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Abstract

Background: COVID-19 vaccination has been successful in decreasing rates of SARS-
CoV-2 infection in areas with high vaccine uptake. Cases of breakthrough SARS-
CoV-2 infection remain infrequent among immunocompetent vaccine recipients who
are protected from severe COVID-19. Robust data demonstrate the safety, immuno-
genicity, and effectiveness of several COVID-19 vaccine formulations. Importantly,
Pfizer-BioNTech BNT162b2 mRNA COVID-19 vaccine studies have now included chil-
dren as young as 5 years of age with safety, immunogenicity, and effectiveness data
publicly available. In the United States, emergency use authorization by the Federal
Drug Administration and approval from the Centers for Disease Control/Advisory
Committee on Immunization Practices have been provided for the 5- to 11-year-old
age group.

Methods: Members of the International Pediatric Transplant Association (IPTA) pro-
vide an updated review of current COVID-19 vaccine data with focus on pediatric
solid organ transplant (SOT)-specific issues.

Results: This review provides an overview of current COVID-19 immunogenicity,
safety, and efficacy data from key studies, with focus on data of importance to pedi-
atric SOT recipients. Continued paucity of data in the setting of pediatric transplanta-
tion remains a challenge.

Conclusions: Further studies of COVID-19 vaccination in pediatric SOT recipients are
needed to better understand post-vaccine COVID-19 T-cell and antibody kinetics and
determine the optimal vaccine schedule. Increased COVID-19 vaccine acceptability,
uptake, and worldwide availability are needed to limit the risk that COVID-19 poses to

pediatric solid organ transplant recipients.
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vaccine
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1 | INTRODUCTION

Since our prior review of the landscape of COVID-19 vaccination
in children with focus on implications for pediatric SOT recipients,
several key advances have been made. These include initiation of
pediatric COVID-19 vaccination in children down to age 5 years, ev-
idence demonstrating the safety and immunogenicity of COVID-19
vaccination in adult SOT recipients, and recognition of the impor-
tance of a three-dose primary series forimmunocompromised adults
due to sub-optimal antibody responses. Despite these advances, key
data gaps remain with regard to COVID-19 vaccination in children.
We therefore review the current state of available data and highlight

continued areas of need for future study.

2 | GENERAL IMPORTANCE OF
PEDIATRIC SARS-COV-2 VACCINATION

Since the start of the pandemic, children and adolescents infected
with SARS-CoV-2 have represented a small percentage of confirmed
infections and have generally presented with less severe COVID-19
and related complications than adults. By mid-2021 and coincident
with increasing circulation of the SARS-CoV-2 Delta (B.1.617.2) vari-
ant, pediatric COVID-19 infections and associated hospitalizations
in the United States increased exponentially.>? As of October 21,
2021, >6.2 million children in the United States have laboratory-
confirmed SARS-CoV-2 infection, for an overall rate of 8, 364 per
100 000 children in the population and accounting for 1.6%-4.3% of
hospitalizations.® These increased pediatric infection rates are likely
in part due to the inability of children <12 years of age to receive
any COVID-19 vaccine at that time. Indeed, it is important to high-
light that pediatric hospitalization rates were 10 times higher among
unvaccinated than fully vaccinated adolescents 12-17 years of age.2
Though data are still emerging, it seems that other variables of se-
verity (e.g., intensive care admission, mechanical ventilation, death)
in children have remained the same as reported earlier in the pan-
demic, pre-Delta.”> Although most infected children are asympto-
matic or have mild illness, there have been over 600 pediatric deaths
attributed to COVID-19 in the United States since the start of the
pandemic, a number surpassing historical mortality rates from other
vaccine-preventable infections such as influenza.* Globally, from the
82 countries with age disaggregated data available in the COVerAGE
database, over 11 7000 reported COVID-19 deaths (0.4% of total
reported deaths) have occurred in children and adolescents under
20 years of age.s’6 Importantly, these metrics do not describe the
global burden of COVID-19 on children, including its socioeconomic
impact on children in less well-resourced countries and impacts on
malnutrition, access to health care, and overall safety.””? Yet, many
eligible children remain under-vaccinated, due to lack of access to
vaccines in some countries and vaccine hesitancy in others.

