vaccines

Review

Children’s SARS-CoV-2 Infection and Their Vaccination

Sneh Lata Gupta 1@, Rohit Tyagi 2(, Atika Dhar 1, Neelam Oswal 1, Ankita Khandelwal 3

and Rishi Kumar Jaiswal %*

check for
updates

Citation: Gupta, S.L.; Tyagi, R.; Dhar,
A.; Oswal, N.; Khandelwal, A.;
Jaiswal, R.K. Children’s SARS-CoV-2
Infection and Their Vaccination.
Vaccines 2023, 11, 418. https://
doi.org/10.3390/vaccines11020418

Academic Editor: Pedro Plans-Rubid

Received: 23 December 2022
Revised: 8 February 2023
Accepted: 10 February 2023
Published: 12 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

National Institute of Immunology, New Delhi 110067, India

College of Veterinary Medicine, Huazhong Agricultural University, Wuhan 430070, China
Jhalawar Medical College, JThalawar 326001, India

Department of Cancer Biology, Cardinal Bernardin Cancer Center, Stritch School of Medicine,
Loyola University Chicago, Maywood, IL 60153, USA

*  Correspondence: rishijai24@gmail.com

W N e

Abstract: SARS-CoV-2, a novel coronavirus, causes respiratory tract infections and other complica-
tions in affected individuals, and has resulted in numerous deaths worldwide. The unprecedented
pace of its transmission worldwide, and the resultant heavy burden on healthcare systems every-
where, prompted efforts to have effective therapeutic strategies and vaccination candidates available
to the global population. While aged and immunocompromised individuals form a high-risk group
for COVID-19 and have severe disease outcome, the rate of infections among children has also
increased with the emergence of the Omicron variant. In addition, recent reports of threatening
SARS-CoV-2-associated complications in children have brought to the forefront an urgent necessity
for vaccination. In this article, we discuss the current scenario of SARS-CoV-2 infections in children
with a special focus on the differences in their immune system response as compared to adults.
Further, we describe the various available COVID-19 vaccines, including the recent bivalent vaccines
for children, in detail, intending to increase willingness for their acceptance.
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1. Introduction

SARS-CoV-2 has displayed a very high rate of spread since December 2019, resulting in
an enormous global death toll [1-4]. A total of 754 million confirmed cases and 6.81 million
deaths due to SARS-CoV-2 infections have been reported until now, as per the World
Health Organization (WHO) epidemiological report (https://covid19.who.int/, accessed
on 30 November 2022). The emergence of new variants of SARS-CoV-2 such as Alpha, Beta,
Delta, and the most recent Omicron variant and subvariants have posed a challenge for the
healthcare system due to the high transmissibility [5-7], contributing to the need to design
effective treatment measures. According to published data, elderly individuals and those
with co-morbidities have shown a higher incidence of fatality, and therefore are at a higher
risk due to the virus infection [8,9]. On the other hand, SARS-CoV-2 infections in children
have mostly been reported to be mild, with a low fatality rate [10-13].

A major protective measure taken to reduce COVID-19 infections in children has been
the closure of schools and play areas, but these measures have drawbacks and cannot be
implemented long-term [14]. Despite the early notion of a low number of cases in children,
an increase in the number of infections and hospitalizations due to Delta and the subsequent
Omicron variants of SARS-CoV-2 has been observed [15]. In addition, children can form a
point of contact with COVID-19 infection for their family members, which might constitute
individuals in the high-risk group. The vaccination drive against COVID-19 in adults has
helped in controlling disease transmission and severity to a large extent [16]. Therefore,
it is also necessary to extend this protection to children by promoting their vaccination.
Vaccination against many life-threatening infections is commonly administered to children
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during the first few years after birth, and including COVID-19 vaccination might be a
significant step.

A majority of the available literature deals with SARS-CoV-2 infection in adults and
their vaccination, though limited research has been carried out in cases of children. This
is largely explained by preliminary results which showed that children are either asymp-
tomatic or have mild symptoms after SARS-CoV-2 infection. However, it does not rule
out the importance of vaccination among children to achieve herd immunity and risk of
getting exposed with the continuous emergence of newer SARS-CoV-2 variants. Vaccina-
tion of children requires parental consent, and vaccine hesitancy among parents exists due
to limited literature availability, fewer numbers of or lack of available vaccines, lack of
FDA approved bivalent vaccine for kids aged 5 years or less, and the available vaccines
being under the Emergency Use Authorization (EUA) category and not fully licensed
for vaccination in children in the public domain as compared to adults. Infants younger
than 6 months are dependent on maternal antibody transfer, as no vaccine is available
for them. Therefore, an infant will not receive protective antibodies unless the mother is
vaccinated or possesses antibodies against SARS-CoV-2 after an infection. Additionally,
cases of Multisystem Inflammatory Syndrome in children (MIS-C) have also been reported,
though the exact causative mechanism has not yet been understood, which has hindered
the development of a universal treatment for MIS-C. Children also differ from adults in
terms of innate, adaptive, and mucosal immune responses. Hence, the immune response to
an infection or vaccination in adults is different from that observed in children. All these
challenges make children a special cohort and highlight the need for an increase in the
availability of literature in the public domain. This review encourages parents to get their
children vaccinated, and the researchers and policy makers to assess pediatric vaccination
safety, immunogenicity, and efficacy data and facilitate its proper dispersal. This review
also reflects the importance of finding new alternatives of vaccine availability, their dose,
route of administration, etc., that might differ from adults in the future.

COVID-19 is an infectious disease that is transmitted mainly via respiratory droplets.
The SARS-CoV-2 virus has also been reported to be sustained on surfaces, and hence
maintaining social distancing, use of masks, and hand sanitizers were recommended to
prevent community transmission [17-21]. In a family setting, there were reported cases
of family transmission of SARS-CoV-2 infection and related disease symptoms. A case
study conducted in China, including 14 families and nine children, reported that adults
in these families were SARS-CoV-2 PCR positive and had moderate to severe symptoms,
and all nine children were also positive but had mild symptoms (3) or were asymptomatic
(6) compared to adults. Similarly, other reports also showed that children can be potential
carriers of this disease and become infected via family transmission [22-24]. In children,
severe disease did not positively correlate with viral load [25]. This suggests that even
asymptomatic children, or those with mild symptoms, could have higher viral titers and
serve as a potential carrier for community disease transmission and the emergence of
SARS-CoV-2 viral variants.

Newborn infants can develop SARS-CoV-2 infection, and around 2-3% of maternal
to fetal vertical transfer (intrauterine transfer) of infection (lower risk of incidence) has
been reported [26-29]. Infants receive maternal antibodies (vertical transmission) from
their mother from the placenta and during the lactation period via breast milk [30-32].
A recent study suggested that antibodies are transferred from vaccinated or SARS-CoV-
2-infected mothers to their babies via placental transfer. The transferred antibody titers
sharply decrease from birth until 6 months of age [33-37], as shown in Figure 1. Pregnant
women vaccinated with the mRNA vaccine show better antibody-mediated function and
Fc receptor binding than the adenovirus-based vaccine. Among the three trimesters during
pregnancy, vaccination in the first or third trimester gives a better immune response than
vaccination in the second trimester. The transfer efficiency of antibodies from mother
to fetus is also higher in the first and second trimesters compared to the third trimester
when tested in both maternal and umbilical cord blood sites [38]. Maternal antibodies
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are also transferred via breastfeeding during lactation [39]. Children have been shown to
have a durable immune response after COVID-19 infection. As reported, children showed
long-term Receptor Binding Domain (RBD) binding antibody responses to SARS-CoV-2
infection in various age groups up to 10 months post-COVID-19 mild infection [40]. It
was observed that very young kids, such as children <5 years of age, who were affected
by severe acute COVID-19, and later hospitalized, had a greater reduction in neutralizing
antibodies to SARS-CoV-2 variants as compared to children >5 years of age. This report
also confirmed that convalescent COVID-19 and MIS-C affected pediatric cohorts showed
higher neutralization titers as compared to acutely infected COVID-19 populations [41].
Studies have shown that kids younger than 5 years of age had a higher incidence rate
during the emergence of the Omicron variant in comparison to the Delta variant. This
suggested that younger kids can transmit the Omicron variant infection at a higher rate,
but have less severe clinical outcomes. Among these kids, those belonging to the age group
of 0-2 years had a higher monthly incidence rate of COVID-19 as compared to those of
3—4 years of age during the emergence of the Omicron variant [42—44].

Covid Vaccination or Infection
during pregnancy
(20-32 weeks gestation)

Maternal IgG
level

Umbilical 2 months old 6 months old
cord kids infants
N4

Ny S

Y.

