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Background: Coronavirus disease 2019 (COVID-19) is usually mild and
self-limited in children. However, a few Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV2) infections in children may progress to severe
disease with respiratory distress or can result in a multisystem inflammatory
syndrome (MIS-C) associated with COVID-19. The immune mechanisms
for these differential clinical outcomes are largely unknown.

Methods: A prospective cohort study was performed to analyze the labo-
ratory parameters, antibody response, immune phenotypes and cytokine
profiles of 51 children with different clinical presentations of COVID-19.
Results: We found that the absolute lymphocyte counts gradually decreased
with disease severity. Furthermore, SARS-CoV-2 IgG levels in the acute
phase and convalescence were not significantly different in patients with
different disease severity. A decrease in CD3*, CD4" and CD8" T cells was
observed as disease severity increased. Both CD4" and CD8* T cells were
activated in children with COVID-19, but no difference in the percentage
of HLADR"-expressing cells was detected across the severity groups. In
contrast, MIS-C patients exhibited augmented exhausted effector memory
CD8" T cells. Interestingly, the cytokine profile in sera of moderate/severe
and MIS-C patients revealed an increase in anti-inflammatory IL-1RA and
a suppression of tumor necrosis factor-o, RANTES, eotaxin and PDGF-BB.
MIS-C patients also exhibited augmented IL-1f3.

Conclusions: We report distinct immune profiles dependent on severity
in pediatric COVID-19 patients. Further investigation in a larger popu-
lation will help unravel the immune mechanisms underlying pediatric
COVID-19.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a novel betacoronavirus causing coronavirus disease 2019
(COVID-19) in humans.'? Children generally develop milder disease
than adults.>* Different hypotheses have been considered to explain
the differential presentation of COVID-19 in children such as a quali-
tatively different immune response, competition with other viruses
in the mucus respiratory membranes of small children and differen-
tial expression of the cell receptor angiotensin-converting enzyme 2
(ACE2).™7 Although pediatric COVID-19 is typically mild, infection
of children with SARS-CoV-2 can produce a rare post-COVID syn-
drome known as multisystem inflammatory syndrome (MIS-C) that
usually appears after 2 weeks of SARS-CoV-2 infection.?

The immune system plays a central role in determining the
clinical outcomes of SARS-CoV-2-infected patients. Understand-
ing humoral and cellular immune responses to SARS-CoV-2 are
essential to define how these responses contribute to disease sever-
ity and vaccine-induced immunity.

In this context, we aim to evaluate the laboratory param-
eters, antibody response and the cellular immune and cytokine pro-
files against SARS-CoV-2 in pediatric patients with COVID-19 and
their association with disease severity.

MATERIALS AND METHODS
Study Population

A prospective cohort study was conducted at Ricardo Gutier-
rez Children’s Hospital (HNRG) between April and December 2020.
The study population consisted of hospitalized children (0—18 years
of age) with laboratory-confirmed SARS-CoV-2 infection by the
real-time reverse transcription-polymerase chain reaction (RT-PCR)
on nasopharyngeal swab. The informed consent was signed by par-
ents/legal guardian and/or the assent was given by patients. Upon
enrollment, parents or legal guardians of all pediatric patients were
asked to provide a clinical and epidemiological history; a complete
physical examination was performed and clinical evolution was fol-
lowed.

This study was approved by the Institutional Review Board
(IRB) and Ethical Research Committee at HNRG.

Sample Collection

On admission, patients who manifested signs and symptoms
compatible with COVID-19 or who had close contact with a suspected
case according to the World Health Organization (WHO) case defini-
tion® were tested by real-time RT-PCR to amplify the nucleocapside
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genes 1 and 2 (N1 and N2) of SARS-CoV-2° on nasopharyngeal swabs
at the Virology Laboratory of HNRG. The real-time RT-PCR tech-
nique was followed as previously described.!” Blood was collected
from participants upon enrollment (acute phase — within 72h from
admission) and =21 days post-enrollment (convalescence) by veni-
puncture for hematological and biochemical laboratory tests. Patients
with COVID-19-associated MIS-C were included in the study, and a
blood sample was collected from these patients within 72h of admis-
sion. Sera was obtained by centrifugation, and then aliquoted and
stored at —80°C for serological and cytokine determinations.

