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Abstract: Children infected by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can
suffer from severe coronavirus disease 2019 (COVID-19). However, compared to adults and the
elderly, susceptibility to SARS-CoV-2 infection in children seems to be lower; when infection does
develop, most infected children remain asymptomatic or develop a mild disease. Understanding
why children seem generally protected from severe COVID-19 and only rarely develop clinical
conditions that can cause hospitalization, admission to the pediatric intensive care unit and death can
be important. More details on the mechanism of action of SARS-CoV-2 could be defined. Moreover,
the role played by children in virus diffusion should be better analyzed, and the development of
effective preventive and therapeutic measures against COVID-19 could be favored. The main aim
of this paper is to discuss the present knowledge on immunological and molecular mechanisms
that could explain differences in COVID-19 clinical manifestations between children and adults.
Literature analysis showed that although most children are clearly protected from the development of
severe COVID-19, the reasons for this peculiarity are not fully understood. Developmental variations
in immune system function together with the potential role of repeated antigen stimulation in the
first periods of life on innate immunity are widely studied. As the few children who develop the
most severe form of pediatric COVID-19 have certain alterations in the immune system response to
SARS-CoV-2 infection, studies about the relationships between SARS-CoV-2 and the immune system
of the host are essential to understand the reasons for the age-related differences in the severity
of COVID-19.

Keywords: children; COVID-19; immune response; MIS-C; SARS-CoV-2

1. Introduction

Children infected by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
can suffer from severe coronavirus disease 2019 (COVID-19), as clearly shown by the
reported cases of multisystem inflammatory syndrome in children (MIS-C) [1]. However,
compared to adults and the elderly, susceptibility to SARS-CoV-2 infection in children
seems to be lower; when infection does develop, most infected children remain asymp-
tomatic or develop a mild disease [2]. A joint report from the American Academy of Pedi-
atrics and the Children’s Hospital Association updated through 3 December 2020 showed
that, in the USA, the cumulative number of pediatric COVID-19 cases was 1,460,905, a
value that represents only 12.0% of all cases diagnosed in the country. In the USA, child
hospitalization rates for COVID-19 were only 1.1–3.0% of total reported hospitalizations,
while the child mortality rate was 0.00–0.23% of all COVID-19 deaths [3].

Although currently available epidemiologic data likely underestimates the real inci-
dence of SARS-CoV-2 infections in children, as diagnostic testing focused on symptomatic
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individuals and hospitalized patients almost completely excluded asymptomatic children,
there is no doubt that the risk of severe COVID-19 increases with age. In the USA, the
lowest risk of death was found in children compared to subjects aged 18–29 years, who had
a risk several times higher than children; those aged 40–49 years, 50–64 years, 65–74 years,
75–84 years and >85 years had risks of COVID-19-related death of 10, 30, 90, 220 and
630 times higher, respectively [4].

Understanding why children seem generally protected from severe COVID-19 and
only rarely develop clinical conditions that can cause hospitalization, admission to the
pediatric intensive care unit (PICU) and death can be important. More details on the
mechanism of action of SARS-CoV-2 could be defined. Moreover, the role played by
children in virus diffusion should be better analyzed, and the development of effective
preventive and therapeutic measures against COVID-19 could be favored. The main
aim of this paper is to discuss the present knowledge on immunological and molecular
mechanisms that could explain differences in COVID-19 clinical manifestations between
children and adults.

2. SARS-CoV-2 and Infection Development

SARS-CoV-2 uses angiotensin converting enzyme 2 (ACE2) to infect cells [5]. ACE2
is an important regulator of homeostasis of the renin–angiotensin system by degrading
angiotensin II, which has proinflammatory, pro-fibrotic and vasoconstrictor activities, into
angiotensin 1–7, which modulates vasoconstriction, fibrinogen activation and inflamma-
tory cytokine expression [6]. The receptor is widely expressed in several human tissues,
including cells of the upper and lower respiratory tract, heart, kidney, small intestine and,
to a lesser extent, lung. Lung ACE2 expression is concentrated mainly in type II alveolar
cells and macrophages and modestly in bronchial and tracheal epithelial cells. To infect
cells, the transmembrane spike glycoprotein (S protein) of SARS-CoV-2 binds to the cellular
membrane ACE2. Thereafter, a serine protease, TMPRSS2, cleaves the SARS-CoV-2 S
protein, allowing for cell membrane fusion and endocytosis of the virus and subsequent
viral replication [7]. Similar to what has been shown for other coronaviruses, such as
SARS-CoV and human coronavirus NL63, SARS-CoV-2 downregulates ACE2 expression.
This increases angiotensin 2 concentrations and imbalances the angiotensin 2/angiotensin
1–7 ratio. Additionally, SARS-CoV-2, when entering the cell, induces endocytosis and
cleavage and then reduces the cell surface levels of the ACE2 receptor [8].

However, how the opposite effects of SARS on ACE2 receptor expression and an-
giotensin 2 metabolism impact COVID-19 severity is not clearly established. Reduced
ACE2 expression could lead to a lower risk of severe disease due to reduced virus entry
into cells. Neonatal sheep have lower ACE2 expression than adult sheep [9]. In humans, it
has been shown that ACE2 gene expression was lowest (mean log2 counts per million, 2.40;
95% confidence interval (CI), 2.07–2.72) in children aged less than 10 years and tended to
progressively increase in adolescents and young adults (mean log2 counts per million of
2.77 (95% CI, 2.64–2.90) for children aged 10–17 years, 3.02 (95% CI, 2.78–3.26) for young
adults and 3.09 (95% CI, 2.83–3.35) for adults >25 years) [10]. Consequently, the reduced
ACE2 expression in the first periods of life could explain the lower number of severe
COVID-19 cases in children compared to adults and the elderly. However, several factors
indicate that this cannot be the only explanation for the lower risk of severe COVID-19 in
children. In animal studies, ACE2 has been found to be protective against SARS-CoV-2
lung damage [11]. Beyond adulthood, ACE2 expression tends to decrease considerably,
which contrasts with the greater severity of COVID-19 among older people [12]. Finally,
in patients with some underlying diseases, such as diabetes mellitus, who have reduced
ACE2 expression, the risk of severe disease is significantly increased [13].

On the other hand, downregulation of ACE2 due to SARS-CoV-2 activity leading to
angiotensin 2 accumulation can be deleterious. Increased angiotensin 2 concentrations
are associated with vascular permeability, inflammation and tissue damage. As already
shown in respiratory syncytial virus (RSV) [14] and avian influenza pneumonia [15], in
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adult patients with COVID-19, angiotensin 2 levels have significant positive correlations
with SARS-CoV-2 viral load and the severity of respiratory impairment [16].

