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COVID-19 in children: From afterthought to unknown
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Children were initially considered unsusceptible to severe COVID-19. Our knowledge after two years has
changed dramatically, but there are still many unknowns. Here, we report the current knowledge about
why children generally experience a milder COVID-19 course and highlight research questions about pediat-

ric infection that require answers.

The first cluster of severe pneumonia
caused by a new betacoronavirus, the
2019 novel coronavirus (2019-nCoV),
was reported in Wuhan (Hubei province,
China) in November 2019. From the start
of the COVID-19 pandemic, few papers
described characteristics of pediatric
infection. Currently, children of all ages
appear to be susceptible to COVID-19,
and no significant gender difference has
been reported. Early data from China
suggested that only 1%-2% of COVID-
19 patients were children. We now
know that SARS-CoV-2 infection in chil-
dren has been largely underestimated
as a result of limited testing practices.
In addition, there are currently sporadic
data on specific pediatric risk groups,
such as those living with HIV, those
with other immunosuppressive condi-
tions (including cancer patients), or chil-
dren with chronic heart or lung diseases
(such as cystic fibrosis). The transmissi-
bility of SARS-CoV-2 from children
(whether symptomatic or asymptomatic)
to other children and adults, including
members of their own household, is still
unclear and requires further investiga-
tion." Data collected during public health
emergencies are inevitably subject to re-
porting biases, variations in case defini-
tions, and variable population coverage.
Therefore, one must be cautious when
generalizing widely from early studies;
several important knowledge gaps
remain about COVID-19 in children.
One of the most remarkable features of
SARS-CoV-2 infection is the wide range
of outcomes that follow virus exposure,
ranging from asymptomatic infection to
mild, severe, and fatal COVID-19.

Distinct features of pediatric SARS-
CoV-2 infection

Since the COVID-19 pandemic’s very
beginning, the pediatric population
seemed to suffer fewer symptoms than
adults. Many reports showed how chil-
dren infected by SARS-CoV-2 usually
developed a milder disease than adults.
Understanding the reasons for this milder
disease expression is important to identify
new potential assets and approaches for
the development of new therapies to
reduce the spread of the virus and dis-
ease morbidity across all populations.
However, as the pandemic expanded, it
became clear that some children
(including those without underlying health
problems) did, indeed, develop severe
disease that required intensive care.
There are many theories to explain the dif-
ferences between adults and children,
and many of them remain merely specula-
tive because of the relatively recent his-
tory of the disease and the lack of robust
experimental data.

Reduced COVID-19 severity in chil-
dren may be due to a lower rate of co-
morbidities compared to the elderly.
However, another important hypothesis
focuses on the mechanism of SARS-
CoV-2 cell entry through the angio-
tensin-converting enzyme (ACE) 2 re-
ceptor. Indeed, it has been speculated
that the higher frequency of such recep-
tors in the airways of adults compared
to children could represent a possible
explanation for COVID-19’s milder
course during childhood (Figure 1A). In
addition, it has been shown how, apart
from age, the ACE2-angiotensin system
is affected by many other factors,

including sex, smoking, diet, vitamin D,
body-mass index, drug use, and comor-
bidities including diabetes mellitus,
chronic obstructive pulmonary disease,
hypertension, and IFN-vy levels.?* How-
ever, a direct role of different ACE2 dis-
tribution has not been confirmed, since
most literature on the topic is contradic-
tory, and recent works show compara-
ble levels of viral loads regardless of
the level of ACE2 expression in infected
children.”

