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ABSTRACT

Host immune responses to severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), especially in children, are still under investigation.
Children with coronavirus disease 2019 (COVID-19) constitute a significant
study group of immune responses as they rarely present with severe clinical
manifestations, require hospitalization, or develop complications such as
multisystem inflammatory syndrome in children (MIS-C) associated with
SARS-CoV-2 infection. The deciphering of children’s immune responses
during COVID-19 infection will provide information about the protective
mechanisms, while new potential targets for future therapies are likely to
be revealed. Despite the limited immunological studies in children with
COVID-19, this review compares data between adults and children in terms
of innate and adaptive immunity to SARS-CoV-2, discusses the possible
reasons why children are mostly asymptomatic, and highlights unanswered
or unclear immunological issues. Current evidence suggests that the activity
of innate immunity seems to be crucial to the early phases of SARS-CoV-2
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Introduction

Coronaviruses (CoVs) are enveloped positive-sense
single-stranded RNA viruses of Coronaviridae family'
which infect both animals and humans.>” CoVs are
classified into four genera: alpha, beta, gamma, and delta.
The human coronaviruses (HCoVs) belong to two of these
genera: alpha CoVs (HCoV-229E and HCoV-NL63) and
beta CoVs [HCoV-HKUI1, HCoV-OC43, Middle East
respiratory syndrome coronavirus (MERS-CoV), the
severe acute respiratory syndrome coronavirus (SARS-
CoV)].* Outbreaks had been exacerbated by SARS-CoV
and MERS-CoV in 2003 and 2012, respectively, which
were characterized by low transmission but high mortality
rates.’

infection and adaptive memory immunity is vital to prevent reinfection.

SARS-CoV-2, COVID-19, Immunity, Multisystem inflammatory syndrome,

In late 2019, a novel coronavirus was identified as the
primary cause of a significant number of pneumonia cases
in Wuhan, China. In February 2020, the new CoV strain
was named SARS-CoV-2 and the disease was designated
coronavirus disease 2019 (COVID-19) by World Health
Organization (WHO).’

Not only adults, but also children of all ages are typically
infected by SARS-CoV-2. Most reported cases of infected
children were attributed to contact with an infected
family member.”® Viral transmission rates have also
been reported in activities outside the household, such as
schools and kindergarten.”'” However, the presence of
children and teachers in the educational settings was not
accompanied with an increased risk of viral transmission,
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compared to the broader community.'’ The incidence rate
of pediatric COVID-19 cases ranges between 1%—5%
of all COVID-19 cases worldwide. However, this rate is
likely to be underestimated, given the high proportion
of underdiagnosed mild symptomatic and asymptomatic
cases.'"

Although most cases of pediatric COVID-19 cases present
as asymptomatic or mild,"” infants and children with
underlying medical conditions often require hospitalization
to prevent life-threatening complications.™"* Severe post-
infection clinical manifestations in children include the
multisystem inflammatory syndrome in children (MIS-C)
that resembles to Kawasaki disease (KD) or toxic shock
syndrome (TSS) and develops weeks or months after the
onset of COVID-19 symptoms."

To date, limited data regarding SARS-CoV-2 immune
responses in children have been published, mainly due to
their milder phenotype or the asymptomatic presentation
of undiagnosed cases. The aim of this review is to present
current evidence regarding innate, humoral, and cellular
immune responses to SARS-CoV-2 infection in children,
including the novel MIS-C associated with COVID-19 and
to compare with immunological data in adults.