The direct benefits of pediatric COVID-19 vaccination at the indi-
vidual and population-based level are expected to mirror those seen
in adults. As vaccination protects against SARS-CoV-2 infection, it

may also provide some protection against the development of post-
COVID-19 sequelae in children, including post-COVID-19 syndrome
(also called “long COVID”) and immune-mediated multisystem in-
flammatory syndrome in children (MIS-C).}*! |n addition, some
preliminary modeling data suggest that vaccinating children against
SARS-CoV-2 could indirectly positively impact adult outcomes in-
cluding hospitalizations and deaths, a benefit similarly seen with

other vaccines (e.g., pneumococcal).*?

3 | UPDATED COVID-19 VACCINE DATA
INCLUDING CURRENT PEDIATRIC COVID-19
VACCINE DATA

Phase 3 safety, immunogenicity, and efficacy data for the Pfizer-
BioNTech BNT162b2 (Comirnaty) mRNA COVID-19 vaccine in
healthy adolescents were published in May 2021.1% In this study
of 2260 participants aged 12-15 years, neutralizing antibody titers
measured after a 2-dose series met noninferiority criteria compared
with 16- to 25-year-old participants. Further, overall observed
vaccine efficacy was 100% with no COVID-19 cases occurring
after more than 7 days following the second dose. These data led
to emergency use authorization (EUA) of this vaccine for children
aged 12-15 years of age in the United States in May 2021. More
recently, the vaccine effectiveness of 2 doses of Pfizer-BioNTech
BNT162b2 mRNA vaccine in children 12-18 years of age was docu-
mented to be 93% (95% Cl 83%-97%) during a period of B.1.6.17.2/
Delta variant circulation.’® Currently, COVID-19 vaccines from
Moderna and from Johnson&Johnson/Janssen are not approved for
individuals under 18 years of age in the United States, although data
for the Moderna vaccine have been submitted to the FDA for evalu-
ation. The Moderna vaccine is approved down to age 12 years in
Europe.15 Other vaccines, notably adenoviral vector-based vaccines,
are currently not authorized in children in the USA or Europe based
on the lack of pediatric-specific safety and immunogenicity data.

On October 29, 2021, the United States Food and Drug
Administration (FDA) authorized administration of a 2-dose series
of Pfizer-BioNTech BNT162b2 vaccine to children aged 5-11 years
old based on data from 1518 vaccine recipients and 750 placebo
recipients.® According to released data, the Pfizer vaccine met
pre-determined criteria for vaccine success including both geomet-
ric mean neutralizing antibody titers and seroresponse frequency
compared with a subset of 16- to 25-year-old participants from the
prior efficacy trial. Importantly, 10 pg mRNA per dose for those
5-11 years was used compared with the 30pg mRNA per dose au-
thorized for children 212 years of age and adults. Descriptive ef-
ficacy data demonstrated an observed vaccine efficacy of 90.7%
(95% ClI: 67.4%-98.3%) for overall COVID-19 infection with no se-
vere COVID-19 cases reported in either the vaccine or the placebo
groups.

