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Severe COVID-19 in children is rare, but the reasons underlying are unclear. Profound
alterations in T cell responses have been well characterized in the course of adult severe
COVID-19, but little is known about the T cell function in children with COVID-19. Here, we
made three major observations in a cohort of symptomatic children with acute COVID-19:
1) a reduced frequency of circulating FoxP3+ regulatory T cells, 2) the prevalence of a
TH17 polarizing microenvironment characterized by high plasma levels of IL-6, IL-23, and
IL17A, and an increased frequency of CD4+ T cells expressing ROR-gt, the master
regulator of TH17 development, and 3) high plasma levels of ATP together with an
increased expression of the P2X7 receptor. Moreover, that plasma levels of ATP displayed
an inverse correlation with the frequency of regulatory T cells but a positive correlation with
the frequency of CD4+ T cells positive for the expression of ROR-gt. Collectively, our data
indicate an imbalance in CD4+ T cell profiles during pediatric COVID-19 that might favor
the course of inflammatory processes. This finding also suggests a possible role for the
extracellular ATP in the acquisition of an inflammatory signature by the T cell compartment
offering a novel understanding of the involved mechanisms.

Keywords: COVID-19, children, extracellular ATP, Tregs (regulatory T cells), TH17 cells
INTRODUCTION

Epidemiological data from Argentina as of January 3, 2022 have reported more than 480,000
confirmed cases under 20 years and 0.05% death. It is well known that COVID-19 is less severe in
children compared with adults (Lu et al., 2020; Ludvigsson, 2020; Boppana et al., 2021). Several
hypotheses have been proposed to explain why children are protected from severe outcomes,
Abbreviations: ACE-2, angiotensin-converting enzyme 2; Tregs, FoxP3+ regulatory T cells; PBMCs, Peripheral Blood
Mononuclear Cells; Bz-ATP, 2´(3´)-O-(4-benzoylbenzoyl) ATP; P2X7R, P2X7 receptor; PICU, pediatric intensive care unit.
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including differences in the expression of angiotensin-converting
enzyme 2 (ACE-2) (Bunyavanich et al., 2020), the receptor for
viral entry, a more robust innate immune response in the early
phase of the infection, and trained innate immunity related to the
protection offered by vaccination and viral infections in childhood
(de Candia et al., 2021; Pierce et al., 2021; Vono et al., 2021;
Yonker et al., 2021). However, in some children SARS-CoV-2
triggers a dysregulated hyperinflammatory process and severe
COVID-19 (Diorio et al., 2020; Sananez et al., 2021; Vella et al.,
2021). Previous comorbidities increased the risk for severe disease,
but it can also occur in healthy children (Funk et al., 2022).

Perhaps reflecting that children with COVID-19 usually
develop a mild or asymptomatic disease, most studies directed
to characterize the pathogenesis of SARS-CoV-2 infection have
been performed in adults. Severe COVID-19 in adults is associated
with an overactive inflammatory response with macrophages and
neutrophils playing a critical role. Consistent with the ability of
CD4+ T cells to regulate the recruitment and function of
phagocytes in peripheral tissues (De Biasi et al., 2020; Grant
et al., 2021), severe COVID-19 in adults have shown to be
associated with changes in the function of two different CD4+ T
cell profiles; FoxP3+ regulatory T cells (Tregs) and TH17 cells.
While it is clear that severe COVID-19 is related to the induction
of a TH17 response (De Biasi et al., 2020; Rupp et al., 2021; Zhao
et al., 2021), conflicting results have been published regarding
Tregs. Some studies have described an increased frequency of
Tregs and the acquisition of an activated phenotype in severe
COVID-19 patients (Neumann et al., 2020; Galvan-Pena et al.,
2021; Rupp et al., 2021; Vick et al., 2021). By contrast, other studies
reported a reduction in the frequency of Tregs in hospitalized
patients (Qin et al., 2020; Wang et al., 2020; Sadeghi et al., 2021).

Recent studies have shown that extracellular ATP acts not
only as a damage-associated molecular pattern required for
inflammasome activation (Karmakar et al., 2016), but it is also
able to modulate the function of CD4+ T cells through the
activation of purinergic receptors promoting both the
development of TH17 cells as well as the inhibition of Tregs
(Atarashi et al., 2008; Zhao et al., 2016; D’Addio et al., 2018).
Interestingly, it has been proposed that the blockade of
purinergic receptors might represent a therapeutic option to
prevent the progression of severe COVID-19 (Di Virgilio et al.,
2020; Kanthi et al., 2020; Illes, 2021). Here, we studied the
frequency of Tregs and TH17 in children with COVID-19. We
also determined the profile of plasma cytokines and analyzed
whether changes in plasma levels of ATP might be associated to
the imbalance in the CD4+ T cell compartment observed in
children with COVID-19.
SUBJECTS AND METHODS

Study Population
This study was conducted in Buenos Aires City and Buenos Aires
province, Argentina, between October 2020 and July 2021. We
recruited girls and boys aged between 2 years and 12 years
admitted to the Hospital General de Niños Pedro de Elizalde,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
Hospital Nacional Prof. Alejandro Posadas and Clıńica del Niño
de Quilmes. Patients with active SARS-CoV-2 infection confirmed
by PCR of nasopharyngeal swabs (n=84) were included. Disease
severity was classified according to the Health Ministry from
Argentina and the World Health Organization interim guidance.
Non-severe children (n=67) had mild or moderate disease. Severe
children (n=17) had severe pneumonia, cough, difficulty in
breathing, respiratory distress and/or lethargy and convulsions.
Our control cohort included 42 children age and sex matched that
were admitted to the hospitals for routine screening and/or
scheduled surgery. They had no history of recent respiratory
infection or close-contact and they were negative for IgM and
IgG antibodies directed to SARS-CoV-2. Characteristics of cohorts
are shown in Table 1.
Blood Samples Processing
0.5-1 mL of whole blood samples were obtained within 1-3 days
of hospital admission. After being centrifuged for 10 min at 1000
rpm, plasma was separated and stored at -80°C until used.
Isolation of Peripheral Blood
Mononuclear Cells
Peripheral blood mononuclear cells (PBMCs) were obtained
from blood samples by Ficoll-Hypaque gradient centrifugation
(GE Healthcare Life Sciences, Uppsala, Sweden). PBMCs were
washed twice, and suspended in complete culture medium
(RPMI 1640, Sigma-Aldrich, St . Louis , MO, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(Natocor, Villa Marı ́a, Córdoba, Argentina), 2 mM L-
glutamine, 100U/mL penicillin and 0.1 mg/mL streptomycin
(Sigma-Aldrich, St. Louis, MO, USA).
CD4+ T Cell Isolation
CD4+ T cells were enriched from whole blood by using the
RosetteSep human CD4+ T cells enrichment cocktail (Stem Cell
Technologies, Vancouver, BC, Canadá), following the
manufacturer’s protocols. After washing, cells were suspended
in complete culture medium. The purity determined by flow
cytometry was always >97%.
Flow Cytometry
Freshly isolated PBMCs (1x106 cells) were stained with anti-CD4
PercP, anti-CD25 BV510 and anti-CD39 APC-Cy7; all from
Biolegend (San Diego, CA, USA). Intracellular staining using
anti-FoxP3 Alexa Fluor 488 (BD Biosciences, San Diego, CA,
USA) and anti-ROR-gt PE (R&D, Minneapolis, MN, USA) was
performed on fixed and permeabilized cells following the
manufacturer´s instructions. Isotype-matched antibodies were
used as control. Statistical analyses were based on at least 100,000
events gated on the population of interest. Data were acquired
using a FACSCanto II (Becton Dickinson, San Diego, CA, USA)
and analyzed with FlowJo.v10.6.2 (Ashland, OR, USA).
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LegendPlex Assay
Levels of cytokines in plasma (IL-1b, IL-6, IL-23, IL-17A, IL-2, IL-
18 and IL-10) and in supernatant cultures from purified CD4+ T
cells (IL-2, IFN-g, TNF-a, IL-17A, IL-5, IL-13, IL-9 and IL-10)
were analyzed by multiplex flow cytometric bead array according
to the manufacturer’s instructions (Biolegend, San Diego,
CA, USA).

