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1 | INTRODUCTION

The SARS-CoV-2 pandemic has touched and changed our lives in
many unforeseen ways and exposed the strengths and weaknesses
of our societies. Leveraging our scientific knowledge and resources,
we were able to introduce effective SARS-CoV-2 vaccines with
unprecedented speed. At the same time, health inequalities, misin-
formation, and political complexities hampered efficient vaccine im-
plementation. Currently, according to the Kaiser Family Foundation,
<70% of the eligible world population has received at least one vac-
cine dose, many fewer have received the recommended booster vac-
cinations. Therefore, considering the continued emergence of new
SARS-CoV-2 variants with higher transmission potential, inequity in
vaccine distribution, and widespread vaccine hesitancy, vaccine cov-
erage is suboptimal to curb the pandemic.

Several vaccines have been approved for use in adults, only few
in adolescents, and so far just one, the Pfizer-BioNTech vaccine,
has received emergency use authorization (EUA) for children 5 to
11years,! but none yet for children under age 5. This lack of access

to a vaccine in the youngest age group more than 1.5years since

The SARS-CoV-2 pandemic has resulted in unprecedented health and economic losses.
Children generally present with less severe disease from this virus compared with
adults, yet neonates and children with COVID-19 can require hospitalization, and older
children can develop severe complications, such as the multisystem inflammatory syn-
drome, resulting in >1500 deaths in children from COVID-19 since the onset of the
pandemic. The introduction of effective SARS-CoV-2 vaccines in school-age children
and adult populations combined with the emergence of new, more highly transmissible
SARS-CoV-2 variants has resulted in a proportional increase of infections in young chil-
dren. Here, we discuss (1) the current knowledge on pediatric SARS-CoV-2 infection
and pathogenesis in comparison with adults, (2) the data on vaccine immunogenicity

and efficacy in children, and (3) the benefits of early life SARS-CoV-2 vaccination.

children, infant immunity, MIS-C, SARS-CoV-2, vaccines

a SARS-CoV-2 vaccine was approved for human use represents a
health disparity for children. Both Pfizer-BioNTech and Moderna
have submitted clinical trial data to the US FDA to obtain EUA for
vaccination of infants aged 6 months to 5years. Yet, delays in clinical
testing of vaccines in this age group led to the vaccine efficacy being
tested when circulating variants were more transmissible and could
evade vaccine immunity, resulting in expected reduced efficacy that
has clouded the vaccine approval process. Thus, even when ap-
proved, the opinion is expected to remain divided about the use of a
pediatric SARS-CoV-2 vaccine for young children.? Here, we will at-
tempt to provide a fair assessment of the importance of SARS-CoV-2
vaccine implementation in the pediatric population.

2 | POTENTIAL INNATE IMMUNE
FACTORS CONTRIBUTING TO REDUCED
DISEASE SEVERITY IN CHILDREN

The observation that children present with less severe disease

and mortality compared with adults was surprising as many other

*This article is part of a series of reviews covering SARS-CoV-2 Immunity appearing in Volume 309 of Immunological Reviews.

© 2022 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

90 wileyonlinelibrary.com/journal/imr

Immunological Reviews. 2022;309:90-96.


www.wileyonlinelibrary.com/journal/imr
mailto:﻿
https://orcid.org/0000-0003-1438-4554
mailto:sap4017@med.cornell.edu

DE PARIS ano PERMAR

infectious diseases, including respiratory infections such as influ-
enza, present with higher morbidity in infants compared with adults.
Several reasons may account for the relatively mild disease out-
comes in the pediatric population. An obvious explanation would be
lower expression of the receptors for SARS-CoV-2 in relevant target
tissues and cells. The literature on this topic remains controversial.
Several studies have indeed reported that angiotensin converting
enzyme 2 (ACE-2) mRNA levels increase with age in nasal epithe-
lium and lung and are lowest in children.®® Another study, however,
reported that neonates have lower mRNA levels of ACE-2 and trans-
membrane serine protease 2 (TMPRSS2) in nasal scrape samples,’
whereas children <18years of age present with higher ACE-2 and
comparable TRMPSS2 mRNA levels compared with adults.®? Yet an-
other study utilizing human lung tissue, revealed that ACE-2 expres-
sion on lung epithelial cells is low in the neonate, but higher in infants
up to 1 year of age compared with children ages 1-17 years or adults
up to 45years of age,10 In endothelial cells or other cell types of the
lung, ACE-2 mRNA expression, however, is higher in adults com-
pared to children of all ages.'® These different findings might be due
to the type of sample collected, the cellular composition of these
samples, and/or the assay type for receptor expression. It should
also be noted that most studies are limited in sample size and re-
port a high inter-individual variation in ACE-2 mRNA expression. The
fact that SARS-CoV-2 viral loads in nasal or nasopharyngeal samples

of children and adults are of similar magnitude®*'?