Determination of SARS-CoV-2 S IgG levels

Serum IgG against the SARS-CoV-2 spike (S) protein
[including the receptor-binding domain, (RBD)] was detected by a
previously described two-step ELISA, COVIDAR IgG (Laboratorio
LEMOS, Buenos Aires, Argentina), following the manufacturer’s
instructions.!! Serum samples with optical density (OD) 450nm val-
ues higher than the cut-off value +10% were considered reactive for
IgG antibodies against the SARS-CoV-2 S protein, samples with OD
450nm readings in the range of cutoff value £10% were considered
undetermined, and samples with OD 450nm values lower than the
cut-off value —10% were considered non-reactive for IgG antibodies
against SARS-CoV-2 S. The cut-off was defined as the negative con-
trol average OD value + 0.150.

Subsequently, samples that showed reactive IgG antibodies
against the SARS-CoV-2 S protein were further assayed to determine
IgG concentrations, expressed as International Units/ml (IU/ml) after
normalization with the WHO International Standard for anti-SARS-
CoV-2 1gG." To this end, a calibration curve was constructed and the
SARS-CoV-2 antibody concentration of each serum sample, expressed
in [U/ml, was calculated by extrapolation of the OD 450 nm value.

Determination of Neutralizing Antibodies against
SARS-CoV-2

Serum neutralizing antibodies against SARS-CoV-2 that
block the interaction between the RBD of the S protein and the
cell receptor ACE2 were detected by a surrogate Virus Neutrali-
zation Test (SVNT, GenScript, Piscataway, NJ). For neutralization
titrations, samples that showed neutralizing antibodies against
SARS-CoV-2 were subsequently serially diluted and assayed again
by sVNT. Best-fit titration curves were calculated by non-linear
regression to a sigmoidal function and SARS-CoV-2 RBD neutral-
izing antibody titer was calculated as the reciprocal of serum dilu-
tion that was inhibited by 50% RBD-ACE2 interaction.

Determination of Lymphocyte Subsets by Flow
Cytometry

Immunostaining of lymphocyte subsets was performed
using 50 pl of whole blood collected with EDTA with the cor-
responding monoclonal antibody (mAb) for CD45" cells, T cells
(CD3", CD4", CD8"), B cells (CD19") and NK cells (CD56"). The

following fluorochrome-labeled mAbs were used: V500-anti-CD45
(2D1), APC-anti-CD3 (SK7), V450-anti-CD4 (RPA-T4), PerCP/
Cy5.5-anti-CD8 (SK1), PE-Cy7-anti-CD19 (SJ25C1) and PE-anti-
CD56 (N901). Determination of T cell subsets, including central
memory and effector memory T cells as well as activation and
exhaustion markers, is described in Supplemental Digital Content
1 http://links.lww.com/INF/E795. Cells were acquired in a FACS-
Canto II flow cytometer (BD) and analyzed using the FlowJo soft-
ware v10.0.7 (Treestar, Inc., Ashland, OR).

Cytokine Quantification

Serum samples were assayed for cytokine determination using
a Bioplex type immunoassay (Bio-Plex Pro Human, BioRad Labo-
ratories, Hercules, CA). Twenty-seven cytokines, chemokines and
growth factors were simultaneously assayed and measurements were
performed using the Bio-Plex Luminex (Bio-Rad Laboratories).

Statistical Analysis

Data were analyzed using the y? test for categorical variables.
The nonparametric Mann—Whitney or Wilcoxon matched pairs tests
were used for comparisons of continuous variables between two
patient groups. The Kruskal-Wallis test and Dunn’s multiple com-
parison post-test were used to evaluate differences of continuous vari-
ables among multiple groups. The association between continuous
variables was analyzed using Spearman’s correlation. A P value <0.05
was considered statistically significant for all the tests performed. Sta-
tistical analyses were performed using Stata 13 software (StataCorp
LP, College Station, TX) and graphics were made with GraphPad
Prism 8.0. Principal component analysis (PCA) was performed with
R Statistical Language version 4.1.0 (R Core team, 2021).