Mucosal immune response

As SARS-CoV-2 initially infects the upper respiratory
tract, the mucosal immune response of the nasopharynx,
including tonsils and adenoids, is activated.'® IgA
antibodies play a safeguarding role in mucosal immunity
of the upper and lower respiratory tract by eliminating
viral replication and reducing the risk of reinfection.'”'
There are three heterogenous molecular forms of IgA
immunoglobulin: secretory, monomeric, and polymeric.'®
Secretory IgA is dimeric, whereas circulating IgA is
monomeric."®

Secretory IgA significance in lymphoid tissues cannot
be ignored. In a recent study of 173 participants,
including patients with COVID-19 and a healthy group,
approximately 15%-20% of seronegative patients
with mild disease had detectable IgA antibodies with
neutralizing activity in various mucosal sites, including
tears, nasal fluid and saliva.”” A statistically significant
negative correlation between IgA titers and age was
detected.”

Large seroepidemiological studies have shown that
IgA levels increase with age, with the highest levels
being encountered in adolescence.” It has already been
established that the elevation of circulating IgA antibody
levels in hospitalized adult COVID-19 patients have been
associated with worse prognosis and increased fatality
rates.'””' However, Gruber et al” highlighted the crucial
role of mucosal immunity in SARS-CoV-2 by investigating
its role in 9 MIS-C patients. Interestingly, in MIS-C

patients, IgA antibody titers remained elevated in the
convalescent phase of the disease with comparable levels
to the acute phase.”” There was also a notable accordance
between gastrointestinal clinical manifestations, mucosal
immune dysregulation via IL-17A stimulation, and
mucosal chemotaxis via CCL20 and CCL28 activation.”

Children and adolescents are characterized by increased
bronchus-associated lymphoid tissue (BALT), which is
often activated by infections, but it is rarely encountered
in adults.” Since children with COVID-19 usually have
mild clinical manifestations, without excluding severe
complications from the respiratory tract, the role of BALT
in SARS-CoV-2 infection and disease progress remains
elusive and requires further investigation.'®

Innate immunity

The first line of defense against pathogens is the innate
immunity. The cells of the innate immune system are able
to identify specific molecular patterns (pathogen-associated
molecular patterns, PAMPs) of microorganisms through
various proteins named as pattern recognition receptors
(PRRs) [Figure 1, (1)].”* These PAMPs, such as viral
RNA and proteins are recognized by the transmembrane
PRRs, toll-like receptors (TLRs), which are expressed
in the innate immune system cells, such as monocytes,
macrophages, epithelial cells, neutrophils and dendritic
cells [Figure 1, (1)].>"

There are many TLRs that play an important role in
COVID-19 pathogenesis, including TLR2, TLR3, TLR4,
TLR6, TLR7, TLRS, and TLR9, mainly activated by the
stimulation of the proinflammatory cytokines IL-1, IL-6,
and TNF-0.”® Recent in silico studies showed that SARS-
CoV-2 spike (S) protein, after being bound to angiotensin-
converting enzyme 2 (ACE2) receptor, activates a
signaling inflammatory pathway through stimulating
TLRs, especially TLR1, TLR4, and TLR6.”

PRR activation stimulates the secretion of cytokines, such
as the following interleukins IL-1, IL-6, and IL-18 [Figure
1, (2)]. Type I/III interferons (IFNs) induced by PRRs are
considered to play a crucial role in early-onset antiviral
defense in SARS-CoV-2 and other viral infections [Figure
1, (3)-(4)-(5)]. Interestingly, certain type I IFN subtypes,
IFN-Bla and IFN-B1b were proved to interfere effectively
in SARS-CoV in vivo inhibition and SARS-CoV-2 in vitro
confrontation.*!

