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Abstract

Background In December 2019, a novel human-infecting coronavirus, SARS-CoV-2, had emerged. The WHO has classified
the epidemic as a “public health emergency of international concern”. A dramatic situation has unfolded with thousands
of deaths, occurring mainly in the aged and very ill people. Epidemiological studies suggest that immune system function
is impaired in elderly individuals and these subjects often present a deficiency in fat-soluble and hydrosoluble vitamins.
Methods We searched for reviews describing the characteristics of autoimmune diseases and the available therapeutic
protocols for their treatment. We set them as a paradigm with the purpose to uncover common pathogenetic mechanisms
between these pathological conditions and SARS-CoV-2 infection. Furthermore, we searched for studies describing the
possible efficacy of vitamins A, D, E, and C in improving the immune system function.

Results SARS-CoV-2 infection induces strong immune system dysfunction characterized by the development of an intense
proinflammatory response in the host, and the development of a life-threatening condition defined as cytokine release syn-
drome (CRS). This leads to acute respiratory syndrome (ARDS), mainly in aged people. High mortality and lethality rates
have been observed in elderly subjects with CoV-2-related infection.

Conclusions Vitamins may shift the proinflammatory Th17-mediated immune response arising in autoimmune diseases
towards a T-cell regulatory phenotype. This review discusses the possible activity of vitamins A, D, E, and C in restoring
normal antiviral immune system function and the potential therapeutic role of these micronutrients as part of a therapeutic
strategy against SARS-CoV-2 infection.
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Introduction

In December 2019, a novel human-infecting coronavirus,
defined SARS-CoV-2 or 2019-nCoV, had been recognized
as a very severe life-threatening health problem in Wuhan,
Hubei Province in China. This infectious condition is
now known as “coronavirus disease 2019 (abbreviated
“COVID-197); its most frequent manifestation is repre-
sented by the development of pneumonias with different
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forms of severity [1]. However, less common symptoms,
such as diarrhea, headache, myalgia or arthralgia, chills,
nausea or vomiting, nasal congestion and conjunctival
congestion, have been described in infected individuals.
From China, the epidemic has spread worldwide, and the
number of subjects infected with the virus is progres-
sively growing every day. On January 30, 2020, the Inter-
national Health Regulations Emergency Committee of the
World Health Organization classified the epidemic as a
“public health emergency of international concern” [2].
A dramatic situation is progressively emerging in Italy
with an increasing number of infected subjects, who suf-
fer from severe forms of interstitial pneumonia and are
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at a high risk of mortality. Therefore, the rising need for
intensive care beds with the purpose to provide an effec-
tive treatment of these patients could cause the collapse
of the Italian Health System and induce similar conse-
quences very quickly in other countries as well, even in
the most developed nations. Unfortunately, neither a vac-
cine nor a proved specific therapy against this virus is
currently available. Therefore, new strategies of treatment
are strongly needed to efficaciously combat SARS-CoV-2
and to establish effective antiviral schedules. Similar
to a wide range of other viruses, SARS-CoV-2 is also
able to interact with the host, influencing the antiviral
immune response and determining its pathogenesis. It is
well known that proteins produced by a large series of
viruses may modify the amounts of cell RNA transcripts
(and consequently of the codified cell proteins) directly
by binding to specific cell DNA sequences or indirectly
by activating cytoplasmatic cell signaling pathways. In
particular, HBx, NS3, NS5A, and NS5B have been dem-
onstrated to dysregulate the expression profile of some
cellular cytoskeletal genes through these mechanisms
[3] and to interact with distinct elements of cytoskeleton
(microfilaments, microtubules, intermediate filaments
and actin stress fibers) [4-7]. Furthermore, some cell
nuclear factors may bind to the promoter regions of sev-
eral viral genes and influence the rate of viral proteins
production and viral replication [8, 9].

Virion and genome structure of SARS-CoV-2

SARS-CoV-2, like MERS-CoV and SARS-CoV, consists of
an enveloped spherical beta coronavirus with spike proteins
projecting from the surface of the viral particles [10]. The
envelope is composed of a lipid bilayer originated from the
host cell membrane, whereas its genome is characterized by
a positive-sense, single-stranded and non-segmented RNA
[11]. It is 5'-capped and 3'-polyadenylated RNA, encoding
four viral structural proteins: the spike (S) glycoprotein, the
matrix (M) protein, the small envelope (E) protein and the
nucleocapsid (N) protein. It also includes multiple open
reading frames (ORFs), codifying accessory proteins inter-
posed among the structural genes (Fig. 1). The N protein is
detectable in the core of the viral particle and it interacts
with the CoV RNA, playing a crucial role in the transcrip-
tion of viral RNA and in the viral nucleocapsid assembly
to generate mature virions [12]. The S protein consists of a
heavily glycosylated protein generating homotrimer spikes
on the surface of the viral particles and modulates the pro-
cess of viral entry into host cells [13]. Two large overlapping
ORFs (ORF1a and ORF1b) encode the coronavirus replicase
and occupy about two-thirds of the genome. Furthermore,
the viral genome also includes several accessory proteins,
such as ORF 3a, 3 b, 4a, 4b, 5a, 5b, 7 and 7a. These have
pleiotropic and not well-known effects in the infected hosts.
These proteins have been shown to be able to inhibit type I
interferon production and type I downstream signaling [14].
These enzymes are directly translated from the genomic
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Fig. 1 Coronavirus genome with its structural and nonstructural proteins (see in text) is shown. N and S viral proteins, involved in the cytokine

release syndrome are shown
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RNA, whereas the structural and accessory genes are gen-
erated from viral subgenomic RNAs (sgRNAs). These frag-
ments are produced during viral genome transcription/rep-
lication [15].

SARS-CoV-2 immunopathogenesis and role
of the different viral proteins of CoVs
in the modulation of inflammatory process

On the basis of the immunopathogenic hypothesis by Gu
and colleagues [16], and on the assumption that the genome
of 2019-nCoV is characterized by about 89% of nucleotide
identity with the bat SARS-like-CoVZXC21 and around
82% with that of human SARS-CoV [17], it may be sug-
gested that SARS-CoV-2 immunopathogenesis shares
many common aspects with the immunopathogenic events
observed during SARS-CoV infection. Therefore, it may be
assumed that an inadequate and inappropriate host immune
response against this virus may explain the severity of the
disease detected in a part of the patients suffering from this
pathological condition, which sometimes leads to severe
distress acute respiratory syndrome (ARDS) with an unfa-
vorable outcome [18, 19]. Crucial immunopathogenic char-
acteristics of the infectious disease caused by SARS-CoV-2
are represented by the induction of intense immune system
dysfunction with the development of a strong proinflamma-
tory host response, following the synthesis and the release
of some viral antigens; this event may induce the emergence
of a life-threatening condition defined as cytokine release
syndrome [20]. The inhibition or the dysregulation of the
immune system’s protective responses against SARS-CoV-2,
as well as the induction of inefficient activities in different
types of immune cells, prevent the effective control of this
virus and may induce harmful immune responses, eventually
leading to a dismal outcome. Therefore, a deeper knowledge
of the immunopathogenesis of this disease is a pressing need
and may help in identifying potentially useful therapeutic
targets to improve the quality and efficiency of the immune
response. On the basis of Gu’s hypothesis [16] and of
genome homology between CoV and CoV-2 [17, 18], it may
be suggested that the CoV-2 virus also enters the respiratory
tract, affecting the epithelial cells of the trachea, bronchi,
bronchioles, and lungs. However, the colonization of resi-
dent, infiltrating, and circulating immune cells represents the
key event in the pathogenesis of this infectious disease. This
pathogen is carried by the infected circulating immune cells
and reaches the nasal associated lymphoid tissue (NALT),
the bronchus-associated lymphoid tissue (BALT) and the
mucosa-associated lymphoid tissue (MALT), spreading to
the lymphoid tissue of other organs as well as to the mucosa
of the intestine, the epithelium of the renal distal tubules
and the neurons of the brain. Overall, these events lead to a