3. Immune Response to SARS-CoV-2 Infection
3.1. Innate Immune System

RNA viruses are recognized and bound by pattern recognition receptors (PRRs), such
as toll-like receptor (TLR)-3 and TLR-7, which are expressed on the endoplasmic reticulum
membrane of macrophages, dendritic cells and B lymphocytes, and by RIG-I and MDA5,
which are located in the cytoplasm. This activates the transcription factors NF-κB and
interferon regulatory factor 3 (IRF3) and causes increased expression of innate proinflam-
matory cytokines (interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-α) and type 1
interferon (IFN) [17]. Similar to SARS-CoV and Middle East respiratory syndrome (MERS)-
CoV, SARS-CoV-2 can interfere with this pathway through its M, N, NSP1 and PLpro
proteins, altering ubiquitination and degradation of the RNA sensor adaptor molecules
MAVS and TRAF3/6 and attenuating type 1 IFN production [18,19]. Antagonism of type 1
IFN production aids viral replication, resulting in increased release of pyroptosis products
and an aberrant inflammatory response [20]. Pyroptosis is a highly inflammatory form
of programmed cell death that is commonly seen with intracellular pathogens and is part
of the antimicrobial reaction [21]; it is mediated by the production of IL-1β, an important
cytokine released during pyroptosis and upregulated during SARS-CoV-2 infection [22].

Channappanavar et al. [23] demonstrated that, while an effective innate immune
response during SARS-CoV infection leads to mild–moderate disease, with early type 1
IFN production and a reduced virus titer, severe disease results from delayed expression of
type 1 IFN and an inappropriate inflammatory response, with a high virus titer, increased
monocyte-macrophage and neutrophil accumulation in the lungs and massive production
of proinflammatory cytokines (IL-1, IL-6, IL-8, CXCL-10 and MCP-1).

The massive release of cytokines causes cytokine storm syndrome, a form of systemic
inflammatory response syndrome. The complex formed by IL-6 and its receptor IL-6Rα is
the main in vivo stimulator of the transcription factor STAT3 during inflammation [24].

STAT3 is necessary for the full activation of NF-κB, and both are able to activate
the IL-6 amplifier (IL-6AMP), causing the production of IL-6 with a positive feedback
mechanism. This in turn leads to greater activation of STAT3 and NF-κB through a chain
reaction. IL-6AMP also induces other proinflammatory cytokines and is able to recruit
lymphoid and myeloid cells [25].

The milder clinical presentation of COVID-19 in children could be explained by
reduced serum levels of cytokines and a different basal inflammatory state. It has been
shown that cytokine production increases with age, a widely studied phenomenon named
“inflamm-ageing”, which is responsible for a subclinical inflammatory state predisposing
patients to the development of various inflammatory diseases (i.e., cancer, cardiovascular
diseases, diabetes, osteoporosis and dementia) [26–28]. Indeed, previous studies have
shown an age-associated increase in the production of various cytokines, such as IL-1β,
IL-2, IL-4, IL-6, IL-10, IFN-γ and TNF-α, a characteristic that would be advantageous in
children, as they would therefore be less likely to develop cytokine storm syndrome [29,30].
Furthermore, even in children with a severe clinical condition, the levels of inflammatory
mediators are reduced, with a better prognosis. Schouten et al. [31] compared 49 children
with acute respiratory distress syndrome (ARDS) to 43 adults and showed significantly
lower levels of inflammatory biomarkers (MPO, IL-6 and IL-10) in the bronchoalveolar
lavage (BAL) fluid in children and no deaths registered in this group.

The reduced risk of severe COVID-19 in children could also be due to differences in
natural killer (NK) cell number and activity. NK cells are a part of innate immunity and
are known to eliminate virally infected cells [32]. Healthy children have a greater number
of NK cells than adults and the elderly [33], which could explain the better response of
children to SARS-CoV-2 infection, although the ability of NK cells to produce cytokines
does not exclude that they may play a role as pathogenic factors. However, recent studies
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have shown that, in adults with severe COVID-19, together with a reduced number of
total NK cells [34], an increased number of activated cytokine-producing CD56 bright NK
cells could be demonstrated [35]. The hyperinflammation systematically found in severe
COVID-19 may depend, at least in part, on a SARS-CoV-2-induced mechanism of NK
activation. Although mechanisms conditioning the different NK functions are unknown,
differences between children and adults in activation processes may play a role in favoring
the lower severity of pediatric COVID-19.

3.2. Adaptive Immune System

Adaptive immunity is based on the activity of lymphocytes, such as CD4 helper T
cells, CD8 cytotoxic T cells and B cells. CD8 T cells are important for directly attacking
and killing cells infected by intracellular pathogens, whereas B cells secrete antibodies, and
CD4 T cells induce cytokine production and prime both CD8 T cells and B cells [28].

In SARS-CoV-2 infection, a delayed and ineffective innate immune response leads
to a dysregulated adaptive response, aggravating inflammation [36]. Proinflammatory
cytokines activate Th1-type cells and B cells, with an expansion of CD4 and CD8 T cells
and a reduction in regulatory T cells. Regulatory T cells contribute to the homeostasis of
the immune system, suppressing the excessive activation and proinflammatory activity
of most lymphocytes. In patients infected by SARS-CoV-2 with severe disease, the blood
levels of CD4, CD8 and regulatory T cells are remarkably lower than those in patients with
mild–moderate disease, resulting in a decreased lymphocyte count and lymphocytope-
nia [20]. The first autopsy of a patient who died due to SARS-CoV-2 infection showed an
accumulation of mononuclear cells, particularly monocytes-macrophages and T cells, in
the lungs, suggesting that T cells migrate away from the blood to these sites to control the
infection contributing to the depletion of blood lymphocytes [20]. On the other hand, in
children with SARS-CoV-2 infection, lymphocyte levels are steadily in the normal range,
suggesting less immune dysregulation than in adults [37]. Various hypotheses could ex-
plain this characteristic. Lymphocyte levels are physiologically higher in children than in
adults, consisting mainly of NK and CD8 cells [31]. Moreover, in children, most naive T
cells develop in the thymus, which is larger in childhood than in adulthood and undergoes
involution with aging, while naive T cells self-renew exclusively in the peripheral blood
in adults and elderly individuals [38]. Naive T cells of adults and elderly individuals
present a restricted T cell receptor repertoire, with consequently defective expansion and
differentiation into effector cells compared to those of the naive T cells of children and a
decreased response against new antigens [39].

4. Previously Developed Immunity against Coronaviruses

In children, infections due to human CoVs (HCoVs) other than SARS-CoV and SARS-
CoV-2, such as HCoV-NL63, HCoV-HKU1, HCoV-OC43 and HCoV-229E, are extremely
common [40]. Studies have shown that some SARS-CoV-2 spike peptides have high
homology to those of common CoVs; therefore, it has been supposed that cross-reactive
pre-existing neutralizing antibodies and long-lasting T cell immunity against these viruses
could protect children from SARS-CoV-2 infection and explain their lower hospitalization
and death rates compared to adults during the COVID-19 pandemic [41]. However, several
findings oppose this hypothesis. Animal and human studies have shown that most of the
cross-reacting antibodies to the spike SARS-CoV-2 protein are non-neutralizing and have
no effect on virus replication control [42]. Moreover, reinfection with CoVs is common, and
the levels of cross-reactive antibodies and cross-reactive T cells increase with age, becoming
higher in adults than in children [43]. Finally, children with COVID-19 have antibody levels
to common CoVs similar to those of healthy children [44].