However, SARS-CoV-2 and other coronaviruses have
invented several evasion mechanisms by inhibiting PRR
stimulation and IFN signaling.””> Previous studies have
found the IFN production blockade via antagonism of
type I and type III IFN responses in several SARS-CoV
patients ™ and comparable escape strategies have also
been described in SARS-CoV-2 infection.”” Patients with
severe COVID-19 are characterized by suppressed type I
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FIGURE 1 Basic molecular mechanisms of innate immune cells in response to SARS-CoV-2 infection. (1) Cells of the innate
immune recognize pathogen-associated molecular patterns (PAMPs), like viral proteins and double-stranded RNA (dsRNA), through
transmembrane or intracellular pattern recognition receptors (PRRs) such as toll-Like receptors (TLRs) or RIG-I-like receptors (RLRs)
consisting of the retinoic acid-inducible gene-I (RIG-I) and the melanoma differentiation-associated protein 5 (MDAS). (2) This
recognition leads to the activation of the transcription factors, nuclear factor kappa B (NF-kB), interferon regulatory factor 3 (IRF3),
and IRF7, resulting in the expression of interferons (IFNs) o/f. (3) The binding of INF-o/p to interferon-alpha/beta receptor (INFAR)
activates the JAK/STAT signaling pathway, which leads to (4) the expression of interferon-stimulated genes (ISGs), by the signal
transducer and activator of transcription 1 (STAT1), STAT2 and IRF9, and (5) finally to release of different cytokines, chemokines and
anti-viral proteins. The figure was designed by the biorender in silico tool (https://app.biorender.com/).

and TIT IFNs.”* In vitro, SARS-CoV-2 infection presents
an increased susceptibility to type I IFN compared to
SARS-CoV.”

Studies have focused on the importance of the IFN
pathway in relation to the clinical severity and treatment
options of COVID-19.”**" Zhang et al* investigated
the contribution of genetic variants of genes encoding
molecules involved in the IFN pathway and found that
patients with life-threatening COVID-19 carried rare
variants in 13 loci that lead to loss-of function and
therefore impaired IFN pathway. Bastard et al*' also found
an impaired Type [ IFN signaling pathway in 10% of
adult patients with life-threatening SARS-CoV-2 infection
as they had autoantibodies against Type I IFNs, and
especially against IFN-o and IFN-m, which lead to the
inability of the immune system to fight the infection.

Stimulation of peripheral proinflammatory cytokines,
neutrophils, and monocytes/macrophages in the lower
respiratory tract has been reported in symptomatic
COVID-19 patients, but the role of dendritic cells
in COVID-19 remains elusive.*>* Strong innate
immune responses are in a positive feedback loop with
proinflammatory cytokines. This cytokine cascade is
associated with increased severity rates in adults not

only on SARS-CoV-2, but also on SARS and MERS.*
Despite the limited spread of SARS and MERS
compared to SARS-CoV-2, only few cases of severe
clinical manifestations in children and adolescents have
been reported.” SARS is a relatively mild respiratory
illness in young children and most common clinical
manifestations included cough, chills, fatigue, vomiting,
diarrhea, rhinorrhea, diarrhea, and respiratory distress.”
There are 14 pediatric patients with confirmed MERS-
CoV infection, which accounts for 2% of total MERS-
CoV reported cases.” However, only two of them died: a
2-year-old child with cystic fibrosis** and a 9-month-old
with congenital nephrotic syndrome."’

In a large-scale study from China, a correlation between
disease severity and elements of innate immunity was
investigated. For this purpose, 182 children (<16 years
old) positive for SARS-CoV-2 were recruited. An increase
in serum procalcitonin (PCT), IL-2, IL-4, IL-6, IL-10,
TNF-o as well as a decrease in complement C3 was
revealed in children with SARS-CoV-2 pneumonia.***

Pediatric patients are characterized by robust innate
immune responses due to the high production of NK cells
compared to older patients.” In children, NK cells produce
IL-17A in the early stages of the infection, a cytokine
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which plays an immunological protective role in the
development of lung disease.” Gruber et al” investigated
the immune profiles of 9 MIS-C patients and found
reduced numbers of NK lymphocyte subsets in peripheral
blood, mainly due to extravasation and chemotaxis
processes to affected tissues. NK cells recruitment was
stimulated by many cytokines and chemokines, including
CCL19, CXCL10, and CDCP1.”