Second, an additional possible explana-
tion for the milder clinical course in children
might rely on their prior immunity to
other common cold viruses, including other
strains of coronaviruses (e.g., HCoV-NL63
and HCoV-0OC43), which could confer a
cross-protective immunity through cross-
reactive antibodies presenting neutralizing
activity for multiple strains of coronaviruses
(Figure 1B). In line with this hypothesis,
a recent report also showed a higher
cross-reactive, spike-specific immune
response to SARS-CoV-2 infection, in
terms of neutralizing both Ab- and Ag-spe-
cific T cell immune response in children.®
Childhood immune responses are particu-
larly important in an individual’s life, as
they form the initial memory B cell pool
that shapes future responses. In compari-
son to adults, children have higher fre-
quencies in their blood of “convergent” B
cell clones defined by B cell receptors
(BCRs) with high sequence similarity for
pathogens they have encountered.® In line
with this, it has been recently demon-
strated that children that develop a more
severe phenotype also lack antibodies to
these common seasonal coronaviruses.
Moreover, protection against common
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Figure 1. Main theories behind differences between children and adults in SARS-CoV-2 infection

(A) Different expression of ACE-2 between children and adults.

(B) Prior immunity to other common cold viruses including other strains of coronaviruses in children compared to adults.
(C and D) Main differences in terms of immune and inflammatory response in infancy and adulthood.

(E) The different burden of genetic predisposition and comorbidities in children and adults.

(F) Frequency of vaccine administration decreases with age.

ACE-2, angiotensin-converting enzyme 2; ADE, antibody-mediated enhancement. Created with BioRender.com.

human coronaviruses decreases with age,
which is in line with the increased
susceptibility found in the elderly.

Third, antibodies against SARS-CoV-2
are crucial, when they present neutralizing
activity, to control the disease. Conversely,
aspecific humoral responses can be detri-
mental in cases where they induce
antibody-mediated enhancement (ADE)
inflammation—a mechanism that de-
serves further attention in the pathogen-
esis of COVID-19 (Figure 1D). Pre-existing
abs against different strains of HCoVs can
partially affect neutralizing activity against
SARS-CoV-2 and act as a trigger for
ADE.’ This could explain both the worse
disease course observed in adults and
the development of rare hyper-inflamma-
tory conditions in children, such as multi-
system inflammatory syndrome in children
(MIS-C).

Fourth, it has recently been shown that
a relevant proportion of people with a
more severe clinical course following

SARS-CoV-2 infection show autoanti-
bodies against type | IFN and/or rare
genetic variants involved in IFN immu-
nity, suggesting the need for a genome-
wide association analysis of host factors
determining more severe COVID-19
phenotypes also found in children
(Figure 1E).

Fifth, it is well known that lymphocyte
memory compartments change dramati-
cally with age—there is a higher percent-
age of naive cells during the first years
of life and an expanded memory compart-
ment with age. This distribution could
differentially challenge the immune system
upon novel antigenic stimulation in child-
hood or adulthood. Furthermore, children’s
immune responses are skewed toward a
Th2 response with a lower amount of pro-
inflammatory cytokines compared to the
Th1 response more typical of the adult pop-
ulation and associated with an increased
disease severity. In line with this hypothe-
sis, a better regulatory activity associated
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with lower immune activation status has
been reported in asymptomatic COVID
children (Figure 1C).®

Finally, a fascinating, although uncon-
firmed, hypothesis is one that confers a
protective role to vaccinations routinely
performed during infancy. This theory,
referred to as “training immunity,” is
based on the homology sequence similar-
ity of 30 amino acid residues between the
SARS-CoV-2 spike glycoprotein, the
fusion (F1) glycoprotein of measles virus,
and the envelop (E1) glycoprotein of the
Rubella virus induced by the vaccine
(Figure 1F).

