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KEY POINTS

� COVID-19 in children usually presents with milder symptoms as compared with adults.

� Supportive care alone is appropriate for most children with COVID-19.

� There has been a rapid development of vaccines globally to prevent COVID-19.

� As of June 2021, only Pfizer–BioNTech BNT162b2 mRNA vaccine is approved for emer-
gency authorization use in the pediatric population age 12 years and older.

� A serious hyperinflammatory process after COVID-19 in children known as multisystemic
inflammatory syndrome in children has been described. Its clinical features can overlap
with Kawasaki disease.
INTRODUCTION

There have been reports of severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) infecting children in all age groups; however, children still comprise a small
percentage of the total number of cases of coronavirus disease 2019 (COVID-19).
As low as 2% of 80,900 COVID-19 cases during the case surge in China were pediatric
cases.1 Similarly, a systematic review showed that children accounted for 1% to 5%
of reported COVID-19 cases.2 Interestingly, the proportion of children with COVID-19
seems to be higher in the United States. By the end of 2020, 2,128,587 COVID-19
cases in US children have been reported, and children represented 12%of all reported
cases in the United States. The overall rate was 2828 cases per 100,000 US children.3

The difference in prevalence among different geographic locations could be due to
multiple factors, including the case definition used, access to testing, varied sensitivity
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of the tests used, differences in anatomic respiratory sampling sites, variability in sam-
ple collection by personnel, levels of case surge within communities, and other as yet
unknown host and pathogen factors.

CLINICAL MANIFESTATIONS IN CHILDREN
COVID-19 Symptoms in Children Are Milder Compared with Those in Adults

It has been observed since early in the pandemic that children seem to experience
milder symptoms when compared with adults. Correspondingly, in a large case series
of 2135 pediatric patients with COVID-19 in China, 55% of cases were asymptomatic
or had only mild symptoms.4 Only 6% of pediatric cases were classified as severe and
critical cases. This number is fewer compared with the number of severe and critical
cases in the adult population, which was found to be about 18.5%. In a report from the
US Centers for Disease Control and Prevention (CDC), 73% of pediatric COVID-19
cases had symptoms of fever, cough, or shortness of breath compared with 93% of
adults aged 18 to 64 years during the same reporting period, and only 6% of all pedi-
atric cases required hospitalization.5 Thus, the majority of pediatric COVID-19 cases
are either asymptomatic or mild in disease severity.

Theories for the milder symptoms and lower prevalence in children
Multiple theories have been suggested to explain why children may contribute to such
a small percentage of reported COVID-19 cases and why children may have a milder
clinical presentation than adults. In a systematic review and meta-analysis including
32 studies, children and adolescents younger than 20 years had a 44% lower odds
of infection with SARS-CoV-2 compared with adults 20 years and older, and the
finding was most marked in those younger than 10 to 14 years.6

Davies and colleagues7 generated a modeling study to determine the manifestation
of clinical symptoms based on susceptibility of infection in children versus adults.
Their data suggested an “age gradient,” in which the risk for severe disease increases
with advancing age. More specifically, they found that 79% of pediatric patients in the
10- to 19-year-old group are asymptomatic, and that individuals 20 years and older
are 2 times more susceptible to COVID-19 than those younger than 20 years of age.
Several potential causes have been implicated in creating this distribution across

the different age groups. Having more mild symptoms or being asymptomatic may
contribute to reporting bias and account for the low number of reported cases of
COVID-19 in children. Those with less noticeable symptoms are less likely to seek
medical care, and in turn the cases are less likely to be confirmed and reported.
Second, because children get frequent viral upper respiratory tract infections

including coronaviruses that cause common cold, it has also been proposed that in-
fections from other coronaviruses offer some immunity to children, rendering children
less susceptible to infection by SARS-CoV-2. This phenomenon may be due to either
cross-protection from other types of previous coronavirus infections or nonspecific
protection from other respiratory viruses. Coinfection with another virus could also
compete with SARS-CoV-2 and decrease its replication, and thus result in a milder
illness.8

Third, SARS-CoV-2 uses its spike protein to bind with human angiotensin-
converting enzyme 2 (ACE-2) receptor for host cell entry.9 In a cohort study of 305 in-
dividuals aged 4 to 60 years, ACE-2 gene expression in the nasal epithelium was
lowest in children less than 10 years of age and it increased with advancing age.10

