 3.5%; P= 0.0061), but there was no significant difference
in the frequency of the TEM subset of these time points and the
uninfected controls (3.6%). Frequencies of CD8+ TEM cells of
infected adults were slightly higher at T2 compared to T1 (4.2%
vs 3.8%; P= 0.041). No differences in memory T cell subsets were
Frontiers in Immunology | www.frontiersin.org 2
found between mild and moderate COVID-19 adults cases nor in
children over time after infection.

The ex vivo expression of CD38 and HLA-DR on T cells was
determined as ameasure for antigen-specific activation after SARS-
CoV-2 infection. In children, no changes in CD38/HLA-DR co-
expression on CD4+ T cells were found between different time
points after infection (Supplementary Figure 2A, upper panel). In
SARS-CoV-2-infected adults, a transiently higher percentage of
cells expressing CD38/HLA-DR was observed within the CD4+ T
central memory (TCM; CD45RO

+, CD27+) subset (1.1% at T1) that
declined over time after infection (to 0.55% at T2, and to 0.37% at
T3) and within the CD4+ terminally differentiated effectormemory
re‐expressingCD45RA (TEMRA; CD45RO

-, CD27-, CD28-, CD57+)
cell subset (0.58% at T1) that declined to 0.0% at both T2 and T3
(Supplementary Figure 2B, upper panel). In both children and
adults, a higher frequencyofCD8+/CD38+/HLA-DR+Tcellswithin
the TCM/TEM/T naïve (TN; CD45RO

-, CD27+, CCR7+, CD95-)
subsets were observed at T1 [4.1%/4.9%/0.33% (children) and
5.5%/3.1%/1.0% (adults)] that declined in time after infection (to
2.7%/2.1%/0.17% (children) and 2.7%/1.7%/0.30% (adults) at T2
and to 2.2%/0.81%/0.23% (adults) at T3 (Supplementary
Figures 2A, B, lower panels).
SARS-CoV-2 Specific IFN-ɣ+ T Cell Response
IFN-ɣ+-producing cells were detected by ELISPOT upon
stimulation with overlapping peptides covering spike protein
(S) of SARS-CoV-2 (S-SARS-CoV-2) in 83% (20/24) of infected
children and in 100% (27/27) of infected adults, whereas IFN ɣ+

responses were found in 0% (0/6) and 8.3% (1/12) of the
unexposed children and adults, respectively. Frequencies of
SARS-CoV-2-specific IFN-ɣ+ T cells were lower in infected
children than in infected adults (Figures 1A–C); the median
spot forming units (SFU)/2.105 PBMCs for infected children
April 2022 | Volume 13 | Article 893720
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versus infected adults was 18 versus 62 (P=0.0021) at T1 upon
stimulation with S-SARS-CoV-2. On average, a 2-fold higher
frequency of SARS-CoV-2-specific IFN-ɣ+ T cells was found in
adults with moderate symptoms compared to mild symptomatic
adults for the three time points. For all antigenic stimuli used (i.e.
S-SARS-CoV-2, overlapping peptides covering nucleocapsid
protein (N) of SARS-CoV-2 (N-SARS-CoV-2), or inactivated
whole SARS-CoV-2), the moderately ill adults had significantly
higher frequencies of IFN-ɣ-producing T cells compared to
children at T1. The mild symptomatic adults also generally
showed higher frequencies of SARS-CoV-2-specific IFN-ɣ+ T
cells than infected children, although not statistically significant
for inactivated whole SARS-CoV-2 (Figures 1A–C).

The pre-existing T cell response against S-HCoV-OC43 of
infected children was very low, although S-HCoV-OC43-specific
T cell frequency was slightly higher at T2 compared to the age-
matched unexposed control group (9.0 versus 1.0 SFU/2.105

