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ABSTRACT

The devastating impact of the COVID-19 pandemic on
global health and economic stability is immeasurable.
The situation is dynamic and fast-evolving, with the

world facing new variants of concern which may have
immune escape potential. With threatened treatment

and preventative strategies at stake, and the prospect of
reinfection prolonging the pandemic, it is more crucial
than ever to understand the pathogenesis of SARS-
CoV-2 infection, which intriguingly disproportionately
affects adults and the elderly. Children infected with
SARS-CoV-2 remain largely asymptomatic or undergo a
transient mild illness. Understanding why children have

a milder phenotype and a significant survival advantage
may help identify modifiable risk factors in adults.
Current evidence suggests adults with COVID-19 show
variability in innate and adaptive immune responses,
which result in uncontrolled proinflammatory cytokine
production in some patients, leading to severe disease
and mortality. Children with acute COVID-19 infection
seldom progress to acute respiratory distress syndrome
and are less likely to exhibit the cytokine storm which is so
prominent in adults. Even with the Kawasaki-like illness,
a hyperinflammation syndrome also known as paediatric
multisystem inflammatory syndrome temporally associated
with SARS-CoV-2, mortality is low. The key to successfully
combating SARS-CoV-2 and future zoonotic pandemics
may lie in understanding these critical differences and
merits focused consideration and research. The impact of
community transmission among asymptomatic children is
unknown; sustained global decline in infection rates and
control of the COVID-19 pandemic may not be achieved
until vaccination of children occurs. In this review, we
discuss the fundamental differences in the immune
response between children and adults in the fight against
SARS-CoV-2.

INTRODUCTION

The COVID-19 pandemic has had a cata-
strophic impact on world health and
economic stability. It is hoped that social
normalcy and economic restoration will
return following global SARS-CoV-2 vacci-
nation. The emergence of mutant strains
raises concerns over the efficacy of recently
licensed vaccines, questioning the degree of
cross-immunity and protection afforded by
these vaccines. Whether the programmes are
successful or not, we must continue to deci-
pher and understand the pathogenesis of this
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» Significant differences exist in the immune response
to SARS-CoV-2 between children and adults; under-
standing the basis for this variance may be crucial to
controlling the pandemic.

» Emerging SARS-CoV-2 variants are more contagious
and virulent and the role children have on commu-
nity transmission of these new variants of concern
needs to be established.

» Sustained control of the pandemic may not be
achieved until children are included in the global
vaccination against SARS-CoV-2.

devastating infection which disproportion-
ately affects adults and the elderly.

Children infected with SARS-CoV-2 are
either asymptomatic or experience a milder
phenotype compared with adults." * This
trajectory is similar to that experienced in
the SARS-CoV-1 and Middle East respiratory
syndrome (MERS) epidemics of 2002 and
2012.% Children may experience fever and
cough with COVID-19 but a loss of sense of
smell or taste are less frequently encoun-
tered.'

Pneumonitis progressing to acute respira-
tory distress syndrome (ARDS) and respira-
tory failure occurs in up to 19.5% of adult
patients with COVID-19, with case fatality rates
of 5%—-8%, rising to 14.8% in elderly patients
>80years.” * Children are quoted to account
for 1%-5% of positive SARS-CoV-2 PCR tests,
but this is likely to be underrepresented
as testing is skewed towards those who are
symptomatic or require hospitalisation.” ® Of
the children who test positive, severe illness
accounts for 1%-6%, with 656% of these
developing the Kawasaki-like illness, paedi-
atric multisystem inflammatory syndrome
temporally associated with SARS-CoV-2
(PIMS-TS), also known as multisystem inflam-
matory syndrome in children, but even then,
mortality is low.”

Despite the milder phenotype, the
pandemic has had a detrimental effect on
child and adolescent health and education
worldwide.® Healthcare access and delivery
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were disrupted, with essential services like routine immu-
nisations being postponed.®? Children are also consid-
ered at low risk of COVID-19 and are therefore not a
priority in vaccination trials.

Aliterature review was performed using the online data-
base PubMed to summarise the available information on
the differences and similarities in SARS-CoV-2 infection
between children and adults, with focus on transmission,
immune response and immunopathogenesis. Clinical
syndromes will be referred to as adult COVID-19, paedi-
atric COVID-19 and PIMS-TS.