On the other hand, pre-existing immunity against common CoVs may be negative
and lead to a more severe COVID-19 outlook. Non-neutralizing antibodies may form
complexes with SARS-CoV-2, which can more easily infect cells and favor the development
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of antibody-dependent enhancement (ADE) of virus infection, one of the mechanisms
considered at the base of MIS-C [45].

5. Previous Enhanced Activation of the Innate Immune System

During the first years of life, the immune system of children is continuously stimulated.
The incidence of infections, particularly viral respiratory infections, is extremely common.
Even otherwise healthy children suffer from up to 6–8 episodes each year [46]. Moreover,
according to the recommended immunization schedule [47], children receive several doses
of many vaccines specifically administered to prevent some of the most common and
sometimes severe infectious diseases. For years, it was thought that this strong immune
stimulation did not influence innate immune system activity. Only recently, it has been
evidenced that the ability of innate immunity to handle pathogens can be modulated by
previous immune stimulations [48]. Macrophage, NK cell and PRR activity can be modified
and reprogrammed by epigenetic stimuli. Innate antigen-presenting cells are more rapidly
activated, proinflammatory cytokines are more rapidly released and more rapid clearance
of pathogens can occur [49]. This means that after a first response to an infectious agent,
the innate immune system can remain activated and respond differently when exposed
to a second stimulation by the same or a different agent. Trained programs of innate
immunity vary with the characteristics of the infectious agent; although reduced activity
can be generated in some cases, innate immune memory leads to a stronger response than
initially evidenced. The duration of innate immune system memory is shorter than that of
adaptive immunity. Generally, it lasts a few months, although in the case of vaccines, it has
been thought that it could last up to five years [50].

The clinical importance of modulation of the innate immune system is evidenced by
the protective effect against infections due to different pathogens in children previously
immunized with vaccines. Recent randomized trials have shown that children who have
received the Bacillus Calmette–Guerin (BCG) vaccine, measles vaccine, smallpox vaccine
and oral polio vaccine had a substantial reduction in morbidity and mortality in the fol-
lowing months, which could not be explained by prevention of the target disease [51–53].
Similar stimulation of the innate immune system with a reduced incidence of new infec-
tious episodes can also be supposed for children who previously suffered from repeated
infectious episodes when they receive adequate immune stimulation. This hypothesis is
supported by evidence that oral administration of the product of alkaline lysis of 21 strains
of common bacterial respiratory tract pathogens, mimicking bacterial respiratory infections,
is associated with dendritic cell activation and the release of chemokines that act on mono-
cytes and NK cells, as well as prophagocytic chemokines that induce polymorphonuclear
neutrophil migration and the release of antimicrobial peptides [54–56].

However, the real importance of modulation of innate immune system activity for
protection of children from further infections is unknown, particularly in the case of
SARS-CoV-2 infection. As already reported, children with COVID-19 show reduced serum
cytokine levels and this contrasts with the hypothesis of an enhanced activation of the
innate immune system. Moreover, results of studies have suggested that the BCG vaccine
could provide protection against SARS-CoV-2 infection [57], and the use of a bacterial lysate
can reduce the incidence, prevalence and/or duration of further infections in children with
a history of recurrent respiratory tract infections [58,59]. Regarding the role of the BCG
vaccine, it has been shown that the severity of COVID-19 is significantly lower in countries
with universal BCG vaccination policies than in those without [60,61]. However, analysis
of the available data has clearly highlighted that no definitive conclusions in this regard
can be drawn, as the studies were not systematically corrected for confounding variables,
such as cardiovascular death rates and smoking prevalence. When confounding variables
were considered, no correlation between overall BCG vaccination policy and spread of
SARS-CoV-2 and its associated mortality was found [62]. Further studies are ongoing.
However, they are only enrolling adults and will not explain the importance of innate
immune stimulation in lowering the severity of COVID-19 in children [62].
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6. Other Factors
6.1. Exposure to SARS-CoV-2 and the Presence of Underlying Disease

In most countries, schools were closed during the pandemic, even when adults were
allowed to travel and work. From this, it was deduced that children might have had less
intense exposure to SARS-CoV-2. Lower exposure could have led to a reduced risk of
diffusion, and some epidemiological studies have supported this hypothesis, showing
that children were generally infected by adults, as they rarely presented as index cases
in household clusters [63–65]. Finally, secondary infections in the COVID-19 pandemic
were characterized by reduced pathogenicity, as also evidenced during the SARS-CoV
and MERS-CoV epidemics [66]. If children were predominantly infected by adults and
all the secondary cases were less severe, these findings could explain why most children
with SARS-CoV-2 infection are asymptomatic and why COVID-19 is generally milder
in children than in adults. Unfortunately, virological data collected in children with
SARS-CoV-2 infection do not support lower exposure as a reason for mild COVID-19 in
children. Not all the studies confirmed that viral load in infected children differed between
asymptomatic and symptomatic patients, and not all the studies indicated that viral load
was lower in symptomatic children than in adult symptomatic patients [67–69].

In adults, the presence of underlying disease is strongly associated with an increased
risk of severe COVID-19. Underlying medical conditions clearly associated with an in-
creased risk of hospitalization, admission to the intensive care unit (ICU) and death include
cancer; chronic kidney disease; chronic obstructive pulmonary disease; heart conditions,
such as heart failure, coronary artery disease or cardiomyopathies; weakened immune
system from solid organ transplant; obesity; sickle cell disease; and type 2 diabetes mel-
litus [70]. The incidence of these diseases in children is very low, and this could be a
protective factor. However, available data on the role of underlying disease in children
remain questionable. The role of prehospital comorbidities as a factor for hospitalization
and the severe course of COVID-19 in children has not been defined. Together with studies
showing that most children admitted to the PICU were suffering from a severe underlying
disease [71,72], other studies reported no difference in the severity of COVID-19 among
children with underlying comorbidities and healthy children [73,74].

6.2. Melatonin

Several studies have shown that melatonin has anti-inflammatory and antioxidative
properties. Moreover, it can regulate immune responses. Administration of melatonin
improves the proliferation and maturation of NK cells, T and B lymphocytes, granulo-
cytes and monocytes [75] and, in the acute phase of inflammation, can reduce the level of
proinflammatory cytokines [76,77]. All these activities can play a relevant role in reduc-
ing clinical manifestations due to viruses and bacteria, as repeatedly reported in animal
models [78]. In SARS-CoV-2-infected patients, altered immune system function, excessive
inflammation, and an activated cytokine storm are the basis for the clinical manifestations
of the disease [79]. The potential ability of melatonin to contain these problems has led to
the conclusion that melatonin could be used in the prevention and treatment of COVID-19.
A randomized trial in this regard is ongoing. Melatonin secretion is strictly age-related,
with infants having the highest concentration. This could be one of the explanations for the
lower severity of COVID-19 in children. However, due to the lack of studies in this regard,
no definitive conclusions can be drawn.