Figure 1. Levels of maternal IgG antibody transferred from mother to infant wanes during 0—6 months
after birth. Maternal anti-SARS-CoV-2 IgG antibodies acquired either by natural infection or vac-
cination are transferred to the fetus via placenta. The level of maternal antibodies decreases with
the infant’s age and lasts up to 6 months. SARS-CoV-2 infection or COVID-19 vaccination during
20-32 weeks of gestation generated the highest antibody titer in pregnant women. This gradually
declines when tested in umbilical cord samples at the time of birth, and then further declines at
2 months after birth as observed in infant serum samples and reaches a minimal amount at the age of
6 months, as represented in Figure 1.

Various studies have explained that the reasons children have a milder infection are
strong innate responses due to higher levels of IFN-gamma and IL-17A, and lower levels of
TNF-alpha and IL-6 in serum. SARS-CoV-2 infected children also have a lower adaptive
immune response as shown by lower memory T cells, Fc gamma receptor levels, lesser
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ADCP (antibody-dependent cellular phagocytosis) reactions, and reductions in neutralizing
antibody responses than adults [45]. The innate immune response in the nasal mucosa
of children is also stronger and more vigorous than adults. Nasopharyngeal swabs from
COVID-19-infected children and adults were compared; it was found that children dis-
played higher gene expression related to IFN and NLRP3 inflammasome signaling [46,47].
Children also showed higher basal level gene expression of pattern recognition receptors
(PRRs), such as MDAS and RIG-1, in innate immune cells in upper respiratory airways than
adults, which explains the robust anti-viral innate immune response in children compared
to adults [48]. The adaptive immune system of children is naive compared to that of adults.
As a result, they have a higher frequency of naive T cells, especially cytotoxic T cells and
NK cells, and less clonal expansion in the T cell repertoire. Together, these factors possibly
contribute to the absence of an exacerbated immune reaction and hyperinflammation post-
SARS-CoV-2 infection in children [49]. Children tend to have higher clonotype diversity
and enriched naive B cell and T cell populations as compared to adults. On the other
hand, adults have a higher frequency of systemic IFN-induced immune cells such as B
cells, T cells, NK cells, and monocytes which induce IFN in blood, as well as enrichment of
cytotoxic immune cells [50]. One in vitro assay assessing SARS-CoV-2 specific [IFN-gamma
producing T cells showed that they are higher in adults compared to children, in cases of
mild to moderate SARS-CoV-2 infection [51]. Children also developed a stronger spike
specific B cell mediated antibody response, as well as T cell response, which was also
persistent and durable (more than 6 months), as compared to adults (faster decay), post
SARS-CoV-2 infection [52,53]. Both acute and memory CD4+ T cells and CD8+ T cell
response is lower in children than adults [54].

There are also other factors contributing to lower susceptibility to SARS-CoV-2 infec-
tion in children. The first factor is the lower intensity of exposure to SARS-CoV-2, since the
family dynamics established during the pandemic were intended to protect the children.
The second factor is cross reactivity, since children tend to have a higher frequency of recur-
rent and concurrent viral exposure as well as vaccinations. These repeated and multiple
viral infections and various early-stage vaccinations lead to an ongoing state of activation of
the innate immune system [55,56]. Similarly, children have a higher exposure to helminth
infections than adults, which causes modulation of host inflammatory components [57].
Besides these factors, several other immunological factors are different in cases of adults
than in children. The first is that adults have an alteration in their endothelial function
and coagulation [58]. The second is the difference in enzymatic density and affinity on
respiratory mucosal epithelial cells. These enzymes are angiotensin converting enzyme
(ACE2) and transmembrane protease, serine 2 (TMPRSS2) [59]. In addition, adults have
a higher immune senescence and chronic inflammation rate than children, and a higher
prevalence of comorbidities and underlying chronic conditions [60]. In summary, all these
differences in innate and adaptive immune responses reflect why children show a distinct
immune response post-SARS-CoV-2 infection than adults.

2. Vaccine Hesitancy in Parents to Have Their Children Vaccinated

A major challenge in containing the spread of the SARS-CoV-2 virus is to have most
of the population vaccinated, potentially leading to lower disease severity and transmis-
sion [61]. While various countries have taken measures to promote vaccination, such as the
provision of free vaccines, the percentage of people taking the vaccines in developed coun-
tries is not 100%. As reported in latest data on 11 February 2023 69.4% world population
has received one dose of vaccine but only 26.4% in low income countries got their one dose.
(https:/ /ourworldindata.org/covid-vaccinations, accessed on 30 November 2022) [62].
This indicates a certain degree of hesitancy among the adult population regarding the risks
of taking the vaccine, and this is largely expected to affect the vaccination rate in children.
Several studies have attempted to understand the factors that affect parents” decision to
get their children vaccinated based on surveys. One study conducted among parents of
adolescent children of 16+ years old showed that the most common reasons for hesitancy
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among parents for vaccinating their children were concerns about long-term side effects
and possible negative effects [63]. Another study tried to review the reasons affecting
vaccine acceptance among low-income group parents with children in the age group of
newborns to 17 years old. In the study, some parents described their unwillingness to
vaccinate their children due to milder forms of the disease occurring in the children. Other
factors also noted as reasons for hesitancy in the study include possible negative side effects
of the vaccine, lack of knowledge about the long-term effects, and the speed of the vaccine
development [64]. Furthermore, a survey-based study also found that the vaccine hesitancy
was also influenced by the gender of the parents, being higher in females, their economic
status being higher among low-income groups, and their political beliefs. This study also
noted the primary concern of parents was the safety of the vaccine in comparison to its
effectiveness [65]. Another factor influencing the decision of vaccination of children is
the fear of vaccines originating from abroad. In addition, this study also noted that the
anxiety of parents about negative vaccine side-effects and lack of knowledge about vaccine
effectiveness were the most common reasons for hesitancy in taking the vaccine [66].

Many parents rely on online sources of information, which very often are biased
and foster disbelief in the parents about the risks of vaccinating their children [67,68]. To
overcome these challenges, better spread of correct information through online channels,
and promotion of vaccine uptake by medical practitioners and government agencies are
important measures. Also, vaccination against other diseases in children has rarely shown
long-term negative effects, suggesting that COVID-19 vaccines have a very low risk factor
when considered long term [69].

3. Multi-Inflammatory Syndrome in Children

In children, COVID-19 infections are mild or asymptomatic and mostly self-limiting
at the time of acute infection. Post 3—4 weeks from COVID-19 infection, some children
develop multiorgan hyperinflammatory syndrome, known as MIS-C. It is a rare disease
condition that afflicts both children (MIS-C) and adults (MIS-A). In April 2020, a few
cases of MIS-C were reported in Europe. It is a systemic disorder affecting multiple
organs. Fever, gastrointestinal, abdominal pain are key diagnostic symptoms of this
disorder. In addition to these symptoms, cardiac disease is the most common comorbidity
associated with MIS-C, along with respiratory and neurological disorders. It should also
be understood that while disease severity in children has been reported to be mild, a
serious form of the disease, i.e., MIS-C, has also been reported [70,71]. The most frequent
symptoms observed in this syndrome are depicted in Figure 2. Due to the similarity
of MIS patient symptoms with septic shock, toxic shock syndrome (TSS) and Kawasaki
disease (KD), the initial treatment prescribed to treat MIS-C was similar to TSS and KD,
but later MIS-C was found to be associated with COVID-19 disease [72,73]. The majority
of MIS-C cases require hospitalization and intensive care unit (ICU) admission. Despite
severe symptoms, mortality rate was as low as 1.9%. It has been reported that MIS-C
occurrence dominates in males and black ethnic groups [74]. MIS-C patients suffer from
a hyperinflammatory condition, which might occur due to an increase in the amount
of activated immune cells such as neutrophils, monocytes, DCs, NK cells, B and T cells,
and flares of cytokines and chemokines that cause vascular patrolling of these active cells
to organs, and in some cases a higher amount of autoantibodies cumulatively affected
multiple organs [75-77]. One interesting observation was that Omicron infected children
developed lesser MIS-C, especially post vaccination, or in cases of reinfection as compared
to the Delta variant, although the MIS-C phenotype was mostly similar. This may be
due to the modulation of immune system by vaccination or previous infection to cause
lesser hyperinflammation. Thus, children in the Omicron wave had a lesser risk of MIS-C
development than in the earlier Delta or Alpha variant waves [78,79]. The exact mechanism
and early disease biomarkers for MISC-C are still undetermined, and the paradox of
complex hyperinflammation remains largely unsolved.
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Figure 2. Organs affected in MIS-C immunopathological disorder in children. This disorder affects
multiple organs and shows a systemic immune response. It mainly causes respiratory distress, cardiac
comorbidities, gastrointestinal upset, and vascular dysfunction. This disorder is associated with
demographic features such as various age form, ethnicity, and obesity level.