ATP Measurement
To measure the release of ATP from cells, 5x106/mL PBMCs
were stimulated with anti-CD2/CD3/CD28 coated beads (0.3 µg/
mL, Miltenyi Biotec, Bergisch Gladbach, Germany) during 4 min
and the supernatant culture were collected. The ATP levels in
supernatant culture and/or the levels in plasma from donors
were quantified using the CellTiter-Glo reagent (Promega,
Madison, WI, USA) according to manufacturer’s instructions
by luminometry (SpectraMax i3X, Molecular Devices, San José,
CA, USA). To calculate the ATP concentration, a standard curve
was plotted, and a regression analysis was applied.

Confocal Microscopy
Briefly, purified CD4+ T cells were incubated with anti-CD4
Alexa Fluor 488 (Biolegend, San Diego, CA, USA). After washed,
cells were fixed for 20 min at 4°C and then permeabilized with
PBS-BSA 2%-Triton- X-100 0.3% for 20 min at room
temperature. Then, cells were washed and stained with anti-
P2X7 receptor (P2X7R) Alexa Fluor 647 (dil 1:50, Biolegend, San
Diego, CA, USA) overnight at 4°C. Afterward, cells were washed
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
twice and allowed to adhere on polylysine-coated coverslips.
After washing, cells were fixed with 4% paraformaldehyde in PBS
for 15 min at 4°C, and treated with 10 mM glycine for 10 min at
room temperature. The coverslips mounted with DAPI
Fluoroshield® (Sigma-Aldrich, St. Louis, MO, USA) were
examined under a confocal microscope (ZEISS LSM 800,
Oberkochen, Germany).
Quantitative RT-PCR
Total RNA was extracted from PBMCs using TRIzol® reagent
(Carlsbad, CA, USA) following manufacturer’s instructions.
Subsequently, RNA was treated with RQ1 RNAse-free DNAse
(Promega, Madison, WI, USA) and reverse transcripted using
M-MLV Reverse Transcriptase (Promega, Madison, WI, USA).
PCR analysis for P2X7R was performed with a real-time PCR
detection system (StepONE-Plus Applied Biosystems, Waltham,
MA USA) using 5× HOT FIREPol® EvaGreen® qPCR Mix Plus
(ROX) (Solis BioDyne Corp, Tartu, Estonia) as a fluorescent
DNA-binding dye. GAPDH was used as housekeeping gene. The
primer sets used for amplification were as follows: P2X7R-F 5’-
tccagtaactgctgtcgctc -3’ and P2X7R-R 5’- tggactcgcacttcttcctg-3’;
GAPDH-F 5’-cgaccactttgtcaagctca-3’ and GAPDH-R 5’-
ttactccttggaggccatgt-3’. Primer sets yielded a single product of
the correct size. The relative mRNA expression level was
calculated using 2-DCt, and the data were normalized according
to GAPDH mRNA levels. The results are presented as a value
relative to the control value.
TABLE 1 | Characteristics of children with COVID-19 and healthy controls.

COVID-19

Control Non-severe Severe
n=42 n=67 n=17

Age, y, median (range) 7 (2-9) 3 (1-7) 4 (2-7)
Female, n (%) 17 (41) 26 (39) 11 (65)
Days after symptom onset (range) N/A 2 (1-4) 3 (2-5)
SARS-CoV-2 PCR positivea, n (%) N/A 67 (100) 17 (100)
SARS-CoV-2 IgG antibody positive, n (%) 0 31 (46) 9 (53)
SARS-CoV-2 IgM antibody positive, n (%) 0 37 (55) 11 (65)
Comorbidities, n (%)

None 39 (93) 32 (48) 8 (47)
Heart disease 0 3 (4) 1 (6)
Lung disease 0 4 (6) 2 (12)
Prematurity 0 2 (3) 0
Haematological disease 0 4 (6) 0
Cancer 0 7 (10) 2 (12)
Obesity 3 (7) 3 (4) 2 (12)
Undernutrition 0 11 (16) 2 (12)
Diabetes 0 3 (4) 3 (18)
Genetics disorders 0 2 (3) 2 (12)
Neurological 0 7 (10) 2 (12)

Co-infectionsb, n (%) 0 12 (18) 8 (47)
Pneumonia, n (%) 0 9 (13) 10 (59)
PICU admission, n (%) 0 4 (6) 13 (76)
Mechanical ventilation, n (%) 0 0 8 (47)
May 2022 | Volume 12 | Article
y, years; PICU, pediatric intensive care unit.
aat time of blood collection.
bTypes of bacterial co-infection includes urinary tract infections (E. coli and K. pneumoniae), catheter-related infection with bloodstream infection (S. hominis), sepsis (P. Aeruginosa), and
dysentery (Shigella). Viral co-infections include rhinovirus and respiratory syncytial virus infections.
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T Cells Culture
Purified CD4+ T cells (1x106/mL) from donors were stimulated
with anti-CD2/CD3/CD28 coated beads (0.035 µg/mL, Miltenyi
Biotec, Bergisch Gladbach, Germany) and treated or not with 2´
(3´)-O-(4-benzoylbenzoyl) ATP (100 µM, BzATP, P2X7R
agonist; Sigma Aldrich, St. Louis, MO, USA). Cells were
culture during 3 days at 37°C in a 48 multiwell plate (Greiner
Bio One, Kremsmünster, Austria). Then, supernatants were
collected for cytokine quantification.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism V.8
software (San Diego, CA, USA). The normality of experimental
data was evaluated by the Shapiro-Wilk test. Two groups were
compared using the Wilcoxon signed-rank test or Mann-
Whitney t test as appropriated. Three or more groups were
compared using the Kruskall-Wallis test followed by Dunn’s
multiple comparison tests. Significance between 2 continuous
variables was calculated by using a Spearman correlation test. A p
value <0.05 was considered statistically significant.
RESULTS