PBMCs; P=0.037) (Figure 1D, left panel). In infected adults, no
difference in numbers of S-HCoV-OC43-specific T cells was
found between SARS-CoV-2-infected and unexposed adults
(Figure 1D, right panel). In both SARS-CoV-2-infected
children and adults, the frequency of IFN-ɣ+ T cells was 4 to
60-fold lower after stimulation with S-HCoV-OC43 (Figure 1D)
compared to stimulation with any of the SARS-CoV-2 antigens
(Figures 1A–C). No significant difference in frequency of S-
HCoV-OC43-reactive T cells was observed between unexposed
adults and unexposed children or between mild and moderate
COVID-19 cases.
Activation of Effector Memory CD4+ T Cells
Upon SARS-CoV-2-Specific Stimulation
PBMCs were harvested from the IFN-ɣ ELISPOT plates to
determine whether mainly CD4+ or CD8+ T cell populations
became activated upon SARS-CoV-2-specific stimulation. For
this purpose, the expression of the following activation markers
were analyzed by flow cytometry: CD25, CD137, CD154, CD69,
OX40 (25-30). Especially the CD25 (IL-2Ra) and CD137 (4-
1BB) co-expression on T cells of infected subjects increased
significantly upon the various SARS-CoV-2 antigenic
stimulations compared to mock stimulation (Supplementary
Figure 3). Although analysis of CD137/CD25 co-expression is
generally not used by default, in the present study we used this to
identify SARS-CoV-2 antigen-specific T cells.

Primarily CD4+ T cells and not CD8+ T cells expressed CD25/
CD137 activation markers upon SARS-CoV-2 antigenic
stimulation, in infected subjects (Figure 2 and Supplementary
Figure 4). Compared to the unexposed age-matched groups,
higher frequencies of activated CD4+ T cells were observed in
both infected children and infected adults after stimulation with
any of the three SARS-CoV-2 antigen preparations at T1.
Frequencies of SARS-CoV-2-specific activated CD4+ T cells
were significantly lower in infected children than in adults
(upon S-SARS-CoV-2-specific stimulation, 0.04% CD25+/
CD137+ T cells of total CD4+ T cells for infected children
versus 0.21% for infected adults at T1; P=0.0034). Frequencies
Frontiers in Immunology | www.frontiersin.org 3
of SARS-CoV-2-specific activated CD4+ T cells, irrespective of
used SARS-CoV-2 antigen, were comparable between adults with
moderate COVID-19 illness and mildly symptomatic adults. The
observed SARS-CoV-2-specific activated CD4+ T cells were
mainly effector memory (CD45RO+/CCR7-) (TEM) (Figure 2D).
Correlations Between SARS-CoV-2-
Specific IFN-ɣ+ T Cell Responses and
CD4+ T Cell Response
In children, moderate correlations were observed between IFN- ɣ+

T cell frequency and activated (CD137+ CD25+) CD4+ T cells after
stimulation with N-SARS-CoV-2 (rs=0.64; P=0.004) at T2, and at
T1 after stimulation with inactivated SARS-CoV-2 (rs=0.51;
P=0.012) (Figure 3A). In adults, IFN-ɣ+ T cell frequency and
activated (CD137+ CD25+) CD4+ T cells correlated after
stimulation with both S-SARS-CoV-2 and N-SARS-CoV-2 at all
three time points after infection (rs ranging between 0.51-0.72)
and after stimulation with inactivated SARS-CoV-2 at T1 and T2
(respectively, rs=0.70 and rs=0.53) (Figure 3B).

SARS-CoV-2-Specific Release
of Cytokines
Upon stimulation with S-SARS-CoV-2, PBMCs from SARS-CoV-
2-infected children secreted more IL-2 than unexposed children,
albeit at very low amounts (3.7 versus 0.1 pg/ml; P=0.030). Similar
trends were observed in SARS-CoV-2-infected adults compared to
unexposed adults, for both IL-2 (18.0 versus 0.1 pg/ml; P=0.0003).
S-SARS-CoV-2-specific IL-2 secretion was higher in infected
adults compared to infected children (P=0.015). However, IL-2
secretion was only significantly higher in adults with moderate
COVID-19 (51.8 versus 3.7 pg/ml; P=0.023) and not in adults with
mild symptoms compared to infected children (Figure 4). Other
cytokines were only secreted at very low levels and
not significantly.

Correlations Between SARS-CoV-2-
Specific IFN-ɣ+ T Cell Frequency and
Antibody Response
Serum antibody concentrations against the SARS-CoV-2 spike
S1 protein (S1-SARS-CoV-2) above the previously established
cutoff level (10) at any of the two sampling time points were
found in 83.3% (IgM), 79.2% (IgG), and 75.0% (IgA) of the
infected children. From the four children without detectable
S-SARS-CoV-2-specific T cell responses, two did have S1-SARS-
CoV-2-specific IgM, IgG, and IgA antibodies; the other two did
not. In adults, 100%, 96.3%, and 88.9% were seropositive for
respectively, IgM, IgG, and IgA antibodies to S1-SARS-CoV-2 at
any of the three sampling time points. Interestingly, in children
good correlations were observed between S-SARS-CoV-2 IFN-ɣ+