serious impairment of immune system activities. The sever-
ity of the immune cell damage, more than the extent of the
lesions detectable in the lungs, suggests that the patient’s
immune status and his lymphocyte count probably represent
the main predictors of his clinical evolution. Viral load also
may exert a crucial impact on the strength and efficacy of
the patient’s immune response.

Immune response in aged people
and in patients with chronic diseases

Patients with chronic diseases, including Alzheimer’s
disease, obesity, chronic obstructive pulmonary disease,
chronic viral hepatitis, diabetes mellitus and cardiovascular
diseases [21-24], as well as old-individuals present some
qualitative/quantitative dysfunctions and defects in their
immune response with a persistent low-grade inflammatory
state, characterized by the establishment of an imbalance
in the cytokine pattern with the production of proinflam-
matory cytokines (IL-1a, IL-2, IL-6, IL-8, IL-12, IFN-y),
which become prevalent in comparison with anti-inflamma-
tory ones (IL-1 Ra, IL-4, IL-10, TGF-p) (Fig. 2) [25]. In
brief, the strength of the immune response decreases with
age, with a modification in the composition and activity of
lymphocytes in secondary lymphoid tissues. Furthermore, a
large series of deficits emerge in B lymphocytes. They show
decreased ability to respond to viral infections like influenza
and produce antibodies with decreased binding activities
against their relative antigens. CD4-positive T-helper cells
present dysfunctions in their activation and increased dif-
ferentiation into T helper 17 lineage. CD8-positive T cells
show impaired activity, exhibiting oligoclonal expansion
and loss of CD28. Increased concentrations of inflammatory
cytokines may be produced by stromal elements, dendritic
cells, or aging B and T cells. Additional modifications are
represented by the enhanced number of memory cells that
persistently colonize tissue niches and induce an inflamma-
tory milieu. These events compromise the ability of naive
B and T cells to migrate from the bone marrow and thymus
towards the peripheral host tissues. Overall, these modifica-
tions result in decreased immune activities in the elderly
[26-28].

Serum levels of fat-soluble A, D, E

and water-soluble C vitamins in aged people
and their role in proper function of normal
immune system

Serum levels of different fat-soluble A, D, E, water-solu-

ble C vitamins and other nutrition-related parameters have
been associated with frailty in aged people [29, 30]. The
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Fig.2 Old individuals present some qualitative/quantitative dysfunc-
tions and defects in their immune response with the establishment
of a persistent low-grade inflammatory state. A pro-inflammatory
cytokine pattern is generally present in aged people. It is character-
ized by the emergence of an imbalance in the cytokine pattern with
the production of proinflammatory cytokines (IL-la, IL-2, IL-6,
IL-8, IL-12, IFN-y), which become prevalent in comparison with
anti-inflammatory ones (IL-1 Ra, IL-4, IL-10, TGF-B). The strength
of the immune response decreases with age, with a modification in
the composition and activity of lymphocytes in secondary lymphoid
tissues. Furthermore, a large series of deficits emerges in B lympho-
cytes. They show a decreased ability in responding to viral infections
like influenza and in producing antibodies, which show decreased
binding activity against their antigens. CD4 positive T-helper cells
present dysfunctions in their activation and increased differentiation
into Th-17 lineage. Overall, these modifications result in decreased
immune activities in the elderly

prevalence of low vitamin D status represents a global health
problem not only in the oldest individuals, but also in all
age groups, even in geographical areas with sun exposure
all year round [31-33].

It has been reported that there is an association between
vitamin D deficiency and a higher risk of intensive care
admission [34] and mortality in subjects with more severe
forms of pneumonia [35]. Furthermore, vitamin D deficiency
has been commonly observed in patients with ARDS, fol-
lowing different causes, including pneumonia, sepsis, pan-
creatitis, chest trauma or aortic aneurysm repair [36]. Some
studies have assessed vitamins A, E and C serum levels in
different geographical areas, including Italy, both in institu-
tionalized and non-institutionalized elderly people and have
detected deficits of variable extent in the amount of fat-solu-
ble and water-soluble vitamins. In particular, about 10-20%
and 50% of subjects over 70 years, who were included in
the Italian research, had low serum levels of vitamin E and
ascorbic acid, respectively [37]. Similar results of vitamin
deficiency in elderly people have been described in other
reports [38, 39].
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The plasma levels of vitamins A, C, E and D were signifi-
cantly lower in patients with metabolic syndrome compared
to healthy subjects [40, 41]. Fat-soluble and water-soluble
vitamins are needed for proper functioning and activity of
the immune system and their immunoregulatory and immu-
nomodulatory role have been observed and described both
in animal and human models in healthy individuals and in
patients with different diseases. The deficiency of these micro-
nutrients has been demonstrated to impair normal functioning
of the immune system in humans [42—46]. These deficits can
be corrected in vivo by providing the supplementation of these
vitamins. Several studies have been focused on furthering our
understanding of the emergence, development, activity and
regulation of dendritic cells (DCs), macrophages, natural killer
(NK) cells, T cells, and B cells and of the modulatory effects
of vitamins on the specific immune response [47, 48].

Aim of review

On the basis of the available epidemiological data concern-
ing the current outbreak of the novel SARS-CoV-2 in Italy,
the infectious disease caused by this virus represents a very
severe health problem for individuals over 60, with aged-
people at higher risk of severe forms of disease and of death.
About 85% of individuals who died from COVID-19 infec-
tion were over the age of 60 (https://www.epicentro.iss.it/,
Istituto Superiore Sanita, accessed on 25/3/2020).

Taking advantage of all these epidemiological data,
observations, assumptions, and hypotheses, we have com-
piled this review, with the following aims:

(1) to examine the possible aspects of the complex loop
which can develop between host and SARS-CoV-2, and
the factors and mechanisms involved in this intricate
process.

(2) the possible immunoregulatory role of fat-soluble and
water-soluble vitamins in this life-threatening condi-
tion. This strategy may contribute to identify the possi-
ble viral targets and to hypothesize a potential therapeu-
tic strategy against this pathogen in a coordinate and
consequential way. Unfortunately, it must be considered
that this virus has just been isolated recently and that
only a few articles describing its structure and genome
organization have been published.