6.3. Coagulation Abnormalities

Coagulation abnormalities that lead to venous and arterial thromboembolic complica-
tions and disseminated intravascular coagulation can be observed in a substantial number
of adult patients with severe COVID-19 [80]. Excess thrombin generation and fibrinolysis
shutdown induced by viral infection and the subsequent endothelial cell dysfunction are
considered the most important causes of this complication [81,82]. Hypoxia due to lung
lesions can further worsen coagulation abnormalities [83].
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Children have important physiologic differences in the hemostatic system compared
to adults, leading to longer bleeding times during the first 10 years of life [84]. The
concentration of the majority of blood-clotting proteins is significantly lower in the first
periods of life and increases with age. Moreover, concentrations of inhibitors can vary. In
particular, it was reported that the mean values of seven coagulant factors (II, V, VII, IX, X,
XI, XII) were significantly lower than adult values, while those of inhibitors, such as alpha 2-
macroglobulin and protein C1 inhibitors, were elevated [85]. These differences explain why
children are more protected from thrombosis than adults, as epidemiologic reports seem to
indicate. Children with congenital deficiencies of AT, protein C or protein S do not suffer
from thrombosis until adolescence [86–88]. Contrary to adults, in children undergoing
surgical procedures, the risk of secondary thrombosis is uncommon [89]. Starting from
these premises, it has been supposed that developmental hemostasis could provide a
protective mechanism against the development of severe COVID-19 in children. However,
no definitive data in this regard are presently available.

6.4. Vitamin D

Vitamin D has many mechanisms by which it reduces the risk of microbial infection
and death, including physical barrier, cellular natural immunity and adaptive immu-
nity [90]. There is evidence on the role of vitamin D in regulating the immune response to
viral infections, and data from most observational studies confirm an association between
lower vitamin D levels and increased susceptibility to respiratory infections [90].

Interestingly, some studies showed a high frequency of vitamin D insufficiency in
COVID-19 patients admitted to intensive care units [91]. Moreover, some pilot studies
demonstrated that administration of a high dose of 25-hydroxyvitamin D significantly
reduced the need for intensive care unit treatment of patients requiring hospitalization due
to proven COVID-19 [91]. Considering data overall, the effects of vitamin D supplementa-
tion during COVID-19 infection remain controversial. Looking ahead, clinical studies are
needed to define better cut offs for vitamin D levels and, finally, which dosage is the best.

7. Conclusions

Although most children are clearly protected from the development of severe COVID-
19, the reasons for this peculiarity are not fully understood. Several factors can be called
into question, but none are completely convincing. Developmental variations in immune
system function together with the potential role of repeated antigen stimulation in the
first periods of life on innate immunity are more widely studied. As the few children who
develop the most severe form of pediatric COVID-19, MIS-C, have certain alterations in the
immune system response to SARS-CoV-2 infection, studies about the relationships between
SARS-CoV-2 and the immune system of the host are essential to understand the reasons for
the age-related differences in the severity of COVID-19. On the other hand, comparisons of
adults’ and children’s response to infectious diseases may be intriguing and the object of
further investigations.

Author Contributions: F.C., G.D. and T.D. wrote the first draft of the manuscript; A.A., V.F. and
G.P. performed the literature review; N.P. gave a substantial scientific contribution; S.E. supervised
the review and made substantial scientific contributions. All authors have read and agreed to the
published version of the manuscript.

Funding: This manuscript was supported by Cystic Fibrosis Center, Azienda Ospedaliera-Universitaria,
Parma, Italy.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Microorganisms 2021, 9, 330 8 of 11

References
1. Jiang, L.; Tang, K.; Levin, M.; Irfan, O.; Morris, S.K.; Wilson, K.; Klein, J.D.; Bhutta, Z.A. COVID-19 and multisystem inflammatory

syndrome in children and adolescents. Lancet Infect. Dis. 2020, 20, e276–e288. [CrossRef]
2. Swann, O.V.; Holden, K.A.; Turtle, L.; Pollock, L.; Fairfield, C.J.; Drake, T.M.; Semple, M.G. Clinical characteristics of children and

young people admitted to hospital with covid-19 in United Kingdom: Prospective multicentre observational cohort study. BMJ
2020, 370, m3249. [CrossRef]

3. American Academy of Pediatrics. Children and COVID-19: State-Level Data Report. Available online: https://services.aap.org/
en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report (accessed on 10 December
2020).

4. Center for Disease Control and Prevention. COVID-19 Hospitalization and Death by Age. Available online: https://www.cdc.
gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-age.html (accessed on 10 December
2020).

5. Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi, D.; Ren, L.; Qian, Z. Characterization of spike glycoprotein of SARS-CoV-2 on virus entry and its
immune cross-reactivity with SARS-CoV. Nat. Commun. 2020, 11, 1620. [CrossRef] [PubMed]

6. Simões e Silva, A.C.; Silveira, K.D.; Ferreira, A.J.; Teixeira, M.M. ACE2, angiotensin-(1-7) and Mas receptor axis in inflammation
and fibrosis. Br. J. Pharmacol. 2013, 169, 477–492. [CrossRef]

7. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117, 11727–11734. [CrossRef]

8. Gheblawi, M.; Wang, K.; Viveiros, A.; Nguyen, Q.; Zhong, J.C.; Turner, A.J.; Raizada, M.K.; Grant, M.B. Angiotensin-Converting
Enzyme 2: SARS-CoV-2 Receptor and Regulator of the Renin-Angiotensin System: Celebrating the 20th Anniversary of the
Discovery of ACE2. Circ. Res. 2020, 126, 1456–1474. [CrossRef]

9. Chen, K.; Bi, J.; Su, Y.; Chappell, M.C.; Rose, J.C. Sex-Specific Changes in Renal Angiotensin-Converting Enzyme and Angiotensin-
Converting Enzyme 2 Gene Expression and Enzyme Activity at Birth and Over the First Year of Life. Reprod. Sci. 2016, 23, 200–210.
[CrossRef]

10. Bunyavanich, S.; Do, A.; Vicencio, A. Nasal Gene Expression of Angiotensin-Converting Enzyme 2 in Children and Adults. JAMA
2020, 323, 2427–2429. [CrossRef]

11. Imai, Y.; Kuba, K.; Rao, S.; Huan, Y.; Guo, F.; Guan, B.; Penninger, J.M. Angiotensin-converting enzyme 2 protects from severe
acute lung failure. Nature 2005, 436, 112–116. [CrossRef]

12. Xie, X.; Chen, J.; Wang, X.; Zhang, F.; Liu, Y. Age- and gender-related difference of ACE2 expression in rat lung. Life Sci. 2006, 78,
2166–2171. [CrossRef]

13. Pal, R.; Bhansali, A. COVID-19, diabetes mellitus and ACE2: The conundrum. Diabetes Res. Clin. Pract. 2020, 162, 108132.
[CrossRef] [PubMed]