T cell frequency and S1-SARS-CoV-2-specific serum IgM, IgG
and IgA concentrations, though this was only observed at T1 [for
IgM, Rs=0.73 (P<0.0001); IgG, rs=0.74 (P<0.0001); IgA, rs=0.68
(P=0.0004)] (Figure 5A). In adults, frequency of S-SARS-CoV-
2-specific T cells was also correlated with S1-SARS-CoV-2-
April 2022 | Volume 13 | Article 893720
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specific serum IgM concentrations at T2 and T3 [respectively,
rs=0.42 (P=0.03) and rs=0.50 (P=0.01)], with S1-SARS-CoV-2-
specific serum IgG concentrations at T3 [rs=0.47 (P=0.01)], and
with S1-SARS-CoV-2-specific serum IgA concentrations at T3
(rs=0.45 (P=0.02)) (Figure 5B).

The median S1-SARS-CoV-2-specific serum IgG concentrations
(Figure 5C) for infected children increased >100-fold in time after
infection, from 0.21 AU/ml at T1 to 25 AU/ml at T2, while a 7-fold
increase was observed for infected adults from T1 (median IgG
concentration of 3.9 AU/ml) to T2 (26 AU/ml)), and an 8-fold
increase from T1 to T3 (31 AU/ml) (Figure 5C, upper panel).
Nevertheless, S1-SARS-CoV-2-specific serum IgG concentrations of
infected adults experiencing moderate COVID-19 were clearly
higher than levels of infected children or adults with mild
symptoms at all time points after infection (Figure 5C, lower panel).
SARS-CoV-2-Specific IFN-ɣ+ T Cell
Frequency and Antibody Response at 10
Months After Infection
To study the long-term SARS-CoV-2-specific immune response,
we collected follow-up blood samples at 10 months ± 13 days
after symptoms onset (referred to as ‘T4’) from 18 children and
21 adults. Vaccinated persons (adults: n=3) at the time of T4
sampling were excluded from analysis. In children, the median
age was 12 years (5-16 years) and 56% were female at T4
sampling. The median age of adults was 44 years (18-87 years),
48% were female, and 48% were mild cases at T4 sampling.

S-SARS-CoV-2-specific IFN-ɣ+ responses higher than 5 SFU/
2.105 PBMCs were still found in 44% (8/18) of the infected
children and 81% (17/21) of the infected adults at 10 months
after symptom onset. In children, frequencies of S-SARS-CoV-2-
specific IFN-g+ T cells underwent a 4-fold decline at 10 months
(T4) compared to frequencies at 3 weeks (T2, P=0.027) after
infection, and were no longer significantly different from
unexposed children (Figure 6A, left panel). Also in adults,
IFN-g+ S-SARS-CoV-2-specific T cell frequencies were 6 to 7-
fold lower at 10 months compared to earlier time points after
infection. In contrast to children, frequencies of S-SARS-CoV-2-
specific IFN-g+ T cells at T4 were still significantly higher in
infected adults compared to unexposed adults (9.2 versus 1.7
SFU/2.105 PBMCs; P=0.0003) (Figure 6A, right panel). IFN-g+

N-SARS-CoV-2-specific T cell frequencies also declined at 10
months upon infection in adults compared to earlier time points
(7.7 SFU/2.105 PBMCs at T4 vs 62 (P<0.0001), 47.0 (P=0.0008),
and 31.1 (P=0.039) SFU/per 2.105 PBMCs at T1, T2, and T3,
respectively), but remained significantly higher compared to
unexposed adults (0.05 SFU/2.105 PBMCs) (Figure 6B, right
panel). Frequencies of IFN-g+ N-SARS-CoV-2-specific T cells
were low in children and no changes over time were observed
(Figure 6B, left panel). Similar to earlier time points, S-SARS-
CoV-2-specific responses were 2.3-fold higher in adults compared
to children at 10 months after infection (9.2 versus 4.0 SFU/2.105

SFU/PBMCs). These differences were mainly caused by slightly
higher responses from adults experiencing moderate symptoms
(P=0.0021) (Figure 6C). Albeit not significant, a trend of higher
Frontiers in Immunology | www.frontiersin.org 4
frequencies of S-SARS-CoV-2-specific IFN-ɣ+ T cells in infected
adults with moderate symptoms persisted at 10 months compared
to mild disease (Figure 6C). In line with results from earlier time
points, the SARS-CoV-2-specific activated cells at 10 months were
mainly of the effector memory (CD45RO+/CCR7-) (TEM) subset.
Interestingly, however, a 4.7-fold increase of central memory T cell
frequencies (CD45RO+/CCR7+) (TCM) was found 10 months after
symptom onset (from 3.7% at T3 to 17.6% at T4;
P=0.002) (Figure 6D).