Clinical Characteristics of the
Study Population
We recruited a total of 84 girls and boys admitted to different
hospitals from Buenos Aires city and surroundings with clinical
manifestations of SARS-CoV-2 infection between October 2020
and July 2021. Samples were obtained within 24–72 h of being
admitted, after the initiation of therapeutic interventions.
Children with COVID-19 included those suffering non-severe
(n=67) and severe (n=17) disease. Regarding the non-severe
group, the median age (25th–75th percentile) was 3 years (1-7
years), of whom 39% (n=26) were girls. Most children had no co-
infections (18%, n=12). Fifty-two percent (n=35) had an existing
comorbidity and 6% (n=4) were admitted to pediatric intensive
care unit (PICU) due to complications of their underlying
disease. Among the severe cohort (n=17), the median age and
IQR was 4 years (2-7) and 65% (n=11) were girls. Almost half of
them (53%, n=9) had an existing comorbidity. Seventy-six
percent (n=13) were admitted to PICU and 47% (n=8)
required mechanical ventilation. The median time since onset
of symptoms until hospital admission was similar between
groups. The characteristics of cohorts are summarized
in Table 1.

Children With COVID-19 Showed a
Reduced Frequency of Circulating Tregs
but an Increased Frequency of TH17 Cells
By using a combination of anti-CD4, anti-CD25, and anti-FoxP3
antibodies, in a first set of experiments we analyzed the frequency
of circulating Tregs by flow cytometry. The gating strategy used
is shown in Supplementary Figure S1. Representative dot plots
are illustrated in Figure 1A (left panel). Children with severe and
non-severe COVID-19 showed a significant reduction in the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
frequency of Tregs compared with healthy donors (p<0.05). This
reduction was more pronounced in the severe group, however,
differences between groups did not reach statistical significance
(Figure 1A right panel).

Because progression of COVID-19 in adults is associated with
the induction of a TH17 profile, we evaluated whether this profile
was overrepresented in pediatric COVID-19. Representative dot
plots of ROR-gt expression (the master regulator of TH17
development) in CD4+ T cells are depicted in Figure 1B (left
panel). We observed that children with COVID-19 had an
increased frequency of CD4+ T cells positive for the expression
of ROR-gt compared with healthy donors (p<0.05; Figure 1B
right panel). Consistent with this finding, cytokine measurement
in the plasma from children with COVID-19 showed higher levels
of TH17 related cytokines such as IL-6, IL-23, and IL-17A respect
to controls (p<0.001). When comparing the levels of these
cytokines in severe and non-severe patients, we found no
differences for IL-23 and IL-17A. By contrast, plasma levels of
IL-6 were markedly augmented in severe patients (p<0.0001).
Interestingly, a great increase in plasma levels of IL-18, a cytokine
involved in the induction of the CD4+ TH1 profile, was observed
in children with severe but not in those with non-severe COVID-
19 (p<0.0001). Finally, children with severe disease showed the
highest plasma levels of the immunosuppressive cytokine IL-10
(p<0.001). IL-1b and IL-2 were undetectable in almost all
donors (Figure 1C).

Extracellular ATP Might be Involved in the
Modulation of T Cell Response in
Pediatric COVID-19
Considering previous studies showing that extracellular ATP
promotes the development of TH17 cells (Atarashi et al., 2008;
Killeen et al., 2013; Pandolfi et al., 2016), we analyzed whether
the changes in CD4+ T cell profiles described above were
associated to augmented levels of extracellular ATP. We found
that plasma ATP levels were higher in children with COVID-19
compared with healthy children (p<0.05). No differences were
observed between severe and non-severe patients (Figure 2A left
panel). To test whether T cells might contribute to the plasma
pool of ATP, PBMCs were stimulated with anti-CD2/CD3/
CD28-coated beads and the release of ATP was then assessed.
We found that PBMCs from children with severe COVID-19
released elevated amounts of ATP compared with non-severe
children and controls (p<0.01; Figure 2A right panel).
Unstimulated PBMCs released almost undetectable quantities
of ATP (data non shown).

It has been demonstrated that signaling induced by ATP via
the purinergic P2X7R promotes T-cell activation (Yip et al.,
2009; D’Addio et al., 2018). We confirmed the expression of
P2X7R in purified T cells from a child with non-severe COVID-
19 by confocal microscopy (Figure 2B left panel). We then
compared the expression of P2X7R by RT-PCR in PBMCs from
heathy children and children with-COVID-19. Interestingly, we
found a marked increase in the expression of P2X7R in children
with non-severe COVID-19 but not in those with severe-
COVID-19 respect to controls (p<0.01, Figure 2B right panel),
May 2022 | Volume 12 | Article 893044
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perhaps reflecting a down-regulation in the synthesis of this
receptor. We also analyzed the expression of CD39, an
ectonucleotidase which mediates the first step in the
conversion of ATP into ADP, AMP, and adenosine able to
suppress T cell response (Borsellino et al., 2007). Although
under physiological conditions CD39 expression is restricted
mostly to Tregs, under inflammatory conditions it was also
expressed by effector CD4+ T cells (Zhou et al., 2009;
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
Moncrieffe et al., 2010). Representative dot plots of CD39 and
FoxP3 expression in CD4+ T cells are illustrated in Figure 2C left
panel. We observed that FoxP3- but not FoxP3+ CD4+ T cells
from children with COVID-19 showed an increased expression
of CD39 (p<0.05 and p<0.01 for non-severe and severe vs
controls, respectively; Figure 2C middle and right panels).
Moreover, we found that in vitro exposure of purified T cells
from children with COVID-19 to BzATP, a P2X7R agonist and
A

B

C

FIGURE 1 | Frequency of Tregs and TH17 cells in children with COVID-19. (A) Left panel: Representative dot plot showing the expression of FoxP3 and CD25 in
CD4+ T cells. Tregs were defined as CD4+CD25+FoxP3+. Right panel: Frequency of Tregs in controls (n = 12) and children with non-severe (n = 29) and severe
(n = 11) COVID-19 analyzed by flow cytometry. (B) Left panel: Representative dot plot showing the expression of ROR-gt in CD4+ T cells. Right panel: Frequency of
CD4+ROR-gt+ T cells in healthy children (controls, n = 8), and children with COVID-19 (non-severe, n = 14 and severe, n = 9). (C) Plasma levels of IL-1b, IL-6, IL-23,
IL-17A, IL-2, IL-18 and IL-10 were quantified by multiplex flow cytometric bead array in healthy children (controls, n = 7), and children with COVID-19 (non-severe,
n = 22 and severe, n = 12). Data are expressed as the percentage of CD4+ T cells in (A) (right) and (B) (right). Mean ± SEM of n donors are shown in (A) (right),
(B) (right) and (C) P values were determined by Mann-Whitney U test, Kruskal-Wallis test and Wilcoxon test: *p < 0.05, ***p < 0.001, ****p < 0.0001.
May 2022 | Volume 12 | Article 893044
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ATP analogue, promotes a substantial decrease in a wide pattern
of cytokines produced by stimulated T cells without inhibiting
the production of IL-17A (Figure 2D). Overall, these data
suggest that the purinergic signaling might modulate T cell
response favoring the induction of a TH17 response.
Supporting this possibility, we found that plasma levels of
ATP showed an inverse correlation with the frequency of
Tregs (r= -0.40, p<0.01; Figure 2E left panel). By contrast, we
observed a positive correlation between the levels of ATP and
the frequency of both CD4+RORgt+ T cells (r=0.50, p<0.01)
and CD4+CD39+FoxP3- T cells (r=0.36, p<0.05) as shown in
Figure 2E middle and right panels, respectively.