4. Status of Vaccination in Children

Safe, immunogenic, and effective vaccines for children of all ages are currently needed,
and only a few are approved for children. As per the WHO report on 10 January 2023,
there are a total of 176 vaccines in clinical trials and 199 in pre-clinical development for
adults, with very limited availability for children (https://www.who.int/publications/
m/item/draft-landscape-of-covid-19-candidate-vaccines, accessed on 30 November 2022).
As per the WHO dashboard on 31 January 2023, more than 13 billion vaccine doses have
been administered (https://covid19.who.int/, accessed on 30 November 2022). To fill the
gap in vaccine coverage and prevent community transmission, the FDA approved the
Pfizer vaccine for adolescents aged 12-17 years and children in the age group of 5-11 years
under EUA. As per CDC guidelines, children above 5 years of age are eligible for full
vaccination. Clinical trials are still ongoing to fully approve Pfizer and other alternative
vaccines. As per CDC data, in the USA, 1.55 million children of more than 5 years of
age have received at least one dose of vaccine since 18 June 2022. Recent COVID-19
vaccination status in USA according to CDC is shown in Table 1. The percentages of
the populations in the USA and other countries that has received the primary series of
vaccination, including children, are listed in Table 2. The CDC recommends that everyone
6 months and older get a COVID-19 vaccine, and booster for 5 years and older, as shown in
Table 3. In adolescents, the Pfizer vaccine dose is equivalent to adults as 30 mg and given in
two doses 21 days apart. However, in children, a 10 mg dose is administered to avoid the
adverse side effects of using a higher dose. A clinical trial using Pfizer’s 10 mg dose vaccine
in children aged 5-11 years has shown it to be safe, immunogenic, and with equivalent
neutralization titers as seen in adolescents with an efficacy around 90% [80]. Both mRNA
vaccines’ description is shown in Table 3. Three doses of the Moderna vaccine for the
primary series of vaccination are recommended for immunocompromised individuals.
If administered in two doses, it is given four weeks apart (28 days), and in the case of
three doses, there should be a gap of a minimum of one month. The Pfizer-BioNTech
vaccine was first approved in December 2020 and later fully licensed on 23 August 2021,
while the Moderna vaccine was first approved in December 2020 and fully licensed in
January 2022. These vaccines are administered via an intramuscular injection into the
deltoid muscle. Recently, Pfizer BioNTech’s and Moderna’s bivalent vaccines also received
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approval under EUA for use in children above 5 years of age to receive their single dose as
a booster. These bivalent boosters consist of Wuhan spike mRNA and BA.5 spike mRNA
in a 1:1 ratio. These bivalent vaccines provide higher or equivalent neutralizing antibody
titers against the Omicron subvariant [81-83]. So far, no bivalent vaccine is available for
kids aged 6 months to 4 years. A summary of the currently available bivalent vaccines is
provided in Table 4. Children responded in a similar manner or better post-vaccination
than adults. Both antibody binding and neutralizing antibody responses to SARS-CoV-2
in both very young children and adolescents exceeded those in adults [84,85]. Besides
these two mRINA-based vaccines, Sinovac-CoronaVac and BBIBP-CorV, which are based
on the inactivated virus, were approved in China for children aged 3-17 years [86,87].
Similarly, Covaxin (BB152), which is also based on an inactivated virus strategy and
developed by Bharat Biotech, India, was approved in India under the EUA category [88,89].
Alternative vaccines which are under clinical trials include the Adenovirus-based vaccine
Ad5-nCoV in China for 6-17 years old children, and the DNA vaccine ZyCoV-D in India for
children aged 12-17 years [90]. mRNA vaccination has been reported to be minimally or
moderately affected by variants of concern (VOCs), such as Alpha (B.1.17), Delta (B.1.617.2),
and Beta (B.1.351) variants. However, the recent emergence of Omicron caused serious
concerns about vaccine efficacy and neutralization potential. A study was conducted
in fully vaccinated children between the ages of 5-11 years and 12-17 years to evaluate
vaccine efficacy during the Omicron variant from December 2021 to January 2022. They
observed that vaccine efficacy was reduced by 66-51% in adolescents (12-17) and 68-12%
among children aged 5-11 years, which shows that children in the age group of 5-11 years
were more affected by the loss of vaccine efficacy than adolescents [91]. Similarly, another
report showed that neutralization by post-vaccination serum from children was reduced
against VOCs such as Alpha, Beta, Gamma, and Delta, and the most reduction was seen in
the Omicron variant [41].

Table 1. COVID-19 Vaccination status in the United States as per CDC records who have completed
their primary vaccination series.

Fully Vaccinated People Percent of US Population

Total 68.7%
Population > 5 Years of Age 72.8%
Population > 12 Years of Age 76.9%
Population > 18 Years of Age 78.5%
Population > 65 Years of Age 93.7%

Table 2. COVID-19 Vaccinations status in the global context as per WHO records who have completed
their primary vaccination series (https://covid19.who.int/table, accessed on 30 November 2022).

Fully Vaccinated People Per 100 Persons
World 64.51
USA 68.42
India 68.94
France 78.9
Germany 76.37
Brazil 79.52
Japan 81.54
Republic of Korea 87.17
Italy 82.95
The United Kingdom 74.59

Russian Federation 53.6
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Table 3. COVID-19 vaccine doses and status for different age groups.

Pfizer-BioNTech Vaccine
Authorized Age

Dose

Usage Status

16 years and older
(Comirnaty brand name)

2 dose primary series (30 ug/dose)

Fully licensed

12-16 years old

2 dose primary series. (30 ug/dose)

Fully approved

5-11 years old

2 dose primary series. (10 ug/dose)

Under EUA and not
fully approved

6 months- 4 years old

3 dose primary series (3 pug/dose)

Under EUA and not
fully approved

Moderna vaccine
authorized age

17 years and older
(Spikevax brand name)

2 dose primary series (100 pg/dose)

Fully licensed

12-16 years old

2 dose primary series (100 ug/dose)

Under EUA

6-11 years old

2 dose primary series (50 ug/dose)

Under EUA

Novovax vaccine
authorized age

12 years and older

2 dose primary series (0.5 mL/dose)

Under EUA

Coronavac-Sinovac and
BBIBP-CorV (Sinopharm)

2 doses (0.5 mL/dose)

Approved by China
officials [92-94]

Ad5-nCoV (CanSino)

Phase 2b clinical trial in
China [95]

Covavax from Novavax

10 doses (0.5 mL/dose)

6 months to 11 years

2 doses of 5 ug

https:

/ /clinicaltrials.gov/ct2
/show /NCT05468736,
accessed on 30
November 2022

Covaxin (BB152) by
Bharat Biotech

Approved by
Indian Officials

Phase 2-3 clinical trial in
India [96]

2 doses (0.5 mL/dose)

[971]

5-17-year-old

ZyCoV-D (Zydus Cadila)

Phase 3 clinical trial in
India [98]

12-17 years old

ChAdOx1 nCov-19

Phase 2 clinical
trial in UK

6-17 years old

2 doses (5 x 101°) viral particle

[99]
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Table 4. Bivalent Vaccines approved for children so far are listed below.

Pfizer-BioNTech Bivalent Vaccine

Authorized Age Dose Usage Status
16 years and older 1 dose (30 pg/dose) Under EUA
12-16 years old 1 dose (30 pg/dose) Under EUA
5-11 years old Under EUA
6 months—4 years old Not approved yet
Moderna vaccine bivalent authorized age
12 years and older 1 dose (50 pg/dose) Under EUA

5. Conclusions

The primary aim of this review is to provide the reader with a detailed picture of the
current COVID-19 infections in children and highlight various issues that play a role in
the decision process for the vaccination of children. Despite the high percentage of efficacy
observed in the case of mRNA vaccines, and large range of protection they offer against
various variants of SARS-CoV-2, the vaccination rate among children is still low. Children’s
immune system is still at a naive stage of development, and several differences exist in the
immune response of children vs. adults during COVID-19 infections. The role of children in
the spread of COVID-19 was initially less appreciated, as the overall infection rate in them
was low, and they often remained asymptomatic or with milder symptoms. However, in
the case of the Omicron variant, the number of cases among children was seen to increase.
Additionally, COVID-19 associated multisystem inflammation cases have been reported
in children (MIS-C), and a study conducted in the Danish population reported a reduced
occurrence of MIS-C in a cohort of vaccinated children [78]. All these factors have made
it imperative for governments in various countries to ensure absolute vaccine coverage
for the different age groups of children in their population. This is more important, as
children can act as potential carriers of the virus and contribute to the transmission to
high-risk people within their families. Their infections may go unnoticed otherwise, due to
mild symptoms.