Role of the different viral proteins of CoVs
in the modulation of inflammatory process

It has been reported that some viral proteins of SARS-CoV
are able to modulate the inflammatory process directly or
indirectly, by influencing the expression of a large series of
cytokines. According to our hypothesis, it is conceivable
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that SARS-CoV-2 may have common pathogenetic mecha-
nisms with CoV. A lot of host and viral components have
been reported to affect this very complex process (Fig. 3).
In particular, the induction of the inflammatory response in
the patients suffering from SARS-CoV-2 seems to be char-
acterized by a strength, an extent and a duration of cytokine
release of different degrees and with different outcomes [49,
50]. According to our knowledge, it is generally thought that
about 5-7 days after the infection, SARS-CoV-2 is able to
cause the activation of a robust immune response in affected
individuals with the production and release of a wide spec-
trum of proinflammatory cytokines and chemokines [2],
leading to the event called “cytokine storm” and to the clini-
cal condition known as “cytokine release syndrome” [51].
According to available epidemiological data in the current
situation as well as to Gu’s hypothesis, these events seem

Fig. 3 Possible pathogenetic mechanisms involved in cytokine release
syndrome in patients with SARS-CoV-2 infection. SARS-coronavirus
nucleocapsid and/or spike viral proteins may directly bind to DNA-
specific motifs (nuclear factor-kappa B or NF-kB and CCAAT/
enhancer binding protein or C/EBP) on the promoters of a wide
series of genes encoding proinflammatory cytokines or may interact
with specific subdomains in NF-kB protein and activate it. NF-kB is
one of the main mediators involved in the generation of the inflam-
matory process. Therefore, nucleocapsid and/or spike viral proteins
may directly or indirectly induce the synthesis of IL-1, IL-6, IL-8,
IL-17 and TNF-a during the development of SARS-CoV-2-caused
infection. It is conceivable that viral replication rate in infected cells
progressively increases during SARS-CoV-2 infection. This event
may be associated with the release of elevated amounts of N and S

to emerge in about 15-20% of infected subjects and have
a critical impact on the degree of tissue damage, resulting
in the stimulation of its remodeling. Substantial altera-
tions in the anatomy of organs and tissues may emerge and
induce considerable modifications in their activity [16, 18].
Overall, in SARS-CoV, and probably in SARS-CoV-2, the
patient’s expression of proinflammatory cytokines, includ-
ing IL-1, IL-2, IL-6, IL-8 and IL-17, and chemokines such
as CXCL10 and CCL2 is increased both in peripheral blood
and lungs of individuals infected with CoV-SARS, which
is associated with disease severity [52]. Several signal
transduction cascades are activated during SARS-CoV and
SARS-CoV-2, which induce the synthesis and release of
proinflammatory cytokines. Among the mediators involved
in this process, AP-1 (activating protein), NF-xB (nuclear
factor kB) and NF-AT (nuclear factor of activated T cells)

Lung damage (ALI/ARDS)
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proteins. The high load of these antigens binding to the promoters of
the proinflammatory cytokines and enzymes may induce a hyper-acti-
vation in the transduction and translation of these genes. Therefore,
elevated amounts of proinflammatory cytokines are produced and
released. The massive secretion of these mediators is associated with
the emergence of the cytokine release syndrome. Aged people suffer-
ing from chronic diseases and from immune system function impair-
ment are at high risk of a severe pathological disease. The overall
effect of these events is the induction of a proinflammatory pattern
leading to a self-maintaining loop with the possible progressive wors-
ening of clinical conditions. Vitamins A, D and E may decrease the
binding of NF-kB to their DNA-specific sequences and reduce pro-
inflammatory cytokine synthesis, preventing or attenuating the estab-
lishment of the cytokine release syndrome
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are the most studied and known [53]. Furthermore, several
NF-AT binding sites have been identified on TNF-a pro-
moter. Overall, these components of inflammatory cascades
contribute to amplify the pro-inflammatory response detect-
able in patients with SARS-CoV infection. All these events
have a crucial impact on the outcome of the infection and
may explain the differences in the clinical severity of lung
damage. Some viral proteins have been proved to stimu-
late this type of robust pro-inflammatory responses during
SARS-CoV infection.
SARS-CoV N protein is able to (Fig. 3):

(1) Activate COX-2 gene expression via the direct interac-
tion with regulatory binding sites (nuclear factor-kappa
B or NF-kB and CCAAT/enhancer binding protein or
C/EBP) detectable in the promoter of this gene [54].
The transcription of COX-2 gene, in response to several
cellular biochemical mediators such as cytokines, pro-
duces an enzyme isoform involved in the active produc-
tion and release of prostaglandins. This event leads to
the up-regulation of the inflammatory process, through
the activation of multiple COX-2 signaling cascades
and the modification of their function [55]. The induc-
tion of COX-2 and release of Prostaglandin E-2 (PGE-
2) represent critical events for efficient viral replication
in infected hosts. The inhibition of COX-2 decreases
viral progeny levels in virus-expressing cultured cell
models [56]. In addition, PGE-2 exerts an immune-
suppressive effect, modulating both the innate and
adaptive components of the immune system [57]. Fur-
thermore, PGE2 exerts a complex regulatory activity
on IL-8 gene expression. This function correlates with
the concentration of this chemokine as well as with the
cell specificity. IL-8 acts as a strong chemoattractant for
neutrophils into local inflammatory microenvironment.
A large spectrum of cells produces IL-8 in response to
different stimuli and contribute to influence the extent
of the inflammatory response [58, 59].

(2) Activate IL-1 gene transcription Interleukin (IL)-1
is a cytokine with pro-inflammatory properties. It is
composed of two polypeptides: IL-1a and IL-1b. Its
activity is controlled by a natural competitive inhibitor,
IL-1 receptor antagonist (IL-1RN) [60]. According to
available data, no NF-kappa B binding within cellular
IL-1 alpha promoter has been detected, whereas several
AP-1-binding sites for Jun and Fos proteins have been
isolated. The development of the inflammatory process
is characterized by an increased binding of AP-1 pro-
teins to the specific sequences on the DNA, resulting in
IL-1 alfa production with consequent pro-inflammatory
effects [61].

A recent study has evaluated the induction of pro-
inflammatory cytokines and lung inflammation during
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SARS-CoV-2 infection. The binding of COVID-19 to
the Toll-like receptor (TLR) of immune cells causes
the release of pro-IL-1f. This element is cleaved by
caspase-1 and induces inflammasome activation and
release of active mature IL-1p. This element mediates
the development of lung inflammation, fever and fibro-
sis [62].

(3) Activate IL-6, IL-8 and TNF-a gene transcription
(Fig. 3) Elevated serum levels of IL-6, IL-8 and TNF-a
have also been detected in individuals suffering from
SARS-CoV infection during the acute stage (cytokine
storm) of the disease in association with lung lesions
[63]. It has been reported that SARS-coronavirus nucle-
ocapsid and/or spike viral proteins may directly bind to
specific DNA motifs on the promoters of a wide series
of genes encoding proinflammatory cytokines or may
interact with specific subdomains in NF-kB protein
and activate it. NF-kB is one of the main mediators
involved in the generation of the inflammatory process.
Therefore, nucleocapsid and/or spike viral proteins may
directly or indirectly induce the synthesis of IL-1, IL-6,
IL-8, IL-17 and TNF-a during the development of
SARS-CoV-2-caused infection [49]. The overall effect
of these events is the induction of a proinflammatory
pattern leading to a self-maintaining loop with the
possible progressive worsening of clinical conditions
[49, 50]. It may be hypothesized that the viral antigen
load may have an important impact on the amounts of
released interleukins and, consequently, on the extent
of the inflammation.