Low ACE-2 expression could limit SARS-CoV-2 entry into host cells. This factor could
lead to a lower risk of infection and a milder clinical presentation in children. Moreover,
the lower prevalence of comorbidities such as diabetes, chronic lung disease, and
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cardiovascular disease in children may contribute to a milder clinical course as
compared with adults.11

Many pediatric COVID-19 cases have been found to be linked to a family member.
In a study with 34 confirmed pediatric cases, 13 (38%) patients were found to have an
exposure to COVID-19 from a family member.12 It has been suggested that if an adult
transmits SARS-CoV-2 to a child, the infection would be caused by a second or third
generation of virus, and the infection may be milder owing to decreased pathogenicity.
A retrospective review analyzed the data collected from 9 children and their 14 adult
family members.13 It was found that 3 children had symptoms of fever or cough, and 6
were asymptomatic. Four children (44%) had abnormal chest radiograph findings,
whereas 71% of the adults had abnormal radiograph studies. Thus, this concept of
family clusters may also explain why pediatric patients have a milder presentation.8,11
Clinical Manifestations

The most common symptoms in children include fever, upper respiratory symptoms,
and gastrointestinal symptoms. Because SARS-CoV-2 attaches to human cells via
ACE-2 receptors, the expression of ACE-2 receptors on epithelial cells in the lung
and the intestines may account for the manifestations of respiratory and gastrointes-
tinal symptoms, respectively.8

In a review of 333 pediatric patients, the most common symptoms included cough
with a prevalence of 48%, fever (42%), and sore throat (42%). Moreover, 35%of cases
were reported to be asymptomatic.11 Similarly, in a study in Wuhan, China, that exam-
ined 171 children with confirmed COVID-19, 49% of children had cough, 42% had fe-
ver, and 46% had pharyngitis.2 Other symptoms that have been reported include
rhinorrhea, nasal congestion, myalgia, fatigue, shortness of breath, dyspnea, abdom-
inal pain, diarrhea, vomiting, nausea, headache, dizziness, decreased oral intake, and
rash. Fig. 1 provides a compilation of clinical symptom data from 3 review articles that
altogether include 26 studies for a total of 1793 children with COVID-19.1,11,14 Fever
Fig. 1. Summary of clinical manifestations in reported pediatric patients with COVID-19.
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and cough were by far the most prevalent symptoms (see Fig. 1). Recovery occurred
within 1 to 2 weeks after the onset of symptoms.8

In adults, anosmia and ageusia have been reported in COVID-19 cases. These
symptoms have been reported less frequently in children. Coronaviruses as a family
of viruses invade the olfactory bulb, leading to loss of smell. Parisi and colleagues15

emphasizes the importance of further evaluation in pediatric patients with COVID-19
complaining of loss of smell. Nasal endoscopy and smell tests, such as the Pediatric
Smell Wheel, can be used to help identify the degree of olfactory loss.15

Severe and Critical Disease in Children

Although most children with COVID-19 are mildly symptomatic or asymptomatic,
there have been reported cases of severe infection and even death, albeit few. Re-
ported symptoms of severe and critical disease include hypoxia defined as an oxygen
saturation of less than 92%, acute respiratory distress syndrome, shock, and various
organ failure such as encephalopathy, heart failure, abnormal coagulation, and acute
kidney injury.4 According to a review by Zimmerman and colleagues, 9 (3%) of 333
children required admission to pediatric intensive care units, and two of these children
had preexisting conditions, namely, leukemia and hydronephrosis.11

The adult and elderly population have experienced more COVID-19–related
deaths than the pediatric population.1 The presence of comorbidities such as can-
cer, diabetes, cardiovascular disease, chronic lung disease, and a weaker immune
system has been implicated in the greater prevalence of deaths in adults. One study
of 44,672 COVID-19 cases found that 26% had comorbidities.2 Additionally, there
were 965 deaths, and only one of these deaths was a pediatric patient. No informa-
tion was provided on the 14-year-old boy in this study. By March 2020, this case was
1 of the 2 deaths reported in children with COVID-19. The other child was a 10-
month-old girl with intussusception, encephalopathy, septic shock, and multiorgan
failure.2,11