Multisystem inflammatory

syndrome in children

A number of recent studies have clarified
that the COVID-19 clinical burden in
children is mostly due to over-inflamma-
tion and immune cells dysregulation.®®
It must be noted that an apparently
similar hyperinflammation status that
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characterizes severely ill COVID-19 adults
could also be present in children. Critically
ill children present with a pro-inflamma-
tory syndrome characterized by a pheno-
typic picture resembling Kawasaki dis-
ease (KD) or toxic shock syndrome
possibly related to COVID-19. This new
condition related to SARS-CoV-2 infec-
tion was initially defined as Kawasaki-
like disease. An increasing number of re-
ports found that KD and COVID-19-
related pro-inflammatory states share
some characteristics and likely a common
genetic background but still appear to be
clinically different. On May 14, 2020, the
Centers for Disease Control and Preven-
tion (CDC) issued a national health advi-
sory to report on cases meeting the
criteria for MIS-C. The hyper-inflamma-
tion status in MIS-C is also empirically
sustained by the efficacy of immunomod-
ulatory therapies such as intravenous
immunoglobulin, systemic corticoste-
roids, and IL-1 receptor antagonists, the
latter mainly used as second-line therapy
in refractory cases. Considering the
severity of this pro-inflammatory condi-
tion, we must gain more insight into the
pathogenesis of SARS-CoV-2 infection
and MIS-C to establish proper treatment
strategies and repurpose available drugs
targeting signaling and metabolism of im-
mune cells. Few studies have investigated
through next generation sequencing how
monogenic susceptibility to inflammation
may characterize previously healthy chil-
dren who develop MIS-C after COVID-
19. An IFN-y-skewed response was re-
ported in MIS-C compared to mild
COVID-19 patients;'® however, a defini-
tive mechanistic insight related to the
host-response and underlying the onset
of MIS-C has not been found yet.

SARS-CoV-2 infection in kids: The
heart of the problem

Cardiac involvement, well known to be
one of the most worrying consequences
of MIS-C, was also reported between
May and June 2021 in Israeli troops and
adolescents who were administered a
2nd dose of mRNA COVID-19 vaccina-
tion. Indeed, since then there have been
increasing reports of myocarditis and my-
opericarditis as rare complications of
COVID-19 mRNA vaccinations, especially
in young-adult and adolescent males."”
The CDC Advisory Committee on Immuni-

zation Practices identified a likely associ-
ation between the two COVID-19 mRNA
vaccines from Pfizer-BioNTech and Mod-
erna and cases of myocarditis and peri-
carditis accounting for 1,226 reports of
probable myocarditis/pericarditis cases
after >300 million COVID-19 mRNA vac-
cine doses administered through June
11, 2021. Importantly, most of these
cases were reported to be self-limited,
without any long-term cardiac sequelae.
The severity of the cardiac involvement
with MIS-C, both in terms of intensive
care need and long-term sequalae, is far
worse and not even comparable to car-
diac involvement found in children after
vaccination. However, the pathogenesis
of this condition is still unclear. Overall, it
will be crucial to understand if children
developing myocarditis after vaccination
are those susceptible to MIS-C. Impor-
tantly, it has been recently shown how
mRNA vaccine against SARS-CoV-2
was able to significantly reduce the inci-
dence of MIS-C."? In terms of immunoge-
nicity, a higher dose (100 pg) of mRNA
vaccine was shown to induce higher
CD4 T cell immunity compared to a lower
dose (25 pg). There are few hypotheses
on how differences in quantity of mRNA
delivered through the vaccination could
impact safety and possibly heart disease.
Among the mRNA vaccinations, the main
difference in formulations available for
adults stands in the quantity of mRNA
delivered with Pfizer-BioNTech (30 pg)
versus Moderna (100 pg). Such observa-
tions were extremely useful in the context
of an immunization schedule designed for
children. Indeed, the pediatric population,
overlooked for an excessively long period
in the SARS-CoV-2 vaccination program,
was screened for safety and efficacy in a
clinical trial (NCT04816643),"° and both
CDC and EMA recently approved the
use of Pfizer-BioNTech vaccine in chil-
dren between 5-11 years old at a lower
dosage of mMRNA (10 ng). The low-dose
efficacy and safety with this population
raises the question of whether a personal-
ized and reduced dosage approach
should be considered in patients such as
teenagers and young adults who experi-
enced cardiac side effects after mRNA
vaccines or those patients with a high
risk of autoimmunity. Another open ques-
tion tightly linked to this point regards the
booster immunization of patients previ-
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ously affected by MIS-C. So far, there
has been no structured investigation,
both in terms of safety and efficacy, on
the immunization of these patients. A
tailored intervention with adapted timing
and dosage may be considered for this
particular group (Box 1).