14. Gu, H.; Xie, Z.; Li, T.; Zhang, S.; Lai, C.; Zhu, P.; Yang, P. Angiotensin-converting enzyme 2 inhibits lung injury induced by
respiratory syncytial virus. Sci. Rep. 2016, 6, 19840. [CrossRef] [PubMed]

15. Zou, Z.; Yan, Y.; Shu, Y.; Gao, R.; Sun, Y.; Li, X.; Jiang, C. Angiotensin-converting enzyme 2 protects from lethal avian influenza A
H5N1 infections. Nat. Commun. 2014, 5, 3594. [CrossRef]

16. Liu, Y.; Yang, Y.; Zhang, C.; Huang, F.; Wang, F.; Yuan, J.; Liu, L. Clinical and biochemical indexes from 2019-nCoV infected
patients linked to viral loads and lung injury. Sci. China Life Sci. 2020, 63, 364–374. [CrossRef] [PubMed]

17. Prompetchara, E.; Ketloy, C.; Palaga, T. Immune responses in COVID-19 and potential vaccines: Lessons learned from SARS and
MERS epidemic. Asian Pac. J. Allergy Immunol. 2020, 38, 1–9. [PubMed]

18. Kindler, E.; Thiel, V.; Weber, F. Interaction of SARS and MERS Coronaviruses with the Antiviral Interferon Response. Adv. Virus
Res. 2016, 96, 219–243.

19. De Wit, E.; van Doremalen, N.; Falzarano, D.; Munster, V.J. SARS and MERS: Recent insights into emerging coronaviruses. Nat.
Rev. Microbiol. 2016, 14, 523–534. [CrossRef]

20. Tay, M.Z.; Poh, C.M.; Rénia, L.; MacAry, P.A.; Ng, L.F.P. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.
Rev. Immunol. 2020, 20, 363–374. [CrossRef] [PubMed]

21. Fink, S.L.; Cookson, B.T. Apoptosis, pyroptosis, and necrosis: Mechanistic description of dead and dying eukaryotic cells. Infect.
Immun. 2005, 73, 1907–1916. [CrossRef]

22. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Cao, B. Clinical features of patients infected with 2019 novel coronavirus in
Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

23. Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Dysregulated Type I Interferon and
Inflammatory Monocyte-Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice. Cell Host Microbe 2016, 19,
181–193. [CrossRef] [PubMed]

24. Hirano, T.; Murakami, M. COVID-19: A New Virus, but a Familiar Receptor and Cytokine Release Syndrome. Immunity 2020, 52,
731–733. [CrossRef]

25. Murakami, M.; Hirano, T. The pathological and physiological roles of IL-6 amplifier activation. Int. J. Biol. Sci. 2012, 8, 1267–1280.
[CrossRef]

26. Weiskopf, D.; Weinberger, B.; Grubeck-Loebenstein, B. The aging of the immune system. Transpl. Int. 2009, 22, 1041–1050.
[CrossRef]

http://doi.org/10.1016/S1473-3099(20)30651-4
http://doi.org/10.1136/bmj.m3249
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-age.html
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-age.html
http://doi.org/10.1038/s41467-020-15562-9
http://www.ncbi.nlm.nih.gov/pubmed/32221306
http://doi.org/10.1111/bph.12159
http://doi.org/10.1073/pnas.2003138117
http://doi.org/10.1161/CIRCRESAHA.120.317015
http://doi.org/10.1177/1933719115597760
http://doi.org/10.1001/jama.2020.8707
http://doi.org/10.1038/nature03712
http://doi.org/10.1016/j.lfs.2006.09.028
http://doi.org/10.1016/j.diabres.2020.108132
http://www.ncbi.nlm.nih.gov/pubmed/32234504
http://doi.org/10.1038/srep19840
http://www.ncbi.nlm.nih.gov/pubmed/26813885
http://doi.org/10.1038/ncomms4594
http://doi.org/10.1007/s11427-020-1643-8
http://www.ncbi.nlm.nih.gov/pubmed/32048163
http://www.ncbi.nlm.nih.gov/pubmed/32105090
http://doi.org/10.1038/nrmicro.2016.81
http://doi.org/10.1038/s41577-020-0311-8
http://www.ncbi.nlm.nih.gov/pubmed/32346093
http://doi.org/10.1128/IAI.73.4.1907-1916.2005
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/j.chom.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26867177
http://doi.org/10.1016/j.immuni.2020.04.003
http://doi.org/10.7150/ijbs.4828
http://doi.org/10.1111/j.1432-2277.2009.00927.x


Microorganisms 2021, 9, 330 9 of 11

27. Chung, H.Y.; Cesari, M.; Anton, S.; Marzetti, E.; Giovannini, S.; Seo, A.Y.; Carter, C.; Yu, B.P.; Leeuwenburgh, C. Molecular
inflammation: Underpinnings of aging and age-related diseases. Ageing Res. Rev. 2009, 8, 18–30. [CrossRef]

28. Simon, A.K.; Hollander, G.A.; McMichael, A. Evolution of the immune system in humans from infancy to old age. Proc. Biol. Sci.
2015, 282, 20143085. [CrossRef]

29. Decker, M.L.; Grobusch, M.P.; Ritz, N. Influence of Age and Other Factors on Cytokine Expression Profiles in Healthy Children—A
Systematic Review. Front. Pediatr. 2017, 5, 255. [CrossRef]

30. Decker, M.L.; Gotta, V.; Wellmann, S.; Ritz, N. Cytokine profiling in healthy children shows association of age with cytokine
concentrations. Sci. Rep. 2017, 7, 17842. [CrossRef] [PubMed]

31. Schouten, L.R.; van Kaam, A.H.; Kohse, F.; Veltkamp, F.; Bos, L.D.; de Beer, F.M.; Wösten-van Asperen, R.M. Age-dependent
differences in pulmonary host responses in ARDS: A prospective observational cohort study. Ann. Intensive Care 2019, 9, 55.
[CrossRef]

32. Jost, S.; Altfeld, M. Control of human viral infections by natural killer cells. Annu. Rev. Immunol. 2013, 31, 163–194. [CrossRef]
[PubMed]

33. Yabuhara, A.; Kawai, H.; Komiyama, A. Development of natural killer cytotoxicity during childhood: Marked increases in
number of natural killer cells with adequate cytotoxic abilities during infancy to early childhood. Pediatr. Res. 1990, 28, 316–322.
[CrossRef]

34. Wang, F.; Nie, J.; Wang, H.; Zhao, Q.; Xiong, Y.; Deng, L.; Zhang, Y. Characteristics of Peripheral Lymphocyte Subset Alteration in
COVID-19 Pneumonia. J. Infect. Dis. 2020, 221, 1762–1769. [CrossRef]

35. Maucourant, C.; Filipovic, I.; Ponzetta, A.; Aleman, S.; Cornillet, M.; Hertwig, L.; Björkström, N.K.; COVID-19 Study Group.
Natural killer cell immunotypes related to COVID-19 disease severity. Sci. Immunol. 2020, 5, eabd6832. [PubMed]

36. Paces, J.; Strizova, Z.; Smrz, D.; Cerny, J. COVID-19 and the immune system. Physiol. Res. 2020, 69, 379–388. [CrossRef] [PubMed]
37. Du, W.; Yu, J.; Wang, H.; Zhang, X.; Zhang, S.; Li, Q.; Zhang, Z. Clinical characteristics of COVID-19 in children compared with

adults in Shandong Province, China. Infection 2020, 48, 445–452. [CrossRef]
38. Kumar, B.V.; Connors, T.J.; Farber, D.L. Human T Cell Development, Localization, and Function throughout Life. Immunity 2018,

48, 202–213. [CrossRef] [PubMed]
39. Van den Broek, T.; Borghans, J.A.M.; van Wijk, F. The full spectrum of human naive T cells. Nat. Rev. Immunol. 2018, 18, 363–373.