DISCUSSION

Severe COVID-19 in previously healthy children is rare. The
reasons explaining the mild and often asymptomatic course of
SARS-CoV-2 infection in children are poorly defined. A low
expression of host factors involved in the first steps of infection
such as the entry receptor ACE-2 and the transmembrane serine
protease 2 have been suggested (Bunyavanich et al., 2020; Sajuthi
et al., 2020). On the other hand, recent studies propose that
children might display a more effective immune response
against SARS-CoV-2. It has been reported that children show a
pre-activated antiviral innate immunity in the upper airways
resulting in a strong expression of genes associated with IFN
signaling upon infection (Loske et al., 2021; Pierce et al., 2021;
Yoshida et al., 2021). This functional profile appears to control
efficiently the early spreading of SARS-CoV-2 infection. Regarding
the adaptive immune response, it has been recently published that
children develop a robust and sustained cross-reactive spike-
specific immune response against SARS-CoV-2, which involves
not only a strong antibody response but also a TH1 response.
Interestingly, the magnitude of these responses appears to be
higher in children compared with adults (Dowell et al., 2022).

The contribution of the different CD4+ T cell profiles to both
protective and harmful immune responses to SARS-CoV-2 has
been rigorously analyzed in adults with COVID-19 but little is
known in pediatric COVID-19. In the present study, we found
that COVID-19 in children is associated with a decreased
frequency of circulating Tregs and an increased frequency of
circulating TH17 cells. Consistent with these findings, we found
that plasma from COVID-19 patients displayed an enrichment
in TH17-related cytokines such as IL-6, IL-23, and IL-17A.
While IL-23 and IL-17A reached similar levels in severe and
non-severe patients, IL-6 was markedly heightened in
severe patients.

Data regarding Tregs in COVID-19 patients are conflictual.
Some studies in adults reported an increased frequency of Tregs
displaying an activated phenotype that correlates with disease
severity (Neumann et al., 2020; Galvan-Pena et al., 2021; Vick
et al., 2021). By contrast, other studies described a reduction in
the frequency of Tregs in hospitalized patients (Qin et al., 2020;
Wang et al., 2020; Sadeghi et al., 2021). Interestingly, two patients
with COVID-19 and acute respiratory distress syndrome were
successfully treated with Treg infusion (Gladstone et al., 2020).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
Only few studies have analyzed this cell subset in children with
COVID-19 and the published reports seems to be contradictory;
higher frequency (Petrara et al., 2021), lower frequency (Jia et al.,
2020), and/or no changes in the frequency of Tregs (Mostafa
et al., 2021) have been reported when comparing children with
COVID-19 and healthy children. The reasons for the contrasting
results are unclear. They could be explained by differences in the
characteristics of cohorts as well as in the markers used to define
this cell subset. Our results show a moderate but significant
reduction in the percentage of circulating Tregs.

The diminished frequency of Tregs that we found in children
with COVID-19 is linked to an enhancement in both, the
frequency of TH17 cells and the plasma concentration of
TH17-related cytokines. These observations are in line with
those performed in adults with COVID-19 showing a shift
toward a TH17 response (De Biasi et al., 2020; Parackova
et al., 2021; Rupp et al., 2021; Sadeghi et al., 2021). In addition,
when comparing the plasma levels of cytokines between severe
and non-severe children, we found a distinct signature in severe
patients characterized by greater levels of IL-6, IL-18 and IL-10.
While IL-6 might be a predictive marker for severe disease, IL-18
together with TH17-like cytokines could promote the
development of inflammatory responses while inhibiting the
differentiation and function of FoxP3+ Tregs. The marked rise
in plasma levels of the anti-inflammatory cytokine IL-10 in
severe COVID-19 is an unexpected observation, however, a
similar finding has been reported in adults with severe
COVID-19 (Diao et al., 2020; Islam et al., 2021). It might
reflect a physiological response directed to control the
development of an over reactive inflammatory response.

