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Abstract

Coronavirus disease 2019 (COVID-19), can present with a wide spectrum of
severity. Elderly patients with cardiac, pulmonary and metabolic comorbidities
are more likely to develop the severe manifestations of COVID-19, which are
observed in less than 5% of the pediatric patients. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is able to induce an immune impair-
ment and dysregulation, finally resulting in the massive release of in-
flammatory mediators, strongly contributing to the pulmonary and systemic
manifestations in COVID-19. In children, the immune dysregulation following
SARS-CoV-2 can also be responsible of a severe disease phenotype defined as
multisystem inflammatory syndrome in children. As the immune system
undergoes a complex process of maturation from birth to adult age, differences
in the immune and inflammatory response could have a significant impact in
determining the spectrum of severity of COVID-19. Indeed, children show a
higher ability to respond to viral infections and a reduced baseline pro-
inflammatory state compared with elderly patients. Age and comorbidities
contribute to disease severity through immune-mediated mechanisms, since
they are associated with a chronic increase of pro-inflammatory mediators,
and cause an enhanced susceptibility to develop an immune dysregulation
following SARS-CoV-2 infection. Also the expression of ACE2, the receptor of
SARS-CoV-2, varies with age, and is linked to the immune and inflammatory
response through a complex, and not completely elucidated, network. This
paper reviews the peculiar immunopathogenic aspects of COVID-19, with a
focus on the differences between adult and pediatric patients.
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1 | INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, is featured by a variable spectrum of severities.
Although a significant percentage of patients present
with upper respiratory infection, COVID-19 can be as-
sociated with the development of pneumonia and, in
severe cases, acute respiratory distress syndrome
(ARDS), septic shock, disseminated intravascular coa-
gulation, and multiorgan failure (MOF)." The patho-
genesis of COVID-19 has not been completely elucidated.
Nevertheless, it is widely recognized that virus-related
factors are involved in the complex pathogenic me-
chanism of the disease, with the immune system playing
a central role in the development of the severe disease.
Indeed, during infection, an aberrant immune response
can be elicited, resulting in the massive release of cyto-
kines and chemokines (“cytokine storm”), which cause
pulmonary and systemic tissue damage, leading to the
clinical manifestations of severe COVID-19.” Therefore,
different drugs active on the immune system, including
anti-cytokine agents have been proposed for the pre-
vention and treatment of severe COVID-19.

Since the first description of COVID-19, it clearly
emerged that disease severity appears to be higher among
elderly patients with significant comorbidities (chronic
cardiac or pulmonary disorders, obesity, and diabetes)’g’4
while pediatric patients frequently have a mild clinical
course.” ® Indeed, about 20% of the adult patients de-
velop the severe or critical manifestations of COVID-19,
requiring admission to an intensive care unit (ICU),'
while the admission rate to ICU is 2%-3% in children, in
which the fatality rate is lower than 0.1%.>” Interestingly,
a study by Parri et al.” evidenced that, among children,
those ones under six months of age show a higher risk of
developing severe or critical disease.’

Beyond disease severity, also differences in the
clinical phenotype of COVID-19 between adult and
pediatric patients have been observed. In particular,
although even in pediatric age the most commonly
reported clinical findings are fever and signs of re-
spiratory infection (dry cough, myalgia, rhinitis, sore
throat, and less frequently, pneumonia),'’”'* gastro-
intestinal symptoms, such as vomiting, abdominal
pain, and diarrhea, are more common in children
compared with the adult population.””

Given the rarity of severe COVID-19 in children and
adolescent, the knowledge of the mechanisms underlying
its pathogenesis is still limited. However, peculiarities of
the immune and inflammatory response in pediatric age,
together with age-related extra-immunological factors,
such as Angiotensin I Converting Enzyme 2 (ACE2)
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receptor expression and comorbidities, could sig-
nificantly contribute in determining the different clinical
phenotype and disease severity between adult and pe-
diatric patients. This paper reviews the main im-
munopathogenic aspects of COVID-19, with a focus on
the age-related differences between adult and pediatric
patients and the deriving clinical implications.