In a review of 29 studies with 4300 children included, 19% were asymptomatic and
37% had no radiographic abnormalities.16 A small proportion of 0.1% required admis-
sion to intensive care units and 4 deaths were reported. Among 208 hospitalized chil-
dren with complete medical chart reviews by the US COVID-19-Associated
Hospitalization Surveillance Network, 33% were admitted to an intensive care unit,
6% required invasive mechanical ventilation, and 1 child (0.5%) died.17 The comorbid
conditions included obesity (38%), chronic lung disease (18%), and prematurity
(15%). Overall, children with COVID-19 have a good prognosis. However, a serious
postinfectious hyperinflammatory process known as multisystemic inflammatory syn-
drome in children has been described. See details in Chapter 5 in this issue.

COVID-19 Symptoms in Newborns and Infants

COVID-19 in neonates has also been reported. In China, between early December
2019 and February 2020, 9 infants (1–11 months of age) were hospitalized. Four
had fever, 2 had mild upper respiratory tract infections, 1 was asymptomatic, and
there was no information on 2 infants.18 Another review reported 3 neonatal cases.2

One had fever and cough, one had rhinorrhea and vomiting, and the third had respi-
ratory distress. Neonatal complications from COVID-19–infected mothers have been
reported as well. In 67 neonates born to 65 mothers who had COVID-19 during preg-
nancy, 12 had respiratory distress or pneumonia (18%), 9 were born with low birth
weight (13%), 2 developed a rash (3%), 2 developed disseminated intravascular coag-
ulation (3%), 1 had asphyxia (2%), and 2 died (3%).11
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Inverse Relationship between Severity and Age in Pediatrics

Even though severity of COVID-19 seems to increase with advancing age in the gen-
eral population overall, severity in the pediatric population seems inversely related to
age, as depicted by the study performed by Dong and colleagues.4 Infants were the
most susceptible to severe illness, with 10.6% of infants less than 1 year of age pre-
senting with severe or critical disease. A decreasing frequency of severity with
advancing age was demonstrated, with severe illness being reported in 7.3% in the
1- to 5-year-old group, 4.2% in the 6- to 10-year-old group, 4.1% in the 11- to 15-
year-old group, and 3.0% in the 16 or older group. In the United States, infants less
than 1 year old accounted for the highest percentage (estimated range, 15%–62%)
of hospitalizations among pediatric patients with COVID-19.5

PHARMACOLOGIC INTERVENTIONS, INCLUDING VACCINE TRIALS
Pharmacologic Interventions

Antivirals
Remdesivir. The antiviral that has perhaps received the most attention is remdesivir.
Remdesivir has a broad spectrum antiviral activity that was first developed to treat
hepatitis C and respiratory syncytial virus and subsequently repurposed to treat the
Ebola virus.19 SARS-CoV-2 is part of the Coronaviridae family characterized by pos-
itive sense single-stranded RNA that requires the function of an RNA-dependent
RNA polymerase for replication. Remdesivir is a nucleoside analog capable of inhibit-
ing the RNA polymerase via chain termination and has demonstrated in vitro activity
against SARS-CoV-1 and Middle Eastern respiratory syndrome coronavirus.20–22

The efficacy of remdesivir in treating adults with lower respiratory tract infection
with COVID-19 was assessed in a double-blinded placebo-controlled trial with the pri-
mary outcome being time to recovery. The results demonstrated that a 10-day course
of remdesivir resulted in a shorter time to recovery with a median of 10 days versus
15 days with placebo. Despite the shorter recovery, the study did not demonstrate
a reduction in mortality.23 At present, a phase II/III study evaluating safety, tolerability,
pharmacokinetics, and efficacy of remdesivir in the pediatric population is ongoing.
Despite the lack of clinical trial data, there have been reported cases of its use in chil-
dren.24,25 The most recent guidelines regarding antiviral therapy in children has been
set forth by a panel of pediatric infectious disease physicians and pharmacists in the
United States. Their suggestion is that supportive care alone is appropriate for most
cases given the mild course of COVID-19 in children in general. For children with se-
vere or critical illness, as defined by the need for supplemental oxygen, noninvasive or
invasive mechanical ventilation, or extracorporeal membrane oxygenation, remdesivir
should be considered. A treatment duration of 5 days is appropriate for most chil-
dren.26 Although approved for use in children with COVID-19 by the US Food and
Drug Administration (FDA) through an Emergency Use Authorization (EUA), the safety
and efficacy of remdesivir have not been evaluated fully in pediatric patients aged less
than 12 years or weighing less than 40 kg. Other medications including chloroquine,
hydroxychloroquine, azithromycin, or lopinavir/ritonavir are not recommended for
the treatment of COVID-19.27