Currently, the Pfizer-BioNTech BNT162b2 vaccine is fully FDA
approved in the United States for persons 216 years of age'” and
available under EUA for children 5-11%%® and 12-15 years.'? In
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addition, the Advisory Committee on Immunization Practices
(ACIP) within the US Center's for Disease Control (CDC) recently
provided interim recommendations for use of this vaccine in chil-
dren aged 5-11 years.?° In Europe, the Pfizer-BioNTech BNT162b2
COVID-19 vaccine is approved for individuals 212 years of age.?!
Regarding the Moderna vaccine (Spikevax®), there are currently
no published data regarding safety among children younger than
18 years. This vaccine is currently available under an EUA only for
individuals 218 years in the United States,22 but has been adminis-
tered in several states in individuals starting at 12 years of age.23
In Europe, the Moderna vaccine is approved for children 212 years
of age based on unpublished data from a study of 3732 children
aged 12-17 years.?* A brief review of vaccine approval for children
in countries outside of the United States and Europe is included
at the end.

4 | PEDIATRIC-SPECIFIC SAFETY ISSUES
ON COVID-19 VACCINATION

In the separate studies that led to FDA and CDC/ACIP approval of
the Pfizer-BioNTech BNT162b2 vaccine, safety and adverse event
frequencies in individuals 5-11 years and 12-15 years of age were
similar both within these younger age groups and compared to
16-25-year-old vaccine recipients.*>!® While local injection site
pain was very common, severe injection site pain was infrequent,
occurring in only 0.3% of 5-11-year-olds, 1.5% of 12-15-year-olds
and 3.4% of 16—25-year—o|ds.13’20 Common systemic reactogenic-
ity events in the 5-11- and 12-15-year-old groups included fatigue
(5-11 years: dose 1%-33%, dose 2%-39.4%; 12-15 years: dose
1%-60%, dose 2%-66%), headache (5-11 years: 22.4%, 28%; 12-
15 years: 55%, 65%), chills (5-11 years: 4.6%, 9.8%; 12-15 year:
28%, 42%), and myalgia (5-11 years: 9.1%, 11.7%; 12-15 years: 24%,
32%).320 Vaccine-related adverse events occurred in 3% of vaccine
recipients and 2% of placebo recipients in the 12-15-year-old age
group compared with 6% in the 16-25-year-old vaccine recipients.*®
In the 5-11-year-old age group, vaccine recipients had increased
frequency of lymphadenopathy (0.9%) compared with placebo re-
cipients (0.4%), though this difference was not noted in an expanded
safety cohort.?® No vaccine-related serious adverse events were
identified in the study.

Importantly, mRNA vaccines described above have been asso-
ciated with a risk of myopericarditis. This rare SAE has a favorable
outcome in most cases and mainly affects males <30 years with an
estimated incidence of <10/100 000 persons following the second
dose of vaccine.?>"?” Based on this incidence, the frequency of post-
vaccine myopericarditis is 5-10-fold less frequent when compared
with the incidence of myopericarditis following SARS-CoV-2 infec-
tion.?® Recently, data from the United States and Canada reported
relatively higher rates of myopericarditis following the Moderna
vaccine when compared to the Pfizer vaccine,?%%° prompting sev-
eral regions and countries to preferentially recommend the Pfizer-

BioNTech BNT162b2 vaccine in young persons.1%2

WI LEYM

In the transplant setting, acute allograft rejection episodes
have anecdotally been documented following mRNA vaccines.33-%¢
Moreover, in one small series of adult kidney transplant recipients,
mRNA COVID-19 vaccine did not alter panel reactive antibody or
flow cytometry cross-match.®” To our knowledge, there are no re-
ports of post-COVID vaccine myopericarditis in adult or pediatric

SOT recipients.

5 | CURRENT COVID-19 VACCINE DATA
IN ADULT SOT RECIPIENTS

Current recommendations in the United States are for adult SOT
recipients to receive vaccination against SARS-CoV-2 using locally
approved vaccines.%® Early data following the use of mMRNA vaccines
demonstrated poor immunogenicity in adult SOT recipients follow-
ing a single dose of mMRNA COVID vaccine.®?~*! Subsequent studies
demonstrated improved immunogenicity and continued safety with
the full two-dose series with detection frequency of anti-spike 1gG
as high as 54% following the second vaccine.334243