Humoral immunity

After SARS-CoV-2 infection, the majority of patients
develop detectable serum antibodies against the receptor-
binding domain (RBD) of the viral S protein with
neutralizing and non-neutralizing activity.”>” Antibodies
produced by B- and T-cell immune mechanisms recognize
SARS-CoV-2 antigen epitopes beginning 4-8 days after
the onset of COVID-19 symptoms. These responses
consist of an initial immunoglobulin M (IgM) antibody
production, followed by IgA and IgG increase in body
circulation.” IgG antibodies are usually detectable 16-20
days after infection in approximately all patients.”> In
a recent study in which 188 COVID-19 patients aged
19-81 years were included, Dan et al’’ showed that all
individuals had detectable SARS-CoV-2 anti-S and anti-
RBD IgG antibodies in serum approximately 5 to 8 months
post symptom onset. Rodda et al®® showed the persistence
of memory B-cells and T-cells for at least 3 months and
the increase of SARS-CoV-2-specific IgG+ RBD-specific
memory B cells over time in patients who recovered from
mild COVID-19.

Until recently, most seroepidemiological studies refer to
adult patients that are mainly in the acute phase of the
infection. For this reason, the exact duration of SARS-
CoV-2 antibody response in children requires further
investigation. This duration probably depends on the
severity of the infection and the viral load to which the
individual was exposed.” There are indications that
support the presence of humoral responses 3—5 months
after the onset of symptoms.””** Recent studies showed
that less than 50% of adult patients developed neutralizing
antibodies (NAbs) in the acute phase of infection with
median time 36 days, but all of them had detectable
antibodies in the convalescent phase. There are studies
indicating that NAbs production is largely dependent on
the exposure to viral load and the severity of the disease.”
The duration of NAbs as investigated in mild symptomatic
adult patients, which was estimated to last at least 3
months after the onset of symptoms.**

Children often experience robust antibody production
within the first 3 weeks post infection and an estimated
seroconversion time to IgG antibodies in the first
week. Additionally, there is an increase in IgG specific
B-cell rates in children with SARS-CoV-2, indicating a
rapid and effective humoral immune response.”>* In a
seroprevalence pediatric study (n = 208), children aged

10-16 years have 2—3 times higher positive antibody titers
than children under 10 years old.”” Possible etiologies
that enhance the innate immune response and humoral
activity constitute a) the decreased expression of the ACE2
receptor in the upper respiratory epithelium of younger
children and b) the antibody cross-reactivity with other
common cold CoVs, in which older children are more
frequently exposed to.”

In a large population study involving approximately 2000
children and adolescents (5-21 years), a seropositivity of
1.35% were detected. Notably, 46.2% of the seropositive
children were asymptomatic.” It was found that the titer
of antibodies was low compared to that of the adults,
even though 92.3% of children produced antibodies
with neutralizing capacity, which may protect them from
reinfection. However, the duration of these neutralizing
antibodies remains unknown.”

Cellular immunity

T-cell responses play an important role in the elimination
of viral infections either by directly neutralizing infected
cells or by instrumenting immunological memory.

It has been shown that immunological memory against
other coronaviruses, like SARS, is so strong that it can
even last for several years.”” Despite the decreased serum
antibody levels in patients who recovered from SARS or
MERS, cell-mediated immunity was still present at least
10 years after infection.”” SARS-CoV-2 specific CD4+ and
CD8+ T-cells were detected 100% and 70%, respectively,
in COVID-19 convalescent adult patients against various
viral epitopes, including spike (S), nucleocapsid (N) and
membrane (M) proteins.”' Detection of SARS-CoV-2
reactive CD4+ T-cell responses in unexposed individuals
suggests a cross-reactive recognition of common antigen
epitopes between SARS-CoV-2 and other CoVs.”””

SARS-CoV-2 does not cause lymphopenia only by directly
inducing apoptosis of lymphocytes, thymus suppression,
and bone marrow impairment mechanisms, but also due
to redistribution of T lymphocytes in affected organs via
peripheral blood circulation.” In patients with moderate
and severe COVID-19, migration of dendritic cells,
monocytes, and lymphocytes from peripheric tissues
to the lower respiratory system was associated with
increased inflammatory markers, augmented intensity
of radiographic findings in the lungs and poor clinical
outcome of the disease.””