Corticosteroids
The use of corticosteroids for COVID-19 is based primarily on the results of the multi-
center, randomized, open-label RECOVERY trial.28 Mortality at 28 days was lower
among adult patients on invasive mechanical ventilation who received up to
10 days of dexamethasone 6 mg once daily (29.3%) than among those who received
the standard of care (41.4%). This benefit was also observed in patients who required
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supplemental oxygen. No mortality benefit was seen in those who required no supple-
mental oxygen. According to the National Institutes of Health guidelines, if dexameth-
asone is not available, alternatives such as prednisone, methylprednisolone, or
hydrocortisone can be used.27 The safety and effectiveness of dexamethasone or
other corticosteroids for COVID-19 treatment have not been sufficiently evaluated in
children. However, dexamethasone may be beneficial in children who require me-
chanical ventilation. The use of dexamethasone for those who require supplemental
oxygen support should be considered on a case-by-case basis.
Monoclonal antibodies
Bamlanivimab (LY-CoV555). Bamlanivimab is an antispike neutralizing monoclonal
antibody that was discovered from the convalescent plasma of a patient with
COVID-19. This antibody was shown to bind the receptor-binding domain of the
trimeric spike protein in both its up (active) or down (resting) state. This finding gener-
ated interest because the up state has been shown to be required for ACE-2 binding
and viral fusion for cell entry. In a study in nonhuman primates, the administration of
this antibody in rhesus monkeys decreased SARS-CoV-2 replication in both the upper
and lower respiratory tracts.29 In the outpatient setting, the administration of bamlani-
vimab to adults with mild to moderate COVID-19 was shown to decrease the viral load
from baseline compared with placebo and to decrease hospitalizations or emergency
department visits.30 Unfortunately, the administration of bamlanivimab among hospi-
talized adults did not result in a decrease in the clinical severity or in the time to recov-
ery compared with placebo.31 At this time, there are no published data on the efficacy
of bamlanivimab in children; however, the BLAZE-1 trial (NCT04427501) is currently
planned to assess the efficacy of bamlanivimab in children greater than 12 years of
age with high-risk medical conditions. Despite the lack of published data in persons
less than 18 years of age, the FDA issued an EUA in November 2020 granting the
use of bamlanivimab for both adults and high-risk children older than 12 years of
age who have mild to moderate COVID-19 and who are at high risk of progression
to severe COVID-19 and/or hospitalization.

REGN-COV2 (casirivimab and imdevimab). The REGN-COV2 cocktail is composed of 2
fully humanized antibodies that were generated from genetically humanized immune
systems of mice. The pair of monoclonal antibodies known as casirivimab and imdevi-
mab bind noncompetitively to the receptor-binding domain of the SARS-CoV-2 spike
protein.32 The idea behind using pairs rather than a single antibody is to help decrease
the emergence of escape mutations and in fact REGN-COV2 cocktail was shown to
prevent the emergence of spike protein mutants in vitro.33 In rhesus macaques, the
use of the REG-COV2 cocktail was shown to successfully prevent and treat SARS-
CoV2 infection.34 The results of the phase III randomized double-blinded placebo-
controlled trial demonstrated that the use of the antibody cocktail in nonhospitalized
persons greater than 18 years of age with COVID-19 produced a modest decrease in
SARS-CoV-2 viral load levels from baseline as compared with placebo at day 7 of infec-
tion.35 This effect was observed among those who had a high baseline viral load. Sec-
ondary end points such as hospitalization or emergency room visits were similar
between the placebo group and the antibody treated groups. On November 21,
2020, the FDA issued an EUA for casiravimab and imdevimab to be used together in
the treatment ofmild tomoderate COVID-19 in both ambulatory adults and pediatric pa-
tients older than 12 years of age who are at high risk for a poor outcome.27