The growing need to increase the rate of vaccination in children depends, to a large
extent, on the approval of their parents. While misinformation about vaccination has
hindered the acceptance of COVID-19 vaccines among parents, a shortage of studies on
the possible long-term side effects on children’s health also contributes to the challenge. In
addition, other important factors affecting vaccine coverage in children are the availability
of vaccines in different geographic areas, and the effect of existing endemic infectious
disease on the immune response to vaccines, e.g., helminth immunomodulation in sub-
Saharan Africa. The spread of relevant and correct information by healthcare practitioners
and national agencies about vaccines will help more people accept and realize the benefits
of childhood vaccination and help control the transmission of COVID-19 to a large extent.

Author Contributions: Conceptualization, S.L.G., R.T., A.D., N.O. and A.K. writing original draft
preparation, review, and editing, S.L.G. and R.KJ. supervision, R.K.J. and S.L.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study does not conduct on animal or human so no
ethical approval is required. Further, no institutional review board permission is needed to write
this article.

Informed Consent Statement: Not applicable as no experiments on human are involved.



Vaccines 2023, 11, 418 10 of 14

Data Availability Statement: All authors are ready to share the information which we have provided
in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Acuti Martellucci, C.; Flacco, M.E.; Cappadona, R.; Bravi, F;; Mantovani, L.; Manzoli, L. SARS-CoV-2 pandemic: An overview.
Adv. Biol. Regul. 2020, 77, 100736. [CrossRef]

2. Datta, PK.; Liu, E; Fischer, T.; Rappaport, J.; Qin, X. SARS-CoV-2 pandemic and research gaps: Understanding SARS-CoV-2
interaction with the ACE2 receptor and implications for therapy. Theranostics 2020, 10, 7448-7464. [CrossRef] [PubMed]

3. Yang, Y, Xiao, Z; Ye, K,; He, X.; Sun, B,; Qin, Z,; Yu, J.; Yao, J.;, Wu, Q.; Bao, Z.; et al. SARS-CoV-2: Characteristics and current
advances in research. Virol. J. 2020, 17, 117. [CrossRef]

4. Hu, B.; Guo, H.; Zhou, P,; Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141-154.
[CrossRef]

5. Islam, S.; Islam, T.; Islam, M.R. New Coronavirus Variants are Creating More Challenges to Global Healthcare System: A Brief
Report on the Current Knowledge. Clin. Pathol. 2022, 15, 2632010X221075584. [CrossRef]

6. Otto, S.P; Day, T.; Arino, J.; Colijn, C.; Dushoff, J.; Li, M.; Mechai, S.; Van Domselaar, G.; Wu, J.; Earn, D.J.D,; et al. The origins
and potential future of SARS-CoV-2 variants of concern in the evolving COVID-19 pandemic. Curr. Biol. 2021, 31, R918-R929.
[CrossRef] [PubMed]

7. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, RK.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A;
Peacock, S.J.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409-424. [CrossRef]

8. Bucholc, M.; Bradley, D.; Bennett, D.; Patterson, L.; Spiers, R.; Gibson, D.; Van Woerden, H.; Bjourson, A.]. Identifying pre-existing
conditions and multimorbidity patterns associated with in-hospital mortality in patients with COVID-19. Sci. Rep. 2022, 12, 17313.
[CrossRef] [PubMed]

9.  Dadras, O.; SeyedAlinaghi, S.; Karimi, A.; Shamsabadi, A.; Qaderi, K.; Ramezani, M.; Mirghaderi, S.P.; Mahdiabadi, S.; Vahedi, E;
Saeidi, S.; et al. COVID-19 mortality and its predictors in the elderly: A systematic review. Health Sci. Rep. 2022, 5, e657. [CrossRef]

10. Brodin, P. SARS-CoV-2 infections in children: Understanding diverse outcomes. Immunity 2022, 55, 201-209. [CrossRef] [PubMed]

11.  Pierce, C.A.; Herold, K.C.; Herold, B.C.; Chou, J.; Randolph, A.; Kane, B.; McFarland, S.; Gurdasani, D.; Pagel, C.; Hotez, P; et al.
COVID-19 and children. Science 2022, 377, 1144-1149. [CrossRef]

12.  Viner, RM.; Mytton, O.T.; Bonell, C.; Melendez-Torres, G.J.; Ward, J.; Hudson, L.; Waddington, C.; Thomas, J.; Russell, S.; van der
Klis, E; et al. Susceptibility to SARS-CoV-2 Infection Among Children and Adolescents Compared with Adults: A Systematic
Review and Meta-analysis. JAMA Pediatr. 2021, 175, 143-156. [CrossRef] [PubMed]

13.  Zimmermann, P,; Curtis, N. Why is COVID-19 less severe in children? A review of the proposed mechanisms underlying the
age-related difference in severity of SARS-CoV-2 infections. Arch. Dis. Child. 2021, 106, 429-439. [CrossRef] [PubMed]

14. Ortega Pacheco, Y.J.; Barrero Toncel, V.I. The impact of school closure on children’s well-being during the COVID-19 pandemic.
Asian J. Psychiatr. 2022, 67, 102957. [CrossRef] [PubMed]

15.  Khemiri, H.; Ayouni, K,; Triki, H.; Haddad-Boubaker, S. SARS-CoV-2 infection in pediatric population before and during the
Delta (B.1.617.2) and Omicron (B.1.1.529) variants era. Virol. J. 2022, 19, 144. [CrossRef]

16. Grana, C.; Ghosn, L.; Evrenoglou, T.; Jarde, A.; Minozzi, S.; Bergman, H.; Buckley, B.S.; Probyn, K,; Villanueva, G.; Henschke, N.;
et al. Efficacy and safety of COVID-19 vaccines. Cochrane Database Syst. Rev. 2022, 12, Cd015477. [CrossRef]

17.  Leech, G.; Rogers-Smith, C.; Monrad, ].T.; Sandbrink, ].B.; Snodin, B.; Zinkov, R.; Rader, B.; Brownstein, ].S.; Gal, Y.; Bhatt, S.;
et al. Mask wearing in community settings reduces SARS-CoV-2 transmission. Proc. Natl. Acad. Sci. USA 2022, 119, e2119266119.
[CrossRef] [PubMed]

18. Talic, S.; Shah, S.; Wild, H.; Gasevic, D.; Maharaj, A.; Ademi, Z.; Li, X.; Xu, W.; Mesa-Eguiagaray, I.; Rostron, J.; et al. Effectiveness
of public health measures in reducing the incidence of COVID-19, SARS-CoV-2 transmission, and COVID-19 mortality: Systematic
review and meta-analysis. BM] 2021, 375, e068302. [CrossRef]

19. Johansson, M.A.; Quandelacy, T.M.; Kada, S.; Prasad, P.V.; Steele, M.; Brooks, J.T.; Slayton, R.B.; Biggerstaff, M.; Butler, ].C.
SARS-CoV-2 Transmission From People Without COVID-19 Symptoms. JAMA Netw. Open 2021, 4, e2035057. [CrossRef]

20. Gupta, S.L.; Jaiswal, R K. Neutralizing antibody: A savior in the COVID-19 disease. Mol. Biol. Rep. 2022, 49, 2465-2474. [CrossRef]

21. Gupta, S.L.; Jaiswal, R.K. Relevant of neutralizing antibody during SARS-CoV-2 infection and their therapeutic usage. Mol. Biol.
Rep. 2022, 49, 10137-10140. [CrossRef] [PubMed]

22. Su, L.;Ma, X;; Yu, H; Zhang, Z; Bian, P; Han, Y.; Sun, J.; Liu, Y.; Yang, C.; Geng, J.; et al. The different clinical characteristics
of corona virus disease cases between children and their families in China—The character of children with COVID-19. Emerg.
Microbes Infect. 2020, 9, 707-713. [CrossRef]

23. Chen, F; Tian, Y.; Zhang, L.; Shi, Y. The role of children in household transmission of COVID-19: A systematic review and
meta-analysis. Int. ]. Infect. Dis. 2022, 122, 266-275. [CrossRef] [PubMed]

24. Spielberger, B.D.; Goerne, T.; Geweniger, A.; Henneke, P; Elling, R. Intra-Household and Close-Contact SARS-CoV-2 Transmission