Also, the immunization of children
younger than 5 years old is crucial: direct
benefits of preventing SARS-CoV-2 infec-
tion in young children include protection
against severe disease, hospitalizations,
and severe or long-term complications,
such as MIS-C. Indirect benefits include
the likelihood of reduced transmission in
the home and in school settings, including
transmission affecting vulnerable per-
sons. Without effective COVID-19 vac-
cines for this age group, children could
potentially become ongoing reservoirs of
infection and sources of newly emerging
variants.'* In line with this, the Omicron
variant (B.1.1.529), which prevailed
among other variants beginning in late
2021, showed a robust spread and an
increased virulence among children. It is
still unknown whether novel variants may
differentially impact pediatric hospitaliza-
tion, providing further urgency to the
need for effective immunization strategies
in this population. Indeed, COVID-19 vac-
cine trials for infants and children older
than 6 months are still ongoing. Additional
experimental efforts are needed to effec-
tively target younger kids. An extremely
well-designed and solid body of evidence
with a special regard to the safety profile
of vaccine intervention in children is
needed. Such data will be crucial to coun-
teract vaccination hesitancy among par-
ents or guardians. Indeed, the proposal
to start from lower dosage of mRNA vac-
cinations would help avoid side effects in
children that would dangerously fuel fam-
ilies’ distrust in vaccine intervention. In the
meantime, global knowledge of COVID-
19 epidemiology, clinical characteristics,
and management has continued to evolve
since the onset of the pandemic.

Long-term consequences of SARS-
CoV-2 infection in children

After the first wave of the pandemic, resid-
ual effects of COVID-19 were described in
adults: fatigue, dyspnea, chest pain,
cognitive disturbances, arthralgia, and
decline in quality of life occurring weeks af-
ter the acute infection as a result of cellular
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Box 1. Hot research topic in pediatric COVID-19

disorders such as MIS-C or Long COVID-19?

Hot research topic in pediatric COVID-19

Why do some kids successfully resist or contain the infection with no or minimal symptoms, while others

suffer a spectrum of illness from mild to severe or fatal COVID-19, and others develop post-infectious

Which are the genetic, viral or environmental factors distinguishing the “successfu
resists or contains the virus, from the unsuccessful response that results in the range of severe outcomes?
Which are the correlates of immunity upon vaccination in pediatric age?

Why do some kids suffer post-vaccine complications such as myocarditis?

Which are the predictive biomarkers of safety and immunogenicity upon COVID-19 vaccination in children?

How should we manage COVID-19 vaccine in MIS-C patients or post-vaccine myocarditis?

”

immune response that

damage, robust innate immune response
with inflammatory cytokine production,
and a pro-coagulant state. Therefore, the
term “post-acute COVID-19 syndrome”
was identified and included persistence
of symptoms or development of sequelae
beyond 3 or 4 weeks from the onset of
acute COVID-19."° A post-acute outpa-
tient service established in Italy reported
persistence of symptoms in 87.4% of 143
adult patients discharged from hospital
who recovered from acute COVID-19 at a
mean follow-up of 60 days from the onset
of the first symptom. Fatigue (53.1%), dys-
pnea (43.4%), joint pain (27.3%), and chest
pain (21.7%) were the most commonly re-
ported symptoms, with 55% of patients
continuing to experience 3 or more symp-
toms. A decline in quality of life, as
measured by the EuroQol visual analog
scale, was noted in 44.1% of patients in
this study. Long-term sequelae of COVID-
19 in children have been less well
described than in adults. However, such
a condition has been characterized as
well by symptoms of fatigue, headache,
dyspnea, cough, anosmia, etc. In the
past couple of months, there have been
several publications on this syndrome,
but little is known about its prevalence
and its associated risk factors, specifically
in children and adolescents. This condition
was incompletely understood initially, and
therefore it did not immediately receive
an official name. Nevertheless, patient or-
ganizations started complex discussions
and movements on social media with
various kinds of evidence and advocacy
to demonstrate a longer, more complex