Currently, there is no evidence for the safety and efficacy of monoclonal antibody
therapy for treatment of COVID-19 in children or adolescents. Moreover, there is
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evidence for potential harm associated with monoclonal antibody infusion reactions or
anaphylaxis. As of December 2020, the pediatric expert panel suggested against the
routine administration of monoclonal antibody therapy (bamlanivimab, or casirivimab
and imdevimab) for the treatment of COVID-19 in children or adolescents, including
those designated by the FDA as being at high risk of progression to hospitalization
or severe disease.36

Convalescent plasma
Convalescent plasma has been used for centuries to treat infectious diseases; howev-
er, to date the use of convalescent plasma has only been shown to be of clear value in
the treatment of Argentine hemorrhagic fever.37 There are reported cases (n 5 4) of
improvement after convalescent plasma use in children with severe COVID-19.38

However, to date no clinical studies have systematically evaluated the efficacy of
convalescent plasma in pediatrics. In a placebo-controlled trial in adults with severe
COVID-19 with evidence of radiologically confirmed pneumonia and signs of respira-
tory distress, the use of convalescent plasma did not improve the clinical outcome at
7, 14, or 30 days when compared with placebo, nor did it decrease mortality (11.0% in
convalescent plasma group vs 11.4% in placebo).39 Of note, there was no statistically
significant difference in transfusion-related adverse events between the convalescent
plasma and the placebo group.

SARS-CoV-2 vaccines
The emergence of SARS-CoV-2 has prompted international efforts to develop effec-
tive vaccines at an unprecedented rate. As of January 2021, just 11 months after
the announcement of the COVID-19 pandemic by the World Health Organization, 64
vaccines are under clinical evaluation and 173 in preclinical evaluation.40 The United
States has directed more than $10 billion to help streamline the production and distri-
bution of promising antivirals and vaccines in a strategy known as Operation Warp
Speed. This operation is a large-scale collaboration between the Department of
Health and Human Services, the CDC, the US National Institutes of Health, and the
Biomedical Advanced Research and Development Authority along with the
Department of Defense.41 Table 1 lists the 6 vaccines whose data have shown prom-
ise against COVID-19 as of January 2021.
To better appreciate the latest development of COVID-19 vaccines, a brief discus-

sion on messenger RNA (mRNA)-based vaccines is merited, especially because 2 of
the 6 vaccines to be discussed elsewhere in this article use this new mRNA-based
vaccine technology. Although the technology has been around since the 1990s,42

its use in the development of vaccines has largely been hindered by its poor stability,
unpredictable immune response, and inefficient delivery methods when used in vivo.
As a result, vaccine approaches have largely relied on traditional methods using sub-
units, live attenuated, or inactivated pathogens. In the past decade, however, major
advancements through the use of modified nucleosides, synthetic cap analogues,
the incorporation of regulatory genetic elements, and purification techniques have
resulted in an increased stability of mRNA and improved control over its immunoge-
nicity. Furthermore, the use of lipid nanoparticle technology has greatly enhanced
the delivery of mRNA into target cells. In 2017, the first successful use of an mRNA-
based vaccine was shown to protect mice against Zika virus.43 Since then, multiple
clinical trials have been initiated to test the efficacy of mRNA-based vaccines against
rabies and influenza in humans.44,45 A review on the latest advancements of mRNA-
based vaccine technology is well beyond the scope of this article, but has been excel-
lently reviewed elsewhere.46 In summary, mRNA-based vaccines have been touted to



Table 1
Current SARS-CoV-2 vaccines (as of January 11, 2021)

Company Vaccine Key Component Series Efficacy Storage

Pfizer–BioNTech BNT162b2 mRNA lipid particle encoding
SARS-CoV-2 S-P2 spike protein

2 doses 21 d apart 95% Storage between �80 �C to �60 �C

Moderna mRNA-1273 mRNA lipid particle encoding
SARS-CoV-2 S-P2 spike protein

2 doses 28 d apart 94.1% Short-term storage: 2 �C–8 �C.
Long-term storage: �20 �C

Oxford–AstraZeneca ChAdOx1 nCov-19 Replication-deficient chimpanzee adenovirus
vector expressing SARS-CoV2 Spike gene

2 doses 28 d apart 70.4% Storage between 2 �C and 8 �C

Janssen Ad26.COV2.S Replication-deficient adenovirus vector serotype
26 encoding full length stabilized
SARS-CoV2 spike protein

Single dose vs
double dose
being studied

Pending Short-term storage: 2 �C–8 �C.
Long-term storage: �20 �C

Novavax NVX-CoV2373 Purified recombinant SARS-CoV-2 spike
glycoprotein and Matrix-M1 adjuvant.