2 | IMMUNE PATHOGENESIS OF
COVID-19: AN OVERVIEW

The interplay between the effectiveness of the immune
response to allow viral clearance and the elevated in-
flammatory response that determines lung damage is
crucial for both the understanding of the disease course
and the identification of potential therapeutic targets.
Therefore, COVID-19 is at an intriguing “crossroad” be-
tween an infectious disease and an immune/autoin-
flammatory disorder.

2.1 | The immune response

Both the innate and adaptive immune systems are in-
volved in the physiological response to coronaviruses
(CoVs). After the ACE2-mediated entry into the cells,
virus-associated patterns are recognized by toll-like re-
ceptors (TLR), expressed by the cells of the innate im-
mune system, and in particular TLR-7."* The activation
of TLR is followed by the initiation of several signaling
pathways, leading to the production of pro-inflammatory
cytokines, including Type 1 and Type 3 interferon
(IFN-1, IFN-IID).">'® IFN-1, through the activation of
Janus kinase-signal transducer and activator of tran-
scription (JAK/STAT) signaling,'” promotes its antiviral
effects, enhancing phagocytosis, chemotaxis and, finally,
the clearance of the infectious agent mediated by natural
killer (NK) cells and the activation of the adaptive
response.’”

Following phagocytosis, the viral proteins are inter-
nalized in the macrophages, and then presented on
Class-I and Class-II major histocompatibility complex
molecules, to activate the adaptive immune response. In
the context of the adaptive response to CoVs, T-cells,
particularly the T CD8+ subset, play a major role in the
clearance of the infectious agents.'® Concerning humoral
immunity, the role of antibodies seems prominent in the
persistent phase of the infection by COVs."” In the spe-
cific case of COVID-19, the timing of seroconversion is
reported to be a median of 11-14 days,'” but currently it
is not possible to determine the duration of a protective
antibody titer.
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2.2 | The host immune impairment

CoVs have molecular mechanisms that allow escape from
the host immune response. In SARS-CoV and MERS-CoV
infection, authors observed the ability of the virus to inter-
fere, through both TLR-dependent and independent path-
ways, with the production of IFN-1 and IFN-III and the
appropriate initiation of the immune response.'>”’ This ac-
tion depends on different mechanisms: impairment of the
pathogen recognition, reduced cellular IFN production
(through the inhibition of the IRF3 transcription factor), and
altered IFN-mediated signaling, finally reducing both the
expression and function of the IFN-stimulated genes
(ISGs)."® High levels of IFN and ISGs are evidenced in pa-
tients with complicated disease course in severe acute re-
spiratory syndrome (SARS)*' and Middle East respiratory
syndrome (MERS),” suggesting that severe infections could
trigger IFN response, which is, however, ineffective in
reducing the viral load.'® Moreover, in patients with
COVID-19, and particularly in severe forms of the disease, it
is possible to observe alterations in the lymphocyte count
and in specific lymphocyte subsets,” suggesting a potential
interference of the virus with adaptive immunity.

Patients with COVID-19 have a reduction of lymphocyte
count, T CD4+ and T CD8+ subpopulations, and absolute
NK cell count compared with standard reference values.
Interestingly, patients with severe disease show a more
pronounced impairment in the adaptive immune response.
In particular, they more frequently show lymphocytopenia,**
and the absolute values of T CD4+ and T CD8+ cells are
significantly reduced compared with patients with a mild
disease course.””*” Unlike other CoVs, Zheng et al.”® re-
ported a reduced functional diversity of T CD4+ cells to-
gether with an elevation of T CD8+ exhausted cells in the
peripheral blood of patients with a severe disease course,
which contributes to the ineffective immune response
against SARS-CoV-2. A significant reduction of the
T-regulatory cell subset has also been described, contributing
to infection-related immune dysregulation.”> An impaired
immune response could result in an enhanced replication of
the infectious agent, with consequent organ damage and
further activation of the inflammatory process, responsible
for the subsequent clinical worsening of the disease.