Only in adults, the frequency of S-SARS-CoV-2-specific IFN-
ɣ-producing T cells was still correlated with S1-SARS-CoV-2-
specific serum IgG concentrations at 10 months after symptom
onset [rs=0.64 (P=0.004)] (Figure 6E). S1-SARS-CoV-2-specific
IgG serum antibody concentrations significantly decreased at 10
months compared to earlier time points in both children and
adults [median IgG concentrations of 10.8 AU/mL at T4 versus
24.6 AU/mL at T2 (P=0.0053) in children, and 18.7 AU/mL at T4
versus 35.8 AU/mL T3 versus in adults (P=0.0002)]. Despite this
decline, 90% (18/20) of infected children and 89% (16/18) of
infected adults remained S1-SARS-CoV-2-IgG seropositive 10
months after infection. No differences were observed in anti-S1-
SARS-CoV-2 serum IgG concentrations at 10 months between
children and adults (Figure 6F).
DISCUSSION

Most infections with SARS-CoV-2, especially among children,
have a mild course. But, do children, despite experiencing mild
infection, develop memory T cell immunity? Here, we describe
the kinetics, function, and phenotype of SARS-CoV-2-specific T
cells of infected children in comparison with adults experiencing
mild to moderate COVID-19 symptoms. Only limited studies
have been reported investigating the immune responses in
children with mild/asymptomatic SARS-CoV-2 infection (17-
21). The strength of our study is that we evaluated the recall T
cell response upon SARS-CoV-2 specific stimulation, and
compared it to unexposed children and adults.

First, we analyzed immune cell populations over time after
infection. Frequencies of total T cells, B cells, monocytes, or NK
cells were comparable between healthy age-matched control
groups and infected groups. However, in infected adults,
slightly higher frequencies of CD4+ TEM and CD8+ TEM cell
subsets were found at later time points after infection. This small
increase in TEM cell subsets may be caused by an increase of
circulating SARS-CoV-2-specific CD4+ TEM and CD8+ TEM cells
in response to SARS-CoV-2 infection. In line with this, in
infected adults also transiently higher frequencies of CD4+ TCM

and TEMRA cells expressing CD38/HLA-DR were observed early
after infection, and in both infected children and infected adults,
transiently higher frequencies of CD8+ T cells expressing CD38/
HLA-DR were observed within the TCM/TEM/TN cell subsets at the
earlier time points after infection. This indicates that antigen-
specific activation of T cells was triggered in adults as well as in
children by SARS-CoV-2 infection. T cell activation, especially
April 2022 | Volume 13 | Article 893720
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robust CD38+/HLA-DR+ CD8+ T cell responses, has been
identified as a hallmark of acute COVID-19 (2, 4, 8).

We found higher frequencies of SARS-CoV-2-specific IFN-ɣ+

T cells in all infected groups compared to the unexposed control
groups upon any of the three antigenic stimulations that
included heat-inactivated SARS-CoV-2, and overlapping
peptides of SARS-CoV-2 spike protein (S-SARS-CoV-2), and
nucleocapsid protein (N-SARS-CoV-2). In general, frequencies
of IFN-ɣ+-T cells reactive against SARS-CoV-2 antigens were
lower in infected children, who generally had mild/
asymptomatic infection, compared to infected adults. The
lower SARS-CoV-2-specific T cell response observed in
children suggests that other compartments of the immune
system, such as the innate immune response, contribute to
faster clearing of the infection, as demonstrated by others (31-
33). The higher T cell responses in infected adults could largely be
explained by higher T cell responses found in several moderate
cases, although adults with mild complaints also tended to have
slightly higher responses than infected children. This is in
agreement with findings from other studies showing higher
frequencies of SARS-CoV-2-specific T cells in severe patients
compared to mildly symptomatic patients (8, 15). In contrast,
critically ill patients have been reported to exhibit qualitatively
impaired S-SARS-CoV-2-specific CD4+ T cell responses,
indicating that a good CD4+ T cell response may protect against
serious disease (15). In agreement with our IFN-ɣ ELISPOT data,
significantly lower frequencies of SARS-CoV-2-specific activated
CD25+ CD137+ CD4+ T cells were observed in infected children
compared to infected adults. Recently, Cohen et al. also described
that acute and memory CD4+ T cells in SARS-CoV-2-infected
children were significantly lower than in adults, while
polyfunctional cytokine production by T cells was comparable
(21). Furthermore, in accordance with Cohen et al. (21), we found
that the SARS-CoV-2 activated T cells mainly belonged to the
CD4+ effector memory subset (TEM: CD45RO