argues against
reduced infectivity due to lower receptor expression as cause for
milder disease in children. Furthermore, studies have been unable
to detect a relationship between viral load and ACE-2 expression.*!

Infants receive many vaccines in the first year of life and it has
been proposed that these frequent vaccinations could heighten in-
nate immune responses, known as “trained immunity".13'16 Indeed,
live-attenuated vaccines such as measles, polio, and BCG have been
associated with the induction of trained immunity‘17 Although the
live attenuated polio and BCG vaccines are no longer administered
in many high-income countries, the MMR, chickenpox and rotavirus
live attenuated vaccines are included in the routine pediatric vaccine
schedule; in low- and middle-income countries (LMICs), live attenu-
ated polio and BCG vaccines are still widely distributed. Therefore, it
is feasible that trained immunity aspects contribute to better control
of SARS-CoV-2 infection in children,*** but a causal relationship
cannot be established.

There is evidence, however, that innate immune responses to
SARS-CoV-2 infection differ between children and adults. Gene ex-
pression analysis of nasal swab samples revealed a strong induction
of innate immunity and type | interferon (IFN) responses in infants,
whereas in adult samples a bias toward higher metabolic activity was
noted.* A more recent study confirmed higher local IFN in children
compared with adults.'? Increased IFN levels in children were, at
least in part, ascribed to a higher pre-activation state of the IFN re-
sponse in many epithelial cell types, but also in immune cells.*? The
SARS-CoV-2-induced IFN response, however, was more effectively
induced in adults, both in the upper and lower airways and system-
ically.*? Adults also presented with stronger systemic inflammatory
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responses, in particular elevated levels of D-Dimer and C-reactive
protein (CRP) compared to children.** In contrast, a recent study
did not find differences in type | IFN responses between adults
and children <15years of age with asymptomatic or mild disease,
but also noted distinct gene expression pattern in nasal samples.t®
In the latter study, the cellular composition in acute SARS-CoV-2
infection changed from a predominance of epithelial cells to an in-
creasing number of immune cells'® and gene expression data con-
firmed increased activity in pathways associated with chemotaxis,
neutrophil activation, and T-cell activation in adults, but not in in-
fant samples. Consistent with these findings, higher frequencies of
cells with cytotoxic potential, including NK cells, CD8" T cells, but
also CD4* T cells, were found in adult compared to infant samples.*?
Furthermore, in adults the formation of neutrophil extracellular
traps (NET) has been associated with COVID-19 disease severity.19
Infants, however, have an impaired ability to form NETs.%° Overall,
these data imply a bias towards a stronger inflammatory response in
adults, both locally and systemically, whereas infants may contain
virus replication rapidly via type | IFNs at local entry sites and mount
somewhat lower systemic inflammatory responses effectively re-
sulting in reduced pathogenesis in most infants infected with SARS-
CoV-2. Following up on these findings is important for development
of potential therapeutic to reduce the severity of other respiratory
pathogens that commonly cause severe disease in infants, such as
respiratory syncytial virus.

Finally, children in general also have fewer comorbidities than
adults, such as diabetes, cancer, and obesity, and thus fewer risk
factors for severe COVID-19 than adults. Yet, children with severe
disease and who have died from SARS-CoV-2 infection frequently
have co-morbidities, with obesity as the most common co-morbidity
associated with severe disease in adolescents.?"?2 With obesity af-
fecting nearly 20% of the US childhood population, vaccination is an

important tool to prevent infection in these high-risk populations.