course of illness and eventually coined
the term “long COVID,” which was later
also recognized by the World Health Orga-
nization. Patient advocacy played a critical
role in the naming of long COVID. To date,
few data on post-acute COVID-19 children
have emerged. A study conducted in
Australia on post-acute COVID-19 out-
comes in children with mild and asymp-
tomatic COVID-19 reported that the most
common post-acute COVID-19 symptoms
were mild post-viral cough (6 [4%] of 151
children), fatigue (3 [2%] children), or
both post-viral cough and fatigue (1 [1%]
child). These findings suggest a difference
compared with adults, with whom multi-
systemic complications have a higher
prevalence and severity. An ltalian study
on post-acute syndrome in children re-
cruited 129 children reporting the following
most frequently reported symptoms at
60 days post-acute infection: insomnia
(18.6%), respiratory symptoms (including
pain and chest tightness) (14.7%), nasal
congestion (12.4%), fatigue (10.8%), mus-
cle (10.1%) and joint pain (6.9%), and con-
centration difficulties (10.1%). These find-
ings are in line with the pattern of
symptoms reported in a Swedish cohort.
Emerging clinical observations and prelim-
inary research indicate that COVID-19 can
also have a long-term impact on mental
health in a range of domains, but well-con-
ducted and methodologically robust
studies are still lacking. Data collected
during the SARS-CoV-2 pandemic infec-
tion in the adult population seem to
confirm the association between the viral
infection and psychiatric disorders, partic-
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ularly delirium, depression, anxiety, and
insomnia. Coronaviruses could induce
psychopathological sequelae through
direct viral infection of the central nervous
system (CNS) or indirectly via an immune
response. Moreover, fear of illness, uncer-
tainty of the future, stigma, traumatic
memories of severe illness, and social
isolation experienced by patients during
the COVID-19 pandemic are significant
psychological stressors that may interact
in defining psychopathological outcome.
In the pediatric population, a few studies
investigated the psychological and behav-
ioral impact of lockdown and quarantine
measures for the COVID-19 pandemic
and demonstrated that closing schools,
limiting social interactions, imposing travel
restrictions, halting sports activities, and
transitioning all to online classes have
engendered emotional distress, depres-
sion, irritability, sleep disturbance, inatten-
tion, fear, and anxiety. More recently, pre-
liminary findings from a UK “CLoCk study”
suggest that up to one out of seven (14%)
children and young people who caught
SARS-CoV-2 may have symptoms linked
to the virus fifteen weeks later (https://
www.hra.nhs.uk/planning-and-improving-
research/application-summaries/research-
summaries/children-young-people-with-
long-covid-clock-study-covid-19-uph/).
Overall, these data support the need
to better understand the impact of
SARS-CoV-2 infection on mental health.
Ongoing follow-up of pediatric patients
with  COVID-19, including assessment
of lung and heart function and mental
health outcomes, is needed to compre-
hensively describe long-term outcomes
in this population.

Conclusions

Specific treatment for COVID-19 will be a
critical tool in the fight against SARS-
CoV-2 for the benefit of the patient and,
potentially, to reduce viral shedding and
onward transmission within the commu-
nity. Children of all ages are at risk for
SARS-CoV-2 infection and some of them
for severe disease manifestations. The
administration of COVID-19 vaccines
could confer both direct and indirect ben-
efits even to younger children (<12 years)
and interrupt community transmission. In
light of the positive safety and immunoge-
nicity results of recent pediatric mMRNA
COVID-19 vaccine clinical trials, we
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highlight the need for initial pediatric clin-
ical trials on novel anti-SARS-CoV-2 treat-
ment strategies to begin in parallel with
ongoing adult phase-3 clinical trials. The
support of parents aided by comprehen-
sive information and recommendations
from their children’s pediatricians will be
integral for the success of any COVID-19
vaccine or treatment that is ultimately
licensed for children.
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