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Cytokine Profile in Children Following SARS-CoV-2 Infection
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Abstract: We provide preliminary evidence that, also in children, Long
coronavirus disease (COVID) may be characterized by a proinflammatory
signature. Ten Long COVID patients, 7 convalescent subjects after COVID
infection and 4 healthy controls were enrolled. When adjusted for sex, chil-
dren with long COVID had statistically significant differences in the lev-
els of FIt3L, CDS5, uPA, CCL23, CD40 and TGFo. When adjusted for age,
CCL23 levels remained statistically significant.
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It is widely accepted, and demonstrated, that severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection can cause
a long-lasting pattern of debilitating symptoms that are currently
affecting millions of people worldwide.! This condition, known
as Long COVID, post-COVID condition or post-acute sequelae
of SARS-CoV-2, is characterized by the persistence of signs and
symptoms that were not present before SARS-CoV-2 infection and
endure for at least 12 weeks, negatively impacting daily life.
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Long COVID has been extensively reported both in adults
and children, particularly adolescents, and can follow even mild
to asymptomatic infections or reinfections.> Although the causes
leading some patients to develop Long COVID are still unknown, a
growing body of literature has documented that several biological
abnormalities are evident in patients with Long COVID compared
with healthy controls, including events associated with thromboin-
flammation, persistent immune activation and imbalance.* ¢ How-
ever, these studies have been limited to adults only, and so far, no
studies have attempted to provide a deep cytokine profile of chil-
dren with a previous SARS-CoV-2 infection.

Therefore, in this study, we attempted to provide a prelim-
inary assessment of cytokine profile in a cohort of children with
previous SARS-CoV-2 infection, either fully recovered or expe-
riencing Long COVID, with the aim of guiding future, larger
research studies.

METHODS
The study methodology is detailed in Supplemental Digital
Content 1, http://links.lww.com/INF/F741.7

RESULTS

Twenty-one patients were enrolled in the study: 10 for the
Long COVID group, 7 convalescent subjects after COVID infec-
tion and 4 healthy controls. Supplemental Digital Content 2, http://
links.lww.com/INF/F741, shows their baseline demographic char-
acteristics, symptoms and antibody levels.

Cytokine levels among the different groups are shown in
Supplemental Digital Content 2, http://links.lww.com/INF/F741.
Interleukin (IL)2, IL22-RAT1, 1L20, IL33 had all results under limit
of detection. IL 20RA, IL2-RB, IL1a, BNGF, IL24, IL13, IL4, LIF
and NRTN had more than 80% of values under the limit of detec-
tion.

The univariate analysis of a group of cytokines, chemok-
ines and receptors had a significant relationship with Long COVID
status (see Supplemental Digital Content 3, http://links.lww.com/
INF/F741 and Fig. 1A). Patients affected by Long COVID status
show higher levels of Chemokine (C-C motif) ligand 23 (CCL23),
transforming growth factor-alpha, IL 18 receptor 1 (IL18-R1) when
compared with the other groups, while FMS-like tyrosine kinase 3
ligand (FLT3L) correlated with the recovery from the symptoms.
When adjusted for sex, FIt3L, CD5, uPA, CCL23, CD40 remained
significant. Transforming growth factor-alpha, IL18R1 were close
to significance, possibly due to the small sample size (Fig. 1B).
When adjusted for age, CCL23 remained significant. Levels of the
abovementioned cytokines differed also between sexes, mostly in
the healthy patients but not in Long COVID (Supplemental Digital
Content 4, http:/links.lww.com/INF/F741).

None of them had correlation with temporal distance from
and severity of primary infection (Supplemental Digital Content 5,
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FIGURE 1. Cytokine expression by COVID-19 status. A-G: Levels of different proteins in the 3 groups. A: Cytokine expression

by COVID-19 status. B: Cytokine expression corrected by sex.

http://links.lww.com/INF/F741). Among the subgroup of patients
with Long COVID, we found that CD40 correlates with neurologi-
cal symptoms, migraine, muscular symptoms, and CD5 correlates
with post-exertional malaise (Supplemental Digital Content 6,
http://links.lww.com/INF/F741).

DISCUSSION
In this preliminary study, we attempted to perform a cytokine
profiling of children after SARS-CoV-2 infection, including both
patients with a clinical diagnosis of Long COVID and those fully
recovered from the initial infection.