Moreover, ORF 3a, 3b, 4a, 4b, 5a, 5b, 7 and 7a, as well
as M, N and S (Fig. 3), have been shown to be able to inhibit
both type I interferon production and its downstream signal-
ing and to suppress the antiviral response of the host [52,
64].

Clinical signs, symptoms
and anatomopathological features
in patients with SARS-CoV-2 infection

Up to now, the specific factors and pathogenic mecha-
nisms involved in SARS-CoV-2-mediated infection and
the transmission route in human hosts are not well under-
stood. According to the available studies, SARS-CoV and
SARS-CoV-2 are considered respiratory viruses, associated
with elevated morbidity and mortality [65]. The respiratory
tract is the main site of infection and the clinical features
during the disease caused by SARS-CoV-2 range from an
acute respiratory illness with fever, cough and shortness of
breath, to more severe forms, such as acute lung injury and
in some cases to acute respiratory distress syndrome with
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a fatal outcome, to septic shock [19, 66—68]. Furthermore,
SARS-CoV-2 might also infect the cells of the intestinal
mucosa, the epithelium of the renal distal tubules and the
neurons of the brain and macrophages in different organs,
as suggested by Gu regarding subjects with SARS-CoV. The
presence of symptoms such as diarrhea, hematuria, headache
and paresthesia are often observed in patients with SARS-
CoV-2 and seem to confirm these two viruses share common
pathogenetic mechanisms [16]. Autoptic lung samples from
subjects who died because of SARS are characterized by
some tissue alterations. The most frequent changes include
extensive cell infiltrates involving the interstitium and alve-
oli, with alveolar damage (DAD) and hemorrhage/edema,
hyaline membrane development, fibrin exudation, epithe-
lial necrosis with thickening of alveolar septa in the earlier
stages of the disease and the emergence of fibrosis in septa
and alveoli in the later ones. In particular, DAD is a critical
and very important histological feature observed in the lungs
from patients who died because of a SARS-CoV-induced
infection [16]. Viral genome and antigens have been detected
in the epithelial cells of the upper airway and alveoli as well
as in vascular endothelial cells, neutrophils, macrophages,
monocytes and lymphocytes found in samples obtained from
individuals and from animal models [16, 69].

The current knowledge on the possible
activity of the liposoluble and hydrosoluble
vitamins alone or in association with other
drugs against viral infection

Our current knowledge concerning the immunopathogenesis
of SARS-CoV- and SARS-CoV-2-mediated disease suggests
that both the type and the quality of the immune response
against these pathogens represent crucial factors during the
course of this disease and may have a strong impact on the
final outcome of the affected subjects [62]. Therefore, the
re-modulation and the regulation of the inappropriate and
exaggerated pro-inflammatory response observed during
SARS-CoV-2 infection may be a key point in the strategy
to counteract this virus and to prevent its life-threatening
effects. All these considerations may contribute to explain-
ing the differences in clinical course and severity of illness
in patients with COVID-19 infection and may offer a con-
ceptual basis for the development of novel therapeutic and/
or preventive approaches. As previously reported, in the last
years a large series of epidemiological studies have under-
lined that some fat-soluble and water-soluble vitamins (A,
D, E and C) are essential elements for normal immune sys-
tem function [43-46, 70, 71] and for individuals suffering
from a wide spectrum of diseases, including chronic viral
infections. It has been suggested that the deficiency of these
micronutrients may impair the host’s antiviral defenses and

favor the persistence of several viruses-mediated infections
[21]. Some studies have been carried out in patients with
some chronic viral infections, like HBV, HCV, and HIV.
These trials have shown the following in chronically infected
patients: (a) serum concentrations of vitamins A, E, D and C
are decreased [72, 73], (b) vitamins A, D, E and C deficiency
is associated with higher levels of viral replication as well as
with higher titers of pro-inflammatory cytokines, like IL-6
and TNF-a, or with illness severity in some studies carried
out in different virus-associated diseases [72-79], (c¢) vita-
mins may suppress or reduce viral replication or load in dif-
ferent virus infections both in adults and in children [80-84].

The possible activity of liposoluble

and hydrosoluble vitamins in the direct
and/or indirect modulation of host immune
response by vitamins during SARS-CoV-2
infection

Some of the results obtained with the use of vitamins, alone
or in association with different drugs at pharmacological
dosages, to counteract both DNA and RNA viruses seem to
be encouraging and may provide the rationale for the inclu-
sion of these micronutrients in the multi-therapeutic sched-
ules for the treatment of SARS-CoV-2. In the next parts
of this paper, we will examine some of the mechanisms
involved in CoV-2-mediated pathogenesis and we will dis-
cuss the potential antiviral activities and the possible viral
targets of A, D, E and C vitamins.

These micronutrients have been reported to modulate and
regulate:

(1) the host-inflammatory status in several chronic diseases
[85], including viral infection. It has been shown that
vitamin D and vitamin E, the latter displaying this func-
tion mainly in its succinate form, are able to quench
reactive oxygen species (ROS) and prevent the activa-
tion of a wide series of genes as well as the modifica-
tion of cytoplasmic enzymatic pathways. Overall, all
these components are involved in the induction and
control of the inflammatory cascade [86, 87]. Further-
more, vitamin C is able to attenuate ROS-mediated
injury in some critical cell micro-organelles, like mito-
chondria, and to confer protection against oxidative-
mediated damage [88]. These mediators are released in
the tissue microenvironment, where the inflammatory
process originates following the influx of a wide spec-
trum of different immune cells. In the initial phase of
the inflammation, these reactive oxygen species exert
a protective role, counteracting the invading patho-
gens [89]. However, the continuative production of
these mediators is associated with the establishment
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of a persistent self-maintaining pro-oxidative status
with the progressive impairment of a lot of cell func-
tions of micro-organelles, including mitochondria and
endoplasmic reticulum. These events lead to general
tissue damage at a microscopic level and are associated
with clinical effects of different severity [90]. Overall,
injury involving cell micro-organelles and microen-
vironment is induced and mediated by the synthesis
or by the activation of elements associated with the
inflammatory cascade, including NF-kB, AP-1 and
PGE2. It has been reported that nucleocapsid and spike
proteins of SARS-CoV are able to directly up-regulate
the promotor of IL-6, IL-8, IL-12, TNF-a, COX-2
and probably IL-17 genes and indirectly up-regulate
those of IL-1 a and p via NF-xB and AP-1 pathways
(Figs. 3, 4) [49, 50]. Studies in vitro have shown that