2 doses, 21 d apart Pending Storage between 2 �C and 8 �C
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have superiority over traditional vaccines via their improved safety profile, efficacy at
delivery, and relatively rapid and low-cost production. However, the need for costly
laboratory-grade freezers for storage could hinder the widespread use of mRNA-
based vaccines in real-world settings.

Pfizer–BioNTech BNT162b2 mRNA vaccine. The Pfizer–BioNTech vaccine consists of a
nucleoside-modified mRNA molecule enveloped within a lipoprotein nanoparticle that
encodes the SARS-CoV-2 spike protein in a prefusion state. The phase I/II trials were
conducted in Germany and the United States and initially involved testing 2 vaccine
candidates (BNT162b1 and BNT162b2) for safety and immunogenicity. The molecular
difference between these vaccine candidates is that the BNT162b1 mRNA encodes a
soluble trimerized SARS-CoV-2 receptor-binding domain protein, whereas the
BNT162b2 mRNA encodes a full-length membrane-anchored SARS-CoV-2 spike pro-
tein in a prefusion conformation. The phase I/II trial in the United States involved
healthy adults 18 to 55 and 65 to 85 years of age. The administration of a primer
dose and a booster dose spaced apart by 21 days demonstrated equally robust
IgG responses against the S1-binding domain of the spike protein in both vaccine can-
didates and in all age groups.47 Furthermore, the immunogenicity was greatly
enhanced after the booster dose. One notable difference between BNT162b1 and
BNT162b2 was that the latter was associated with a lower incidence of severe sys-
temic reactions such as fever, fatigue, and chills in adults older than 65 years of
age. It is worth mentioning that no participants reported a fever of greater than 40
�C or systemic events requiring emergency department visit or hospitalization. Mean-
while the phase I/II trial in Germany demonstrated that the vaccine elicited a strong
humoral and cell-mediated immune response as demonstrated by the activation of
CD41 and CD81 T cells and release of immune-modulatory cytokines such as
interferon-gamma, suggesting that the vaccine not only elicited an antibody response,
but also an appropriate T-helper type-1 T-cell mediated response.48 Owing to the
preferred safety profile of BNT162b2, it went on to phase III clinical trials. This is a
double-blinded randomized trial of 43,448 persons ages 16 years or older who either
received a 2-dose placebo or a 2-dose 30 mg BNT162b2 vaccine spaced apart by
21 days.49 The results demonstrated a 95% efficacy at preventing symptomatic
COVID-19. The adverse effects included short-term, mild-to-moderate pain at the in-
jection site along with systemic signs of fatigue, fever, and headache. The incidence of
serious adverse events was low and was similar to placebo. The vaccine received FDA
EUA for persons ages 16 years and older on December 11, 2020 and subsequently on
May 10, 2021 for persons ages 12 years and older. Since the rollout of Pfizer–
BioNTech vaccine, there have been 21 reported cases of anaphylaxis among the
1,893,360 first doses (ie, 11.1 cases per million doses given).50 At the time of this
writing according to the CDC, a history of immediate or severe allergic reactions after
either mRNA-based COVID-19 vaccine or its components is a contraindication to
vaccination with either Pfizer–BioNTech or Moderna COVID-19 vaccine.51 A history
of any immediate allergic reaction to any other vaccine or injectable therapy not
related to a component of mRNA COVID-19 vaccines or polysorbate is a precaution
but not a contraindication to vaccination.