[CrossRef]
40. Principi, N.; Bosis, S.; Esposito, S. Effects of coronavirus infections in children. Emerg. Infect. Dis. 2010, 16, 183–188. [CrossRef]
41. McCauley, J.; Gamblin, S.J.; McCoy, L.E.; Cherepanov, P.; Nastouli, E.; Kassiotis, G. Preexisting and de novo humoral immunity to

SARS-CoV-2 in humans. Science 2020, 370, 1339–1343.
42. Lv, H.; Wu, N.C.; Tsang, O.T.; Yuan, M.; Perera, R.A.P.M.; Leung, W.S.; Mok, C.K. Cross-reactive Antibody Response between

SARS-CoV-2 and SARS-CoV Infections. Cell Rep. 2020, 31, 107725. [CrossRef]
43. Gorse, G.J.; Donovan, M.M.; Patel, G.B. Antibodies to coronaviruses are higher in older compared with younger adults and

binding antibodies are more sensitive than neutralizing antibodies in identifying coronavirus-associated illnesses. J. Med. Virol.
2020, 92, 512–517. [CrossRef]

44. Sermet, I.; Temmam, S.; Huon, C.; Behillil, C.; Gadjos, V.; Bigot, T.; Eloit, M. Prior infection by seasonal coronaviruses does not
prevent SARS-CoV-2 infection and associated Multisystem Inflammatory Syndrome in children. medRxiv 2020. [CrossRef]

45. Arvin, A.M.; Fink, K.; Schmid, M.A.; Cathcart, A.; Spreafico, R.; Havenar-Daughton, C.; Virgin, H.W. A perspective on potential
antibody-dependent enhancement of SARS-CoV-2. Nature 2020, 584, 353–363. [CrossRef] [PubMed]

46. Tregoning, J.S.; Schwarze, J. Respiratory viral infections in infants: Causes, clinical symptoms, virology, and immunology. Clin.
Microbiol. Rev. 2010, 23, 74–98. [CrossRef]

47. Centers for Disease Control and Prevention. Immuniztion Schedules. Available online: https://www.cdc.gov/vaccines/
schedules/hcp/imz/child-adolescent.html (accessed on 10 December 2020).

48. Netea, M.G.; Domínguez-Andrés, J.; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Latz, E. Defining trained immunity
and its role in health and disease. Nat. Rev. Immunol. 2020, 20, 375–388. [CrossRef]

49. De Bree, L.C.J.; Koeken, V.A.C.M.; Joosten, L.A.B.; Aaby, P.; Benn, C.S.; van Crevel, R.; Netea, M.G. Non-specific effects of vaccines:
Current evidence and potential implications. Semin. Immunol. 2018, 39, 35–43. [CrossRef]

50. Nankabirwa, V.; Tumwine, J.K.; Mugaba, P.M.; Tylleskär, T.; Sommerfelt, H.; PROMISE-EBF Study Group. Child survival and
BCG vaccination: A community based prospective cohort study in Uganda. BMC Public Health 2015, 15, 175. [CrossRef]

51. Benn, C.S.; Netea, M.G.; Selin, L.K.; Aaby, P. A small jab—A big effect: Nonspecific immunomodulation by vaccines. Trends
Immunol. 2013, 34, 431–439. [CrossRef]

52. Moorlag, S.J.C.F.M.; Arts, R.J.W.; van Crevel, R.; Netea, M.G. Non-Specific effects of BCG vaccine on viral infections. Clin.
Microbiol. Infect. 2019, 25, 1473–1478. [CrossRef]

53. Giamarellos-Bourboulis, E.J.; Tsilika, M.; Moorlag, S.; Antonakos, N.; Kotsaki, A.; Domínguez-Andrés, J.; Netea, M.G. Activate:
Randomized clinical trial of BCG vaccination against infection in the elderly. Cell 2020, 183, 315–323. [CrossRef] [PubMed]

54. Parola, C.; Salogni, L.; Vaira, X.; Scutera, S.; Somma, P.; Salvi, V.; Bosisio, D. Selective activation of human dendritic cells by
OM-85 through a NF-kB and MAPK dependent pathway. PLoS ONE 2013, 8, e82867. [CrossRef]

55. Huber, M.; Mossmann, H.; Bessler, W.G. Th1-orientated immunological properties of the bacterial extract OM-85-BV. Eur. J. Med.
Res. 2005, 10, 209–217.

http://doi.org/10.1016/j.arr.2008.07.002
http://doi.org/10.1098/rspb.2014.3085
http://doi.org/10.3389/fped.2017.00255
http://doi.org/10.1038/s41598-017-17865-2
http://www.ncbi.nlm.nih.gov/pubmed/29259216
http://doi.org/10.1186/s13613-019-0529-4
http://doi.org/10.1146/annurev-immunol-032712-100001
http://www.ncbi.nlm.nih.gov/pubmed/23298212
http://doi.org/10.1203/00006450-199010000-00002
http://doi.org/10.1093/infdis/jiaa150
http://www.ncbi.nlm.nih.gov/pubmed/32826343
http://doi.org/10.33549/physiolres.934492
http://www.ncbi.nlm.nih.gov/pubmed/32469225
http://doi.org/10.1007/s15010-020-01427-2
http://doi.org/10.1016/j.immuni.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29466753
http://doi.org/10.1038/s41577-018-0001-y
http://doi.org/10.3201/eid1602.090469
http://doi.org/10.1016/j.celrep.2020.107725
http://doi.org/10.1002/jmv.25715
http://doi.org/10.1101/2020.06.29.20142596
http://doi.org/10.1038/s41586-020-2538-8
http://www.ncbi.nlm.nih.gov/pubmed/32659783
http://doi.org/10.1128/CMR.00032-09
https://www.cdc.gov/vaccines/schedules/hcp/imz/child-adolescent.html
https://www.cdc.gov/vaccines/schedules/hcp/imz/child-adolescent.html
http://doi.org/10.1038/s41577-020-0285-6
http://doi.org/10.1016/j.smim.2018.06.002
http://doi.org/10.1186/s12889-015-1497-8
http://doi.org/10.1016/j.it.2013.04.004
http://doi.org/10.1016/j.cmi.2019.04.020
http://doi.org/10.1016/j.cell.2020.08.051
http://www.ncbi.nlm.nih.gov/pubmed/32941801
http://doi.org/10.1371/journal.pone.0082867