In contrast to other viruses, the SARS-CoV-2 virus
suppresses T-cell activity via induction of severe
lymphopenia and exhaustion of T cells, suggesting an
important impairment in the immunoregulatory arm
of the adaptive immune response.”” Adults with severe
SARS-CoV-2 infection usually present with decreased
lymphocyte counts, including total numbers of CD4+,
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CD8+, and T regulatory cells, being indicative of the poor
disease outcome.”™”

In a cohort study of 452 patients with laboratory-confirmed
COVID-19 and in which 50% of them presented with
severe disease, Qin et al reported a statistically significant
(P-value 0.04) decreases of (CD3+, CD4+, CD25+,
CD127low+) T regulatory cells (3.7/ul vs. 4.5/ul) in severe
adult COVID-19 cases in Wuhan.” Chen et al* showed
that the CD45RA+ T-regulatory cell frequencies were
0.5% in severe and 1.1% in moderate COVID-19 cases
with a P-value of 0.02, but the total number of Treg cells
did not have statistically significant differences (4.7%
vs. 3.9%; P-value 0.92). Consequently, the correlation
between the number of Treg cells and COVID-19 requires
further investigation.

Lymphopenia is a marker of severe disease in children
with COVID-19 as well, even though it is rarely
encountered. Kosmeri et al®' suggest that lymphopenia
is infrequently documented in children possibly due
to the immature immune system and decreased ACE2
expression compared to adults. In a recent meta-analysis,
lymphocytosis and leukopenia were the most common
laboratory abnormalities, encountered in 22% and 21% of
hospitalized pediatric patients respectively.*” In contrast
to adults who mainly express Thl, CD25+ and IFN-y
inflammatory response, children are characterized by Th2
and Th17 immune responses.””® Although children are
frequently exposed to CoVs, immunological memory and
neutralizing antibody production against SARS-CoV-2
are limited due to their reduced lifetime exposure to
antigens.*

Multisystem inflammatory syndrome in children

In April 2020, several reports from Europe, Canada, and
the USA described a rare, novel clinical phenotype that
shared similar clinical characteristics with incomplete
Kawasaki syndrome (KS) or TSS. This condition was
named MIS-C and was regarded as a severe complication
of COVID-19 in children.” Even though many of these
patients meet the criteria for complete or incomplete
KD, there are many differences among epidemiological
aspects, including age of onset and ethnicity.”

Notably, many affected children did not have positive
reverse transcription polymerase chain reaction (RT-PCR)
for SARS-CoV-2 at the moment of MIS-C diagnosis,
but they had positive seroimmunology testing.* These
findings support the hypothesis of a late-onset abnormal
immune response that occurs days or weeks after acute
infection. Comparable deregulated immunophenotype and
immune responses have previously been described in KD,
macrophage activation syndrome (MAS), and cytokine
release syndrome.”” Immune responses that occur in
MIS-C differ from KD and MAS, but the exact mechanisms
stimulated by SARS-CoV-2 infection remain unknown.*"

Notwithstanding, recent data support that an increase in
IL-17 as well as T-cell activation can distinguish patients
with KD from those with MIS-C.”

A recent study described the immunological differences
among the pediatric population with MIS-C and SARS-
CoV-2 positive adults presenting with mild disease and
acute respiratory distress syndrome (ARDS).” In contrast
to adults, children with MIS-C produce predominantly
anti-S IgG but low amounts of anti-N IgG antibodies.”
Compared to adults with ARDS, children with MIS-C
expressed a lower number of antibodies accompanied by
less neutralizing activity.” Consequently, significantly
lower titers of anti-N IgG and neutralizing activity were
identified in children compared to adults regardless of
the severity, such as MIS-C.” There was also a positive
correlation between anti-S-RBD IgG and the onset
of clinical manifestations and a negative correlation
between age and neutralizing activity in children without
MIS-C.***