Moderna mRNA-1273 vaccine. Moderna mRNA-based vaccine also known as mRNA-
1273 is composed of a nucleoside-modified mRNA molecule encapsulated within a
lipoprotein nanoparticle. The mRNA encodes an anchored transmembrane SARS-
CoV-2 S-2P spike protein. The mRNA has been modified such that 2 consecutive pro-
lines are inserted at positions 986 and 987 during translation of the S-2P mRNA. This



Galindo et al970
change maintains the trimeric spike protein in a prefusion state also known as the
down or inactive state. To place this in context, viral cell entry via fusion requires
that the spike protein to be in the up or active state to facilitate binding to human
ACE-2 receptor.52 This phase I trial involved healthy participants more than 18 years
of age being randomized to receive 2 doses of either placebo, 25 mg mRNA-1723 vac-
cine, or 100 mg mRNA-1723 vaccine given 28 days apart. Both doses of the vaccines
elicited robust antispike antibody response in a dose-dependent manner. The level of
binding and neutralizing antibody titers generated were greater than antibody titers
observed from convalescent serum of patients recovered from COVID-19 and the ti-
ters remained elevated at 119 days after the first dose of the vaccine.53 In addition
to eliciting a strong humoral response, the 100 mg dose was shown to preferentially
stimulate T-helper type-1 CD41 cells over T-helper type-2 CD41 cells, suggesting
that the vaccine not only induced a humoral immune response, but also stimulated
cell-mediated immunity. Last, the results from the phase I study demonstrated that
the most common adverse events consisted of headache, fatigue, myalgia, chills,
and pain at the injection site, all of which were reported to be mild to moderate with
the majority resolving within 1 day.54,55 The Moderna mRNA-1273 vaccine entered
phase III trials in July 2020. This is a double-blinded study with more than 30,000 par-
ticipants 18 years of age or older being randomized to receive 2 doses of either pla-
cebo or 100 mg mRNA-1273 vaccine given 28 days apart.56 The vaccine showed
94.1% efficacy at preventing COVID-19 illness including severe COVID-19 disease.
Aside from transient local and systemic reactions, no safety concerns were identi-
fied.57 The vaccine received FDA EUA for persons ages 18 years and older on
December 18, 2020.

Oxford–AstraZeneca ChAdOx1 nCov-19 vaccine. Unlike Pfizer’s and Moderna’s
mRNA-based vaccines, the University of Oxford–AstraZeneca vaccine known as ChA-
dOx1 nCov-19 (AZD1222) uses a replication-deficient adenovirus vector to express
the SARS-CoV-2 trimeric spike protein. The adenovirus, which causes the common
cold in chimpanzees, is modified so as to not replicate in humans. An interim analysis
of the randomized controlled trials in the United Kingdom and Brazil demonstrated a
vaccine efficacy of 62.1% among participants who received 2 standard doses and
90.0% among participants who received a half dose followed by a standard dose.
The overall vaccine efficacy across both groups was 70.4%.58 Although the overall ef-
ficacy was not as high as the mRNA-based vaccines, this vaccine has some advan-
tages, namely, the low cost per dose and no requirement for ultralow temperature
storage.59 These factors makes it attractive for resource-limited settings. It is impor-
tant to keep in mind that the US FDA and World Health Organization require a vaccine
to be at least 50% efficacy for licensure. This vaccine has been authorized for emer-
gency use for persons 18 years and older in the United Kingdom on December 30,
2020.

Janssen Ad26.COV2.S (JNJ-78436725). Similar to the Oxford–AstraZeneca vaccine, the
Janssen Ad26.COV2.S vaccine is built on a replication-deficient adenovirus serotype
26 vector that has beenmodified so as to not replicate in humans. The adenovirus vec-
tor was used by Janssen during the design of Ebola virus vaccine. Like the previous
vaccines discussed, the adenovirus vector encodes a prefusion stabilized spike pro-
tein that is membrane bound and contains a mutation at the furin cleavage site along
with 2 protein stabilizing mutations at positions 986 and 987. The basis behind the pre-
fusion conformation is 2-fold. First, the prefusion state facilitated the initial crystallog-
raphy of this highly glycosylated spike protein,60 Second, the prefusion conformation
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has been shown to illicit the highest binding and neutralizing antibody titers when
compared with other spike protein variants.61 The preclinical findings demonstrated
that the Ad26.COV2.S vaccine is capable of inducing a humoral immune response
in rhesus macaques and that the immunogenicity provided protection when animals
were challenged with SARS-CoV-2.62 One potential benefit of this vaccine is that it
could induce immunogenicity (ie, neutralizing antibodies) after a single dose up to
day 71 after vaccination as observed in the phase I/IIa trials.63 This feature would
be a benefit over the 2-dose vaccine regimen, particularly in the real-world setting.
At the time of this writing, it has entered a phase III (ENSEMBLE) study.