+/CCR7-) in our
experimental setting. Data on the SARS-CoV-2-specific IFN-ɣ+ T
cell response and CD4+ T cell activation correlated, suggesting that
IFN-ɣ was produced by antigen-specific CD4+ T cells. Apart from
IFN-ɣ, SARS-CoV-2-specific T cells produced IL-2, suggestive for
a Th1 phenotype of the CD4+ TEM.

It has been demonstrated that SARS-CoV-2-specific T cell
responses can be retained 6-8 months following infection
regardless of disease severity (8, 16, 34). Although, other
studies showed a clear decline of the T cell response over a 6-8
month period in asymptomatic as well as symptomatic COVID-
19 patients (35, 36). In our study, at 10 months after symptom
onset, the frequencies of SARS-CoV-2-specific IFN-ɣ+ T cells
were significantly reduced in adults and were nearly undetectable
in children. Whether this is a result of waning immunity or
migration of memory SARS-CoV-2-specific T cells to peripheral
tissues remains to be investigated. Interestingly, the memory
phenotype of the activated SARS-CoV-2-specific CD4+ T cells in
adults showed a shift from mainly TEM to a more TCM phenotype
at 10 months after infection; TCM subset increased from 3.7% to
17.6% of the antigen-specific CD4+ T cells. This TCM subset may
persist for longer after infection.
Frontiers in Immunology | www.frontiersin.org 5
n contrast to the observed SARS-CoV-2-specific CD4+ T cell
response, we found very low frequencies of activated (CD25+/
CD137+) CD8+ T cells upon SARS-CoV-2-specific stimulation.
An explanation for this may be that CD8+ T cells have migrated
to the local sites of infection to attack virus-infected cells or
might be a result of the antigenic stimulation used in our study.
Smaller peptides (9 to 10-mers instead of 15-mers) or live SARS-
CoV-2 may be more suitable to measure CD8+ T cell responses.
Sekine et al. also observed proportionately larger SARS-CoV-2-
specific CD4+ T cell responses than CD8+ T cell responses to
different sets of overlapping peptides in the convalescent phase of
both mild and severe COVID-19 cases, although in that study
also IFN-ɣ+ CD8+ T cell responses were detected (8).

We found positive correlations between SARS-CoV-2-specific
IFN-ɣ+ T cell frequency and serum-IgG, -IgM, and -IgA
antibody concentrations to S1-SARS-CoV-2 in both children
and adults. Although, it should be taken into account that the
antibody concentrations of considerable numbers of children
were below the threshold for seropositivity (10). Other studies
have also shown positive correlations between S-SARS-CoV-2-
specific IgG antibodies and T cell responses (6, 37, 38).

Pre-existing cross-reactive T cell immunity generated by
common cold human coronaviruses (HCoV) has been
suggested to affect clinical outcomes of SARS-CoV-2 infection.
T cell lines from unexposed healthy donors specific for
S-HCoV-229E and -OC43 were cross-reactive to S-SARS-
CoV-2 (39). Based on these findings, the authors suggested
that children may have higher HCoV prevalence due to more
frequent social contacts, explaining their lower risk for severe
COVID-19 (39). In the present study, we did, however, not find
a significant difference in the low frequencies of S-HCoV-
OC43-reactive IFN-ɣ+ T cells between unexposed children
and unexposed adults. In another study with mild COVID-19
adult patients, also low T cell frequencies recognizing S-HCoV-
229E/S-HCoV-OC43 peptide pools were found (15). It cannot
be excluded that pre-existing cross-reactive immunity to other
conserved parts of SARS-CoV-2 played a role, or that pre-
existing immunity to other HCoV played a role. We, however,
found no evidence that pre-existing S-HCoV-OC43-reactive T
cells boosted upon SARS-CoV-2 infection could explain the
mild course of infection.