RESULTS

Patient Demographic and Clinical Characteristics

A total of 51 pediatric patients were enrolled in the study. The
median age of children was 78 (IQR 10—133) months and 29 patients
(56.9%) were female. Patients were classified as having asympto-
matic, mild, moderate or severe disease according to the WHO clas-
sification of COVID-19 severity.'> Twelve children (23.5%) devel-
oped COVID-19-associated MIS-C and one death was reported in
this group. Among the MIS-C group, 5 patients had a positive PCR
at the time of enrollment, 4 patients had a history of a positive PCR
within 4 weeks before the onset of symptoms, 5 patients exhibited
detectable SARS-CoV-2 IgG levels (positive serology for COVID-
19) and 1 patient had a recent exposure to a confirmed COVID-19
case. Thirty-five (68.2%) patients had nonsevere disease. Initially,
all children with COVID-19 clinical findings and/or asymptomatic
COVID-19 were admitted to the hospital to mitigate local transmis-
sion of the disease, particularly in Buenos Aires neighborhoods
with limited possibilities for isolation. The demographic and clini-
cal characteristics of each group are described in Table 1. Median

TABLE 1. Demographic and Clinical Characteristics of the Pediatric Population
Total Asymptomatic Mild Moderate Severe MIS-C

Demographic and clinical characteristics (n=51) n="17) (n=22) (n=6) (n=4) (n=12) p*
Age in months median (IQR) 78 (10-133) 51 (5-91) 27 (9-130) 114 (71-189) 174 (126-183) 64 (41-126) 0.078
Age in months range 2-213 2-185 3-213 29-206 85-186 2-198 -
Female n (%) 29 (56.9) 3(42.9) 14 (63.6) 3(50.0) 3(75.0) 6(50.0) 0.763
PICU admission n (%) 12 (23.5) 0(0) 0(0) 0(0) 4 (100) 8(66.7) <0.0001
Presence of comorbiditiesin (%) 20 (39.2) 3(42.9) 9 (40.9) 3(50.0) 2(50.0) 3(25.0) 0.814
Deaths n (%) 1(1.96) 0(0) 0(0) 0(0) 0(0) 1(8.3) 0.507

*P-values were calculated using the Kruskal-Wallis test for noncategorical variables and Chi-square test for categorical variables.
TComorbidities included chronic respiratory disease (n = 4), chronic cardiac disease (n = 1), primary or secondary immunodeficiency (n = 6), oncohematological and/or trans-
planted patient (n = 1), nutritional alteration (n = 2), chronic renal disease (n = 1), prematurity (n = 1), genetic disorder (n = 2), neurologic disorder (n = 2), obesity (n = 1), rheumatic

disease (n = 1), myasthenia/autoimmunity (n = 1).

IQR indicates interquartile range; PICU, pediatric intensive care unit; MIS-C, multisystem inflammatory syndrome in children.
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age and sex distribution were not significantly different between
the severity groups. Twelve patients (23.5%) were admitted to the
intensive care unit. Although 39.2% of patients had at least 1 comor-
bidity, the presence of comorbidities was not significantly different
between the severity groups. The presence of comorbidities was not
associated with the development of MIS-C (OR: 0.431; 95% CI:
0.101-1.842; P = 0.256) or severe disease (OR: 1.611; 95% CI:
0.208-12.469; P = 0.648) in our pediatric population.

Laboratory Data

Hemogram analysis in the acute phase of the disease showed
that absolute leukocyte counts did not significantly differ between
the patient groups (Fig. 1A). Conversely, the percentage of lym-
phocytes gradually decreased with disease severity (Fig. 1B);
there was a nearly 5-fold reduction in severe patients compared
to asymptomatic children. Similarly, absolute lymphocyte counts
also diminished with disease severity (Fig. 1C); there was a 4-fold
reduction in lymphocytes in severe vs. asymptomatic infections.
Likewise, patients with MIS-C exhibited a nearly 4-fold decrease
in the percentage of lymphocytes and a 2-fold reduction in abso-
lute lymphocyte counts as compared to asymptomatic children
(Fig. 1B,C). Ten patients (19.6%) exhibited lymphocyte counts
less than 1000/mm?; lymphopenia was more frequent in moder-
ate/severe than in asymptomatic/mild patients (50.0% vs. 8.7%,
respectively; P = 0.008). With regard to MIS-C children, 30%
of patients developed lymphopenia. As expected, the C-reactive
protein (CRP) increased with disease severity (Fig. 1D) and aug-
mented levels of CRP were associated with decreased levels of
%Ilymphocytes (Fig. 1E).