In a study, which included 127 children with pneumonia,
an increase of IL-10 and decreased levels of CD4+ CD25+
T lymphocytes, NK and CD4+/CD8+ T cell ratios were
detected.” Patients with MIS-C had elevated levels of IL-
6, TNF-a, and IFN gamma-induced protein 10 (IP-10) in
serum as well as enhanced antibody-dependent cellular
phagocytosis (ADCP) activity.”' The increase of IL-
17A, produced by CD4+ T cells, CD8+ T cells, gamma-
delta T cells, invariant NK T-cells, innate lymphoid cells
and neutrophils, implies a possible protective role in the
development of lung disease.”'

Peripheral immunophenotyping performed in children with
MIS-C showed significant neutrophilia, lymphopenia with
T-cell exhaustion, and elevation of cytokines, including
IL-1B, IL-6, IL-8, IL-10, IL-17 and IFN-y, which were
present only in the acute phase of MIS-C.” Additionally,
compared to children with severe COVID-19, children
with MIS-C have a higher proportion of TNF-a and IL-
10.”

Why is COVID-19 less severe in children?

The rapid progression of COVID-19 pandemic has
attracted the interest of the scientific community
worldwide. The majority of patients that require
hospitalization are elderly with comorbidities and fatal
COVID-19 case rates are remarkably lower in pediatric
populations. Several hypotheses have been proposed to
explain those age-related differences in disease severity.

SARS-CoV-2 enters the human body mainly through
ACE2 receptor and transmembrane protease serine 2
(TMPRSS2) in the nasopharyngeal cells.””’’ Disease
severity, as well as COVID-19 specific symptoms such as
loss of taste and smell, probably depends on ACE2 and
TMPRSS2 quantitative expression in the respiratory tract,
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renal, gastrointestinal and cardiovascular systems.”*”” This
age-dependent expression is significantly lower in children
compared to adults (Table 1).”

Pediatric patients have less travelling, hospitalization and
workplace exposure rates, as well as fewer pulmonary
and extrapulmonary comorbidities that are associated
with severe COVID-19 in adulthood."”” Comorbidities
include chronic obstructive pulmonary disease, endothelial
injury, hypercoagulopathy, heart failure, hypertension,
diabetes, obesity, malignancy, chronic kidney disease or
medications that may increase the risk of the severity of
illness, such as ACE inhibitors or angiotensin II receptor
blockers (ARBs).' '

Older adults are characterized by reduced innate and
adaptive immune responses that result in decreased
viral clearance.”'” Previous exposure to other HCoVs,
mainly those that cause the common cold, leads to pre-
existing cross-reactive specific viral T-cell responses, even
in individuals who have never been exposed to SARS-
CoV-2 before.”"”>'" The higher proportion of memory
cells in adults and the absence of naive T cells, which are
abundant in young children, may potentially contribute
to the massive T cell-derived cytokine release mainly
observed in adults with ARDS. Although children are
frequently exposed to human coronaviruses, their T-cell
responses and neutralizing activity are lower compared to
adults.'”

There are many mechanisms that are usually encountered
in adults and affect the immune responses of the host,
including antibody-dependent enhancement (ADE),
macrophage hyperstimulation, and cytokine storm. ADE
is a mechanism usually promoted by viral infections or
vaccination,'’ such as dengue virus, SARS-CoV, and
MERS-CoV vaccination efforts,'””'” in which neutralizing
antibody production is stimulated by previously circulating
viral particles of serotypes.'*'"