2.3 | The host immune dysregulation: A
cytokine storm beyond the infectious
disease

Several studies have reported that patients with severe
disease have markedly elevated serum levels of several
pro-inflammatory cytokines, including interleukin-6
(IL-6), IL-1, IFN-y, and tumor necrosis factor-a (TNF-a).
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A significant elevation of other mediators associated with
inflammation, particularly ferritin and C-reactive protein
(CRP), is also observed in this disease stage. By analyzing
a large cohort of COVID-19 patients, Quin et al.”* showed
that the elevation of IL-6, IL-8, IL-10, CRP, and ferritin in
patients with severe disease was statistically significant
compared with mild disease. In the pathogenesis of
COVID-associated hyperinflammation, the role of IL-6 is
crucial,”’ as the cytokine is able both to enhance the in-
flammatory response by polymorphonucleate cell activa-
tion (phase of local inflammatory response)”® and to
maintain it by macrophage activation and amplification of
the response to TLR activation”’ (phase of prolonged
inflammation).

Taken together, the evidence derived from analysis of
the immune response to SARS-CoV-2, the immune-
escaping mechanisms, the host immune impairment, and
the cytokine profile seen in patients with a severe course,
supports the hypothesis of a two-phase immune response
in COV infection, particularly in the severe COVID-19
form. In the first stage, the host elicits the development
of an endogenous adaptive immune response to elim-
inate the virus and to preclude disease progression. If the
protective specific immunity is impaired, the host enters
the second phase, characterized by virus propagation and
an uncontrolled inflammatory response leading to mas-
sive organ damage (Figure 1).

The cytokine profile described in severe patients with
COVID-19 shows common features with that detected in
patients with hemophagocytic lymphohistiocytosis
(HLH) macrophage activation syndrome (MAS), devel-
oping in patients with rheumatologic diseases and cyto-
kine release syndrome (CRS), an adverse effect following
the administration of chimeric antigen receptor-T cells
(CAR-T-cells) in the treatment of several malignancies.
In patients with HLH-MAS, a significant increase of
several pro-inflammatory cytokines, including IL-1f3, IL-6,
IL-18, TNF-a (produced by monocyte-macrophages), IL-2,
and IFN-y, of lymphocytic origin, together with hy-
perferritinemia, cytopenias (mainly thrombocytopenia),
and impaired liver function is observed. Clinically, these
patients experience unremitting fever, hepatic dysfunc-
tion, hepatosplenomegaly, and potential progression to
MOEFE.”"”" Although the first-line treatment of MAS
mostly relies on corticosteroids and cyclosporine and
data on the use of cytokine blockade strategies, are
controversial,”” the role of biologic agents (including
anti-IL-1 and anti-IL-6 drugs) in the therapeutic ap-
proach to MAS is still being investigated in clinical
trils.”*** In CRS a similar clinical picture with multy-
sistemic involvement is observed, with the pathogenesis
deriving from the massive release of cytokines derived
from the expanded CAR-T-cells (IFN-y and IL-2) and
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FIGURE 1 Pathogenic model of severe COVID-19. The left side of the figure shows the activation of innate and adaptive immune
response following viral infection. The right side analyzes how impaired immunity, immune dysregulation, and uncontrolled inflammation
led to massive tissue damage, thus enhancing the inflammatory response, finally leading to ARDS, septic shock and MOF. ARDS, acute

respiratory distress syndrome; MOF, multiorgan failure

from activated cells from innate immunity (IL-6, IL-8,
IL-10, and others).”* In the treatment of CRS, the main
option is the use of the anti-IL-6 monoclonal antibody
tocilizumab,” approved in both adults and children.
These similarities between COVID-19 and the above
described cytokine storm syndromes support the ratio-
nale use of anti-cytokine agents in the treatment of
severe COVID-19.%

3 | PECULIAR IMMUNE
PATHOGENIC ASPECTS OF
CHILDHOOD-ONSET DISEASE

The question regarding why children are less susceptible
to COVID-19 remains unresolved. As we assume that
host immune responsiveness plays a major role in de-
termining both the clinical phenotype and the disease
course, we are focusing on the differences in the host
immune response to COVID-19 between childhood and
adulthood (Table 1). It should be noted that the immune

TABLE 1 Peculiarity in the immune
response in pediatric age with relevance

in COVID-19 1 Thymic output

1 Repertoire of naive T-cells
1 Absolute values of CD4+ cells
1 Absolute values of CD8+ cells

1 Expression of CD27, CD28

Cellular adaptive immunity

system undergoes a complex process of maturation, be-
ginning during the fetal stage and culminating in ado-
lescence, with progressive acquisition of a complete
immune function. Furthermore, aging is accompanied by
remodeling of the immune system; with time, this leads
to a decline in immune efficacy, resulting in increased
vulnerability to infectious diseases and a susceptibility to
age-related inflammatory disease. This potentially ex-
plains the different severity of COVID-19 in elderly
patients.