Limited data is available on the immune response to SARS-
CoV-2 in children. Here, we show that infected children do
develop a SARS-CoV-2-specific T cell response. However,
frequencies of SARS-CoV-2 reactive T cells were lower in
infected children who almost all had mild/asymptomatic
infection compared to infected adults with mild to moderate
COVID-19. Predominantly CD4+ T cells, and not CD8+ T cells,
were activated upon stimulation with SARS-CoV-2 antigens.
Nevertheless, frequencies of SARS-CoV-2-specific T cells
circulating in the blood were significantly reduced at 10
months after infection, although migration of memory SARS-
CoV-2-specific T cells to peripheral tissues may have taken place.
Importantly, our data indicate that an antigen-specific T cell and
antibody response is developed after experiencing mild SARS-
CoV-2 infection. It remains to be elucidated to what extent this
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SARS-CoV-2-specific response can contribute to an effective
recall response after reinfection.

The authors apologize for these errors and state that this does
not change the scientific conclusions of the article in any way.
The original article has been updated.
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TABLE 1 | Demographic and clinical characteristics of adults (with mild versus moderate symptoms) and children with PCR confirmed SARS-CoV-2 infection and
demographic data of unexposed participants.

Characteristics Infected adults total
n = 27

Infected adults mild
n = 13

Infected adults
moderate n = 14

Unexposed adults
n = 12

Infected children
n = 24

Unexposed children
n = 13

Median age (range) –
years

44 (18 – 87) 45 (23 – 87) 44 (18 – 54) 38 (20 – 51) 12 (2 – 16) 12 (2 – 16)

Sex – number (%)
Male
Female

14 (51.9)
13 (48.1)

8 (61.5)
5 (38.5)

6 (42.9)
8 (57.1)

6 (50.0)
6 (50.0)

11 (45.8)
13 (54.2)

5 (38.5)
8 (61.5)

Sign and symptoms –

number (%)
Any sign or symptom
Fever
Cough
Chills
Sore throat
Runny nose
Phlegm
Headache
Myalgia
Fatigue
Shortness of breath
Loss of taste or smell
Diarrhea

27 (100.0)
14 (51.9)
20 (74.1)
15 (55.6)
14 (51.9)
18 (66.7)
12 (44.4)
20 (74.1)
20 (74.1)
24 (88.9)
12 (44.4)
11 (40.7)
11 (40.7)

13 (100.0)
6 (46.2)
7 (53.8)
6 (46.2)
7 (53.8)
9 (69.2)
5 (38.5)
10 (76.9)
9 (69.2)
10 (76.9)
0 (0.0)
3 (23.1)
6 (46.2)

14 (100.0)
8 (57.1)
13 (92.9)
9 (64.3)
7 (50.0)
9 (64.3)
7 (50.0)
10 (71.4)
11 (78.6)
14 (100.0)
12 (85.7)*
8 (57.1)
5 (35.7)

N/A 21 (87.5)
6 (25.0)
11 (45.8)
2 (8.3)
3 (12.5)
15 (62.5)
2 (8.3)
7 (29.2)
1 (4.2)
6 (25.0)
2 (8.3)
3 (12.5)
2 (8.3)