Cytokine
Storm

la,25-dihydroxyvitamin D3 is able to down-regulate
DNA binding of nuclear factor-kappa B (NF-xB) to
promoters of IL-6, IL-8, IL-12 and COX-2, leading
to moderate transcriptional repression with decreased
synthesis of all these interleukins and of COX-2 [91-
93]. NF-xB motifs have been observed even in IL-1 o
and P [94] and IL-17 [95], and it is conceivable that
la,25-dihydroxyvitamin D3 may also down-regulate
the synthesis of these interleukins, although no studies
concerning this topic are available. It has been shown
that vitamin E is also able to inhibit NF-xB binding
activity [96, 97]. Therefore, these micronutrients may
down-regulate the synthesis of IL-6, IL-8, IL-12,
and COX-2. A significant anti-inflammatory effect of
all-trans-retinoic acid (ATRA) on proinflammatory
cytokine and chemokine production in adipocyte and
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Fig.4 Possible pathogenesis in SARS-CoV-2 infection. The virus
infects the human respiratory tract, entering the epithelial cells of the
trachea, bronchi, bronchioles, lungs, as well as colonizing resident,
infiltrating, and circulating cells of the immune system. Following
this event, the virus spreads to cells of different organs, including
the mucosa of the intestine, the epithelium of the renal distal tubules,
and the neurons of the brain via infected circulating immune cells.
The wide colonization of the various organs contributes to explain-
ing the variety of symptoms. Based on this assumption, it may be
hypothesized that infected circulating immune cells reach the nasal-
associated lymphoid tissue (NALT), the mucosa-associated lymphoid
tissue (MALT) and the bronchus-associated lymphoid tissue (BALT).
Immune system function is severely impaired and a pneumonia with
different degrees of severity may emerge in infected individuals, with
possible fatal outcome. These subjects generally develop more severe
clinical pictures and present a more elevated mortality in comparison
with healthy subjects. Since several years ago, epidemiological stud-
ies have underlined that the elderly people as well as individuals with
chronic diseases often present compromised immune functions even
in normal situations and in times of non-medical emergency. These
individuals have a lower serum concentration of fat-soluble and
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hydrosoluble vitamins. It is well known that these micronutrients play
a crucial role for the normal functioning of the immune system. A,
D, E and C vitamins, used not as simple supplements, but at phar-
macological dosages may have a significant impact in counteracting
the immune-suppressive activity of SARS-CoV-2 and may attenu-
ate several aspects of the host’s excessive immune response against
this pathogen. CoV-2 may promote a shift of the immune response
towards a Th17 proinflammatory phenotype, causing the development
of an unfavorable clinical evolution of the disease. Taking advantage
from studies performed in patients with autoimmune diseases, such
as rheumatoid arthritis and SLE, it is conceivable that the promo-
tion of an anti-inflammatory response, mediated by the induction of
a prevalent T-regulatory-cell phenotype, may represent a very prom-
ising strategy for the treatment of patients suffering from CoV-2-re-
lated infectious disease. Several therapeutic approaches have been
proposed against these autoimmune diseases. These trials have shown
that at pharmacological dosage, vitamins A, D, E and C may actively
contribute to inhibit the proinflammatory immune response in these
diseases, by inhibiting the Th17-mediated response and by promoting
a T regulatory activity of the immune system
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adipose tissue model has been observed in models of
human and mouse adipocytes, via inhibition of NF-xB
[98]. Overall, the use of vitamins A, D, E and C might
contribute to decreasing excessive inflammation, which
is observed during the development of severe forms of
SARS-CoV-2 infection, and to attenuating the cytokine
release syndrome. It is not known whether the sup-
plementation of these vitamins at pharmacological
dosages in CoV-2 patients, alone or in combination
with different associations might induce the signifi-
cant inhibitory effects on the synthesis of the above-
mentioned interleukins. Well-designed trials with the
purpose to clarify this hypothesis are needed.

(2) The normal activity of the immune response both in
its innate and adaptive arms. An in-depth discussion
about the regulatory role of vitamins A, D, E and C in
the proper functioning of the immune system against
pathogens is beyond the scope of this article. Therefore,
we will present in brief our current understanding of
the essential activities of each vitamin in modulating a
broad range of immune processes and in regulating the
immune response against pathogens. The coordinated
cooperation of all these micronutrients is essential for
the maintenance of an adequate homeostasis and of
proper activity of the immune system.

Vitamin D

1,25(0OH)2VD3 acts on T cells down-regulating T-helper-1
(TH1)-cell cytokines, particularly IFNy, and stimulating
TH2-cell responses [99, 100]. This event is induced by the
decrease of IFNy release and by the enhancement of 1L.-4
production [101]. Furthermore, 1,25(OH)2 VD3 regulates
effector T-cell differentiation by modulating antigen-present-
ing DCs, which decrease their synthesis of IL-12, a cytokine
that promotes TH1-cell responses [91, 102]. 1,25(0OH)2VD3
also exerts an important effect on the activity of the immune
system, by counteracting TH17-cell responses and the dif-
ferentiation of naive TH-0 cells into a TH-17 type, as this
micronutrient is able, in part, to down-regulate several
pro-inflammatory cytokines, including IL-6, IL-17 and
IL-23 production [103, 104], and promotes the reciprocal
differentiation and proliferation of forkhead box protein 3
(FOXP3) +regulatory T (TReg) cells [105, 106]. Further-
more, 1,25(0OH)2VD3 decreases B-cell expansion, plasma-
cell development and IgG secretion [107], probably by
modulating the activities of antigen presenting-cells (APC)
and by a means of a direct action on B cells [108]. In addi-
tion, 1,25(OH)2VD3 decreases the synthesis of IL-12 and
simultaneously increases the production of IL-10 by DCs.
Therefore, the TH1-cell response is shifted to a T regulatory
type 1 (TR1) cell response. The results emerging from these

experimental studies in patients with rheumatoid arthritis
have provided the rationale for the use of 1,25(OH)2VD3 in
association with other drugs [109], including the anti-IL-6
receptor monoclonal antibody (Tocilizumab), in the treat-
ment of patients suffering from rheumatoid arthritis of vari-
ous severity [110]. Interestingly, the best response (assessed
by means of Diseases Activity Scores) to the therapy was
obtained in patients with sufficient serum 25(OH)D levels
(=30 ng/mL) when tocilizumab was initiated, in comparison
with patients with lower serum 25(OH)D levels (<30 ng/
mL). 1,25(OH)2VD3 primarily exhibits inhibitory activi-
ties on the adaptive immune response. However, in some
circumstances, it may enhance the release of IL-1 by both
monocytes and macrophages. Vitamin D is able to stimulate
the intracellular type I IFN system, which exerts antiviral
activities [111].