Korber et al'"' described a specific mutation in the RBD

of SARS-CoV-2 S1 subunit (D614G), which is rapidly
progressing worldwide. Beretta et al''> suggested that
a possible effect of this mutation is a potential inducer
of ADE, since it shares a common linear epitope of the
SARS-CoV spike which is located close to RBD and
might influence the interaction between RBD and ACE2
receptor. Even though Zhou et al'"” described the presence
of anti-RBD antibodies that induce ADE of viral entry in
Raji cells through the Fcy receptor-dependent mechanism,
there are also some RBD epitopes that were associated
with only neutralizing activity in the absence of ADE
effect. These data suggest that there are different, non-
overlapping RBD epitopes regarding neutralization and
ADE.'"” Notably, a recent case report of a 25 year-old
man with symptomatic SARS-CoV-2 reinfection might be
attributed to ADE mechanism.'*

An explanation for ADE after exposure to SARS-CoV-2
was hypothesized by Zimmermann et al, proposing a
possible lifetime exposure to HCoVs makes the elderly
vulnerable to ADE, due to the high levels of non-
neutralizing cross-reactive antibodies, resulting in severe
clinical manifestations and poor outcome of the disease,
compared to children that are characterized by a lower
level of pre-existing non-neutralizing antibodies.'"

Until recently, there are no specific data that demonstrate
ADE in children. However, a model of MIS-C has been
proposed by Ricke et al in which ADE activation of mast
cells in children with COVID-19 is hypothesized.'*
Degranulation of mast cells with Fc receptor-bound
SARS-CoV-2 antibodies leads to an hyperinflammatory
response, which results in increased histamine levels,
upregulated prostaglandin E2 (PGE2), leading to increased
risks of coronary artery aneurysms.''

In conjunction with immune complex formation by binding
to IgG Fcy receptors,''’ macrophages are hyperactivated
and clinical manifestations of the disease become more
severe as a result of inflammatory response exacerbation.
Monocytes differentiate to macrophages at the site of

TABLE 1 Factors involved in age-related differences of SARS-CoV-2 pathogenesis

Factors involved in age-related differences of SARS-CoV-2 pathogenesis

Expression of ACE2 receptor and TMPRSS2
Comorbidities and medications

Innate immune responses

Adaptive immune responses

Pre-existing antibodies to other HCoVs
Trained immune responses

ADE and macrophage hyperactivation
Cytokine storm

Vitamin D and other micronutrients

Adults Children References
1 ! 96, 98, 136
1 l 99, 100, 101, 102
| 1 103
i l 72, 109
1 ! 104, 109
! i 125, 126
1 ! 106, 117, 119
usually T usually |(except for MIS-C) 80, 121, 122
| 1 127, 130

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ACE2, angiotensin-converting enzyme 2; TMPRSS2, transmembrane protease serine 2;
HCoVs, human coronaviruses; ADE, antibody-dependent enhancement; MIS-C, multisystem inflammatory syndrome in children.
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inflammation after monocyte chemoattractant protein-1
(MCP-1) exposure.'* It seems possible that adults have
decreased L-selectin and increased CD11b,'"”"* both of
which result in irregular macrophage migration.

Cytokine storm, defined as the abnormal systemic
immune reaction associated with increased levels of
inflammatory cytokines and activation of T lymphocytes
and macrophages. This deregulated cytokine release of
uncontrolled systemic inflammatory response results in
elevated IL-1p, IL-2, IL-6, IL-7, IL-8, IL-10, granulocyte
colony stimulating factor (GCSF), MCP-1, TNF-a

with multiple organ dysfunction, such as MIS-C (Table
1)‘80,121,122

Recently, it is obvious that cells of the innate immune
system can be trained by past infections, vaccinations,
or microbial components to enhance immune responses
to future triggers.'”>'** This effect is known as “trained
immunity”, which has been shown after bacille Calmette-
Guérin (BCG), measles and oral polio vaccination or
certain infections.'”'> Given that there are children who
have never been immunized against tuberculosis, trained
immunity may not be explained by BCG vaccination.
Zimmermann et al'’’ make the hypothesis that since
the majority of vaccinations are implemented early in
childhood, trained immunity mechanisms may contribute
to a more efficient inhibition of viral replication and
explain the age-related differences among COVID-19
clinical spectrum. However, their role in SARS-CoV-2
infection still requires further investigation, especially
after the first vaccination.'