Humoral Immune Response Against SARS-CoV-2
SARS-CoV-2 S IgG levels were determined in serum
samples from COVID-19 pediatric patients during the acute and

convalescent phases of the disease. Since convalescent serum
samples could only be obtained from a subgroup of children, data
were analyzed in asymptomatic/mild and moderate/severe groups,
considering the clinical disease spectrum and laboratory param-
eter similarities of the patients. Serum SARS-CoV-2 S IgG levels
significantly increased in convalescence in the overall COVID-19
pediatric population (P < 0.0001) as well as in the asymptomatic/
mild group (P < 0.0001), while a trend toward increased SARS-
CoV-2 IgG levels was observed in convalescent sera from mod-
erate/severe patients (Fig. 2A,B). Thirty-one COVID-19 patients
(79.5%) had undetectable antibodies at the time of sampling dur-
ing the acute phase, while 3 children (7.7%) did not develop an
IgG antibody response against SARS-CoV-2 in convalescence
(Fig. 2A). Interestingly, SARS-CoV-2 S IgG levels in the acute and
convalescent phases were not significantly different in COVID-19
patients with differing disease severity (Fig. 2B). Notably, SARS-
CoV-2 S IgG levels were variable in MIS-C children; 7 MIS-C
patients (58.3%) did not exhibit reactive SARS-CoV-2 S IgG anti-
bodies (Fig. 2A).

Subsequently, sera from pediatric patients that exhibited
reactive SARS-CoV-2 S IgG antibodies were further assayed to
determine IgG concentrations. Serum SARS-CoV-2 S IgG concen-
trations in reactive serum samples ranged from 588.7 to 75,545.0
1U/ml and 6994.3 to 293,420.7 IU/ml in the acute and convalescent
phases, respectively, and SARS-CoV-2 S IgG levels positively cor-
related with SARS-CoV-2 S IgG concentrations (P < 0.0001; see
Figure A,B, Supplemental Digital Content 2 http://links.lww.com/
INF/E796). Importantly, convalescent SARS-CoV-2 RBD neutral-
izing antibody titers positively correlated with SARS-CoV-2 S
IgG concentrations (Fig. 2C). Additionally, no associations were
detected between SARS-CoV-2 S IgG concentrations in the acute
and convalescent phases and patient age (see Figure C,D, Supple-
mental Digital Content 2 http://links.lww.com/INF/E796).
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determined in blood samples from COVID-19 patients in acute phase of the disease. Lines represent median values with

interquartile range. P values were calculated using the Kruskal-

Wallis test (dashed line) and Dunn’s multiple comparison

post-test (solid line). P values showing significant post-test comparisons are displayed. (E) Correlation between percentage
of lymphocytes and C reactive protein levels in blood from pediatric patients in acute phase of the disease. r, Spearman
correlation coefficient. A P value <0.05 was considered significant; * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns,

non-significant.
online

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

www.pidj.com | 921

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/INF/E796
http://links.lww.com/INF/E796
http://links.lww.com/INF/E796

Beatriz Talarico et al The Pediatric Infectious Disease Journal ¢ Volume 41, Number 11, November 2022

ns
A *** n<0.0001 B ns C
" 0<0 0001 = p=0.0405 *+* <0.0001 p=0.0625
. @ 800 r5=0.7206
. 3 3 5 * pwe
H . > i
o= o= =2 600+
(31 £ % £ “ os % i *
ws oS g2
@B ] 2+ 00 *
: R 53 o
= . = . =
T 7 B . .o L]
@ : @ . g £ 200 o .
@ : & : o * %, .
o A TIY LT IT A FRPSTe Wy B e % L :0.-.
T T T T L] T T 1
Acute  Convalescence  MIS-C Acute Convalescence Acute Convalescence Q @Q @Q' 69 Q@ Q@ é§5
gg?ﬁg r;fsinfett}ﬂotn ASYMPTOMATIC/MILD MODERATE/SEVERE PF F F F P
-19 patients .
Clinical outcome SARS-CoV-2 S IgG concentration