3.1 | The host immune responsiveness
in children

Children have a higher proportion of naive T-cells than
adults, and therefore a more pronounced ability both to
respond to new pathogens and to eliminate infectious
agents.'* With aging, continuous antigen stimulation and
thymic involution leads both to a decrease in peripheral
T-cell reservoirs and to a shift in the T-cell subset

Humoral adaptive immunity

1 Bone marrow output

1 Functional capacity of B-cells

Innate immunity and inflammation
1 Baseline tone of innate immunity
tLevels of mDC and pDC

| Baseline pro-inflammatory state

Abbreviations: COVID-19, coronavirus disease 2019; mDC, myeloid dendritic cells; pDC, plasmacytoid

dendritic cells.



COSTAGLIOLA ET AL.

Immunity, Inflammation and Disease

distribution from naive T-cells to memory T-cells.’® Na-
ive CD4+ and CD8+ T-cells decrease linearly with age;
CD8+ twice more rapidly. Memory cells outnumber na-
ive cells on average at 37.4 years in the CD4+ and 29.5
years in the CD8+pool, which could indicate an accel-
eration of the decay of the immune system from this age
onward.”” Based on changes in memory T-cell frequency,
pathogen susceptibility, and mortality throughout hu-
man life, Farber et al.*® divided an individual's lifetime
into three phases: memory generation (ages 0-20 years),
memory homeostasis (ages 20-65years), and im-
munosenescence (age > 65years). This process is also
accompanied by the loss of expression of costimulatory
molecules, such as CD27 and CD28. CD28, an important
T-cell costimulatory receptor, is responsible for T-cell
activation, proliferation, and survival.””** Moreover, the
accumulation of CD28-T-cells mainly contributes to age-
associated changes in T-cells, leading to a reduced overall
immune response to pathogens and vaccines.’”* Studies
on children with severe COVID-19 showed a decrease in
the NK subpopulation together with an increase in T
CD4 and CDS8 subpopulation,”’ differently from adult
patients. Interestingly, pediatric patients are less likely to
develop lymphocytopenia.”**

With regard to humoral immunity, early descriptive
studies of age-associated changes in the B-cell lineage
revealed diminished bone marrow output and a reduc-
tion in the functional capacities of B-cells and their
progenitors, with changes in the sizes of different subsets
and shifts in the diversity and clonotypic composition of
the antigen-responsive repertoire.””*’ Interestingly, the
accumulation of a subset of atypical B-cells, termed age-
associated B-cells (ABCs), is one of the key age-related
changes in B-cell compartment. ABCs, with their in-
herent capacity for secreting antibodies, cytokines, and
presenting antigens, may play an important role in the
complicated signaling network associated with immune
senescence.”*

Finally, also age-related differences in the innate
immune response can influence the clinical course of
SARS-CoV-2 infection. Peripheral dendritic cells (DCs;
both myeloid and plasmacytoid subsets) show a sig-
nificant decline with age. As DCs are the most important
antigen-presenting cells, playing a pivotal role in T-cell
function and in the link between innate and adaptive
immunity, their decline through life is a relevant con-
tributor to the increased susceptibility to infections with
age.”” It is important to note that the plasmacytoid subset
produces very high levels of Type I IFN upon stimulation
with viruses, playing a central role in antiviral immunity.
Recent observations suggested that trained innate im-
munity could contribute to the reduced severity of
COVID-19 in pediatric age.” Indeed, the exposure to
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microbial antigens, vaccines and adjuvants can increase
the baseline reactivity of the innate immune system
against infectious agents, through functional and epige-
netic modifications in progenitors of the myeloid lineage
in the bone marrow.*” Children receive, in the first years
of life, a high number of vaccines*® (frequently contain-
ing adjuvants) and experience a significant number of
respiratory infections. Therefore, it can be hypothesized
that children could have a more pronounced “tone” of
the innate immunity compared to adult patients, con-
tributing both in the protection against SARS-CoV-2 in-
fection and in the mitigation of the clinical course in the
infected patients.*