Among Children—A Systematic Review. Front. Pediatr. 2021, 9, 613292. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jbior.2020.100736
http://doi.org/10.7150/thno.48076
http://www.ncbi.nlm.nih.gov/pubmed/32642005
http://doi.org/10.1186/s12985-020-01369-z
http://doi.org/10.1038/s41579-020-00459-7
http://doi.org/10.1177/2632010X221075584
http://doi.org/10.1016/j.cub.2021.06.049
http://www.ncbi.nlm.nih.gov/pubmed/34314723
http://doi.org/10.1038/s41579-021-00573-0
http://doi.org/10.1038/s41598-022-20176-w
http://www.ncbi.nlm.nih.gov/pubmed/36243878
http://doi.org/10.1002/hsr2.657
http://doi.org/10.1016/j.immuni.2022.01.014
http://www.ncbi.nlm.nih.gov/pubmed/35093190
http://doi.org/10.1126/science.ade1675
http://doi.org/10.1001/jamapediatrics.2020.4573
http://www.ncbi.nlm.nih.gov/pubmed/32975552
http://doi.org/10.1136/archdischild-2020-320338
http://www.ncbi.nlm.nih.gov/pubmed/33262177
http://doi.org/10.1016/j.ajp.2021.102957
http://www.ncbi.nlm.nih.gov/pubmed/34871968
http://doi.org/10.1186/s12985-022-01873-4
http://doi.org/10.1002/14651858.Cd015477
http://doi.org/10.1073/pnas.2119266119
http://www.ncbi.nlm.nih.gov/pubmed/35639701
http://doi.org/10.1136/bmj-2021-068302
http://doi.org/10.1001/jamanetworkopen.2020.35057
http://doi.org/10.1007/s11033-021-07020-6
http://doi.org/10.1007/s11033-022-07493-z
http://www.ncbi.nlm.nih.gov/pubmed/35596816
http://doi.org/10.1080/22221751.2020.1744483
http://doi.org/10.1016/j.ijid.2022.05.016
http://www.ncbi.nlm.nih.gov/pubmed/35562045
http://doi.org/10.3389/fped.2021.613292
http://www.ncbi.nlm.nih.gov/pubmed/33898355

Vaccines 2023, 11, 418 11 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yonker, L.M.; Boucau, J.; Regan, J.; Choudhary, M.C.; Burns, M.D.; Young, N.; Farkas, E.J.; Davis, ].P.; Moschovis, P.P.; Bernard
Kinane, T.; et al. Virologic Features of Severe Acute Respiratory Syndrome Coronavirus 2 Infection in Children. J. Infect. Dis. 2021,
224,1821-1829. [CrossRef]

Ludvigsson, J.E Systematic review of COVID-19 in children shows milder cases and a better prognosis than adults. Acta Paediatr.
2020, 109, 1088-1095. [CrossRef] [PubMed]

Yuan, J.; Qian, H.; Cao, S.; Dong, B.; Yan, X.; Luo, S.; Zhou, M.; Zhou, S.; Ning, B.; Zhao, L. Is there possibility of vertical
transmission of COVID-19: A systematic review. Transl. Pediatr. 2021, 10, 423-434. [CrossRef] [PubMed]

AbdelMassih, A.; Fouda, R.; Essam, R.; Negm, A.; Khalil, D.; Habib, D.; Afdal, G.; Ismail, H.-A.; Aly, H.; Genedy, L; et al.
COVID-19 during pregnancy should we really worry from vertical transmission or rather from fetal hypoxia and placental
insufficiency? A systematic review. Egypt. Pediatr. Assoc. Gaz. 2021, 69, 12. [CrossRef]

Vivanti, A.].; Vauloup-Fellous, C.; Prevot, S.; Zupan, V.; Suffee, C.; Do Cao, J.; Benachi, A.; De Luca, D. Transplacental transmission
of SARS-CoV-2 infection. Nat. Commun. 2020, 11, 3572. [CrossRef]

Wake, A.D. Intrauterine Vertical Transmission of SARS-CoV-2 Infection Among Confirmed Cases of Pregnant Women: “A Double
Burden for the Pregnant Women”—A Systematic Review. Glob. Pediatr. Health 2022, 9, 2333794X221089765. [CrossRef]

Peng, Z.; Zhang, J.; Shi, Y.; Yi, M. Research progress in vertical transmission of SARS-CoV-2 among infants born to mothers with
COVID-19. Future Virol. 2022, 17,211-214. [CrossRef] [PubMed]

Sanchez-Garcia, J.C.; Carrascosa Moreno, N.P,; Tovar-Galvez, M.1.; Cortés-Martin, J.; Lifidn-Gonzalez, A.; Alvarado Olmedo, L.;
Rodriguez-Blanque, R. COVID-19 in Pregnant Women, Maternal-Fetal Involvement, and Vertical Mother-to-Child Transmission:
A Systematic Review. Biomedicines 2022, 10, 2554. [CrossRef]

Shook, L.L.; Atyeo, C.G.; Yonker, L.M.; Fasano, A.; Gray, KJ.; Alter, G.; Edlow, A.G. Durability of Anti-Spike Antibodies in Infants
After Maternal COVID-19 Vaccination or Natural Infection. JAMA 2022, 327, 1087-1089. [CrossRef]

Liu, S.; Zhong, J.; Zhang, D. Transplacental Transfer of Maternal Antibody against SARS-CoV-2 and Its Influencing Factors: A
Review. Vaccines 2022, 10, 1083. [CrossRef] [PubMed]

Burns, M.D.; Muir, C.; Atyeo, C.; Davis, J.P.; Demidkin, S.; Akinwunmi, B.; Fasano, A.; Gray, K.J.; Alter, G.; Shook, L.L.; et al.
Relationship between Anti-Spike Antibodies and Risk of SARS-CoV-2 Infection in Infants Born to COVID-19 Vaccinated Mothers.
Vaccines 2022, 10, 1696. [CrossRef] [PubMed]

Wang, X.; Yang, P; Zheng, J.; Liu, P.; Wei, C.; Guo, ]J.; Zhang, Y.; Zhao, D. Dynamic changes of acquired maternal SARS-CoV-2 IgG
in infants. Sci. Rep. 2021, 11, 8021. [CrossRef] [PubMed]

Palmeira, P.; Quinello, C.; Silveira-Lessa, A.L.; Zago, C.A.; Carneiro-Sampaio, M. IgG Placental Transfer in Healthy and
Pathological Pregnancies. Clin. Dev. Immunol. 2012, 2012, 985646. [CrossRef]

Atyeo, C.G.; Shook, L.L.; Brigida, S.; De Guzman, R.M.; Demidkin, S.; Muir, C.; Akinwunmi, B.; Baez, A.M.; Sheehan, M.L.;
McSweeney, E.; et al. Maternal immune response and placental antibody transfer after COVID-19 vaccination across trimester
and platforms. Nat. Commun. 2022, 13, 3571. [CrossRef]

Laguila Altoé, A.; Marques Mambriz, A.P.; Cardozo, D.M.; Valentini Zacarias, ].M.; Laguila Visentainer, ].E.; Bahls-Pinto, L.D.
Vaccine Protection Through Placenta and Breastfeeding: The Unmet Topic in COVID-19 Pandemic. Front. Immunol. 2022, 13,
910138. [CrossRef] [PubMed]

Di Chiara, C.; Cantarutti, A.; Costenaro, P.; Dona, D.; Bonfante, F.; Cosma, C.; Ferrarese, M.; Cozzani, S.; Petrara, M.R.; Carmona, F.;
et al. Long-term Immune Response to SARS-CoV-2 Infection Among Children and Adults After Mild Infection. JAMA Netw.
Open 2022, 5, €2221616. [CrossRef] [PubMed]

Tang, J.; Novak, T.; Hecker, J.; Grubbs, G.; Zahra, F.T.; Bellusci, L.; Pourhashemi, S.; Chou, J.; Moffitt, K.; Halasa, N.B.; et al.
Cross-reactive immunity against the SARS-CoV-2 Omicron variant is low in pediatric patients with prior COVID-19 or MIS-C.
Nat. Commun. 2022, 13,2979. [CrossRef]

Wang, L.; Berger, N.A.; Kaelber, D.C.; Davis, P.B.; Volkow, N.D.; Xu, R. Incidence Rates and Clinical Outcomes of SARS-CoV-2
Infection With the Omicron and Delta Variants in Children Younger Than 5 Years in the US. JAMA Pediatr. 2022, 176, 811-813.
[CrossRef] [PubMed]

Chun, ].Y;; Jeong, H.; Kim, Y. Identifying susceptibility of children and adolescents to the Omicron variant (B.1.1.529). BMC Med.
2022, 20, 451. [CrossRef] [PubMed]