Two studies have evaluated a third dose of mMRNA COVID vac-
cine as part of a primary series in adult SOT recipients.’®** In a ran-
domized controlled trial of 120 adult SOT recipients receiving either
placebo or a 3™ dose of Moderna mRNA-1273, 55% of 3™ dose re-
cipients had above threshold anti-receptor-binding domain (RBD)
antibody concentrations compared with only 18% of recipients re-
ceiving placebo‘44 In addition, neutralizing antibody frequency was
significantly increased in recipients receiving 3 doses compared with
recipients receiving 2 vaccine doses. These data were supported by
a non-randomized series of adult SOT recipients in France receiv-
ing three mRNA COVID vaccine doses.® Importantly, serologic
response to the three-dose regimen appears to be at least partly de-
pendent on immunosuppression regimen and time post—transplant.45

Supporting the importance of a three-dose primary COVID-19
vaccine series for immunocompromised adults, a recent CDC study
using a 9-site surveillance network demonstrated 2-dose vaccine ef-
fectiveness against COVID-19-associated hospitalization to be 77%
(95% Cl: 74%-80%) for immunocompromised adults compared with
90% (95% Cl: 89%-91%) for immunocompetent adults.*® While early
data suggested infrequent occurrence of breakthrough infection in
vaccinated adult SOT recipients, a more recent retrospective, multi-
center study demonstrated a breakthrough infection rate of 0.83%
among 18 215 fully vaccinated adult SOT recipients compared with
the 0.0102% breakthrough infection rate reported by the CDC in
fully vaccinated adults in the United States.*”->°

Importantly for understanding vaccine-mediated protection
from COVID in the absence of vaccine-induced serologic response,
several studies of adult SOT recipients have demonstrated that
COVID-19-specific T-cell responses to vaccination develop with
greater frequency than and even in the absence of humoral re-
sponses.Si'52 In one cohort of 40 adult SOT recipients receiving ei-
ther homologous or heterologous prime-boosting with mRNA-1273
and/or adenovirus vectored vaccine, the frequency of detectable
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SARS-CoV-2-specific T-cell immunity was greater than detectable
humoral immunity following both 1% (23.7% cellular vs. 5.3% hu-
moral) and 2" (64.7% cellular vs. 25.3% humoral).> Though the
comparison was limited by small subcategorization cohorts, SOT
recipients who received vector vaccine priming followed by mRNA
vaccine boosting appeared to have the most robust induction of
SARS-CoV-2-specific antibodies and CD4+ T cells compared with
either homologous vaccine strategy. Similarly, in a subcohort of 48
adult SOT recipients who received two doses of mMRNA-1273 vac-
cine, 46.2% of patients who did not have detectable anti-RBD had
a detectable SARS = CoV-2-specific CD4+ T-cell response post-
vaccine.’?> While the degree of protection provided by T-cell im-
munity in the absence of detectable SARS-CoV-2 antibodies is not
known, these studies provide rationale for continued vaccination of
SOT recipients despite impaired humoral immune responses.
Recommendations from national health authorities regarding
the number of primary series vaccinations and the number and tim-
ing of booster doses for immunocompromised patients have been
rapidly evolving over the past several months and vary by country.
Therefore, we are not reviewing current booster recommendations
in detail and advise transplant physicians to follow national health

agencies within their country of practice.

6 | CURRENT COVID-19 VACCINE DATA
IN PEDIATRIC SOT RECIPIENTS

Current data addressing the immunogenicity of COVID-19 vaccines
in children are sparse. However, two small studies suggest that im-
munogenicity to mRNA-based COVID-19 vaccines may be similar to
that seen in adult SOT recipients. In a study of 25 fully vaccinated
pediatric kidney transplant recipients with median age of 19 years
(IQR 18-20) who were 5 years (IQR 4-9) post-transplant, 52% were
seropositive for spike antibody following 2 doses of SARS-CoV-2
vaccine (one subject received the mRNA-1273 Moderna vaccine).>®
Vaccine responders were less likely to be receiving mycophenolate
mofetil compared with vaccine-nonresponders. Importantly, this
study is limited by small sample size and by its consisting of a nearly
adult-aged cohort.