(Uil
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compared according to disease severity in acute and convalescent phases. (C) Correlation between SARS-CoV-2 RBD neutralizing
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Interestingly, SARS-CoV-2 S IgG antibodies were detected severity groups (Fig. 3B). Both CD4" and CD8" T cells were acti-
up to 80 days post-symptom onset and no correlations were found vated in children with COVID-19 (% HLADR*CD4" T cells >5%
between SARS-CoV-2 S IgG antibodies in convalescence and the and % HLADR'CDS' T cells >12%), but no significant difference
time post-symptom onset (see Figure, Supplemental Digital Con- was found in the percentage of activated cells between the severity
tent 3 http://links.lww.com/INF/E797). groups (Fig. 3C). In contrast, the percentages of exhausted cells
(PD1"-expressing cells) were similar between the severity groups
within the CD4'T cell subsets (Fig. 3D) but augmented in effector

Evaluation of Lymphocyte Subset Distribution and memory CDS* T cells in the MIS-C group (Fig. 3E).

T cell Activation Markers
The absolute counts of CD3, CD4* and CD8' T lymphocyte ~ Cytokine Profiles Associated with Disease Severity

subsets were significantly lower in the moderate/severe vs. asymp- To identify cytokine profiles associated with disease sever-
tomatic/mild groups (Fig. 3A). Conversely, CD19" (B cells) and ity, PCA was performed for cytokines, chemokines and growth
CD3-CD56" (NK cells) were not significantly different between the factors that mainly contributed to interpatient variation across the
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FIGURE 3. Cellular immune profiles in pediatric patients with COVID-19. (A) Absolute numbers of T cell populations (CD3,
CD4* and CD8*) and (B) absolute number of B cells (CD19*) and NK cells (CD56%), in asymptomatic/mild (n = 6), moderate/
severe (n = 8) and MIS-C (n = 8) groups. (C) Activated CD4* and CD8* T cells (HLADR*) and (D, E) exhausted cells (PD1*)
within CD4* and CD8*T cell subpopulations; central memory T cells (CM, CD45RA-CD27+) and effector memory T cells (EM,
CD45RACD27"). Lines represent median values with interquartile range. P values were calculated using the Kruskal-Wallis
test (dashed line) and Dunn’s multiple comparison post-test (solid line) for comparisons between severity groups. P values
showing significant post-test comparisons are displayed. A P value <0.05 was considered significant; * P < 0.05, ** P < 0.01,
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severity groups during acute infection (Fig. 4; see Figure, Supple-
mental Digital Content 4 http://links.Iww.com/INF/E798). Patients
in the moderate/severe group demonstrated greater heterogene-
ity in the overall cytokine profile within the group, as opposed

to the asymptomatic/mild and MIS-C groups that showed more
homogeneity (Fig. 4A). Two distinct cytokine profiles were iden-
tified with a cumulative percentage of variance of 69.8%. Tumor
necrosis factor-o. (TNF-a), RANTES, eotaxin and platelet-derived
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significant post-test comparisons are displayed. MIS-C, multisystem inflammatory syndrome in children; PCA, principal

Component analysis. M
online
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growth factor BB (PDGF-BB) mainly contributed to the first prin-
cipal component (PC1), whereas interleukin (IL)-1f3 and IL-1RA
had an orthogonal contribution to the second principal component
(PC2). Interestingly, these two distinct cytokine combinations were
differentially associated with COVID-19 severity, with decreasing
PC1 scores and augmenting PC2 scores across the severity groups
(Fig. 4B,C). Patients with MIS-C exhibited lower scores for PC1
and higher scores for PC2 than patients with asymptomatic/mild
disease (P =0.0111 and P = 0.0182, respectively), while cytokine
profiles from patients with moderate/severe disease were scattered
between the other groups.

When cytokine levels were analyzed during acute and con-
valescent phases for COVID-19 patients, we found that acute serum
levels of IL-1RA were significantly increased in patients with mod-
erate/severe vs. asymptomatic/mild disease (Fig. 5A). Conversely,
acute serum levels of TNF-a were significantly decreased in mod-
erate/severe patients, and a trend towards diminished serum levels
of RANTES and eotaxin was also observed (Fig. 5B—D). Remark-
ably, no differences were observed in the levels of these cytokines
between the severity groups in convalescent serum, suggesting that
the differential cytokine profile in each severity group was due to
acute SARS-CoV-2 infection (Fig. SA-D). Furthermore, serum
levels of IL-6, a cytokine that has been associated with severe-to-
critical COVID-19,'* did not differ based on the phase of infection
or severity, while serum levels of IP-10 were increased in moderate/
severe patients in the acute phase as compared to the convalescent
phase (P = 0.0464) (see Figure, Supplemental Digital Content 5
http://links.lww.com/INF/E799).
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DISCUSSION

In this study, carried out during the first wave of the COVID-
19 pandemic, we found differences in laboratory parameters, host
immune responses as well as cytokine profiles depending on dis-
ease severity in a pediatric population with COVID-19.