It is well-known that ATP accumulates at sites of tissue injury or
inflammation. Biological effects mediated by extracellular ATP are
mostly mediated through the activation of purinergic receptors (P2
receptors). Among them, the P2X7R expressed by virtually all cells
of the innate and adaptive immunity is certainly involved in the
induction of inflammatory reactions (Di Virgilio et al., 2017). To
our best knowledge, no previous study has analyzed a possible role
for the purinergic signaling in pediatric COVID-19. Observations
made in adult patients showed higher levels of ATP in the
bronchoalveolar lavages from COVID-19 patients compared with
healthy individuals (Wauters et al., 2021). Moreover, it has been
proposed that P2X7R antagonism could be a promising strategy to
prevent or treat neurological complications in COVID-19 patients
(Ribeiro et al., 2021). Contrasting with these findings, it was
reported that plasma levels of ATP are lower in mild and severe
adult COVID-19 patients compared with healthy controls
(Dorneles et al., 2021). We here found higher plasma
concentrations of ATP in children with severe and non-severe
COVID-19 compared with healthy children. Moreover, we found
that PBMCs from children with severe COVID-19, but not from
children with non-severe disease, were capable of release higher
amounts of extracellular ATP upon stimulation with anti-CD3/
CD28 coated beads compared with healthy controls, suggesting that
activated T cells might contribute to the plasma pool of ATP found
in children with COVID-19. On the other hand, our findings
revealed a marked increase in the expression of P2X7R in PBMCs
May 2022 | Volume 12 | Article 893044
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FIGURE 2 | Extracellular ATP-P2X7R axis in children with COVID-19. (A) Left panel: Levels of ATP in plasma from healthy children (controls, n = 14), and children with
COVID-19 (non-severe, n = 27 and severe, n = 9) measured by luminometry. Right panel: PBMCs (5x106/mL) from healthy children (controls, n = 12), and children with
COVID-19 (non-severe, n = 25 and severe, n = 12) were stimulated with anti-CD2/CD3/CD28 coated beads (0.3 µg/mL) during 4 min. Levels of extracellular ATP were
measured in the supernatant by luminometry. (B) Left panel: Confocal microscopy of P2X7R expression in purified CD4+ T cells (green: CD4, red: P2X7R). Nuclear
counterstain with DAPI was used. Representative images from a child with non-severe COVID-19 are shown at x300. Right panel: Basal P2X7R expression in PBMCs
from healthy children (controls, n = 10) and children with COVID-19 (non-severe, n = 17 and severe, n = 7) quantified by qRT-PCR. (C) Left panel: Representative dot
plot showing the expression of FoxP3 and CD39 in CD4+ T cells of heathy children and children with COVID-19 (non-severe and severe). Middle and Right panels:
Frequency of CD4+CD39+FoxP3- T cells (middle) and CD4+CD39+FoxP3+ T cells (right) in healthy children (n = 12), and children with COVID-19 (non-severe, n = 29
and severe, n = 11). Data are expressed as percentage of CD4+ T cells. (D) Purified CD4+ T cells (1×106/mL) from children with COVID-19 (n = 15) were stimulated
with anti-CD2/CD3/CD28 coated beads (0.035 µg/mL) and treated or not with BzATP (100 µM) during 3 days. Levels of cytokines were quantified in the culture
supernatant by multiplex flow cytometric bead array. (E) Graphs showing correlations between the frequency of CD4+CD25+FoxP3+ Tregs (n = 40, left), CD4+ROR-gt+
T cells (n = 24, middle), and CD4+CD39+FoxP3- T cells (n = 40, right) and the levels of ATP in plasma. Mean ± SEM of n donors are shown in (A, B) (right), (C) (middle
and right) and (D) P values were determined by Mann-Whitney U test, Kruskal-Wallis test and Wilcoxon test. Correlations were evaluated by using Spearman rank
correlation coefficient test. *p<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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from children with non-severe COVID-19. Because the stimulation
of P2X7R expressed by CD4+ T cells has shown to promote the
differentiation of CD4+ T cells into TH17 and TH1 profiles
(Atarashi et al., 2008; Killeen et al., 2013; D’Addio et al., 2018),
this might explain, at least in part, the promotion of the TH17
profile observed in children with COVID-19. Interestingly, cells
from children with severe disease did not show any enhancement in
the expression of P2X7R, but rather they had a lower expression
compared with cells from healthy donors. It is intriguing to
speculate that this phenomenon might reflect a down-regulation
in the production and expression of P2X7R after extensive
stimulation by specific ligands, a fact that has already been
described (Amadio et al., 2017). Moreover, it might reflect a more
general phenomenon related to T cell exhaustion, a phenomenon
that has been well defined and characterized in adults with COVID-
19 (De Biasi et al., 2020; Heming et al., 2021). Finally, supporting a
role for the purinergic signaling pathway in pediatric COVID-19 we
found that plasma levels of ATP negatively correlated with the
frequency of Tregs and positively with the frequency of TH17 cells.

Our study has a number of limitations. The small number of
patients in the cohort of children with severe COVID-19 requires
that our observations should be confirmed in large cohorts. A
large body of evidence indicate that comorbidity is highly
prevalent in severe pediatric COVID-19 (Graff et al., 2021;
Ward et al., 2022). Thus, it is not surprising that our
hospitalized cohort of children with moderate and severe
COVID-19 involves a high percentage of children with
underlying disease. These comorbidities might partially explain
some of our findings related to the imbalance in the T cell
compartment. Another limitation of our study is the
unavailability of paired samples from infected children during
the acute and convalescent phase. Finally, the small volume of
blood collected from each patient impaired to perform studies
aimed at characterizing the mechanism through which ATP
might modulate T cell function as well as the functionality of
Tregs and TH17 cells in children with COVID-19.

In summary, this study offers a novel view of the mechanisms
that might control the development of different CD4+ T cell
profiles in the course of pediatric COVID-19. Our results show
an imbalance in the CD4+ T cell compartment during pediatric
COVID-19 and suggest the involvement of extracellular ATP in
its induction. Further studies are needed to deeply characterize
the mechanisms through which the purinergic signaling
modulate the adaptive immune response against SARS-CoV-2
in children with COVID-19 and to define whether extracellular
ATP levels could be a biomarker of severity.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

Our study was reviewed and approved by the Ethics Committee
at the “Hospital de Pediatrı́ a Pedro de Elizalde”, Buenos Aires,
Argentina, in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all donors or
legal guardians.
AUTHOR CONTRIBUTIONS

Conception and design, CR, JG, and LA. Enrollment of donors,
collection of blood sample and clinical data, SR, SA, NC, CD, MS,
MB, NS, CB, VN, and FF. Performance of lab experiments, CR,
VS, IS, and LA. Analysis and interpretation, CR, VS, IS, JG, and
LA. Drafting the manuscript for significant intellectual content,
CR, JG, and LA. All authors contributed to the article and
approved the submitted version.
FUNDING

This work was supported by grants from the National Agency for
Promotion of Science and Technology, Argentina (PICTO-
COVID-SECUELAS-00007 and PMOBID PICT 2018-2548 to LA).
ACKNOWLEDGMENTS

We express our sincerest thanks to the physicians, nurses,
respiratory therapists, and advanced practice providers who
cared for these patients for their contribution. Most of all, we
are indebted to all the participating children and their families.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2022.893044/
full#supplementary-material
REFERENCES
Amadio, S., Parisi, C., Piras, E., Fabbrizio, P., Apolloni, S., Montilli, C., et al.

(2017). Modulation of P2X7 Receptor During Inflammation in Multiple
Sclerosis. Front. Immunol. 8, 1529. doi: 10.3389/fimmu.2017.01529

Atarashi, K., Nishimura, J., Shima, T., Umesaki, Y., Yamamoto, M., Onoue, M.,
et al. (2008). ATP Drives Lamina Propria T(H)17 Cell Differentiation. Nature
455 (7214), 808–812. doi: 10.1038/nature07240

Boppana, S. B., Pinninti, S. G., and Britt, W. J. (2021). Coronavirus Disease 2019
and Children. J. Infect. Dis. 224 (11), 1807–1809. doi: 10.1093/infdis/jiab511
Borsellino, G., Kleinewietfeld, M., Di Mitri, D., Sternjak, A., Diamantini, A.,
Giometto, R., et al. (2007). Expression of Ectonucleotidase CD39 by Foxp3+
Treg Cells: Hydrolysis of Extracellular ATP and Immune Suppression. Blood
110 (4), 1225–1232. doi: 10.1182/blood-2006-12-064527

Bunyavanich, S., Do, A., and Vicencio, A. (2020). Nasal Gene Expression of
Angiotensin-Converting Enzyme 2 in Children and Adults. JAMA 323 (23),
2427–2429. doi: 10.1001/jama.2020.8707