In a prospective cohort study, 52 pediatric SOT recipients aged
12-18 years of age and without prior SARS-CoV-2 infection or se-
ropositivity received a two-dose series of the Pfizer-BioNTech
BNT162b2 vaccine.”® Following the first vaccine dose, 56.8% of the
37 subjects with antibody testing performed were seropositive using
the Roche Elecsys anti-SARS-CoV-2 S enzyme immunoassay. Among
45 subjects who had antibody testing performed 4 weeks after re-
ceipt of vaccine dose 2, seropositivity was identified in 73.3% which
is higher that in many adult organ transplant cohorts. Risk factors for
lack of seroresponse included SOT receipt in the preceding 3 years,
receiving multiple immunosuppressive medications, and use of an-
timetabolite immunosuppression. Two subjects developed SARS-
CoV-2 infection during the study period. One subject developed
mild infection between 1% and 2" vaccines. The second subject

was seronegative following both doses of vaccine and developed in-
fection 46 days after the second vaccination. No data are provided
regarding the severity of this subject's illness. Mild-to-moderate in-
jection site pain and fatigue were common occurring in 83.5% and
39.5% of 57 subjects, respectively. No episodes of allergic reaction,
myopericarditis, or post-vaccine rejection occurred.

Thus, these two studies demonstrate modestly increased
COVID-19 mRNA vaccine immunogenicity compared with that
seen in adult SOT recipients though still less than seen in otherwise
healthy children. Moreover, there is a suggestion of similar risk fac-
tors for vaccine non-response, especially the impact of mycophe-
nolate mofetil. However, these studies are limited by small size, and
therefore, future studies focusing on pediatric SOT recipients are
urgently needed. In addition, currently, there are no published data
determining the T-cell immune response to COVID-19 vaccination in

pediatric SOT recipients.

7 | GLOBAL PERSPECTIVE ON COVID-19
VACCINE IN PEDIATRIC RECIPIENTS

At the time of writing this paper, many less well-resourced countries
(particularly in Africa) have not had enough vaccine supply to vacci-
nate their high-risk adult populations. Emphasizing this discrepancy,
in many countries only 3% of high-risk adults have received at least
1 dose.”® Rates of completed vaccination in selected countries are as
follows: Brazil 51.6%, India 21.4%, South Africa 18.4%, Bangladesh
11.8%, Egypt 7.4%, Malawi 2.7%, and Nigeria 1.4%.% In addition to
vaccine supply limitations, vaccine hesitancy has been a significant
challenge in many regions worldwide.>

Variation in the available formulations, approved ages, and tim-
ing of approval exists regarding childhood COVID-19 vaccination
throughout the world. Where COVID-19 vaccines are available,
mRNA vaccines often are not accessible and instead the following
have been used: Johnson&Johnson, Astra-Zeneca, and/or Sinovac.
South Africa became one of the first African countries to make one
dose of Pfizer-BioNTech BNT162b2 vaccine available to children
12-17 years old (including those with co-morbidities such as SOT
on October 20, 2021). Underscoring the complexities of vaccination
policy, the Children's Act of South Africa also made allowance for
children 12-17 years old to make their own decisions about receiving
COVID-19 vaccination without their parents’ permission, provided
the child understands the benefits and risks.>”

In Central and South America, Brazil and Costa Rica have ini-
tiated teenage vaccinations (12-17 years of age) using the Pfizer-
BioNTech vaccine whereas Columbia and Argentina have made both
the Moderna and the Pfizer-BioNTech formulations available to this
age group. In Chile, the CoronaVac (Sinovac) inactivated whole virus
vaccine was authorized in September 2021 for children 26 years of
age. In contrast, Bolivia, Nicaragua, and Mexico have not yet ap-
proved COVID-19 vaccination in children.®’