3 | SEVERE DISEASE FROM COVID DOES
NOT OCCUR FREQUENTLY IN CHILDREN,
YET COVID-19 HAS BECOME A LEADING
CAUSE OF DEATH IN CHILDREN

It will be essential to balance health benefits with potential risks
to justify the introduction of a pediatric SARS-CoV-2 vaccine.
What do the data tell us so far? According to WHO, SARS-CoV-2
infections have exceeded 500 million cases and resulted in >6 mil-
lion deaths.?® Children and adolescents account for about 21%
of cases and 0.4% of deaths. For the purpose of this article, we
will define children as being <18years of age. Generally, pediat-
ric SARS-CoV-2 infection is associated with less severe disease
outcomes compared with adults.?*?® However, over 1500U.S.
children have died from this infection since 2020, which is con-
siderably higher than deaths that occurred annually from many
viruses that we routinely vaccinate against, including influenza

and varicella.?? Moreover, severe complications, including the
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pediatric inflammatory multisystem syndrome, temporally associ-
ated with SARS-CoV-2 (PIM-TS) and the multisystem inflammatory
syndrome in children (MIS-C), have been observed in a subset of
children.®° Are these numbers sufficiently high and the disease
outcomes severe enough to warrant a strong impetus on vacci-
nation of the pediatric population? We could argue every life is
worth saving. Skeptics raise alarm about potential long-term con-
sequences.2 As of May 2022, in the US alone, 8 million children
ages 5to 11 years have completed a two-dose SARS-CoV-2 vaccine
regimen. The exceptional data on the safety and immunogenic-
ity of the vaccines in these recipients should suffice to overcome
any doubts on vaccine safety. While long-term outcome data
on vaccine safety are indeed missing, yet vaccine safety events
have never occurred at such a late juncture with previous vaccine
platforms. Furthermore, the rare cases of myocarditis and peri-
carditis that have been observed in adolescents and young adults

3134 seem to be dose-dependent

receiving SARS-CoV-2 vaccines
and have yet to be reported with lower dose pediatric vaccines in
younger populations. Follow-up data demonstrated that all sub-
jects had recovered and were asymptomatic,®®> and while some
patients still presented with slight cardiac abnormalities, these oc-
curred at a significantly lower rate than after SARS-CoV-2 infec-
tion.%® The number of participants in clinical trials conducted in
young infants (<5years) is too low to detect rare events but given
the lower doses being used in this population and relatively rare
occurrence of myocarditis in this age group in general, a vaccine-
associated risk for myocarditis in infants 6 months to 5years of
age is unlikely to be identified.

A French study reported that a hyperinflammatory syndrome
after vaccination of 12 to 17 year old occurred at a rate of 1.5 per
one million total vaccine recipients (95% CI 0.8, 2.6).%7 In contrast,
113 cases of MIS-C were observed among one million SARS-CoV-2
infections in the same age group.37 Evidence is starting to emerge
that vaccination can reduce the risk of MIS-C.3® Prevention of
MIS-C is important because affected infants and adolescents may
face long-term health sequalae that are not yet known. Neurological
manifestations have been seen in about 20% of MIS-C patients.%’
Although, as pointed out above, many patients appear to fully re-
cover, fatal MIS-C outcomes due to encephalomyelitis or other
causes have occurred.*®#! It should be noted that the CNS is still
developing in infants and adolescents, and thus, any damage can
potentially be detrimental and long-lasting. Importantly, exact data
on global SARS-CoV-2 infections in LMICs are often not available,
especially when estimating pediatric cases. In fact, only recently a
first study on MIS-C was reported from South Africa.*? Therefore,
on the global level, pediatric complications due to SARS-CoV-2 in-
fection are most likely underreported and will continue to occur
given the considerably lower vaccine coverage in LMICs.*? In high
income countries, such as the USA, the risk for MIS-C is increased
in Black and Hispanic children.3%#* This disparity could be due to
socio-economic and health care access inequities, but genetic and

environmental risk factors are still being explored. Yet should the

latter be the case, we would expect a higher MIS-C incidence in

South American and African countries.