D’Addio, F., Vergani, A., Potena, L., Maestroni, A., Usuelli, V., BenNasr, M., et al. (2018).
P2X7R Mutation Disrupts the NLRP3-Mediated Th Program and Predicts Poor
Cardiac Allograft Outcomes. J. Clin. Invest. 128 (8), 3490–3503. doi: 10.1172/JCI94524
May 2022 | Volume 12 | Article 893044

https://www.frontiersin.org/articles/10.3389/fcimb.2022.893044/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.893044/full#supplementary-material
https://doi.org/10.3389/fimmu.2017.01529
https://doi.org/10.1038/nature07240
https://doi.org/10.1093/infdis/jiab511
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.1001/jama.2020.8707
https://doi.org/10.1172/JCI94524
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Russo et al. Extracellular ATP and Pediatric COVID-19
De Biasi, S., Meschiari, M., Gibellini, L., Bellinazzi, C., Borella, R., Fidanza, L., et al.
(2020). Marked T Cell Activation, Senescence, Exhaustion and Skewing
Towards TH17 in Patients With COVID-19 Pneumonia. Nat. Commun. 11
(1), 1–17. doi: 10.1038/s41467-020-17292-4

de Candia, P., Prattichizzo, F., Garavelli, S., and Matarese, G. (2021). T Cells:
Warriors of SARS-CoV-2 Infection. Trends Immunol. 42 (1), 18–30.
doi: 10.1016/j.it.2020.11.002

Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., Ning, L., et al. (2020). Reduction and
Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019
(COVID-19). Front. Immunol. 11. doi: 10.3389/fimmu.2020.00827

Diorio, C., Henrickson, S. E., Vella, L. A., McNerney, K. O., Chase, J.,
Burudpakdee, C., et al. (2020). Multisystem Inflammatory Syndrome in
Children and COVID-19 are Distinct Presentations of SARS-CoV-2. J. Clin.
Invest. 130 (11), 5967–5975. doi: 10.1172/JCI140970

Di Virgilio, F., Dal Ben, D., Sarti, A. C., Giuliani, A. L., and Falzoni, S. (2017). The
P2X7 Receptor in Infection and Inflammation. Immunity 47 (1), 15–31.
doi: 10.1016/j.immuni.2017.06.020

Di Virgilio, F., Tang, Y., Sarti, A. C., and Rossato, M. (2020). A Rationale for
Targeting the P2X7 Receptor in Coronavirus Disease 19. Br. J. Pharmacol. 177
(21), 4990–4994. doi: 10.1111/bph.15138

Dorneles, G. P., Teixeira, P. C., da Silva, I. M., Schipper, L. L., Santana Filho, P. C.,
Rodrigues Júnior, L. C., et al. (2021). Alterations in CD39/CD73 Axis of T Cells
Associated With COVID-19 Severity. medRxiv 2021, 2009.2018.21263782.
doi: 10.1101/2021.09.18.21263782

Dowell, A. C., Butler, M. S., Jinks, E., Tut, G., Lancaster, T., Sylla, P., et al. (2022).
Children Develop Robust and Sustained Cross-Reactive Spike-Specific
Immune Responses to SARS-CoV-2 Infection. Nat. Immunol. 23 (1), 40–49.
doi: 10.1038/s41590-021-01089-8

Funk, A. L., Florin, T. A., Kuppermann, N., Tancredi, D. J., Xie, J., Kim, K., et al.
(2022). Outcomes of SARS-CoV-2-Positive Youths Tested in Emergency
Departments: The Global PERN-COVID-19 Study. JAMA Netw. Open 5 (1),
e2142322. doi: 10.1001/jamanetworkopen.2021.42322

Galvan-Pena, S., Leon, J., Chowdhary, K., Michelson, D. A., Vijaykumar, B., Yang, L.,
et al. (2021). Profound Treg Perturbations Correlate With COVID-19 Severity.
Proc. Natl. Acad. Sci. U. S. A. 118 (37), 1–9. doi: 10.1073/pnas.2111315118

Gladstone, D. E., Kim, B. S., Mooney, K., Karaba, A. H., and D’Alessio, F. R.
(2020). Regulatory T Cells for Treating Patients With COVID-19 and Acute
Respiratory Distress Syndrome: Two Case Reports. Ann. Intern. Med. 173 (10),
852–853. doi: 10.7326/L20-0681

Graff, K., Smith, C., Silveira, L., Jung, S., Curran-Hays, S., Jarjour, J., et al. (2021).
Risk Factors for Severe COVID-19 in Children. Pediatr. Infect. Dis. J. 40 (4),
e137–e145. doi: 10.1097/INF.0000000000003043

Grant, R. A., Morales-Nebreda, L., Markov, N. S., Swaminathan, S., Querrey, M.,
Guzman, E. R., et al. (2021). Circuits Between Infected Macrophages and T
Cells in SARS-CoV-2 Pneumonia. Nature 590 (7847), 635–641. doi: 10.1038/
s41586-020-03148-w

Heming, M., Li, X., Rauber, S., Mausberg, A. K., Borsch, A. L., Hartlehnert, M.,
et al. (2021). Neurological Manifestations of COVID-19 Feature T Cell
Exhaustion and Dedifferentiated Monocytes in Cerebrospinal Fluid.
Immunity 54 (1), 164–175, e166. doi: 10.1016/j.immuni.2020.12.011

Illes, P. (2021). P2X7 Receptor Involvement in COVID-19 Disease. Explor.
Neuroprotective Ther. 1, 7–9. doi: 10.37349/ent.2021.00002

Islam, H., Chamberlain, T. C., Mui, A. L., and Little, J. P. (2021). Elevated
Interleukin-10 Levels in COVID-19: Potentiation of Pro-Inflammatory
Responses or Impaired Anti-Inflammatory Action? Front. Immunol. 12.
doi: 10.3389/fimmu.2021.677008

Jia, R., Wang, X., Liu, P., Liang, X., Ge, Y., Tian, H., et al. (2020). Mild Cytokine
Elevation, Moderate CD4(+) T Cell Response and Abundant Antibody
Production in Children With COVID-19. Virol. Sin. 35 (6), 734–743.
doi: 10.1007/s12250-020-00265-8

Kanthi, Y., Knight, J. S., Zuo, Y., and Pinsky, D. J. (2020). New (Re)Purpose for an
Old Drug: Purinergic Modulation may Extinguish the COVID-19
Thromboinflammatory Firestorm. JCI Insight 5 (14), 1-4 doi: 10.1172/
jci.insight.140971

Karmakar, M., Katsnelson, M. A., Dubyak, G. R., and Pearlman, E. (2016).
Neutrophil P2X7 Receptors Mediate NLRP3 Inflammasome-Dependent IL-
1beta Secretion in Response to ATP. Nat. Commun. 7, 10555. doi: 10.1038/
ncomms10555
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
Killeen, M. E., Ferris, L., Kupetsky, E. A., Falo, L. Jr., and Mathers, A. R. (2013).
Signaling Through Purinergic Receptors for ATP Induces Human Cutaneous
Innate and Adaptive Th17 Responses: Implications in the Pathogenesis of
Psoriasis. J. Immunol. 190 (8), 4324–4336. doi: 10.4049/jimmunol.1202045