Taytard, ].; Prevost, B.; Schnuriger, A.; Aubertin, G.; Berdah, L.; Bitton, L.; Dupond-Athenor, A.; Thouvenin, G.; Nathan, N.;
Corvol, H. SARS-CoV-2 B.1.1.529 (Omicron) Variant Causes an Unprecedented Surge in Children Hospitalizations and Distinct
Clinical Presentation Compared to the SARS-CoV-2 B.1.617.2 (Delta) Variant. Front. Pediatr. 2022, 10, 932170. [CrossRef] [PubMed]
Pierce, C.A.; Preston-Hurlburt, P; Dai, Y.; Aschner, C.B.; Cheshenko, N.; Galen, B.; Garforth, S.J.; Herrera, N.G.; Jangra, R.K,;
Morano, N.C.; et al. Immune responses to SARS-CoV-2 infection in hospitalized pediatric and adult patients. Sci. Transl. Med.
2020, 12, eabd5487. [CrossRef] [PubMed]

Pierce, C.A,; Sy, S.; Galen, B.; Goldstein, D.Y.; Orner, E.; Keller, M.].; Herold, K.C.; Herold, B.C. Natural mucosal barriers and
COVID-19 in children. JCI Insight 2021, 6, €148694. [CrossRef]

Yoshida, M.; Worlock, K.B.; Huang, N.; Lindeboom, R.G.H.; Butler, C.R.; Kumasaka, N.; Dominguez Conde, C.; Mamanova, L.;
Bolt, L.; Richardson, L.; et al. Local and systemic responses to SARS-CoV-2 infection in children and adults. Nature 2022, 602,
321-327. [CrossRef]


http://doi.org/10.1093/infdis/jiab509
http://doi.org/10.1111/apa.15270
http://www.ncbi.nlm.nih.gov/pubmed/32202343
http://doi.org/10.21037/tp-20-144
http://www.ncbi.nlm.nih.gov/pubmed/33708529
http://doi.org/10.1186/s43054-021-00056-0
http://doi.org/10.1038/s41467-020-17436-6
http://doi.org/10.1177/2333794X221089765
http://doi.org/10.2217/fvl-2021-0213
http://www.ncbi.nlm.nih.gov/pubmed/35173797
http://doi.org/10.3390/biomedicines10102554
http://doi.org/10.1001/jama.2022.1206
http://doi.org/10.3390/vaccines10071083
http://www.ncbi.nlm.nih.gov/pubmed/35891247
http://doi.org/10.3390/vaccines10101696
http://www.ncbi.nlm.nih.gov/pubmed/36298561
http://doi.org/10.1038/s41598-021-87535-x
http://www.ncbi.nlm.nih.gov/pubmed/33850202
http://doi.org/10.1155/2012/985646
http://doi.org/10.1038/s41467-022-31169-8
http://doi.org/10.3389/fimmu.2022.910138
http://www.ncbi.nlm.nih.gov/pubmed/35720385
http://doi.org/10.1001/jamanetworkopen.2022.21616
http://www.ncbi.nlm.nih.gov/pubmed/35816313
http://doi.org/10.1038/s41467-022-30649-1
http://doi.org/10.1001/jamapediatrics.2022.0945
http://www.ncbi.nlm.nih.gov/pubmed/35363246
http://doi.org/10.1186/s12916-022-02655-z
http://www.ncbi.nlm.nih.gov/pubmed/36419108
http://doi.org/10.3389/fped.2022.932170
http://www.ncbi.nlm.nih.gov/pubmed/35832582
http://doi.org/10.1126/scitranslmed.abd5487
http://www.ncbi.nlm.nih.gov/pubmed/32958614
http://doi.org/10.1172/jci.insight.148694
http://doi.org/10.1038/s41586-021-04345-x

Vaccines 2023, 11, 418 12 of 14

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Loske, J.; Rohmel, J.; Lukassen, S.; Stricker, S.; Magalhaes, V.G.; Liebig, J.; Chua, R.L.; Thiirmann, L.; Messingschlager, M.;
Seegebarth, A.; et al. Pre-activated antiviral innate immunity in the upper airways controls early SARS-CoV-2 infection in
children. Nat. Biotechnol. 2022, 40, 319-324. [CrossRef]

Rowntree, L.C.; Nguyen, TH.O.; Kedzierski, L.; Neeland, M.R.; Petersen, J.; Crawford, J.C.; Allen, L.F; Clemens, E.B.; Chua, B,;
McQuilten, H.A.; et al. SARS-CoV-2-specific T cell memory with common TCRxf3 motifs is established in unvaccinated children
who seroconvert after infection. Immunity 2022, 55, 1299-1315.€1294. [CrossRef]

Peeples, L. Understanding Kids and COVID. Proc. Natl. Acad. Sci. USA 2022, 119, e2203753119. [CrossRef]

Kaaijk, P; Olivo Pimentel, V.; Emmelot, M.E.; Poelen, M.C.M.; Cevirgel, A.; Schepp, R.M.; den Hartog, G.; Reukers, D.EM,;
Beckers, L.; van Beek, J.; et al. Children and Adults With Mild COVID-19: Dynamics of the Memory T Cell Response up to 10
Months. Front. Immunol. 2022, 13, 307. [CrossRef]

Dowell, A.C.; Butler, M.S,; Jinks, E.; Tut, G.; Lancaster, T.; Sylla, P.; Begum, J.; Bruton, R.; Pearce, H.; Verma, K; et al. Children
develop robust and sustained cross-reactive spike-specific immune responses to SARS-CoV-2 infection. Nat. Immunol. 2022,
23, 40-49. [CrossRef] [PubMed]

Moss, P.; Ladhani, S. Cross-reactive adaptive immunity against coronaviruses in young children. Nat. Immunol. 2022, 23, 11-12.
[CrossRef]

Cohen, C.A,; Li, A.PY,; Hachim, A.; Hui, D.5.C.; Kwan, M.Y.W.; Tsang, O.T.Y;; Chiu, S.S.; Chan, WH.; Yau, Y.S.; Kavian, N.; et al.
SARS-CoV-2 specific T cell responses are lower in children and increase with age and time after infection. Nat. Commun. 2021,
12, 4678. [CrossRef]

Fonte, L.; Ginori, M.; Garcia, G.; Hernandez, Y.; de Armas, Y.; Calderon, E.]. Nonspecific Effects of Infant Vaccines Make Children
More Resistant to SARS-CoV-2 Infection. Children 2022, 9, 1858. [CrossRef] [PubMed]

Serensen, C.; Clemmensen, A.; Sparrewath, C.; Tetens, M.; Krogfelt, K.A. Children Naturally Evading COVID-19—Why Children
Differ from Adults. COVID 2022, 2, 369-378. [CrossRef]

Fonte, L.; Acosta, A.; Sarmiento, M.E.; Ginori, M.; Garcia, G.; Norazmi, M.N. COVID-19 Lethality in Sub-Saharan Africa and
Helminth Immune Modulation. Front. Immunol. 2020, 11, 574910. [CrossRef]

Tschan, S.L.; Bolliger, D. Coagulation and Aging: Implications for the Anesthesiologist. Curr. Anesthesiol. Rep. 2021, 11, 387-395.
[CrossRef]

Schultze, J.L.; Aschenbrenner, A.C. COVID-19 and the human innate immune system. Cell 2021, 184, 1671-1692. [CrossRef]
Tizazu, A.M.; Mengist, H.M.; Demeke, G. Aging, inflammaging and immunosenescence as risk factors of severe COVID-19.
Immun. Ageing 2022, 19, 53. [CrossRef] [PubMed]

Marcelin, ].R.; Pettifor, A.; Janes, H.; Brown, E.R.; Kublin, ].G.; Stephenson, K.E. COVID-19 Vaccines and SARS-CoV-2 Transmission
in the Era of New Variants: A Review and Perspective. Open Forum Infect. Dis. 2022, 9, ofac124. [CrossRef]

Wouters, O.].; Shadlen, K.C.; Salcher-Konrad, M.; Pollard, A J.; Larson, H.]J.; Teerawattananon, Y.; Jit, M. Challenges in ensuring
global access to COVID-19 vaccines: Production, affordability, allocation, and deployment. Lancet 2021, 397, 1023-1034. [CrossRef]
[PubMed]

Byrne, A.; Thompson, L.A; Filipp, S.L.; Ryan, K. COVID-19 vaccine perceptions and hesitancy amongst parents of school-aged
children during the pediatric vaccine rollout. Vaccine 2022, 40, 6680-6687. [CrossRef] [PubMed]

Schilling, S.; Orr, C.J.; Delamater, A.M.; Flower, K.B.; Heerman, W.].; Perrin, EM.; Rothman, R.L.; Yin, H.S.; Sanders, L. COVID-19
vaccine hesitancy among low-income, racially and ethnically diverse US parents. Patient Educ. Couns. 2022, 105, 2771-2777.
[CrossRef]