Laboratory abnormalities in children with COVID-19
included a reduction in the percentage of lymphocytes and an
increase in CRP levels as disease severity augmented, while total
leukocyte counts remained unaffected across the severity groups.
Previous reports have described elevated CRP as a risk factor for
severe COVID-19 in children." ' Lymphopenia has been described
during SARS-CoV-2 infection in children,® in both inpatients and
outpatients,'® and has been also described in MIS-C."” We observed
that lymphopenia was more frequent in moderate, severe and
MIS-C patients than in children with mild disease. Furthermore,
leukopenia has been described as a laboratory abnormality in
children with COVID-19 and has been associated with prolonged
hospitalization,' though this finding has not been universally rep-
licated."” The present study did not find significant differences in
white blood cell (WBC) counts across the severity groups.

Several studies have associated the presence of comorbidi-
ties in children with severe presentations of COVID that require
intensive care and prolonged hospitalization,>!>!172%2! though most
cases of MIS-C have been observed in previously healthy individu-
als without comorbidities.>'*? In agreement with these studies, we
observed that the presence of comorbidities in children was not
associated with the development of MIS-C.
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FIGURE 5. Cytokines and chemokines associated with distinct profiles in children with differing COVID-19 severity. (A)
IL-1RA, (B) TNF-a, (C) RANTES and (E) eotaxin, were measured in serum samples from children with COVID-19 during the
acute phase of the disease and during convalescence. Lines represent median values with interquartile range. Lower dotted
lines indicate minimum detectable levels for each cytokine. For IL-1RA, TNF-a, RANTES, and eotaxin the minimum detectable
levels were 3.16 pg/ml, 1.13 pg/ml, 3.98 pg/ml, and 0.05 pg/ml, respectively. P values were calculated using the Mann-
Whitney test for comparisons between the severity groups. P values were calculated using the Wilcoxon matched pairs test
for comparisons between acute and convalescent phases. A P value <0.05 was considered significant; * P < 0.05, ns, non-

significant. TNF, Tumor necrosis factor.
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Immune Profiles in Pediatric COVID-19

Previous studies have analyzed the humoral immune
response in children with COVID-19. It has been reported that chil-
dren principally generate IgG antibodies against the S protein'® or
against accessory proteins®® and exhibit reduced neutralizing activ-
ity compared to adults with severe disease.'® In contrast, other stud-
ies reported that children with asymptomatic or mild SARS-CoV-2
infection developed robust antibody responses against SARS-
CoV-2 that were detectable 2—4 months after infection® or beyond
12 months of infection.?* Interestingly, another study showed that
children with severe disease developed a weak and delayed IgG
antibody response against SARS-CoV-2, and a seronegative status
was observed in 25% and 12% of convalescent and MIS-C chil-
dren, respectively.® Conversely, another study found that chil-
dren with MIS-C exhibited higher titers of neutralizing antibodies
against the SARS-CoV-2 S protein than those from children with
COVID-19 and without MIS-C.? In our study, we observed that
most children developed a robust [gG antibody response against the
SARS-CoV-2 S protein that was detectable for more than 2 months
post-symptom onset. In addition, we found that IgG levels against
SARS-CoV-2 S were not significantly different in children with dis-
tinct disease severity and did not correlate with patient age. Inter-
estingly, we observed that 20.5% of children had detectable IgG
antibodies against the SARS-CoV-2 S protein during acute infec-
tion that were likely due to the presence of cross-reactive immune
responses against common cold coronaviruses®**” and/or an early
IgG response against SARS-CoV-2."" Furthermore, we observed
that 7.7% of children remained seronegative in convalescence,
which was not directly associated with the presence of comorbidi-
ties producing immune deficiencies in these patients. In our study,
MIS-C patients showed variable IgG levels against SARS-CoV-2
S and 41.7% of children exhibited detectable SARS-CoV-2 S IgG
antibodies.