N/A
Frontiers in Immunology |
 www.frontiersin.org
 7
 April 2022 | Volum
*All moderate cases reported shortness of breath with the exception of two hospitalized cases.
n, number of subjects in specific group; N/A, not applicable.
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FIGURE 1 | SARS-CoV-2-specific IFN-ɣ+ T cell response in infected children and infected adults (mild and moderate cases) versus unexposed healthy controls over
time after infection. Dot plots summarizing the frequencies of IFN-g-producing cells responding to SARS-CoV-2 and HCoV-OC43 antigens for (A–D) children (left
panel, blue), adults (middle panel, red), and children versus mild and moderate adult cases separately (right panel), over time after infection, and compared to
unexposed adults/children (ELISPOT assay). Frequencies of IFN-g-producing cells responding to (A) set of overlapping peptides of SARS-CoV-2 spike protein, (B)
set of overlapping peptides of SARS-CoV-2 nucleocapsid protein, (C) inactivated SARS-CoV-2, and (D) set of overlapping peptides of HCoV-OC43 spike protein.
Each dot represents one subject. Bars indicate the median of spot-forming units per 200,000 PBMCs. SFU, spot-forming unit. (A–D) P values related to
comparisons with the unexposed controls are listed at the top of the graph, above the corresponding group for comparison. For unpaired comparisons, Mann-
Whitney U test (two-group comparisons) (mild adults versus moderate adults) or Kruskal-Wallis rank-sum test with Dunn’s post hoc test for multiple comparisons
were used (children versus mild adults versus moderate adults; unexposed versus infected children or adults at T1 versus T2 versus T3). Differences between paired
data were compared using the Wilcoxon signed-rank test (for comparison of two paired groups) (infected children at T1 versus T2) or the Friedman test with Dunn’s
multiple comparison tests (infected adults at T1 versus T2 versus T3). Statistically significant comparisons are indicated, with P values < 0.05 considered significant.
T1, first timepoint of sampling for adults median 12.5 days and children median 8 days post-symptom onset; T2, 10-14 days after T1; T3, 4-6 weeks after T1.
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FIGURE 2 | Frequencies of activated CD4+ T cells of infected children and infected adults (mild and moderate cases) versus unexposed healthy controls over time
after infection. Dot plots summarizing the percentages of CD25+/CD137+ activated CD4+ T cells responding to SARS-CoV-2 antigens for (A–D) children (left panel,
blue), adults (middle panel, red), and children versus mild and moderate adult cases separately (right panel). Percentages of CD25+/CD137+ activated CD4+ T cells
responding to (A) set of overlapping peptides of SARS-CoV-2 spike protein, (B) set of overlapping peptides of SARS-CoV-2 nucleocapsid, (C) inactivated SARS-
CoV-2. (D) Immunophenotyping at the single-cell level showing the different memory subsets within the SARS-CoV-2-specific activated CD4+ T cells from infected
adults. Each dot represents one subject. Bars indicate the median percentage of total CD4+ T cells. (A–C) P values related to comparisons with the unexposed
controls are listed at the top of the graph, above the corresponding group for comparison. For unpaired comparisons, Mann-Whitney U test (two-group
comparisons) (mild adults versus moderate adults) or Kruskal-Wallis rank-sum test with Dunn’s post hoc test for multiple comparisons were used (children versus
mild adults versus moderate adults; unexposed versus infected children or adults at T1 versus T2 versus T3). Differences between paired data were compared using
the Wilcoxon signed-rank test (for comparison of two paired groups) (infected children at T1 versus T2) or the Friedman test with Dunn’s multiple comparison tests
(infected adults at T1 versus T2 versus T3). Statistically significant comparisons are indicated, with P values < 0.05 considered significant. T1, first timepoint of
sampling for adults median 12.5 days and children median 8 days post-symptom onset; T2, 10-14 days after T1; T3, 4-6 weeks after T1.
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FIGURE 3 | Correlation between IFN-ɣ+ T cell frequency and activated CD4+ T cells. Spearman correlation between frequency of IFN-ɣ+ responder cells and
percentages of CD25+/CD137+ activated CD4+ T cells of (A) children and (B) adults responding to a set of overlapping peptides of SARS-CoV-2 spike protein (left
panel), or a set of overlapping peptides of SARS-CoV-2 nucleocapsid protein (middle panel) or inactivated SARS-CoV-2 (right panel) at different time points after
infection. Each dot represents one subject. Correlation coefficients (rs) were determined with Spearman’s rank correlation. P values < 0.05 were considered
significant. T1, first timepoint of sampling for adults median 12.5 days and children median 8 days post-symptom onset; T2, 10-14 days after T1; T3, 4-6 weeks
after T1.
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FIGURE 4 | Cytokine release in infected children and mild versus moderate symptomatic adults over time after infection. Cell-free culture supernatants were
harvested from IFN-ɣ ELISPOT plates and the release of the following cytokines was measured in T1 samples: IL-2, IL-4, IL-5, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-
22. Dot plots show the concentration of cytokines (pg/ml) after stimulation of PBMCs with a set of overlapping peptides of SARS-CoV-2 spike protein. Infected
children and unexposed children versus infected adults with mild or moderate disease and unexposed adults are depicted. Minimum detection threshold (MDT)
concentrations for each cytokine, as calculated by the manufacturer and mentioned in the Material and Methods section, are indicated with horizontal dotted lines.
Each dot represents one subject. Bars indicate the median cytokine concentration (pg/ml). For two-group comparisons (infected children versus unexposed children),
Mann-Whitney U test was used. Kruskal-Wallis rank-sum test with Dunn’s post hoc test for multiple comparisons was used (all adults versus mild adults versus
moderate adults versus unexposed adults; all adults versus mild adults versus moderate adults versus infected children). P-values ≤ 0.05 are presented.
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FIGURE 5 | Correlation between frequencies of SARS-CoV-2-specific IFN-ɣ+ T cells and antibody concentrations to S1-SARS-CoV-2. Spearman c
responder cells and concentrations of spike-S1 IgM, IgG, or IgA serum antibodies measured by multiplex immunoassay (MIA) at different time points
spike-S1 IgG serum antibodies at the various time points after SARS-CoV-2 infection in the whole group of children and adults (C, upper panel) and
adult cases (C, lower panel). Cut-off values for seroprevalence are indicated with vertical or horizontal dotted lines. Each dot represents one subject.
rank correlation. P values < 0.05 were considered significant. Differences in IgG concentrations for paired data were compared using the Wilcoxon s
children at T1 versus T2) or the Friedman test with Dunn’s multiple comparison tests (infected adults at T1 versus T2 versus T3). For unpaired comp
adults versus moderate adults) or Kruskal-Wallis rank-sum test with Dunn’s post hoc test for multiple comparisons were used (children versus mild a
Statistically significant comparisons are indicated, with P values < 0.05 considered significant. T1, first timepoint of sampling for adults median 12.5
days after T1; T3, 4-6 weeks after T1.