Deficiencies of certain micronutrients, such as vitamin
D, zinc, and selenium have been associated with more
severe disease in observational studies.'””'* Vitamin D has
a significant role in the prevention of viral infections by
suppressing their replication via various immunoregulatory
pathways.'”” Even though there is growing interest in
the role of vitamin D in the immune response during
SARS-CoV-2 infection, no clear evidence that vitamin D
supplementation reduces the risk or severity of COVID-19
has been established. Vitamin D levels are usually lower
in elderly, due to inadequate supplementation."*’ However,
vitamin D is often routinely supplemented to infants
younger than 1 year in many countries.'"

In a randomized trial from Brazil, 244 patients with
moderate COVID-19 disease were divided in two groups,
evaluating the effect of a single high dose of vitamin D3
versus placebo.”' Even though admission to the intensive
care unit (ICU) and need for mechanical ventilation were
both decreased 16.0% vs. 21.2% and 7.6% vs. 14.4%,
respectively, these differences were not statistically
significant (P-values 0.3 and 0.09 respectively)."
However, it is notable that Lau et al observed in a
population of 20 patients with COVID-19 that 84% of
COVID-19 patients in ICU had vitamin D deficiency

compared to 57.1% of non-ICU hospitalized COVID-19
patients.'”

A retrospective study showed that children with
COVID-19 had lower vitamin-D titers compared to
children without COVID-19." Among children with
SARS-CoV-2 infection, there was a negative correlation
between vitamin D levels and fever as well.'”® A recent
review suggests that vitamin D levels could be used
as a predictive biomarker of MIS-C and suggests that
correction of abnormal vitamin D levels in severe MIS-C
may favorably affect the outcome of the disease.'**

Questions to be answered

The paramount interest of scientific investigation focuses
on the severe forms of COVID-19 disease, most of which
are predominantly occurring in the elderly with certain
underlying medical conditions. However, the surprisingly
effective immune responses against SARS-CoV-2 in
children raise reasonable questions for future research in
both innate and adaptive arms of immunity. Notably, there
are significant differences in clinical severity depending
on gender, age, ethnicity, or comorbidities, but the exact
mechanisms are only partially understood.

The role of the innate immune response in effective
viral clearance in the ecarly stages of the disecase in
children requires further investigation to identify certain
measurable immunological biomarkers that are predictive
of the severity of the disease, of the response to treatment
and convalescence. The different clinical manifestations
of the disease do not reflect the exact contribution degree
of humoral and cellular immune responses, neither the
effective elimination of infection, nor the protection of
reinfection, a condition already described in adult patients.

Since the beginning of SARS-CoV-2 pandemic, which
is now more than 12 months, limited data have been
published regarding the exact duration of antibody
production, antibody kinetics, T-cell memory, and the
factors that contribute to T-cell activation or exhaustion in
children. Although non-neutralizing antibody production
has been described well in children with COVID-19 with a
wide range of clinical manifestations, the exact percentage
and duration of neutralizing remain questionable. It also
needs to be clarified the immunological mechanisms
that contribute to MIS-C by enlightening the key role of
T-regulatory cells, which assist in the establishment of
protective immunity and immunological homeostasis.

Conclusion

This review summarizes the latest knowledge of the innate
and adaptive immune responses against SARS-CoV-2 in
both children and adults. The decryption of the immune
mechanisms activated by SARS-CoV-2 infection as well
as the detection of prognostic immuno-biomarkers related
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to the severity of the disease, age and sex will contribute
to confrontation or prevent severe clinical manifestations
or reinfection. Children are an important group in
understanding these mechanisms as the majority of them
are asymptomatic or mild symptomatic. Therefore, so
far, there is limited knowledge regarding the immune
responses in children and further research is required.
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