Ruiz, J.B.; Bell, R.A. Parental COVID-19 Vaccine Hesitancy in the United States. Public Health Rep. 2022, 137, 1162-1169. [CrossRef]
Yigit, M.; Ozkaya-Parlakay, A.; Senel, E. Evaluation of COVID-19 Vaccine Refusal in Parents. Pediatr. Infect. Dis. ]. 2021, 40,
e134—e136. [CrossRef] [PubMed]

Skafle, I.; Nordahl-Hansen, A.; Quintana, D.S.; Wynn, R.; Gabarron, E. Misinformation About COVID-19 Vaccines on Social
Media: Rapid Review. . Med. Internet Res. 2022, 24, €37367. [CrossRef]

Lee, SK.; Sun, J.; Jang, S.; Connelly, S. Misinformation of COVID-19 vaccines and vaccine hesitancy. Sci. Rep. 2022, 12, 13681.
[CrossRef] [PubMed]

McCauley, M.M.; Kennedy, A.; Basket, M.; Sheedy, K. Exploring the choice to refuse or delay vaccines: A national survey of
parents of 6- through 23-month-olds. Acad. Pediatr. 2012, 12, 375-383. [CrossRef]

Riphagen, S.; Gomez, X.; Gonzalez-Martinez, C.; Wilkinson, N.; Theocharis, P. Hyperinflammatory shock in children during
COVID-19 pandemic. Lancet 2020, 395, 1607-1608. [CrossRef] [PubMed]

Verdoni, L.; Mazza, A.; Gervasoni, A.; Martelli, L.; Ruggeri, M.; Ciuffreda, M.; Bonanomi, E.; D’Antiga, L. An outbreak of severe
Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2 epidemic: An observational cohort study. Lancet 2020, 395,
1771-1778. [CrossRef]

Santos, M.O.; Gongalves, L.C.; Silva, P.A.N.; Moreira, A.L.E.; Ito, C.R.M.; Peixoto, F.A.O.; Wastowski, L.].; Carneiro, L.C.; Avelino,
M.A.G. Multisystem inflammatory syndrome (MIS-C): A systematic review and meta-analysis of clinical characteristics, treatment,
and outcomes. |. Pediatr. 2022, 98, 338-349. [CrossRef]

Abrams, J.Y.; Godfred-Cato, S.E.; Oster, M.E.; Chow, E.J.; Koumans, E.H.; Bryant, B.; Leung, J.W.; Belay, E.D. Multisystem
Inflammatory Syndrome in Children Associated with Severe Acute Respiratory Syndrome Coronavirus 2: A Systematic Review.
J. Pediatr. 2020, 226, 45-54.e41. [CrossRef]


http://doi.org/10.1038/s41587-021-01037-9
http://doi.org/10.1016/j.immuni.2022.06.003
http://doi.org/10.1073/pnas.2203753119
http://doi.org/10.3389/fimmu.2022.817876
http://doi.org/10.1038/s41590-021-01089-8
http://www.ncbi.nlm.nih.gov/pubmed/34937928
http://doi.org/10.1038/s41590-021-01085-y
http://doi.org/10.1038/s41467-021-24938-4
http://doi.org/10.3390/children9121858
http://www.ncbi.nlm.nih.gov/pubmed/36553302
http://doi.org/10.3390/covid2030025
http://doi.org/10.3389/fimmu.2020.574910
http://doi.org/10.1007/s40140-021-00498-7
http://doi.org/10.1016/j.cell.2021.02.029
http://doi.org/10.1186/s12979-022-00309-5
http://www.ncbi.nlm.nih.gov/pubmed/36369012
http://doi.org/10.1093/ofid/ofac124
http://doi.org/10.1016/S0140-6736(21)00306-8
http://www.ncbi.nlm.nih.gov/pubmed/33587887
http://doi.org/10.1016/j.vaccine.2022.09.090
http://www.ncbi.nlm.nih.gov/pubmed/36220714
http://doi.org/10.1016/j.pec.2022.03.023
http://doi.org/10.1177/00333549221114346
http://doi.org/10.1097/INF.0000000000003042
http://www.ncbi.nlm.nih.gov/pubmed/33410650
http://doi.org/10.2196/37367
http://doi.org/10.1038/s41598-022-17430-6
http://www.ncbi.nlm.nih.gov/pubmed/35953500
http://doi.org/10.1016/j.acap.2012.06.007
http://doi.org/10.1016/S0140-6736(20)31094-1
http://www.ncbi.nlm.nih.gov/pubmed/32386565
http://doi.org/10.1016/S0140-6736(20)31103-X
http://doi.org/10.1016/j.jped.2021.08.006
http://doi.org/10.1016/j.jpeds.2020.08.003

Vaccines 2023, 11, 418 13 of 14

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Hoste, L.; Van Paemel, R.; Haerynck, F. Multisystem inflammatory syndrome in children related to COVID-19: A systematic
review. Eur. |. Pediatr. 2021, 180, 2019-2034. [CrossRef] [PubMed]

Chou, J.; Thomas, P.G.; Randolph, A.G. Immunology of SARS-CoV-2 infection in children. Nat. Immunol. 2022, 23, 177-185.
[CrossRef] [PubMed]

Vella, L.A; Giles, ].R; Baxter, A.E.; Oldridge, D.A.; Diorio, C.; Kuri-Cervantes, L.; Alanio, C.; Pampena, M.B.; Wu, ].E.; Chen, Z,;
et al. Deep immune profiling of MIS-C demonstrates marked but transient immune activation compared to adult and pediatric
COVID-19. Sci. Immunol. 2021, 6, eabf7570. [CrossRef] [PubMed]

Consiglio, C.R; Cotugno, N.; Sardh, E; Pou, C.; Amodio, D.; Rodriguez, L.; Tan, Z.; Zicari, S.; Ruggiero, A.; Pascucci, G.R.; et al.
The Immunology of Multisystem Inflammatory Syndrome in Children with COVID-19. Cell 2020, 183, 968-981.e967. [CrossRef]
Holm, M.; Espenhain, L.; Glenthgj, J.; Schmidt, L.S.; Nordly, S.B.; Hartling, U.B.; Nygaard, U. Risk and Phenotype of Multisystem
Inflammatory Syndrome in Vaccinated and Unvaccinated Danish Children Before and During the Omicron Wave. JAMA Pediatr.
2022, 176, 821-823. [CrossRef]

Levy, N.; Koppel, ].H.; Kaplan, O.; Yechiam, H.; Shahar-Nissan, K.; Cohen, N.K.; Shavit, I. Severity and Incidence of Multisystem
Inflammatory Syndrome in Children During 3 SARS-CoV-2 Pandemic Waves in Israel. JAMA 2022, 327, 2452-2454. [CrossRef]
[PubMed]

Walter, E.B.; Talaat, K.R.; Sabharwal, C.; Gurtman, A.; Lockhart, S.; Paulsen, G.C.; Barnett, E.D.; Mufioz, EM.; Maldonado, Y.;
Pahud, B.A,; et al. Evaluation of the BNT162b2 COVID-19 Vaccine in Children 5 to 11 Years of Age. N. Engl. |. Med. 2021,
386, 35-46. [CrossRef]

Fang, Z.; Monteiro, V.S.; Hahn, A.M.; Grubaugh, N.D.; Lucas, C.; Chen, S. Bivalent mRNA vaccine booster induces robust
antibody immunity against Omicron lineages BA.2, BA.2.12.1, BA.2.75 and BA.5. Cell Discov. 2022, 8, 108. [CrossRef]
Davis-Gardner, M.E.; Lai, L.; Wali, B.; Samaha, H.; Solis, D.; Lee, M.; Porter-Morrison, A.; Hentenaar, I.T.; Yamamoto, F.;
Godbole, S.; et al. Neutralization against BA.2.75.2, BQ.1.1, and XBB from mRNA Bivalent Booster. N. Engl. |. Med. 2022, 388,
183-185. [CrossRef]

Gupta, S.L.; Jaiswal, RK. An Assessment of the Bivalent Vaccine as a Second Booster for COVID-19. Vaccines 2023, 11, 79.
[CrossRef] [PubMed]

Karron, R.A.; Garcia Quesada, M.; Schappell, E.A.; Schmidt, S.D.; Deloria Knoll, M.; Hetrich, M.K.; Veguilla, V.; Doria-Rose, N.;
Dawood, E.S. Binding and neutralizing antibody responses to SARS-CoV-2 in very young children exceed those in adults. JCI
Insight 2022, 7, €157963. [CrossRef]

Gupta, S.L.; Mantus, G.; Manning, K.E.; Ellis, M.; Patel, M.; Ciric, C.R.; Lu, A; Turner, J.S.; O’Halloran, J.A.; Presti, RM.; et al.
Loss of Pfizer (BNT162b2) Vaccine-Induced Antibody Responses against the SARS-CoV-2 Omicron Variant in Adolescents and
Adults. J. Virol. 2022, 96, €0058222. [CrossRef]