In addition to the humoral immune response, T-lymphocytes
play akey role in host defense against SARS-CoV-2 infection. In our
study, we observed a reduction of CD4" and CD8" T lymphocytes in
children with moderate/severe disease as compared to children with
asymptomatic/mild disease, and no difference in the percentage of
HLADR"-expressing cells was observed across the severity groups.
Furthermore, increased PD1*-expressing effector memory CD8" T
cells were observed in children with MIS-C. In agreement with our
study, a report showed that COVID-19 patients had a reduction in
absolute numbers of CD4" and CD8" T lymphocytes that displayed
markers related to activation or exhaustion/senescence.”® Similarly,
another study reported that activation and exhaustion markers on T
lymphocytes were augmented in COVID-19 patients vs. controls
but comparable between severity groups.?’ Another report proposed
that excessive exhaustion of CD8" T cells in severe patients may
reduce the cellular immune response to SARS-CoV-2.3 It has been
suggested that the virus promotes excessive immune activation at
disease onset that is followed by subsequent exhaustion of CD8*
T cells.!

The characterization of the immune mediators involved in
SARS-CoV-2 infection in our pediatric population revealed differ-
ent cytokine profiles depending on disease severity. Children with
MIS-C exhibited an immune profile similar to that from moder-
ate/severe patients but notably different from asymptomatic/mild
children. The early production of IL-1RA, an inhibitory cytokine
that suppresses proinflammatory cytokines and T lymphocyte
responses, was higher in patients with moderate/severe disease
and MIS-C. Interleukin-1RA production could affect induction of
proinflammatory and antiviral cytokines during the early phase of
SARS-CoV-2 infection, which may contribute to the switch from
a controlled and protective immune environment to inflammation-
induced tissue damage.’> Accordingly, we also found that TNF-a,

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

RANTES, eotaxin and PDGF-BB levels were decreased in moder-
ate/severe and MIS-C patients. Consistent with our results, higher
levels of RANTES have been reported in mild vs. severe patients
during follow-up studies of COVID-19.% Likewise, the higher pro-
duction of PDGF-BB in children with asymptomatic/mild COVID-
19 may contribute to more efficient tissue healing, thus limiting
virus-induced injury to the lungs or other tissues.** Furthermore,
it has been reported that patients who succumbed to SARS-CoV-2
infection produced decreased TNF-o and eotaxin than patients who
survived infection.** We also found higher levels of IL-1f in chil-
dren with MIS-C in our pediatric population. It has been reported
that this proinflammatory cytokine is increased in autoimmune
inflammatory processes.** In our study, serum levels of IL-6 did
not significantly differ between the severity groups and phases of
infection, suggesting that a classical cytokine storm may not be the
major cause of severe illness in COVID-19 patients in our popula-
tion. These results are consistent with some studies®***’” but contrast-
ing with other reports in children,?***# highlighting the need for
further investigation in this area.

The decrease in TNF-a, RANTES and eotaxin observed in
patients with moderate/severe SARS-CoV-2 infection or MIS-C
may be the result of an exhausted T cell immune phenotype. T cell
exhaustion is a state of T cell dysfunction characterized by sus-
tained expression of inhibitory receptors and a transcriptional state
distinct from that of functional effector or memory T cells.*' The
increase of exhausted CD8'T cells and IL-1RA levels may contrib-
ute to poor viral clearance and bad prognosis.

Our study has several limitations. The small sample size
precluded the analysis of the immune responses in each severity
group separately. Furthermore, convalescent serum samples were
available in a subpopulation of patients and restricted the study of
humoral immune responses and cytokine profiles in convalescence
to a smaller proportion of patients.

In conclusion, we showed that most children with COVID-19
in our study exhibited a robust humoral immune response against
the SARS-CoV-2 S protein that was not correlated to disease sever-
ity. Distinct immune phenotypes and cytokine profiles character-
ized by a reduction of CD4" and CD8" T cells, increased exhausted
effector memory CD8" T cells, elevation of anti-inflammatory IL-
IRA and suppression of pro-inflammatory cytokines were observed
in moderate/severe and MIS-C patients. These results may provide
insight into understanding the immune mechanisms related to pedi-
atric COVID-19 as well as guide future investigations in the field.
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