In Asia, the regulatory agency for vaccine approval in India
recently approved COVID-19 vaccination for children aged
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2-17 years using an inactivated whole virus vaccine (Covaxin,
Bharat Biotech). This approval adds to the previously approved
vaccine for children aged 12-17 years in India (either inactivated
vaccine or DNA vaccine formulations) (personal communication
and®®). China approved CoronaVac for children in June 2021
but only recently began providing the vaccine to children aged
6-11 years in September 2021.57 A recently published Phase 1/2
RCT of CoronaVac in children aged 3-17 years demonstrated a
96.8% seroconversion rate for the 1.5 pg formulation and 100%
for the 3.0 pug formulation.®® Injection site pain was observed with
similar frequency between the two-dose formulations and was
significantly more frequent than in the alum-only placebo group
(16%, 16%, and 2%, respectively). No vaccine-attributable serious

adverse events occurred in this study.

8 | IMPACT OF COVID-19 VARIANTS ON
VACCINE PROTECTION

With the emergence and spread of the B.1.6.17.2/Delta variant, early
concerns focused on whether currently available COVID-19 vaccine
formulations would provide adequate protection against this variant
of concern. Despite these initial concerns, mechanistic and clinical
studies have shown that vaccination continues to provide very good
protection against severe COVID-19 due to the Delta variant with
vaccine effectiveness exceeding 90% against severe COVID-19 due
to the Delta variant.#5%61-63

More recently, the emergence of the SARS-CoV-2 B.1.1.529
(Omicron) variant has revealed the limitations of current COVID-19
vaccines in providing protection against novel SARS-CoV-2 vari-
ants with a broader array of mutations than prior variants. The
Omicron variant, first detected and identified in South Africa, has
rapidly spread worldwide and possesses a heavily mutated spike
protein compared with prior-prevalent SARS-CoV-2 strains, includ-
ing the Delta variant.®*%> Accordingly, in vitro studies and current
clinical evidence demonstrate increased infectivity by Omicron and
decreased protection provided by currently available COVID-19
vaccines against the Omicron variant.®®%® Despite this decreased
protection from infection imparted by prior COVID-19 vaccination,
Omicron variantinfections may be less likely to result in severe illness
or hospitalization.®#%>%? Studies are needed to better understand
the impact of Omicron on SOT recipients and to optimize vaccine
strategies for SARS-CoV-2 variants that emerge in the future.

9 | CONCLUSIONS AND KEY QUESTIONS
FOR FUTURE STUDIES IN PEDIATRIC SOT
RECIPIENTS

Since our prior publication reviewing COVID-19 vaccinations in the
context of pediatric SOT recipients, robust immunogenicity and
safety data in immunocompetent children have been released or
published in children as young as 5 years of age. Data specifically

WI LEYM

evaluating COVID-19 vaccine in pediatric SOT recipients remain
limited, but extensive studies in adult SOT recipients have charac-
terized vaccine immunogenicity and safety. COVID-19 vaccination
of eligible pediatric SOT candidates and recipients and their house-
hold contacts is critical for limiting individual infections and their
associated morbidity and for the prevention of COVID-19 at the
population level. Future studies are needed to determine optimal
COVID-19 vaccination strategies including the most immunogenic
vaccine formulation and/or dose and the number and timing of ini-
tial and booster vaccine doses, and to understand the duration of
humoral and cellular immunity in pediatric SOT recipients. Further
study is also needed to ensure rare adverse events are identified and
understood in the context of transplant-associated immunosuppres-
sion. Filling in these knowledge gaps for COVID-19 vaccination of
pediatric SOT recipients will optimize both the health and outcomes
of our patients and also enhance knowledge of vaccination strate-
gies in pediatric SOT recipients.
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