TRANSMISSION

SARS-CoV-2 transmits via aerosol and droplet spread but
the virus is also detected in stool samples.'” Children
experience more gastrointestinal symptoms of diarrhoea
and vomiting than adults. Faecal-oral transmission never-
theless is not a common route of infection spread."

The role of children in SARS-CoV-2 transmission is
considered small and reflective of levels of transmission
in their community.""

School and childcare centre COVID-19 outbreaks are
not common especially if hand hygiene, wearing face
masks (among teaching staff) and social distancing rules
are followed," " yet in the absence of testing asymptom-
atic individuals we are unable to track virus circulation
in these settings. To date, contact tracing studies show
71%-90% of childhood SARS-CoV-2 infections were
identified following infection of a family member,'" so we
are probably underestimating the proportion of asymp-
tomatic infected children.

With the fall of the reproduction number (R) following
the third national lockdown and success of the UK vacci-
nation roll-out, schools reopened in March 2021 with
pupils returning to face-to-face education. Cases of chil-
dren testing positive for SARS-CoV-2 have since risen in
the same way as observed following the reopening of
schools in September 2020.'* These observations suggest
that children and young adolescents are likely to transmit
SARS-CoV-2 within the school setting, their household
and the general population, strengthening the need to
include them in vaccination programmes.

Clinical trials testing the efficacy of approved
SARS-CoV-2 vaccines in children have commenced, but
programmes are currently paused until reports of rare
clotting incidents in vaccinated young adults are fully
investigated.

CHILDHOOD AND ADULT IMMUNE RESPONSES TO SARS-COV-2
Host innate and adaptive immune interactions are para-
mountin the clearance of viral infections. Innate immune
cells like circulating neutrophils and monocytes express
pattern recognition receptors (PRRs), for example, Toll-
like receptors (TLR), which recognise ‘danger signals’
from microbial and endogenous molecules referred to
as pathogen-associated and damage-associated molecular

patterns, respectively.'” Innate cell activation occurs
once these ligands bind to cell surface PRRs, leading to
rapid proinflammatory cytokine production, immune
cell recruitment and resultant tissue inflammation. TLRs
are present on antigen-presenting cells (APCs) such as
dendritic cells (DCs), monocytes and B lymphocytes.
The spike glycoprotein has a strong affinity to TLR4;
TLR4 binding and activation are seen in SARS-CoV-1 and
SARS-CoV-2 infection.'* Moreover, APCs crucially link the
innate and adaptive arms of the immune systems via the
presentation of major histocompatibility complex (MHC)
proteins to induce T lymphocyte activation; MHC class
I present antigen peptides to cytotoxic CD8 and MHC
class I to helper CD4 T cells.”” Cytotoxic CDS8 cells kill
virus-infected cells with perforin and granzyme release in
addition to other proinflammatory cytokines."> " This T
cell-mediated immunity combined with humoral immu-
nity form the adaptive arm of the immune system and are
discussed below in relation to SARS-CoV-2.

Adults with severe and critical COVID-19 display a
suppressed adaptive arm in combination with a hyperacti-
vated innate response, leading to uncontrolled proinflam-
matory cytokine production, extensive immune-mediated
lung injury and multiorgan failure."”'®

Pneumonitis and ARDS are rarely seen in paediatric
COVID-19."°'" A hyperinflammation element is however
part of the immunophenotype observed in PIMS-TS, a
condition which characteristically occurs in children who
are SARS-CoV-2 PCR negative and seropositive.'®

Innate immunity
A lack of control of the primary SARS-CoV-2 infection
and fatal COVID-19 has been strongly associated with
hyperacute but ineffective innate immunity in adults.'> '°

High numbers of circulating monocytes and neutro-
phils are found in severe adult COVID-19. Classical
(CD14+CD16-) and intermediate (CD14+ CD16+) mono-
cytes, identified by fluorescence-activated cell sorting
analysis (FACS), produce the inflammatory cytokines
seen in severe COVID-19."® These activated innate cells
are rarely found in asymptomatic individuals or those
with mild disease. Interestingly, non-classic monocytes
(CD14- CD16+), which are anti-inflammatory and have a
role in maintaining endothelial integrity, are reduced in
number in severe adult COVID-19 (figure 1).16 17