Vitamin A (retinoic acid)

The term vitamin A indicates both retinol and its analogues,
called retinoids, of which at least 1500 different types are
known, both natural and synthetic in origin [112]. Carot-
enoids that contain at least one unsubstituted f-ionone ring
(such as beta-carotene) are also considered to be precursors
of vitamin A [113]. According to available data, vitamin
A and its metabolites are able to regulate both innate and
adaptive arms of the immune response, by increasing IL-2
secretion, and to modulate proliferation, differentiation and
cytokine signaling as well as production [114], all in T, B
and antigen-presenting cells [112, 115]. Vitamin A metabo-
lites also modulate more specific functional aspects of the
immune response, such as the THI-TH2-cell balance and
the differentiation of TReg cells and TH17 cells. In particu-
lar, depending on the physical and biochemical composition
of the microenvironment, vitamin A, in the presence of dif-
ferent concentrations of cytokines and transcription factors,
stimulates TH O cells to assume a TH-2 phenotype [116],
while inhibiting TH-1 subtypes. Furthermore, in the pres-
ence of an adequate concentration of transforming growth
factor-p (TGFp), retinoic acid promotes TReg-cell differen-
tiation in peripheral tissues, whereas it inhibits the progres-
sion of lymphocytes from THO to pro-inflammatory TH-17
[117-119]. Retinoic acid displays gut imprinting ability on
T and B cells and induces the differentiation of B cells to
IgA-producing plasma-cells. A severe defect in intestinal
immune responses [120] with enhanced mortality is detect-
able in patients with vitamin A deficiency. These subjects
suffer from gastrointestinal and respiratory infections [121,
122]. On the other hand, vitamin A administration is associ-
ated with a significant reduction in diarrhea and mortality
in children with HIV infection or malnourishment [123].
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Moreover, vitamin A is able to stimulate the intracellular
type I IFN system, which exerts antiviral activities [124].

Vitamin E

Vitamin E is a strongly lipid-soluble compound with anti-
oxidant properties and is detectable in elevated amounts in
immune cells [125]. Scavenger activity is one of the most
important actions of vitamin E, but this characteristic is not
able to explain overall effects of this nutrient, as eight mem-
bers in the vitamin E group (a-, -, y-, and 8-tocopherols and
a-, B-, y-, and d-tocotrienols) exist in nature, with almost
equal ability to quench free radicals. Each of these different
forms of vitamin E sometimes acts distinctly from the other
analogues, with not completely predictable activities [48].
Vitamin E may interact with several classes of enzymes,
modulating their ability to bind to the plasma membrane
and modifying a large series of cell signaling pathways. The
families of enzymes modulated by vitamin E include pro-
tein kinases, protein phosphatases, lipid kinases, lipid phos-
phatases, lipid metabolic enzymes and enzymes involved in
cAMP (cyclic adenosine monophosphate) metabolism. They
regulate a wide spectrum of key cellular processes, includ-
ing energy production, proliferation/apoptosis/death, protein
synthesis, maintenance of quiescent status. Many of these
enzymes are involved in crucial activities of the immune
system and in inflammatory events, like cyclooxygenase-2
(COX-2), phospholipase A2 (PLA2), 5-, 12-, and 15-lipoxy-
genases (5-, 12-, 15-LOX), protein kinase C (PKC), pro-
tein kinase B (PKB/Akt), protein tyrosine kinases (PTKs).
A wider discussion about all these aspects is beyond the
aims of this paper and will not be carried on further, but the
key role of vitamin E in the regulation of the inflammatory
process has to be underlined [71]. Vitamin E and its metabo-
lites have been shown to attenuate and limit inflammation
by directly targeting COX-2 and 5-lipoxygenase [126]. This
micronutrient displays additional functions as an effective
regulator of the immune activity. Vitamin E supplementa-
tion above current dietary recommendations increases the
activity of the immune system, confers protection against
several pathogens and decreases the risk of infection, mainly
in aged subjects [127]. Some cell-based, pre-clinical and
clinical studies have evaluated the effects of vitamin E on
immune system functions and on inflammation [128-130].
The most important effects of vitamin E supplementation
on immune system activities include lymphocyte prolif-
eration, post-mitogenic stimulation, an increase of delayed
type hypersensitivity (DTH) response via stimulation of
IL-2 production, a decrease of PGE2 via COX-2 inhibition,
and a reduction of IL-6 release [131]. Furthermore, in both
in vitro and in vivo studies vitamin E has been shown to
improve natural-killer, naive T-lymphocytes, and dendritic
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cell activities, to promote initiation of T-cell activation sig-
nals as well as to rebalance IL-12 production and the Th1/
Th2 ratio. Furthermore, vitamin E inhibits the production
of pro-inflammatory cytokines, including IL-1, IL-6, TNF,
and the chemokine IL-8, by monocytes and macrophages.
Vitamin E is able to stimulate the intracellular type I IFN
system, which exerts antiviral activities [57, 132—137].

Vitamin C

Vitamin C also exerts a regulatory effect on immune system
function; in particular, it has been reported to modulate the
activity of T cells of the adaptive arm. Some studies have
shown that vitamin C decreases mRNA expression of pro-
inflammatory cytokines in vitro and inflammatory status in
obese patients with hypertension in vivo. Dietary supple-
mentation in these subjects reduced serum levels of high-
sensitivity C-reactive protein, interleukin 6 (IL-6), fasting
blood glucose (FBG) and triglyceride (TG) after 8 weeks
of treatment [138]. In addition, the combined supplementa-
tion with vitamins C and E has been associated with the
decrease of oxidative stress in patients with HIV infection,
with a trend towards a reduction in viral load [74]. Further-
more, vitamin C supplementation, alone or in association
with vitamin (trans retinoic acid) A, is able to generate sta-
ble antigen-specific regulatory T cells in animal models of
autoimmune- or acute graft versus host-diseases [139, 140].
Favorable effects of vitamin C in alleviating the common
cold as well as pneumonia have been reported in some con-
trolled trials. Vitamin C is able to stimulate the intracellular
type I IFN system, which exerts antiviral activities. Addi-
tional studies are needed to confirm the promising role of
vitamin C in the treatment of patients with infections caused
by bacteria, viruses, and protozoa [141].

Conclusions

The lesson emerging from all these considerations, assump-
tions, and available data is that the different forms and
metabolites of fat-soluble and hydrosoluble vitamins consti-
tute a very complex mixture with multiple effects. Therefore,
their activities should be not considered individually, but
as a whole, taking into account that the final effect of each
vitamin alone or in combination with the other micronutri-
ents depends on the remodulation and on the rebalancing of
the overall activities of the immune system and that these
are not directly predictable. Therefore, a key general point
emerges: fat-soluble and water-soluble vitamins possess
pleiotropic regulatory effects on a large series of cell activi-
ties and represent powerful means of modulating and modi-
fying various crucial cellular functions. On the basis of all
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these considerations it seems reasonable to hypothesize the
use of vitamins A, D, E and C with preventive purpose, with
the aim to restore immune system function in aged people
at increased risk of infection-related mortality as well as for
the treatment of patients suffering from SARS-CoV2-medi-
ated acute infection [142]. Taking advantage from all these
immunopathogenic assumptions as well as epidemiological
and clinical observations, a possibly useful approach for the
effective management of the health concern represented by
SARS-CoV-2 should include the subdivision of the general
people into two groups:

(1) Patients with acute infectious disease, requiring an
effective antiviral treatment. The therapeutic schedule
for these patients may include: (a) antiviral therapy
with current available drugs with reported effective
antiviral effects in preliminary trials and studies. It may
be hypothesized that this treatment should be admin-
istered as soon as possible to block viral replication as
well as synthesis and release of viral proteins (mainly
nucleocapsid and spike proteins) with the purpose of
preventing the establishment of a self-maintaining and
self-increasing robust pro-inflammatory loop, which
leads to the “cytokine release syndrome” in the first
phases of the disease; (b) immunomodulatory therapy,
including (i) monoclonal antibodies against the IL-6
receptor (as proposed in very preliminary studies) and
eventually against IL-1 and/or IL-8, as well as cyclo-
oxygenase inhibitors, such as aspirin or FANS, with the
purpose of blocking or preventing a strong inflamma-
tory response and the release of additional cytokines
and mediators of inflammation. This approach should
also be started as early as possible. Unfortunately, no
trials investigating the efficacy and safety of this treat-
ment, as well as its optimal duration, are available; (ii)
therapeutic schedules including the administration of
liposoluble and hydrosoluble vitamins (such as A, D,
E and C) on the basis of the well-known beneficial
immunoregulatory and immunomodulatory roles of
these micronutrients.