Loske, J., Rohmel, J., Lukassen, S., Stricker, S., Magalhaes, V. G., Liebig, J., et al.
(2021). Pre-Activated Antiviral Innate Immunity in the Upper Airways
Controls Early SARS-CoV-2 Infection in Children. Nat. Biotechnol. 40, 319-
324 doi: 10.1038/s41587-021-01037-9

Lu, X., Zhang, L., Du, H., Zhang, J., Li, Y. Y., Qu, J., et al. (2020). SARS-CoV-2
Infection in Children. N. Engl. J. Med. 382 (17), 1663–1665. doi: 10.1056/
NEJMc2005073

Ludvigsson, J. F. (2020). Systematic Review of COVID-19 in Children Shows
Milder Cases and a Better Prognosis Than Adults. Acta Paediatr. 109 (6),
1088–1095. doi: 10.1111/apa.15270

Moncrieffe, H., Nistala, K., Kamhieh, Y., Evans, J., Eddaoudi, A., Eaton, S., et al.
(2010). High Expression of the Ectonucleotidase CD39 on T Cells From the
Inflamed Site Identifies Two Distinct Populations, One Regulatory and One
Memory T Cell Population. J. Immunol. 185 (1), 134–143. doi: 10.4049/
jimmunol.0803474

Mostafa, G., Ibrahim, H. M., El-Gendy, Y., Hamza, M., Isak, M., and Shousha, G.
(2021). Frequency of CD4+CD25+Foxp3+ Regulatory T Cells (Tregs) in
Peripheral Blood of Pediatric Patients With SARS CoV-2 Infection: A Pilot
Study. Egyptian J. Pediatr. Allergy Immunol. 19 (2), 79–88. doi: 10.21608/
ejpa.2021.199582

Neumann, J., Prezzemolo, T., Vanderbeke, L., Roca, C. P., Gerbaux, M., Janssens,
S., et al. (2020). Increased IL-10-Producing Regulatory T Cells are
Characteristic of Severe Cases of COVID-19. Clin. Transl. Immunol. 9 (11),
e1204. doi: 10.1002/cti2.1204

Pandolfi, J. B., Ferraro, A. A., Sananez, I., Gancedo, M. C., Baz, P., Billordo, L. A.,
et al. (2016). ATP-Induced Inflammation Drives Tissue-Resident Th17
Cells in Metabolically Unhealthy Obesity. J. Immunol. 196 (8), 3287–3296.
doi: 10.4049/jimmunol.1502506

Parackova, Z., Bloomfield, M., Klocperk, A., and Sediva, A. (2021). Neutrophils
Mediate Th17 Promotion in COVID-19 Patients. J. Leukoc. Biol. 109 (1), 73–
76. doi: 10.1002/JLB.4COVCRA0820-481RRR

Petrara, M. R., Bonfante, F., Costenaro, P., Cantarutti, A., Carmona, F., Ruffoni, E.,
et al. (2021). Asymptomatic and Mild SARS-CoV-2 Infections Elicit Lower
Immune Activation and Higher Specific Neutralizing Antibodies in Children
Than in Adults. Front. Immunol. 12. doi: 10.3389/fimmu.2021.741796

Pierce, C. A., Sy, S., Galen, B., Goldstein, D. Y., Orner, E., Keller, M. J., et al. (2021).
Natural Mucosal Barriers and COVID-19 in Children. JCI Insight 6 (9), 1–10.
doi: 10.1172/jci.insight.148694

Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., et al. (2020). Dysregulation of
Immune Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan,
China. Clin. Infect. Dis. 71 (15), 762–768. doi: 10.1093/cid/ciaa248

Ribeiro, D. E., Oliveira-Giacomelli, A., Glaser, T., Arnaud-Sampaio, V. F.,
Andrejew, R., Dieckmann, L., et al. (2021). Hyperactivation of P2X7
Receptors as a Culprit of COVID-19 Neuropathology. Mol. Psychiatry 26
(4), 1044–1059. doi: 10.1038/s41380-020-00965-3

Rupp, J., Dreo, B., Gutl, K., Fessler, J., Moser, A., Haditsch, B., et al. (2021). T Cell
Phenotyping in Individuals Hospitalized With COVID-19. J. Immunol. 206
(7), 1478–1482. doi: 10.4049/jimmunol.2001034

Sadeghi, A., Tahmasebi, S., Mahmood, A., Kuznetsova, M., Valizadeh, H.,
Taghizadieh, A., et al. (2021). Th17 and Treg Cells Function in SARS-CoV2
Patients Compared With Healthy Controls. J. Cell Physiol. 236 (4), 2829–2839.
doi: 10.1002/jcp.30047

Sajuthi, S. P., DeFord, P., Li, Y., Jackson, N. D., Montgomery, M. T., Everman, J. L.,
et al. (2020). Type 2 and Interferon Inflammation Regulate SARS-CoV-2 Entry
Factor Expression in the Airway Epithelium. Nat. Commun. 11 (1), 1–17.
doi: 10.1038/s41467-020-18781-2

Sananez, I., Raiden, S. C., Algieri, S. C., Uranga, M., Grisolia, N. A., Filippo, D.,
et al. (2021). A Poor and Delayed Anti-SARS-CoV2 IgG Response is
Associated to Severe COVID-19 in Children. EBioMedicine 72, 103615.
doi: 10.1016/j.ebiom.2021.103615

Vella, L. A., Giles, J. R., Baxter, A. E., Oldridge, D. A., Diorio, C., Kuri-Cervantes,
L., et al. (2021). Deep Immune Profiling of MIS-C Demonstrates Marked But
Transient Immune Activation Compared to Adult and Pediatric COVID-19.
Sci. Immunol. 6 (57), 1–15. doi: 10.1126/sciimmunol.abf7570
May 2022 | Volume 12 | Article 893044