4 | ROBUST IMMUNITY TO SARS-
COV-2 INFECTION AND VACCINATION IN
CHILDREN

Infants and children mount robust plasma and nasal antibody re-
sponses, and of similar magnitude as adults, against SARS-CoV-2.1
A comparative study of children and adults demonstrated that anti-
bodies in infants were preferentially targeting the spike protein and
less frequently the N protein, whereas antibodies to both proteins
were easily detectable in adults.*® These findings have implications
for serology testing approaches to confirm prior SARS-CoV-2 infec-
tion. There is conflicting evidence regarding the functional capacity
of the antibody responses in children, while some studies reported
neutralizing antibody responses of lower magnitude in children,*344
other studies observed comparable plasma antibody responses and
neutralizing antibody titers in children and adults.*>%¢

Several studies have documented that SARS-CoV-2-specific T
cell responses are reduced in children compared with adults.*¢*
Both the frequencies of CD4* and CD8" T cell responses to SARS-
CoV-2 structural and ORF1ab proteins are lower in infants compared
with adults when IFN-y production or T cell activation are assessed,
and infants also have lower frequencies of effector memory CD4™*
T cells.*” There is, however, no age-dependent difference in overall
polyfunctionality of the T cell response.”” T cell responses persist
and increase with time post infection in both age groups.47 The im-
pact on disease severity on T cell responses requires further clarifi-

d*® and stronger®® T cell responses have been

cation as both reduce
observed in children with MIS-C compared with children with mild
COVID-19.

Pediatric immunity to SARS-CoV-2 mRNA-LNP vaccination
has also proven to be robust, as demonstrated in the Pfizer and
Moderna mRNA-LNP dosing studies in children ages 5-11 where
vaccine doses of half or less than that used in adults were able
to achieve similar spike-specific 1gG responses and neutralizing
titers.***° Moreover, pre-fusion stabilized Spike mMRNA-LNP vac-
cination of 2 month-old nonhuman primates at a lower dose than
studied in pre-clinical adult nonhuman primate vaccines achieved
high magnitude and durable binding and neutralizing antibody re-
sponses.”® Finally, recent data released from Moderna on phase
11/111 studies in children ages 6 months to 6years indicated that
responses to a low dose mRNA-LNP vaccine that is a quarter of
the adult dose elicited responses that were similar to that elicited
in adolescents and young adults with the adult vaccine dose.>?
Further, Pfizer-BioNTech released preliminary information from
their phase II/1ll trial in the same age group reporting that a low
dose mRNA-LNP series of three immunizations was tolerable, im-
munogenic, and demonstrated 80% efficacy during a time when

the Omicron variant was circulating.53
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Prevention methods against SARS-CoV-2 infection in young in-
fants include maternal vaccination. Despite being originally left out
in clinical trials, pregnant women have significantly benefitted from
vaccination.>*>® Moreover, mothers vaccinated prior to or during
pregnancy will transfer SARS-CoV-2 specific antibodies to their
babies transplacentally and via breastmilk.>”>® However, this pas-
sive protection is only going to protect the infant in the first 6 to
12months of life prior to waning of maternal antibodies, and with
the low durability and ongoing virus evolution, maternal antibodies
are likely to only protect neonates for a few months. Even when
breastfeeding is continued into the 2nd year of life, the decline of
vaccine-induced antibodies and limited uptake of antibodies from
breast milk into circulation would likely result in titers too low to pro-
tect the infant against infection. Importantly, vaccine authorization
is unlikely to be granted prior to 6 months of life as infants under age
6 months have not been included in clinical trials. Yet, neonates are
one of the most frequently hospitalized pediatric population from
SARS-CoV-2 infection®” and hospitalization of infants under 1 year
of life increased during the Omicron waves of SARS-CoV-2 infec-
tion,” most of which did not have underlying conditions. Thus, it is
likely that protection against severe COVID disease for all children
will require vaccination at younger than 6 months of age. However,
it is yet unknown whether pre-existing maternal antibodies against
SARS-CoV-2 in infants will interfere with responses to mMRNA-LNP
or other SARS-CoV-2 vaccines, and this should be studied in both

pre-clinical models and human trials.