2 | www.pidj.com

We discovered that CC chemokine ligand 23 [CCL23; also
known as chemokine B8-1 (CkB8-1), myeloid progenitor inhibitory
factor 1 and macrophage inflammatory protein 3 (MIP-3)] was sig-
nificantly associated with Long COVID, even after adjusting for
age and sex. CCL23 is a new member of the small CC chemokine
family that has recently been associated with the pathophysiol-
ogy of various inflammatory conditions. Interestingly, secreted
CCL23 also functionally contributes to modulation of the immune
response via promoting leucocyte trafficking as well as directing
the migration of monocytes, macrophages and activated T lym-
phocytes to local sites of injury.!® Circulating CCL23 interacts
with CC chemokine receptor 1 (CCR1), subsequent upregulating

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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several adhesion molecules that promote the migration of circu-
lating immune cells to the inflamed microenvironment.!! These
findings suggest that, in line with adult Long COVID, there might
be inflammatory microenvironments in pediatric Long COVID as
well. In fact, CCL23 plays a pathological role in the development
or progression of several inflammatory diseases, such as rheuma-
toid arthritis, chronic rhinosinusitis, chronic kidney dysfunction
and systemic sclerosis.!2"16 In this context, SARS-CoV-2 viral per-
sistence is currently a leading hypothesis behind Long COVID.
Considering that viral persistence has also been documented in
children,!” the association of CCL23 with pediatric Long COVID
suggests that similar events can happen also in children. Notably,
CCL23 also boosts angiogenesis via promotion of endothelial cell
migration through upregulation of several matrix metalloprotein-
ases in the endothelium.'$!? Endotheliopathy and thromboinflam-
mation have been strongly associated with adult Long COVID by
several independent cohorts. More recently, circulating CCL23
levels have also been found to be possible biomarker to diagnose
acute inflammatory reactions in the brain after cerebral damage,?
an interesting data considering that patients with Long COVID
also develop neurocognitive symptoms and brain involvement has
been demonstrated in adults and children following SARS-CoV-2
infection. To further reinforce our hypothesis that CCL23 may
be a marker of pediatric Long COVID, CCL23 is less expressed
with age,?! while in our series, it is higher in patients than con-
trols, despite being older, suggesting therefore a true and strong
correlation of this marker with Long COVID and, in general,
SARS-CoV-2 infection. In addition, the same findings have been
found in adults with post-traumatic stress disorder, a condition
that shares several clinical similarities with Long COVID.2 In
Supplemental Digital Content 7, http://links.lww.com/INF/F741,
we have provided further discussion about the other cytokines that
were differently expressed by the cohorts, but not after adjustment
of sex and age.

These findings may also be interpreted considering the
observed outbreaks of severe infections after the pandemic, includ-
ing invasive group A Streptococcus infection, brain abscesses and
acute hepatitis.2? So far, most of these events have been linked with
a so-called immunity debt, meaning a decline of immunity to cer-
tain pathogens due to lack of exposure to them during the periods
of social restrictions. However, there is evidence of reduced anti-
RSV IgG antibodies only in pregnant women and their newborns,
but no other evidence has been documented so far in support of
the immunity debt.2* On the other hand, adult studies have clearly
documented post-COVID immune activation, which apparently
resolves within 2 years. In this regard, our data, along with a pre-
vious publication?¢ suggest that immune phenomena may also hap-
pen in children and adolescents following SARS-CoV-2 infection,
and so far, it remains unknown how this possibly transient immune
activation can be associated with more severe outcomes when a
new infection is encountered in this specific “immunological win-
dow.” Although this is only a hypothesis, we do believe that these
phenomena are worth further investigations.

The main limitation of this study is represented by the low
number of patients included, particularly among the healthy control
group, which moreover was significantly younger compared with
the others. This was due to the difficulty in accessing healthcare
settings during the early periods of the pandemic, the only rea-
sonable period where children may have been realistically naive
from SARS-CoV-2 infection. Nevertheless, we have compensated
the different age group of healthy controls by correcting for age in
the multivariate analyses. In addition, for some of the cytokines
showing statistically significant differences in Long COVID versus
controls, there is no expected age-dependent expression.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

In conclusion, our preliminary findings suggest that children
with previous SARS-CoV-2 infection, and particularly those with
Long COVID, exhibit altered cytokine expression patterns involved
in T cell homeostasis and coagulation, in line with adult studies.
These results underscore the importance of immunologic inves-
tigations in pediatric cohorts and support for larger-scale studies
employing comprehensive immunological approaches, including
proteomic and epigenetic approaches.
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