Microorganisms 2021, 9, 330 10 of 11

56. Roth, M.; Pasquali, C.; Stolz, D.; Tamm, M. Broncho Vaxom (OM-85) modulates rhinovirus docking proteins on human airway
epithelial cells via Erk1/2 mitogen activated protein kinase and cAMP. PLoS ONE 2017, 12, e0188010. [CrossRef] [PubMed]

57. Schaad, U.B.; Mütterlein, R.; Goffin, H.; BV-Child Study Group. Immunostimulation with OM-85 in children with recurrent
infections of the upper respiratory tract: A double-blind, placebo-controlled multicenter study. Chest 2002, 122, 2042–2049.
[CrossRef]

58. Bitar, M.A.; Saade, R. The role of OM-85 BV (Broncho-Vaxom) in preventing recurrent acute tonsillitis in children. Int. J. Pediatr.
Otorhinolaryngol. 2013, 77, 670–673. [CrossRef]

59. Esposito, S.; Bianchini, S.; Bosis, S.; Tagliabue, C.; Coro, I.; Argentiero, A.; Principi, N. A randomized, placebo-controlled,
double-blinded, single-centre, phase IV trial to assess the efficacy and safety of OM-85 in children suffering from recurrent
respiratory tract infections. J. Transl. Med. 2019, 17, 284. [CrossRef] [PubMed]

60. Levine, D.I. A shred of evidence that BCG vaccine may protect against COVID-19: Comparing cohorts in Spain and Italy. medRxiv
2020. [CrossRef]

61. Miller, A.; Reandelar, M.J.; Fasciglione, K.; Roumenova, V.; Li, Y.; Otazuet, G.H. Correlation between universal BCG vaccination
policy and reduced morbidity and mortality for COVID-19: An epidemiological study. medRxiv 2020. [CrossRef]

62. Hensel, J.; McAndrews, K.M.; McGrail, D.J.; Dowlatshahi, D.P.; LeBleu, V.S.; Kalluri, R. Protection against SARS-CoV-2 by BCG
vaccination is not supported by epidemiological analyses. Sci. Rep. 2020, 10, 18377. [CrossRef]

63. Lee, B.; Raszka, W.V., Jr. COVID-19 transmission and children: The child is not to blame. Pediatrics 2020, 146, e2020004879.
[CrossRef] [PubMed]

64. Maltezou, H.C.; Vorou, R.; Papadima, K.; Kossyvakis, A.; Spanakis, N.; Gioula, G.; Papa, A. Transmission dynamics of SARS-
CoV-2 within families with children in Greece: A study of 23 clusters. J. Med. Virol. 2020. Epub ahead of printing. [CrossRef]
[PubMed]

65. Zhu, Y.; Bloxham, C.J.; Hulme, K.D.; Sinclair, J.E.; Tong, Z.W.M.; Steele, L.E.; Short, K.R. A meta-analysis on the role of children in
SARS-CoV-2 in household transmission clusters. Clin. Infect. Dis. 2020. Epub ahead of printing. [CrossRef]

66. Chowell, G.; Abdirizak, F.; Lee, S.; Lee, J.; Jung, E.; Nishiura, H.; Viboud, C. Transmission characteristics of MERS and SARS in
the healthcare setting: A comparative study. BMC Med. 2015, 13, 210. [CrossRef] [PubMed]

67. Laws, R.L.; Chancey, R.J.; Rabold, E.M.; Chu, V.T.; Lewis, N.M.; Fajans, M.; Kirking, H.L. Symptoms and Transmission of
SARS-CoV-2 Among Children—Utah and Wisconsin, March–May 2020. Pediatrics 2020, e2020027268, Epub ahead of printing.
[CrossRef] [PubMed]

68. Kociolek, L.K.; Muller, W.J.; Yee, R.; Dien Bard, J.; Brown, C.A.; Revell, P.; Pollock, N.R. Comparison of upper respiratory viral
load distributions in asymptomatic and symptomatic children diagnosed with SARS-CoV-2 infection in pediatric hospital testing
programs. J. Clin. Microbiol. 2020. Epub ahead of printing. [CrossRef]

69. Grijalva, C.G.; Rolfes, M.A.; Zhu, Y.; McLean, H.Q.; Hanson, K.E.; Belongia, E.A.; Talbot, H.K. Transmission of SARS-COV-2
Infections in Households—Tennessee and Wisconsin, April–September 2020. Morb. Mortal. Wkly. Rep. 2020, 69, 1631–1634.
[CrossRef]

70. Centers for Disease Control and Prevention. COVID-19 (Coronavirus Disease). People with Certain Medical Conditions. Available
online: https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html (accessed
on 10 December 2020).

71. Shekerdemian, L.S.; Mahmood, N.R.; Wolfe, K.K.; Riggs, B.J.; Ross, C.E.; McKiernan, C.A.; Burns, J.P. Characteristics and
Outcomes of Children with Coronavirus Disease 2019 (COVID-19) Infection Admitted to US and Canadian Pediatric Intensive
Care Units. JAMA Pediatr. 2020, 174, 868–873. [CrossRef]

72. Williams, N.; Radia, T.; Harman, K.; Agrawal, P.; Cook, J.; Gupta, A. COVID-19 Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection in children and adolescents: A systematic review of critically unwell children and the association with
underlying comorbidities. Eur. J. Pediatr. 2020, 1–9, Epub ahead of printing. [CrossRef]

73. Zachariah, P.; Johnson, C.L.; Halabi, K.C.; Ahn, D.; Sen, A.I.; Fischer, A.; Banker, S.L.; Giordano, M.; Manice, C.S.; Diamond, R.
Epidemiology, Clinical Features, and Disease Severity in Patients with Coronavirus Disease 2019 (COVID-19) in a Children’s
Hospital in New York City, New York. JAMA Pediatr. 2020, 174, e202430. [CrossRef] [PubMed]

74. Marlais, M.; Wlodkowski, T.; Vivarelli, M.; Pape, L.; Tönshoff, B.; Schaefer, F.; Tullus, K. The severity of COVID-19 in children on
immunosuppressive medication. Lancet Child Adolesc. Health 2020, 4, e17–e18. [CrossRef]

75. Miller, S.C.; Pandi-Perumal, S.R.; Esquifino, A.I.; Cardinali, D.P.; Maestroni, G.J.M. The role of melatonin in immuno-enhancement:
Potential application in cancer. Int. J. Exp. Pathol. 2006, 87, 81–87. [CrossRef] [PubMed]

76. Bazyar, H.; Gholinezhad, H.; Moradi, L.; Salehi, P.; Abadi, F.; Ravanbakhsh, M.; Javid, A.Z. The effects of melatonin supplementa-
tion in adjunct with non-surgical periodontal therapy on periodontal status, serum melatonin and inflammatory markers in type
2 diabetes mellitus patients with chronic periodontitis: A double-blind, placebo-controlled trial. Inflammopharmacology 2019, 27,
67–76.