Aside from phagocytosis, activated neutrophils form
neutrophil extracellular traps (NETS), which are aptly
named netlike structures made up mostly of chro-
matin and extracellular proteins that ‘trap’ microbes
and infected cells. These NETS can prime the clotting
cascade. NETS have thus been implicated in the microan-
giopathy and thrombosis seen in COVID-19."” Children
with PIMS-TS have endothelial cell damage and micro-
thrombosis, especially seen in their skin lesions.'”® The
underlying microvascular and thrombotic pathogenesis
may be shared in severe adult COVID-19 and PIMS-TS.

Natural killer (NK) cells are of lymphocyte lineage;
however, they are considered part of the innate immune
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Innate cell frequencies in SARS-CoV-2
infection
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Figure 1 Innate cell frequencies in SARS-CoV-2 infection.'®"® T, increased; |, decreased; <>, unchanged. NK cells, natural
killer cells; PIMS-TS, paediatric multisystem inflammatory syndrome temporally associated with SARS-CoV-2.

system with their rapid ability to kill virus-infected cells by
perforin and granzyme degranulation. NK cells are consis-
tently reduced in COVID-19, but this is most marked in
severe disease.'® Lower numbers of perforin-producing
NK cells were found in intensive care unit (ICU) patients
with COVID-19 compared with non-ICU patients in one
study.'” This implies that NK cells are not only reduced
in number but are also functionally impaired in severe
disease. NK cell numbers are preserved in paediatric
COVID-19. FACS analysis of peripheral blood shows
similar reductions in NK cells and non-classic monocytes
in children with PIMS-TS.*

Another theory for why children are more resilient
to COVID-19 is trained immunity, the functional repro-
gramming of innate immune cells following common
childhood infections and vaccinations, enabling memory
cell formation which was previously considered unique
to the adaptive immune system.' *® This heterogeneous
immunity is described with the BCG vaccination®' and is
speculated to occur with coinfections; 10% of coinfec-
tions occur in children testing positive for SARS-CoV-2.*!

APCs like DCs are suppressed in SARS-CoV-2, which
indirectly downregulates T cell activation and func-
tion."” DCs produce interferon (IFN) I and III, which
are powerful antiviral cytokines important in early viral
responses. SARS-CoV-2, like SARS-CoV-1 and MERS, are
capable of immune escape by IFN inhibition,"” thereby
eluding one of the host’s most effective antiviral measures.
One study found 10% of adults with life-threatening
COVID-19 had autoantibodies directed against IFN I,
reinforcing the significance of IFN and the detrimental
effect of select immune deficiencies.*

Adaptive immunity

Lymphopaenia and lymphocyte exhaustion

Lymphopaenia and the high neutrophil to lymphocyte
ratio described in severe adult COVID-19 are rarely
observed in children.?** In adults, CD4+ and CD8+ naive
and memory T cell numbers are reduced.” Conversely,

lymphocyte counts are preserved in paediatric COVID-19
but reduced in PIMS-TS.%*

Adult patients with mild COVID-19 have clonally
expanded CD8+ T lymphocytes.”> Moreover, individuals
with mild disease were shown to mount a stronger SARS-
CoV-2-specific T cell response compared with those with
severe disease, implying preserved adaptive immunity
corresponds with superior disease control and recovery
(figure 2). 1725

In addition, T lymphocytes from patients with severe
COVID-19 have higher expression of the cell exhaustion
and inhibition markers Programmed cell death protein
1 (PD-1), Lymphocyte-activation gene 3 (LAG-3) and
T-cell immunoglobulin and mucin-domain containing-3
(TIM3).** 1724 T cell exhaustion correlates with impaired
effector function. These findings suggest cellular immu-
nity is affected both quantitatively and functionally.

T cell function and survival are a potential novel area
of research in children with COVID-19; findings will
contribute to our understanding of the age-related T cell
response and behaviour in COVID-19.