3.2 | The immune dysregulation
in children

The “cytokine storm” has been demonstrated in pediatric
patients with severe disease, with a detectable elevation
of IL-6, IFN-y, and IL-10. Interestingly, elevated levels of
IL-6 and IL-10 are associated with longer disease dura-
tion and the need for intensive care support.*' Given the
high levels of activated T-cells evidenced in severe pe-
diatric COVID-19, a theory is that the cytokine storm in
pediatric patients could be dependent both on a primary
response to massive cell death and on a secondary, T-cell-
dependent, immune response, which enhances the
cytokine release.

The dysregulation of the inflammatory response has a
particular clinical relevance in pediatric population. In-
deed, in children the infection by SARS-CoV-2 can lead
to the development of a multysistemic inflammatory
syndrome in children (MIS-C), a potentially life-
threatening condition which is often featured by a
Kawasaki-like clinical picture.””>' In most of the cases,
children with MIS-C show positive serology for SARS-
CoV-2, while the positivity of the nasopharyngeal real-
time polymerase chain reaction is reported in less than
40% of the affected children.”” The pathogenic mechan-
ism leading to MIS-C is not completely elucidated, and
different theories have been formulated, investigating the
role of both innate and adaptive immune response. With
regard to innate immunity, the available evidence sug-
gest that a delayed IFN response, caused by the pre-
viously described ability of CoVs to impair IFN-I and
IFN-III synthesis and action,'® could lead to a slower
viral clearance, and be accompanied by an enhanced
systemic inflammatory response, with high levels of dif-
ferent cytokines, including IL-1 and IL-6.°>>° On the
other hand, the delay between SARS-CoV-2 infection and
the development of MIS-C (approximately 4-6 weeks),
together with the clinical efficacy of intravenous
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immunoglobulins in its treatment, suggest the involve-
ment of the adaptive immune system in the pathogenesis
of this condition. A study by Consiglio et al.”* evidenced
that children with MIS-C have low levels of T CD4+ cells
and an increase of the senescent T cell population, sug-
gesting that a defective T cell response could participate
in the pathogenesis of MIS-C. In the same study, from
the analysis of the autoantibody profile emerged different
candidates for a pathogenic role in MIS-C, although
definitive associations were not identified.”

4 | AGE-RELATED ROLE OF
EXTRA-IMMUNOLOGICAL
FACTORS IN THE PATHOGENESIS
OF COVID-19

It is noteworthy that immune-related factors are not the
only determinants of the different disease severity in the
adult population. As previously discussed, patients with
COVID-19 suffering from chronic cardiac disease, dia-
betes, chronic pulmonary disorders, hypertension, and
renal disorders present more frequently with a severe
disease course. Although the most accepted explanation
for this increased severity is represented by the reduced
baseline cardiac and respiratory function, age and co-
morbidities can influence the outcome after SARS-CoV-2
infection also through immune-and inflammatory-
mediated mechanisms. Indeed, aged patients with co-
morbidities, chronic vascular and microvascular injury
(i.e., related to hypertension), and smoking habits, have a
more pronounced baseline pro-inflammatory state in the
lungs, which contributes to the development of immune
dysregulation observed in COVID-19.”> Age itself is as-
sociated with an increase in the systemic and tissue levels
of different pro-inflammatory mediators and reactive
species of oxygen, in realizing a condition defined as
“inflame-aging.””® Moreover, as previously discussed, the
ineffective immune response in aged patients is asso-
ciated with impaired viral clearance,”””® enhancing the
availability of viral antigens and primary tissue damage.
Consequently, it is reasonable to postulate that aged pa-
tients are more prone to develop an uncontrolled im-
mune response after virus-induced tissue injury,”
contributing to the higher severity of COVID-19 in adult
ages. Similarly, the higher rate of severe COVID-19 in
patients with obesity” can partly depend on a systemic
inflammatory state. Indeed, in obese patients the loca-
lized inflammatory reaction in the adipose tissue, asso-
ciated with the production of leptin and the reduced
levels of adiponectin, can lead to a chronic low degree
systemic inflammation, featured by the activation of cells
of the innate ad adaptive immunity (Thl, and T CD8+
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lymphocytes) and by the evidence of increased levels of
different pro-inflammatory cytokines, including IL-6 and
TNF-o.°”°" The upregulated inflammatory response in
obese patients, together with the endothelial dysfunction
and the increased expression of ACE2 associated with
obesity,”” are important factors in determining the
increased severity of COVID-19 in this population.®”