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


Kaaijk et al. Corrigendum: SARS-CoV-2-Specific T Cells in Children
A

B C

D

F

E

FIGURE 6 | SARS-CoV-2-specific immune response up to 10 months after infection. Dot plots summarizing the frequencies of IFN-g-producing cells by ELISPOT
assay responding to (A) a set of overlapping peptides of SARS-CoV-2 spike protein and (B) a set of overlapping peptides of SARS-CoV-2 nucleocapsid protein in
children (left panel, blue) and adults (right panel, red), at different time points after infection, and compared to unexposed children/adults. (C) Dot plots showing the
frequencies of IFN-g-producing cells responding to SARS-CoV-2 spike and nucleocapsid proteins, at 10 months after symptom onset (T4) comparison of groups of
children versus total, mild, and moderate adult cases separately. (D) Immunophenotyping at the single-cell level comparing the frequencies of different memory
subsets from T3 versus T4 within the SARS-CoV-2-specific activated CD4+ T cells from infected adults. (E) Spearman correlation between frequency of IFN-g+
responder cells and concentrations of anti-spike-S1 IgG serum antibodies measured by multiplex immunoassay (MIA) at T4 in children (upper panel, blue) and adults
(lower panel, red). (F) Dot plots comparing the concentrations of anti-spike-S1 IgG serum antibodies at T2 or T3 versus T4 in children and adults. Each dot
represents one subject. Bars indicate the median. SFU, spot-forming unit. (A, B) P values related to comparisons with the unexposed controls are listed at the top of
the graph, above the corresponding group for comparison. For unpaired comparisons, Mann-Whitney U test (two-group comparisons) (mild adults versus moderate
adults, infected children or adults at T4 versus unexposed children or adults) or Kruskal-Wallis rank-sum test with Dunn’s post hoc test for multiple comparisons
were used (children versus total adults versus mild adults versus moderate adults; unexposed versus infected children or adults at T1 versus T2 versus T3).
Differences between paired data were compared using the Wilcoxon signed-rank test (for comparison of two paired groups) (memory T cell subsets at T3 versus T4;
concentrations of anti-spike-S1 IgG serum antibodies at T2 or T3 versus T4) or the Friedman test with Dunn’s multiple comparison tests (infected children or adults
at T1 versus T2 versus T3 versus T4). Statistically significant comparisons are indicated, with P values < 0.05 considered significant. Cut-off values for
seroprevalence are indicated with vertical dotted lines in (E, F). Correlation coefficients (rs) were determined with Spearman’s rank correlation. Statistically significant
comparisons are indicated. P values < 0.05 were considered significant. T1, first timepoint of sampling for adults median 12.5 days and children median 8 days
post-symptom onset; T2, 10-14 days after T1; T3, 4-6 weeks after T1; T4, 10 months ± 13 days after symptom onset.
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