Humoral response

Adult patients with COVID-19 mount a strong B cell
response; neutralising antibodies against the spike
glycoprotein are detected in the majority of convales-
cent patients with COVID-19."7 Although total B cell
numbers are reduced, plasma cell levels are paradoxically
increased (figure 3).'° IgG and IgA levels are transiently
increased in adult asymptomatic patients and those with
mild disease.'® Adults with severe COVID-19 have persis-
tently raised IgG and IgA levels. This may correspond with
higher neutralising antibodies, but higher IgG and IgA
levels may also perpetuate innate cell activity, primarily
in neutrophils expressing surface Fc receptors.®® Early
phase rise in IgM levels was seen in asymptomatic, mild
and severe cases.'® Early phase rise in IgM, persistent
IgG and waning IgA levels were observed in paediatric
COVID-19.'° "
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T lymphocyte populations in SARS-CoV-2
infection
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Figure 2 T lymphocyte populations in SARS-CoV-2 infection.'® 92224 T increased; |, decreased; <, unchanged. CD, cluster
of differentiation; PIMS-TS, paediatric multisystem inflammatory syndrome temporally associated with SARS-CoV-2.

The complement system is activated by the IgG and IgA
SARS-CoV-2 immunocomplexes via the classical pathway
as well as the Mannose-bindinglectin (MBL) pathway
which senses the Spike glycoprotein. Complement acti-
vation ultimately leads to the membrane attackcomplex
(C5b-9) butit also is a strong inducer of phagocytosis and
NETS formation.

In contrast, no IgM was detected in children with PIM-
TS.? These children were also SARS-CoV-2 PCR-negative,
signifying that PIMS-TS is a clinical syndrome which
occurs weeks following the acute infection.?” Children
with PIMS-TS maintained high IgG levels with enduring
Fc receptor-binding capacity which were capable of
monocyte activation and sustained hyperinflammatory
activity.g6

Lastly, a study on hospitalised adults and children with
COVID-19 in New York added to the cumulative evidence
that mild disease seen in children was unlikely owed
solely to adaptive immune responses; adults with severe
COVID-19 mounted strong T cell responses and had

higher neutralising antibodies compared with children
with COVID-19 and/or PIMS-TS.*®

Anamnestic responses

The course of severe adult COVID-19 is relatively slow
(median 19 days post symptom onset for fatal cases™*),
suggesting the protective involvement of memory B cells
and T cells takes days to develop.” Virus-specific memory
CD4+ andCD8+ Tcell responses persist for at least
6months, whereas virus-specific antibody responses
declined after $months of infection.” Moreover, SARS-
CoV-2-specific memory B cell responses evolved between
1.3 and 6.2 months after infection in a manner that was
consistent with antigen persistence; viral antigens were
detectable in enterocytes from adult intestinal biopsies
even months after infection.”’

Immune responses shortly after resolution of infec-
tion are not predictive of long-term memory in adults.”’
Learning from SARS-CoV-1 and MERS, it is likely that few
antibodies may persist for 2-3 years after infection, but T

B lymphocyte populations in SARS-CoV/-2
infection

Severe / Moderate Mild
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Figure 3 B lymphocyte populations in SARS-CoV-2 infection.” 228 T increased; |, decreased; <>, unchanged. PIMS-TS,
paediatric multisystem inflammatory syndrome temporally associated with SARS-CoV-2.
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Table 2 Chemokine receptor expression in children and adults with SARS-CoV-2 infection®? 2" %2
Adults Children
Severe Mild Asymptomatic PIMS-TS Severe Mild Asymptomatic
TCXCL10  TCXCL10  «>CXCL10 TCXCL10  «<>CXCL10  «>CXCL10  «>CXCL10
TCXCL8 TCXcLs —CXCL8 n/a —CXCL8 «—CXCL8 —CXCL8
TccoL2 TceL2 ~CCL2 ~CCL2 <CCL2 —CCL2 <CCL2

7T, increased; |, decreased; <, unchanged.

CCL, CC chemokine ligand; CXCL, chemokine (C-X-C motif) ligand; n/a,

syndrome temporally associated with SARS-CoV-2.

cell memory responses may last longer. Indeed, 28%-50%
of adults not previously exposed to SARS-CoV-2 infection
had cross-reactive T cells, likely mounted against other
members of the coronavirus family that includes the
common cold coronaviruses HCoV-OC43, HCoV-HKU1,
HCoV-229E and HCoV-NL63.”> Children may have
cross-protective antibodies against SARS-CoV-2 from
the seasonal coronaviruses which commonly infect chil-
dren.!?®

Immunosenescence, the natural decline in innate and
adaptive immune cell function occurring with age, is
most pronounced in elderly patients >80years old.2 %7
Immunosenescence may therefore predispose patients to
poor viral clearance, promoting COVID-19 progression.