(2) General population without SARS-CoV-2-related acute
infection, including healthy or young individuals as
well as aged-people or patients with chronic diseases.
Epidemiological data show that elderly or persistently
ill subjects are at a higher risk of death following
SARS-CoV-2 infection, compared to younger or health-
ier individuals. Furthermore, available studies report
that fat-soluble and water-soluble vitamins are neces-
sary for correct functioning of the Immune System, and
that in patients with different chronic infections, includ-
ing HBV, HCV and HIV infections, vitamin A, D, E
and C deficiency is associated with higher levels of
viral replication and with higher titers of inflammatory

cytokines, like IL-6 and TNF-a. Therefore, the sup-
plementation of A, D, E and C vitamins among these
classes of individuals may represent a possible preven-
tive strategy with the aim of improving immune system
function. The above-mentioned micronutrients possess
multiple well-known nuclear and cytoplasmic targets in
all the different types of mammalian cells, and they may
modulate and regulate an elevated number of intra- and
extracellular pathways. Therefore, these vitamins may
contribute to modulating and restoring immune system
functions and to preventing the cytokine release syn-
drome. Overall, these compounds may be considered
not only as physiological substances but also as real
drugs with potential useful or dangerous effects. Unfor-
tunately, to date no studies have assessed the blood
concentration of these liposoluble vitamins in patients
with SARS-CoV-2; it is also unknown whether vitamin
deficiency may be associated with a more severe course
and outcome of this disease. Therefore, trials evaluat-
ing blood concentration of these compounds should be
performed as soon as possible. Considering all these
data and the possible side effects of these compounds,
a dosage of blood liposoluble vitamins should be per-
formed in patients with SARS-CoV 2 infection already
in the early phases of the disease. Unfortunately, no
studies have been designed to verify the real usefulness
of this potential preventive strategy and to evaluate the
possible effective dosages for each of these vitamins.

Many trials have been conducted with the aim to assess
the usefulness of vitamins A, D, E and C for the treatment of
patients with viral infectious diseases or of individuals with
autoimmune diseases, such as rheumatoid arthritis and sys-
temic lupus erythematosus (SLE) or of patients with infec-
tious diseases. To the best of our knowledge, vitamins A,
D, E and C, at the dosage used, have been demonstrated to
possess safe profiles with no important side effects regard-
ing potential therapeutic effect. Therefore, a possible use
for these micronutrients might be considered in a multi-
therapeutic treatment regimen.

Furthermore, it must be underlined that about 20% of
patients with CoV-2 infectious disease develop interstitial
pneumonia with severe tissue damage. It is unclear whether
patients who recover from infection will have a complete
recovery of lung injury with full restoration of tissue integ-
rity or if persistent damage will develop, with possible evo-
lution to a fibrotic tissue reaction and with the consequent
emergence of a disability status in these patients. Vitamins D
and A have been shown to be trophic for alveolar epithelial
cells in in vitro studies, whereas vitamin C has not shown
significant results in decreasing alveolar damage in a rand-
omized, double-blind, placebo-controlled, multicenter trial
compared to placebo in patients with sepsis and severe acute
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respiratory failure [143]. Overall, all these micronutrients
may have a possible role in the mechanisms of alveolar tis-
sue repair and their potential activities should be evaluated
in future trials [36, 144].

In conclusion, in this article, we have provided a brief
evaluation of the available data concerning this very life-
threatening disease worldwide, known as SARS-CoV 2,
and we have examined the crucial mechanisms potentially
involved in the development of this severe illness. Based on
our research we have identified the potential viral and host
cellular targets and we have suggested a rationale for poly-
therapeutic approaches. Further studies are strongly required
to increase our knowledge of the immunopathogenesis of
this disease, with the aim of contributing to the control of
this public health emergency.
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Impact statement (1) We certify that this work is novel. (2) What this
research specifically adds to the literature: SARS-CoV-2 represents a
public health emergency of international concern, but no effective ther-
apy against this virus is currently available. Therefore, studies inves-
tigating the mechanisms involved in the pathogenesis of this infection
and the possible strategy for its treatment are strongly requested. We
have taken advantage from studies carried out in patients suffering from
some autoimmune diseases, such as rheumatoid arthritis and systemic
lupus erythematosus. Furthermore, it must be considered that proper
functioning of the immune system requires the presence of adequate
concentrations of several micronutrients like vitamins A, D, E and C.
However, a large part of the population, mainly the elderly individuals,
presents significant deficiencies in these micronutrients. For the first
time, we have postulated the potential role of vitamins A, D, E and C in
interfering with the inappropriate host’s inflammatory response caused
by SARS-CoV-2 and in attenuating it. In particular, the pathogenesis
of autoimmune diseases and their treatment may serve as a paradigm
for a better understanding of the mechanisms involved in the develop-
ment of the cytokine release syndrome (CRS). This life-threatening
condition emerges in about 15-20% of patients with SARS-CoV2 and
its control is necessary to prevent the fatal outcome in these subjects.
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In our paper, we have indicated the potential targets of vitamins A, D,
E and C in modulating the intense immune response arising during
SARS-CoV-2 infection. This effect is probably due to the direct down-
regulation in the synthesis, release or function of cytokines (such as
IL-6, IL-8, IL-17 and TNF-a) or enzymes (such as cyclooxygenase-2
and lipoxygenase) with strong pro-inflammatory activities as well as
to the shift of Th17-mediated immune-response towards a T-cell regu-
latory phenotype, as observed in patients with autoimmune diseases.
Taken together, these observations provide the rationale for the use
of these micronutrients as part of a multi-treatment strategy against
SARS-CoV-2 infection for the therapy of patients with acute forms of
infection or as a strategy for improving immune system function. This
approach could produce a beneficial effect on several groups of the
population, mainly elderly people, and should be considered for these
individuals with preventive purposes. Well-designed trials should be
carried out with the aim to confirm or deny this strategy.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Seven days in medicine: 8—14 Jan 2020 (2020). BMJ 368:m132.
https://doi.org/10.1136/bmj.m132