https://doi.org/10.1038/s41467-020-17292-4
https://doi.org/10.1016/j.it.2020.11.002
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1172/JCI140970
https://doi.org/10.1016/j.immuni.2017.06.020
https://doi.org/10.1111/bph.15138
https://doi.org/10.1101/2021.09.18.21263782
https://doi.org/10.1038/s41590-021-01089-8
https://doi.org/10.1001/jamanetworkopen.2021.42322
https://doi.org/10.1073/pnas.2111315118
https://doi.org/10.7326/L20-0681
https://doi.org/10.1097/INF.0000000000003043
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1038/s41586-020-03148-w
https://doi.org/10.1016/j.immuni.2020.12.011
https://doi.org/10.37349/ent.2021.00002
https://doi.org/10.3389/fimmu.2021.677008
https://doi.org/10.1007/s12250-020-00265-8
https://doi.org/10.1172/jci.insight.140971
https://doi.org/10.1172/jci.insight.140971
https://doi.org/10.1038/ncomms10555
https://doi.org/10.1038/ncomms10555
https://doi.org/10.4049/jimmunol.1202045
https://doi.org/10.1038/s41587-021-01037-9
https://doi.org/10.1056/NEJMc2005073
https://doi.org/10.1056/NEJMc2005073
https://doi.org/10.1111/apa.15270
https://doi.org/10.4049/jimmunol.0803474
https://doi.org/10.4049/jimmunol.0803474
https://doi.org/10.21608/ejpa.2021.199582
https://doi.org/10.21608/ejpa.2021.199582
https://doi.org/10.1002/cti2.1204
https://doi.org/10.4049/jimmunol.1502506
https://doi.org/10.1002/JLB.4COVCRA0820-481RRR
https://doi.org/10.3389/fimmu.2021.741796
https://doi.org/10.1172/jci.insight.148694
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1038/s41380-020-00965-3
https://doi.org/10.4049/jimmunol.2001034
https://doi.org/10.1002/jcp.30047
https://doi.org/10.1038/s41467-020-18781-2
https://doi.org/10.1016/j.ebiom.2021.103615
https://doi.org/10.1126/sciimmunol.abf7570
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Russo et al. Extracellular ATP and Pediatric COVID-19
Vick, S. C., Frutoso, M., Mair, F., Konecny, A. J., Greene, E., Wolf, C. R., et al.
(2021). A Differential Regulatory T Cell Signature Distinguishes the Immune
Landscape of COVID-19 Hospitalized Patients From Those Hospitalized With
Other Respiratory Viral Infections. medRxiv, 2021.2003.2025.21254376.
doi: 10.1101/2021.03.25.21254376

Vono, M., Huttner, A., Lemeille, S., Martinez-Murillo, P., Meyer, B., Baggio, S.,
et al. (2021). Robust Innate Responses to SARS-CoV-2 in Children Resolve
Faster Than in Adults Without Compromising Adaptive Immunity. Cell Rep.
37 (1), 109773. doi: 10.1016/j.celrep.2021.109773

Wang, W., Su, B., Pang, L., Qiao, L., Feng, Y., Ouyang, Y., et al. (2020). High-
Dimensional Immune Profi l ing by Mass Cytometry Revealed
Immunosuppression and Dysfunction of Immunity in COVID-19 Patients.
Cell Mol. Immunol. 17 (6), 650–652. doi: 10.1038/s41423-020-0447-2

Ward, J. L., Harwood, R., Smith, C., Kenny, S., Clark, M., Davis, P. J., et al. (2022).
Risk Factors for PICUAdmission and Death Among Children and Young People
Hospitalized With COVID-19 and PIMS-TS in England During the First
Pandemic Year. Nat. Med. 28 (1), 193–200. doi: 10.1038/s41591-021-01627-9

Wauters, E., Van Mol, P., Garg, A. D., Jansen, S., Van Herck, Y., Vanderbeke, L.,
et al. (2021). Discriminating Mild From Critical COVID-19 by Innate and
Adaptive Immune Single-Cell Profiling of Bronchoalveolar Lavages. Cell Res.
31 (3), 272–290. doi: 10.1038/s41422-020-00455-9

Yip, L., Woehrle, T., Corriden, R., Hirsh, M., Chen, Y., Inoue, Y., et al. (2009).
Autocrine Regulation of T-Cell Activation by ATP Release and P2X7
Receptors. FASEB J. 23 (6), 1685–1693. doi: 10.1096/fj.08-126458

Yonker, L. M., Boucau, J., Regan, J., Choudhary, M. C., Burns, M. D., Young, N.,
et al. (2021). Virologic Features of Severe Acute Respiratory Syndrome
Coronavirus 2 Infection in Children. J. Infect. Dis. 224 (11), 1821–1829.
doi: 10.1093/infdis/jiab509

Yoshida, M., Worlock, K. B., Huang, N., Lindeboom, R. G. H., Butler, C. R.,
Kumasaka, N., et al. (2021). Local and Systemic Responses to SARS-CoV-2
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
Infection in Children and Adults. Nature 600, 321–327. doi: 10.1038/s41586-
021-04345-x

Zhao, R., Liang, D., and Sun, D. (2016). Blockade of Extracellular ATP Effect by
Oxidized ATP Effectively Mitigated Induced Mouse Experimental Autoimmune
Uveitis (EAU). PloS One 11 (5), e0155953. doi: 10.1371/journal.pone.0155953

Zhao, Y., Kilian, C., Turner, J. E., Bosurgi, L., Roedl, K., Bartsch, P., et al. (2021).
Clonal Expansion and Activation of Tissue-Resident Memory-Like Th17 Cells
Expressing GM-CSF in the Lungs of Severe COVID-19 Patients. Sci. Immunol.
6 (56), 1–14. doi: 10.1126/sciimmunol.abf6692

Zhou, Q., Yan, J., Putheti, P., Wu, Y., Sun, X., Toxavidis, V., et al. (2009). Isolated CD39
Expression on CD4+ T Cells Denotes Both Regulatory and Memory Populations.
Am. J. Transplant. 9 (10), 2303–2311. doi: 10.1111/j.1600-6143.2009.02777.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Russo, Raiden, Algieri, De Carli, Davenport, Sarli, Bruera, Seery,
Sananez, Simaz, Bayle, Nivela, Ferrero, Geffner and Arruvito. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
May 2022 | Volume 12 | Article 893044

https://doi.org/10.1101/2021.03.25.21254376
https://doi.org/10.1016/j.celrep.2021.109773
https://doi.org/10.1038/s41423-020-0447-2
https://doi.org/10.1038/s41591-021-01627-9
https://doi.org/10.1038/s41422-020-00455-9
https://doi.org/10.1096/fj.08-126458
https://doi.org/10.1093/infdis/jiab509
https://doi.org/10.1038/s41586-021-04345-x
https://doi.org/10.1038/s41586-021-04345-x
https://doi.org/10.1371/journal.pone.0155953
https://doi.org/10.1126/sciimmunol.abf6692
https://doi.org/10.1111/j.1600-6143.2009.02777.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Extracellular ATP and Imbalance of CD4+ T Cell Compartment in Pediatric COVID-19
	Introduction
	Subjects and Methods
	Study Population
	Blood Samples Processing
	Isolation of Peripheral Blood Mononuclear Cells
	CD4+ T Cell Isolation
	Flow Cytometry
	LegendPlex Assay
	ATP Measurement
	Confocal Microscopy
	Quantitative RT-PCR
	T Cells Culture
	Statistical Analysis

	Results
	Clinical Characteristics of the Study Population
	Children With COVID-19 Showed a Reduced Frequency of Circulating Tregs but an Increased Frequency of TH17 Cells
	Extracellular ATP Might be Involved in the Modulation of T Cell Response in Pediatric COVID-19

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