77. Sanchez-Lopez, A.L.; Ortiz, G.G.; Pacheco-Moises, F.P.; Mireles-Ramirez, M.A.; Bitzer-Quintero, O.K.; Delgado-Lara, D.L.C.;
Velázquez-Brizuela, I.E. Efficacy of melatonin on serum pro-inflammatory cytokines and oxidative stress markers in relapsing
remitting multiple sclerosis. Arch. Med. Res. 2018, 49, 391–398. [CrossRef]

78. Ben-Nathan, D.; Maestroni, G.J.; Lustig, S.; Conti, A. Protective effects of melatonin in mice infected with encephalitis viruses.
Arch. Virol. 1995, 140, 223–230. [CrossRef]

http://doi.org/10.1371/journal.pone.0188010
http://www.ncbi.nlm.nih.gov/pubmed/29182620
http://doi.org/10.1378/chest.122.6.2042
http://doi.org/10.1016/j.ijporl.2013.01.009
http://doi.org/10.1186/s12967-019-2040-y
http://www.ncbi.nlm.nih.gov/pubmed/31443716
http://doi.org/10.1101/2020.06.05.20123539
http://doi.org/10.1101/2020.03.24.20042937
http://doi.org/10.1038/s41598-020-75491-x
http://doi.org/10.1542/peds.2020-004879
http://www.ncbi.nlm.nih.gov/pubmed/32457212
http://doi.org/10.1002/jmv.26394
http://www.ncbi.nlm.nih.gov/pubmed/32767703
http://doi.org/10.1093/cid/ciaa1825
http://doi.org/10.1186/s12916-015-0450-0
http://www.ncbi.nlm.nih.gov/pubmed/26336062
http://doi.org/10.1542/peds.2020-027268
http://www.ncbi.nlm.nih.gov/pubmed/33033178
http://doi.org/10.1128/JCM.02593-20
http://doi.org/10.15585/mmwr.mm6944e1
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
http://doi.org/10.1001/jamapediatrics.2020.1948
http://doi.org/10.1007/s00431-020-03801-6
http://doi.org/10.1001/jamapediatrics.2020.2430
http://www.ncbi.nlm.nih.gov/pubmed/32492092
http://doi.org/10.1016/S2352-4642(20)30145-0
http://doi.org/10.1111/j.0959-9673.2006.00474.x
http://www.ncbi.nlm.nih.gov/pubmed/16623752
http://doi.org/10.1016/j.arcmed.2018.12.004
http://doi.org/10.1007/BF01309858


Microorganisms 2021, 9, 330 11 of 11

79. Vabret, N.; Britton, G.J.; Gruber, C.; Hegde, S.; Kim, J.; Kuksin, M.; Levantovsky, R.; Malle, L.; Moreira, A.; Park, M.D. Immunology
of COVID-19: Current State of the Science. Immunity 2020, 52, 910–941. [CrossRef] [PubMed]

80. Tang, N.; Bai, H.; Chen, X.; Gong, J.; Li, D.; Sun, Z. Anticoagulant treatment is associated with decreased mortality in severe
coronavirus disease 2019 patients with coagulopathy. J. Thromb. Haemost. 2020, 18, 1094–1099. [CrossRef] [PubMed]

81. Levi, M.; van der Poll, T. Coagulation and sepsis. Thromb. Res. 2017, 149, 38–44. [CrossRef]
82. Schmitt, F.C.F.; Manolov, V.; Morgenstern, J.; Fleming, T.; Heitmeier, S.; Uhle, F.; Brenner, T. Acute fibrinolysis shutdown occurs

early in septic shock and is associated with increased morbidity and mortality: Results of an observational pilot study. Ann.
Intensive Care 2019, 9, 19. [CrossRef]

83. Gupta, N.; Zhao, Y.Y.; Evans, C.E. The stimulation of thrombosis by hypoxia. Thromb. Res. 2019, 181, 77–83. [CrossRef]
84. Ignjatovic, V.; Mertyn, E.; Monagle, P. The coagulation system in children: Developmental and pathophysiological considerations.

Semin. Thromb. Hemost. 2011, 37, 723–729. [CrossRef]
85. Andrew, M.; Vegh, P.; Johnston, M.; Bowker, J.; Ofosu, F.; Mitchell, L. Maturation of the hemostatic system during childhood.

Blood 1992, 80, 1998–2005. [CrossRef] [PubMed]
86. Bjarke, B.; Herin, P.; Blombäck, M. Neonatal aortic thrombosis. A possible clinical manifestation of congenital antithrombin 3

deficiency. Acta Paediatr. Scand. 1974, 63, 297–301. [CrossRef]
87. De Stefano, V.; Leone, G.; Ferrelli, R.; Marietti, G.; Tortorolo, G.; Bizzi, B.; Bertina, R.M. Severe deep vein thrombosis in a 2-year-old

child with protein S deficiency. Thromb. Haemost. 1987, 58, 1089. [CrossRef]
88. Israels, S.J.; Seshia, S.S. Childhood stroke associated with protein C or S deficiency. J. Pediatr. 1987, 111, 562–564. [CrossRef]
89. Hirsh, J. Heparin. N. Engl. J. Med 1991, 324, 1565–1574. [PubMed]
90. Murdaca, G.; Pioggia, G.; Negrini, S. Vitamin D and Covid-19: An update on evidence and potential therapeutic implications.

Clin. Mol. Allergy 2020, 18, 23. [CrossRef]
91. Pecora, F.; Persico, F.; Argentiero, A.; Neglia, C.; Esposito, S. The Role of Micronutrients in Support of the Immune Response

against Viral Infections. Nutrients 2020, 12, 3198. [CrossRef]

http://doi.org/10.1016/j.immuni.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32505227
http://doi.org/10.1111/jth.14817
http://www.ncbi.nlm.nih.gov/pubmed/32220112
http://doi.org/10.1016/j.thromres.2016.11.007
http://doi.org/10.1186/s13613-019-0499-6
http://doi.org/10.1016/j.thromres.2019.07.013
http://doi.org/10.1055/s-0031-1297162
http://doi.org/10.1182/blood.V80.8.1998.1998
http://www.ncbi.nlm.nih.gov/pubmed/1391957
http://doi.org/10.1111/j.1651-2227.1974.tb04801.x
http://doi.org/10.1055/s-0038-1646069
http://doi.org/10.1016/S0022-3476(87)80122-1
http://www.ncbi.nlm.nih.gov/pubmed/2027360
http://doi.org/10.1186/s12948-020-00139-0
http://doi.org/10.3390/nu12103198

	Introduction 
	SARS-CoV-2 and Infection Development 
	Immune Response to SARS-CoV-2 Infection 
	Innate Immune System 
	Adaptive Immune System 

	Previously Developed Immunity against Coronaviruses 
	Previous Enhanced Activation of the Innate Immune System 
	Other Factors 
	Exposure to SARS-CoV-2 and the Presence of Underlying Disease 
	Melatonin 
	Coagulation Abnormalities 
	Vitamin D 

	Conclusions 
	References