Cytokine storm

The hyperinflammatory response known as ‘cytokine
storm’ occurs in the second week in severe and life-
threatening adult COVID-19; higher circulating proin-
flammatory cytokines are observed and clinically
patients develop ARDS, multiorgan failure and dissem-
inated intravascular coagulation (DIC).>* In ARDS, the
cytokine storm is preceded by pulmonary infiltration
of macrophages and neutrophils.” * These innate cells
secrete powerful inflammatory cytokines including inter-
leukin 6 (IL-6), IL-12, IL-10, IFN-y and tumour necrosis
factor alpha (TNF-0) and with varying reports of raised
IL-1B, IL-7, IL-8, IL-17 and G-CSF (granulocyte-colony
stimulating factor).”’ *® Levels of IL-6 and IL-10 along

not available; PIMS-TS, paediatric multisystem inflammatory

with C reactive protein (CRP) are considered prognostic
markers (table 1).2!% Lymphopaenia, raised ferritin and
D-dimer levels also correspond with disease severity in
adult COVID-19."

These clinical manifestations are rare in paediatric
COVID-19; of children who develop severe illness, Two-
thirds will be due to PIMS-TS.” PIMS-TS presents with
a wide array of clinical features and variable disease
severity, with shock, multiorgan failure, left ventric-
ular impairment and coronary artery abnormalities
described among them.” The underlying cytokine storm
in PIMS-TS is referred to as the macrophage activation
syndrome (MAS).?” ** MAS is encountered infrequently
with other childhood infections, for example, Epstein-
Barr virus, with medications and as a complication of
autoimmune diseases.® 117

Pierce and Colleagues28 observed patients with PIMS-TS
to have higher IL-6, IFN-y, TNF-o. and CXCL10 (chemo-
kine (C-X-C motif) ligand) compared with acute paedi-
atric COVID-19. The chemokines CXCL10 (also known as
Interferon gamma-induced protein 10 (IP-10)), CXCL8
and CCL2 (CC chemokine ligand) (also known as Mono-
cyte chemoattractant protein-1 (MCP-1)) are likewise
detected in large amounts in adult COVID-19 (table 2) 3
Other studies found levels of IL-6, IFN-y and TNF-o to be
unchanged in paediatric COVID-19.%

In terms of laboratory biomarkers, patients with PIMS-
TS, similar to severe adult COVID-19, have higher CRP,

Table 1 Cytokine production in children and adults with SARS-CoV-2 infection® 263233

Adults Children

Severe Mild Asymptomatic PIMS-TS Severe Mild Asymptomatic
TIL-6 TIL-6 olL-6 TIL-6 oIL-6 oIL-6 olL-6

TIL-10 TIL-10 TIL-10 TIL-10 TIL-10 TIL-10 TIL-10

TIFN TIFN «IFN TIFN T/oIFN T/oIFN &IFN

T TNFa T TNFa < TNFo T TNFa < TNFo < TNFo < TNFa

T/ IL-1B /e IL-1B o IL-1B n/a o IL-1B - IL-1B < IL-1B

T/ IL-8 T/ IL-8 < IL-8 TIL-8 TIL-8 —IL-8 < IL-8

Ve IL-17 T/ 17 < IL-17 TIL-17 Ve IL-17 T/ IL-17 < IL-17

7T, increased; |, decreased; <, unchanged.

IFN, interferon; IL, interleukin; n/a, not available; PIMS-TS, paediatric multisystem inflammatory syndrome temporally associated with SARS-

CoV-2; TNF-a, tumour necrosis factor alpha.
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ferritin and D-dimer levels, reflecting the inflammatory
nature of the underlying pathology.”

These findings highlight the striking parallels in the
immune responses and the biomarker levels observed
between severe adult COVID-19 and PIMS-TS. The
resulting end organ damage is, however, very different
for these hyperinflammatory conditions.