4.1 | Age-related influence on
ACE2 receptor

Since the first description of the central role of ACE2 re-
ceptor in the infectious cycle of SARS-CoV-2, several studies
focused on the age-related differences in the expression of
the ACE2 receptor. Although a progressive decrease of the
receptor expression with age has been described,” other
authors reported a lower density of ACE2 in children com-
pared to adult patients.”” Most of the studies reported that
the expression of ACE2 is enhanced in smokers and obese
patients,”” while data on the tissue levels of ACE2 in sys-
temic and pulmonary disorders are not univocal.”” "’ How-
ever, the interest on ACE2 receptor in COVID-19 is not
limited to its role of binding site for SARS-CoV-2. Indeed,
ACE2 is involved in the viral replication, in the activation of
the immune and inflammatory response (with secretion of
pro-inflammatory cytokines) and participates to the delicate
equilibrium regulating the development of pulmonary da-
mage during the infection. With regard to the involvement of
ACE2 in other phases of the infectious process, recent works
suggests that ACE2 could enhance the expression of genes
involved in viral replication.”® Moreover, a study by Ziegler
et al,”" evidenced that ACE2 expression is stimulated by
IFN, suggesting that SARS-CoV-2 could up-regulate ACE-2
expression in an IFN-mediated mechanism, thus enhancing
the infectious process. Also the effects of ACE 2 on the
immune system during CoVs infections have been ex-
tensively analyzed. Studies on SARS-CoV infection demon-
strated that the expression of ACE2 was associated with the
tissue secretion of the pro-inflammatory cytokines involved
in the pathogenesis of ARDS, and that its expression was
correlated with disease severity.”” This finding was evidenced
also in COVID-19 in a recent study by Li et al.,’® which
demonstrated an association between ACE2 expression and
the levels of different pro-inflammatory cytokines and cel-
lular subpopulations (Th1l and Th17 cells) involved in the
adaptive response. Finally, it is important to underline that,
as demonstrated in experimental studies on models of pul-
monary damage caused by respiratory syncytial virus and by
the intraperitoneal administration of bleomycin,”*”* ACE2
has a protective role against the development of lung injury.
ACE2 acts by inhibiting the apoptosis of pulmonary en-
dothelial cells during the acute phase of lung injury through
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multiple mechanisms, including the upregulation of Bcl-2
protein and the suppression of Mir-4262.”* However, the
complex interactions between ACE2 receptor, SARS-CoV-2,
the immune system and pulmonary tissue are still un-
defined. Similarly, age-related differences in the expression,
function and maturity of ACE2 and the mechanisms by
which this protein influences the clinical phenotype of the
disease deserve further investigation.

5 | CONCLUSION

The immune and inflammatory responses play a sig-
nificant role in controlling SARS-CoV-2 infection, but
can also be concurring factors in the pathogenesis of the
pulmonary and systemic manifestations of severe
COVID-19. Age-related variations in the number and
function of cells of the innate and adaptive immune re-
sponse, together with the complex interactions between
ageing, comorbidities and the immune and inflammatory
response could contribute to determining the higher
disease severity in the elderly patients and the milder
disease course frequently observed in children. As drugs
targeting the immune response are used in both adult
and pediatric patients to prevent and treat the severe
disease, we hope that a better characterization of the age-
related differences in the pathogenesis of COVID-19,
could open the opportunity to critically improve the
therapeutic approach to the disease in both populations.
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