Novavax NVX-CoV2373. Unlike the previous vaccines discussed thus far, the Novavax
NVX-CoV2373 vaccine contains purified recombinant full-length trimeric SARS-CoV-2
spike proteins. The recombinant spike protein is modified such that it is resistant to
proteolytic cleavage and stabilized to maintain the prefusion conformation. In addition,
the vaccine also contains a patented saponin-based Matrix-M adjuvant that enhances
immune response and thereby produces high levels of neutralizing antibodies. In a
phase I/II study in healthy persons 18 to 59 years of age, the 2-dose 5-mg adjuvanted
regimen induced geometric mean antispike IgG antibody and neutralization responses
that were greater than those observed in convalescent serum of COVID-19 patients.64

Reactogenicity was absent or mild. At the time of this writing, it is undergoing phase III
trials in the United Kingdom, Mexico, and the United States.

Sanofi–GlaxoSmithKline COVID-19 vaccine. This is an adjuvanted recombinant
protein-based vaccine. The phase I/II study involved adults ages 18 to 49 years of
age. The vaccine demonstrated immune responses comparable to those who had
recovered from COVID-19.65 Unfortunately, there was a lower immune response
observed among those older than 50 years of age. A phase IIb study using an
amended formulation is planned for early 2021.

VACCINE CONSIDERATIONS

At the time of this writing, there are currently 64 COVID-19 vaccines in clinical trials
and 173 in preclinical development40; thus, it is important we do not overlook the use-
fulness of other upcoming vaccines. This process is ever more important because sci-
entists have discovered the presence of SARS-CoV-2 mutated variants in the United
Kingdom, Brazil, and South Africa that have a potential to spread rapidly.66–68 Pub-
lished data are lacking on whether immunogenicity from current vaccines can prevent
infections by these variants. Our armamentarium against variant strains may rely on
the swift identification of new mutations and the rapid development of diverse vaccine
candidates.
It is also critical to point out that the clinical trials have not focused specifically on

children thus far. It is imperative that we do not delay the development of vaccines
for this population. Although children are less likely to suffer from severe COVID-19,
children particularly those 10 years of age and older could readily spread COVID-19
as effectively as adults. Furthermore, approximately 12% of all COVID-19 cases are
seen in children and some have succumbed to a severe disease.3 In addition, children
have been greatly affected by the pandemic, with large disruptions to in-person
school, limited peer interactions, and decreased access to activities that helps to
develop their physical and emotional well-being. Thus, the development of COVID-
19 vaccines must not only target the adult population, but also the pediatric popula-
tion. It is encouraging that at the time of this writing, Pfizer has enrolled children to
the age of 6 months and its EUA for vaccine indications down to the age of 12 years
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was approved. Moderna is initiating a similar study, as is Janssen. AstraZeneca vac-
cine has an approval to enroll children ages 5 to 12 years in the United Kingdom.

SUMMARY

The COVID-19 pandemic has significantly impacted a large number of children world-
wide. Although most children present with no or mild symptoms from COVID-19, more
data are needed regarding its long-term effects in children. Antivirals and immune-
based therapies may play a role in management of those with severe diseases; how-
ever, such interventions have not been evaluated fully in pediatric patients to date. The
development of vaccines is rapidly evolving, and several vaccine candidates are being
assessed in the pediatric population.

CLINICS CARE POINTS
� COVID-19 in children is usually mild, and COVID-19–related deaths in the pediatric
population are extremely rare.

� Cases in children have been linked to having a family member with COVID-19.

� Severity in the pediatric population seems to be related inversely with age, with infants
being most susceptible to severe COVID-19.

� Supportive care alone is sufficient for most children and antiviral remdesivir may be
appropriate for those with severe or critical illness.

� Several vaccine candidates are being evaluated in pediatrics. At this time, only the Pfizer–
BioNTech mRNA vaccine is approved for emergency authorization use in the pediatric
population ages 12 years and older.
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PLoS Med 2020;17(6):e1003130.

13. Su L, Ma X, Yu H, et al. The different clinical characteristics of coronavirus dis-
ease cases between children and their families in China – the character of chil-
dren with COVID-19. Emerg Microbes Infect 2020;9(1):707–13.
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