PIMS-TS does not appear to be a direct result of
SARS-CoV-2 infection but occurs following host immune
attenuation after SARS-CoV-2 exposure.'” This concept
is supported by the observation that PIMS-TS cases arose
weeks following the peak of the first wave of COVID-19
and most children were SARS-CoV-2 PCR-negative and
IgG-positive at the time of presentation.”” ** In contrast,
adult patients with COVID-19 may remain PCR-positive at
the time of disease progression.

ACE2 expression

The expression of the SARS-CoV-2 entry receptor ACE2
has an almost Gaussian distribution, increasing from
childhood into adulthood and declining with old age.'*°
It is found in most tissues but is highly expressed on type
2 pneumocytes.' * Evidence points towards a protective
role, but the exact link between ACE2 and COVID-19
disease severity is unclear. ACE2 downregulation is
seen in adults with comorbidities like hypertension and
diabetes and also on SARS-CoV-2 spike protein binding."'*
Animal studies suggest ACE2 protects against lung injury
induced by SARS-CoV-2.2°

Affinity for ACE2 may influence disease severity and
trend; ACE2 in children are speculated to have a lower
affinity to SARS-CoV-2 thus preventing viral entry into the
host cell.”

TMPRSS2, transmembrane serine protease 2, helps to
prime the spike glycoprotein and promotes viral entry.”
Lower TMPRSS2 levels are found in children and infants.
These differences in ACE2 and TMPRSS2 expression may
be pivotal in helping us understand the discrepancies in
the clinical outcomes between children and adults.

VIROLOGY AND VACCINES

Since the announcement in December 2020 of a new
COVID-19 strain in the UK, N501Y, multiple variants of
concern have been identified. These include the E484K
mutation first detected in South Africa, the P1. variant
from Brazil and the double variant with both E484Q) and
L452R mutations identified in India.”** Worryingly these
new strains are not only more infectious but are more viru-
lent, causing greater morbidity and mortality.®*” There
is no evidence to date to establish children’s susceptibility
to the new variants, yet school closures in January 2021
in the UK were implemented to curb transmission of the
more infectious strains.

With the SARS-CoV-2 vaccination programmes
underway, there are serious concerns that mutations
in the spike glycoprotein may render vaccine-induced
antibodies ineffective or subneutralising.” The current

COVID-19 vaccines are still considered to be effective
against the N501Y variant but may be less so against the
other new variants of concern.”” **

Due to the global push to prevent mortality in high-risk
groups, children are a low priority group for vaccination.
Currently, the UK Joint Committee on Vaccination and
Immunisation advises that only children from high-risk
groups such as those with severe neurological disabilities
who require residential care will be considered for vacci-
nation (https://www.gov.uk/government/publications/
priority-groups-for-coronavirus-covid-19-vaccination-
advice-from-the-jcvi-30-december-2020).

The contribution children have on viral transmission
and disease perpetuation in the community is uncer-
tain. A rise in cases following the reopening of schools
suggests the impact asymptomatic children have on trans-
mission rates may be underestimated. This supports the
argument that children are an important group to vacci-
nate. The USA saw a large reduction in rates of invasive
pneumococcal disease in all ages caused by serotypes
included in the pneumococcal vaccines PCV7 and PCV13
after routine use of these vaccines began for children
(https://www.cdc.gov/vaccines/vpd/pneumo/public/
index.html). Sustained global decline in infection rates
and control of the COVID-19 pandemic may not be
achieved until children are included in the vaccination
programmes.

SUMMARY

Striking clinical and immune differences exist between
children and adult COVID-19. Children are largely
asymptomatic and the dysregulated innate response is
rarely described in paediatric COVID-19.

Conversely, severe adult COVID-19 and PIMS-TS
appear to share similar immune signatures, yet their
clinical response and end organ damage are distinctly
different. The impact children have on viral transmis-
sion and disease perpetuation is uncertain; with the rise
of cases in schools, including children in vaccination
programmes will help curb the spread and control the
pandemic.

CONCLUSION

The COVID-19 pandemic has highlighted gaps in our
knowledge of viral immunology between adults and chil-
dren. Deciphering the mechanism of children’s resil-
ience to disease could help target therapeutic interven-
tions in adults and should be of high priority for future
investigations.
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