Gonzalez, S.; Olszevicki, S.; Gaiano, A.; Baino, A.N.V.; Regairaz, L.; Salazar, M.; Pesci, S.; Marin, L.; Martinez, V.V.G.; Varela, T.;
et al. Effectiveness of BBIBP-CorV, BNT162b2 and mRNA-1273 vaccines against hospitalisations among children and adolescents
during the Omicron outbreak in Argentina: A retrospective cohort study. Lancet Reg. Health Am. 2022, 13, 100316. [CrossRef]
[PubMed]

Jara, A.; Undurraga, E.A.; Zubizarreta, ].R.; Gonzalez, C.; Acevedo, ].; Pizarro, A.; Vergara, V.; Soto-Marchant, M.; Gilabert, R.;
Flores, ].C.; et al. Effectiveness of CoronaVac in children 3-5 years of age during the SARS-CoV-2 Omicron outbreak in Chile. Nat.
Med. 2022, 28, 1377-1380. [CrossRef] [PubMed]

Kasi, S.G.; Dhir, S.K,; Shah, A.; Shivananda, S.; Verma, S.; Marathe, S.; Chatterjee, K.; Agarwalla, S.; Srirampur, S.; Kalyani, S.; et al.
Coronavirus Disease 2019 (COVID-19) Vaccination for Children: Position Statement of Indian Academy of Pediatrics Advisory
Committee on Vaccination and Immunization Practices. Indian Pediatr. 2022, 59, 51-57. [CrossRef]

Mariatulgabtiah, A.R.; Buttigieg, K.R. COVID-19 vaccinations for children. Lancet Infect. Dis. 2022, 22, 1255-1256. [CrossRef]
Tian, F; Yang, R.; Chen, Z. Safety and efficacy of COVID-19 vaccines in children and adolescents: A systematic review of
randomized controlled trials. J. Med. Virol. 2022, 94, 4644-4653. [CrossRef]

Tan, S.H.X.; Cook, A.R.; Heng, D.; Ong, B.; Lye, D.C.; Tan, K.B. Effectiveness of BNT162b2 Vaccine against Omicron in Children 5
to 11 Years of Age. N. Engl. |. Med. 2022, 387, 525-532. [CrossRef] [PubMed]

Xia, S.; Zhang, Y.; Wang, Y.; Wang, H.; Yang, Y.; Gao, G.F; Tan, W.; Wu, G.; Xu, M; Lou, Z.; et al. Safety and immunogenicity of an
inactivated SARS-CoV-2 vaccine, BBIBP-CorV: A randomised, double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect. Dis.
2021, 21, 39-51. [CrossRef]

Greish, K.; Alawadhi, A.; Jaradat, A.; Almarabheh, A.; AIMadhi, M.; Jawad, J.; Alsaffar, B.; Alalawi, E.; Alsayyad, A.; Merza, A,;
et al. Safety and Immunogenicity of COVID-19 BBIBP-CorV Vaccine in Children 3-12 Years Old. Vaccines 2022, 10, 586. [CrossRef]
Han, B.; Song, Y,; Li, C; Yang, W.; Ma, Q.; Jiang, Z.; Li, M.; Lian, X,; Jiao, W.; Wang, L.; et al. Safety, tolerability, and immunogenicity
of an inactivated SARS-CoV-2 vaccine (CoronaVac) in healthy children and adolescents: A double-blind, randomised, controlled,
phase 1/2 clinical trial. Lancet Infect. Dis. 2021, 21, 1645-1653. [CrossRef]

Zhu, F; Jin, P; Zhu, T.; Wang, W.; Ye, H.; Pan, H.; Hou, L.; Li, J.; Wang, X.; Wu, S; et al. Safety and Immunogenicity of a
Recombinant Adenovirus Type-5-Vectored Coronavirus Disease 2019 (COVID-19) Vaccine With a Homologous Prime-Boost
Regimen in Healthy Participants Aged >6 Years: A Randomized, Double-Blind, Placebo-Controlled, Phase 2b Trial. Clin. Infect.
Dis. 2022, 75, €783-e791. [CrossRef] [PubMed]


http://doi.org/10.1007/s00431-021-03993-5
http://www.ncbi.nlm.nih.gov/pubmed/33599835
http://doi.org/10.1038/s41590-021-01123-9
http://www.ncbi.nlm.nih.gov/pubmed/35105983
http://doi.org/10.1126/sciimmunol.abf7570
http://www.ncbi.nlm.nih.gov/pubmed/33653907
http://doi.org/10.1016/j.cell.2020.09.016
http://doi.org/10.1001/jamapediatrics.2022.2206
http://doi.org/10.1001/jama.2022.8025
http://www.ncbi.nlm.nih.gov/pubmed/35588048
http://doi.org/10.1056/NEJMoa2116298
http://doi.org/10.1038/s41421-022-00473-4
http://doi.org/10.1056/NEJMc2214293
http://doi.org/10.3390/vaccines11010079
http://www.ncbi.nlm.nih.gov/pubmed/36679924
http://doi.org/10.1172/jci.insight.157963
http://doi.org/10.1128/jvi.00582-22
http://doi.org/10.2139/ssrn.4087375
http://www.ncbi.nlm.nih.gov/pubmed/35872665
http://doi.org/10.1038/s41591-022-01874-4
http://www.ncbi.nlm.nih.gov/pubmed/35605637
http://doi.org/10.1007/s13312-022-2421-9
http://doi.org/10.1016/S1473-3099(22)00414-5
http://doi.org/10.1002/jmv.27940
http://doi.org/10.1056/NEJMoa2203209
http://www.ncbi.nlm.nih.gov/pubmed/35857701
http://doi.org/10.1016/S1473-3099(20)30831-8
http://doi.org/10.3390/vaccines10040586
http://doi.org/10.1016/S1473-3099(21)00319-4
http://doi.org/10.1093/cid/ciab845
http://www.ncbi.nlm.nih.gov/pubmed/34551104

Vaccines 2023, 11, 418 14 of 14

96.

97.

98.

99.

Vadrevu, K.M.; Reddy, S.; Jogdand, H.; Ganneru, B.; Mirza, N.; Tripathy, V.N.; Singh, C.; Khalatkar, V.; Prasanth, S.; Rai, S.; et al.
Immunogenicity and reactogenicity of an inactivated SARS-CoV-2 vaccine (BBV152) in children aged 2-18 years: Interim data
from an open-label, non-randomised, age de-escalation phase 2/3 study. Lancet Infect. Dis. 2022, 22, 1303-1312. [CrossRef]
[PubMed]

Thuluva, S.; Paradkar, V.; Gunneri, S.; Yerroju, V.; Mogulla, R.R.; Suneetha, P.V; Turaga, K.; Kyasani, M.; Manoharan, S.K,;
Adabala, S.; et al. Safety, tolerability and immunogenicity of Biological E's CORBEVAX™ vaccine in children and adolescents: A
prospective, randomised, double-blind, placebo controlled, phase-2/3 study. Vaccine 2022, 40, 7130-7140. [CrossRef]
Khobragade, A.; Bhate, S.; Ramaiah, V.; Deshpande, S.; Giri, K.; Phophle, H.; Supe, P; Godara, I.; Revanna, R.; Nagarkar, R.;
et al. Efficacy, safety, and immunogenicity of the DNA SARS-CoV-2 vaccine (ZyCoV-D): The interim efficacy results of a phase 3,
randomised, double-blind, placebo-controlled study in India. Lancet 2022, 399, 1313-1321. [CrossRef]

Li, G.; Cappuccini, F; Marchevsky, N.G.; Aley, PK,; Aley, R.; Anslow, R.; Bibi, S.; Cathie, K.; Clutterbuck, E.; Faust, S.N.; et al.
Safety and immunogenicity of the ChAdOx1 nCoV-19 (AZD1222) vaccine in children aged 6-17 years: A preliminary report of
COV006, a phase 2 single-blind, randomised, controlled trial. Lancet 2022, 399, 2212-2225. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S1473-3099(22)00307-3
http://www.ncbi.nlm.nih.gov/pubmed/35717995
http://doi.org/10.1016/j.vaccine.2022.10.045
http://doi.org/10.1016/S0140-6736(22)00151-9
http://doi.org/10.1016/S0140-6736(22)00770-X

	Introduction 
	Vaccine Hesitancy in Parents to Have Their Children Vaccinated 
	Multi-Inflammatory Syndrome in Children 
	Status of Vaccination in Children 
	Conclusions 
	References