5 | BENEFITS FAR OUTWEIGH THE RISKS:
ADVANTAGES TO ROUTINE EARLY LIFE
VACCINATION AGAINST SARS-COV-2

The benefits of childhood vaccination with SARS-CoV-2 vaccines
far outweigh the risks of acquiring the infection when unvaccinated,
placing the vaccine among the most important to child health as
other routine vaccines, as well as seatbelts and car seats to prevent
severe injury and death from motor vehicle accidents. Moreover,
there are a host of reasons for SARS-CoV-2 vaccines to become part
of the routine pediatric vaccine schedule starting in the first year
of life. Advantages to early life immunization against SARS-CoV-2
include the following: (a) protection against infection and severe
acute COVID disease for infants and children; (b) protection against
COVID post-infectious inflammatory syndromes such as MIS-C; (c)
potential protection against long lasting sequelae of COVID and long
COVID; (d) reduction in transmission among households and con-
gregate settings for children, including schools; (e) high magnitude
and durable antibody responses can be elicited in early life via exist-
ing SARS-CoV-2 vaccines at lower doses, reducing side effects and
adverse events; and (f) initiation of foundational immunity against

SARS-CoV-2 and related coronaviruses in early life.
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6 | REMAINING GAPS AND TASKS

The SARS-CoV-2 pandemic was preceded by the earlier outbreaks
of SARS-CoV-1 in 2003 and the middle east respiratory syndrome
(MERS) in 2013. We should assume that other coronaviruses will
eventually evolve and jump species from their original hosts to
humans.®%¢* To prevent future devastating outbreaks, continued
basic science research in the area of virus evolution and immunity
to protect against evolving strains is needed. The emergence of
new variants of concern (VOCs) during the SARS-CoV-2 pandemic
further emphasizes this point and also stresses the urgency for the
development of a pan-coronavirus vaccine.

Right now, many questions about SARS-CoV-2 pathogenesis and
prevention remain unanswered. Our knowledge about factors re-
sulting in severe COVID-19 outcomes is still limited. What specific
host immune mechanisms prevent severe disease in children, ado-
lescents, and adults? Among those, which ones are common across
all ages, and which one are age-specific. There is a need to identify
biomarkers that can predict the emergence of late complication,
such as MIS-C or long COVID. Why do some patients develop severe
neurological symptoms, including lesions within the brain? In adults,
male sex has been linked to higher morbidity and mortality, this has
not been observed in children. What are the underlying reasons, do
they include sex-specific regulation of gene expression? These are
just a few of the areas that will require intensive research. We are
only starting to gather data on long-term outcomes and such data
need to be interpreted in the context of the relevant viral variant at
the time of data collection. While many VOCs have demonstrated
increased transmissibility, higher infection rates did not always
translate into increased disease severity. Do we need age-specific
diagnostic, treatment, and prevention strategies? The next few years
will provide large population data to conclusively assess durability
of vaccine-induced immunity and protective efficacy, data that will
inform the need for additional vaccine boosts to protect against po-
tentially newly emerging VOCs. The parallel real-world assessment
of vaccine safety and risk is a necessary part of this evaluation, es-
pecially as COVID vaccines are rolled out in our youngest children.
Without a doubt, new variants will continue to emerge, and in the
opinion of the authors, we will be unable to end ongoing devastating
effects of the pandemic if we do not ensure the wide-spread imple-
mentation of a safe and effective vaccination across all age groups.

7 | CONCLUDING REMARKS

The statistics on COVID-19 speak for themselves, as of May 16,
2022, globally SARS-CoV-2 infections have exceeded 500 mil-
lion cases and resulted in >6 million deaths (covid19.who.int). Yet,
less than 60 per 100 persons are fully vaccinated and<25 have

received recommended booster doses.?® Effective vaccines have
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been developed, and it is up to the governing bodies of the global
community to devise and implement the means to ensure sufficient
vaccine production, distribution, and uptake across populations of
all ages in high-, middle-, and low-income countries, in urban and
rural areas, and at a cost that is affordable. To be successful in these
efforts, we also need to overcome vaccine hesitancy, including for
children. Therefore, politicians, health care providers, and scientists
must work together and provide the critical real-world data on vac-
cine safety and effectiveness, as well as a uniform message on the
importance of vaccination to ensure protection against effects of
the COVID-19 pandemic for all populations. We have to clearly com-
municate in lay terms what vaccines are available, how they work,
what their limitations are, and why the benefits outweigh the risks.
Moreover, we should build on global successes of routine pediatric
vaccine schedules for protection against and elimination of a num-
ber of previous pandemic pathogens. Thus, we conclude that the
SARS-CoV-2 vaccine should become a routine pediatric vaccine rec-
ommended and available worldwide, providing the highest chance
of success in putting the unprecedented global effects of the SARS-
CoV-2 virus behind us.
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