2. Cheng ZJ, Shan J (2020) 2019 Novel coronavirus: where we
are and what we know. Infection. https://doi.org/10.1007/s1501
0-020-01401-y

3. Sun Q, Wang Y, Zhang Y et al (2007) Expression profiling
reveals dysregulation of cellular cytoskeletal genes in HBx-
induced hepatocarcinogenesis. Cancer Biol Ther 6:668-674.
https://doi.org/10.4161/cbt.6.5.3955

4. Bost AG, Venable D, Liu L, Heinz BA (2003) Cytoskeletal
requirements for hepatitis C virus (HCV) RNA synthesis in the
HCYV replicon cell culture system. J Virol 77:4401-4408. https
://doi.org/10.1128/jvi.77.7.4401-4408.2003

5. Fiorino S, Zippi M, Benini C et al (2019) Prevalence of antigens/
antibodies against Hepatitis B and C Viruses in a cohort of Italian
patients with Pancreatic adenocarcinoma admitted to two hos-
pital wards in italy: a pivotal retrospective study. Arch Microb
Immunol 3:172-132

6. Lai CK, Jeng KS, Machida K, Lai MM (2008) Association of
hepatitis C virus replication complexes with microtubules and
actin filaments is dependent on the interaction of NS3 and NS5A.
J Virol 82:8838-8848. https://doi.org/10.1128/JV1.00398-08

7. Ward BM (2011) The taking of the cytoskeleton one two three:
how viruses utilize the cytoskeleton during egress. Virology
411:244-250. https://doi.org/10.1016/j.virol.2010.12.024

8. Fiorino S, Bacchi-Reggiani L, Sabbatani S et al (2014) Pos-
sible role of tocopherols in the modulation of host microRNA
with potential antiviral activity in patients with hepatitis B
virus-related persistent infection: a systematic review. Br J Nutr
112:1751-1768. https://doi.org/10.1017/S0007114514002839


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/bmj.m132
https://doi.org/10.1007/s15010-020-01401-y
https://doi.org/10.1007/s15010-020-01401-y
https://doi.org/10.4161/cbt.6.5.3955
https://doi.org/10.1128/jvi.77.7.4401-4408.2003
https://doi.org/10.1128/jvi.77.7.4401-4408.2003
https://doi.org/10.1128/JVI.00398-08
https://doi.org/10.1016/j.virol.2010.12.024
https://doi.org/10.1017/S0007114514002839

Aging Clinical and Experimental Research (2020) 32:2115-2131

2127

9.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Lang D, Fickenscher H, Stamminger T (1992) Analysis of pro-
teins binding to the proximal promoter region of the human cyto-
megalovirus IE-1/2 enhancer/promoter reveals both consensus
and aberrant recognition sequences for transcription factors
Spl and CREB. Nucleic Acids Res 20:3287-3295. https://doi.
org/10.1093/nar/20.13.3287

Gralinski LE, Menachery VD (2020) Return of the Coronavirus:
2019-nCoV. Viruses 12:135. https://doi.org/10.3390/v12020135

. Fung TS, Liu DX (2019) Human Coronavirus: host—patho-

gen interaction. Annu Rev Microbiol 73:529-557. https://doi.
org/10.1146/annurev-micro-020518-115759

Ashour HM, Elkhatib WF, Rahman MM, Elshabrawy HA
(2020) Insights into the Recent 2019 novel Coronavirus
(SARS-CoV-2) in light of past human Coronavirus outbreaks.
Pathogens 9:168. https://doi.org/10.3390/pathogens9030186
Siu YL, Teoh KT, Lo J et al (2008) The M, E, and N structural
proteins of the severe acute respiratory syndrome coronavi-
rus are required for efficient assembly, trafficking, and release
of virus-like particles. J Virol 82:11318-11330. https://doi.
org/10.1128/J1V1.01052-08

Marra MA, Jones SJ, Astell CR et al (2003) The genome
sequence of the SARS-associated coronavirus. Science
300:1399-1404. https://doi.org/10.1126/science.1085953
Subissi L, Imbert I, Ferron F et al (2014) SARS-CoV ORF1b-
encoded nonstructural proteins 12-16: replicative enzymes
as antiviral targets. Antiviral Res 101:122-130. https://doi.
org/10.1016/j.antiviral.2013.11.006

Gu J, Gong E, Zhang B et al (2005) Multiple organ infection and
the pathogenesis of SARS. ] Exp Med 202:415-424. https://doi.
org/10.1084/jem.20050828

Ceraolo C, Giorgi FM (2020) Genomic variance of the 2019-
nCoV coronavirus. J Med Virol. https://doi.org/10.1002/
jmv.25700

Chan JF, Kok KH, Zhu Z et al (2020) Genomic characterization
of the 2019 novel human-pathogenic coronavirus isolated from
a patient with atypical pneumonia after visiting Wuhan. Emerg
Microbes Infect 9:221-236. https://doi.org/10.1080/22221
751.2020.1719902

Zhu N, Zhang D, Wang W et al (2019) China Novel Coronavi-
rus I, Research T (2020) a novel coronavirus from patients with
pneumonia in China. N Engl J Med 382:727-733. https://doi.
org/10.1056/NEJM0a2001017

Fung SY, Yuen KS, Ye ZW, Chan CP, Jin DY (2020) A tug-of-
war between severe acute respiratory syndrome coronavirus 2
and host antiviral defence: lessons from other pathogenic viruses.
Emerg Microbes Infect 9:558-570. https://doi.org/10.1080/22221
751.2020.1736644

Chigbu DI, Loonawat R, Sehgal M, Patel D, Jain P (2019) Hepa-
titis C virus infection: host—virus interaction and mechanisms of
viral persistence. Cells 8:376. https://doi.org/10.3390/cells80403
76

Ikeoka D, Mader JK, Pieber TR (2010) Adipose tissue, inflam-
mation and cardiovascular disease. Rev Assoc Med Bras(1992)
56:116-121. https://doi.org/10.1590/s0104-42302010000100026
Solana C, Tarazona R, Solana R (2018) Immunosenes-
cence of natural killer cells, inflammation, and Alzheimer’s
disease. Int J Alzheimers Dis 2018:3128758. https://doi.
org/10.1155/2018/3128758

Akash MS, Rehman K, Chen S (2013) Role of inflammatory
mechanisms in pathogenesis of type 2 diabetes mellitus. J Cell
Biochem 114:525-531. https://doi.org/10.1002/jcb.24402
Vitlic A, Lord JM, Phillips AC (2014) Stress, ageing and their
influence on functional, cellular and molecular aspects of the
immune system. Age (Dordr) 36:9631. https://doi.org/10.1007/
s11357-014-9631-6

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hubbard RE, O’Mahony MS, Savva GM, Calver BL, Wood-
house KW (2009) Inflammation and frailty measures in older
people. J Cell Mol Med 13:3103-31009. https://doi.org/10.111
1/j.1582-4934.2009.00733.x

Leng SX, Xue QL, Tian J, Walston JD, Fried LP (2007) Inflam-
mation and frailty in older women. J Am Geriatr Soc 55:864—
871. https://doi.org/10.1111/j.1532-5415.2007.01186.x
Montecino-Rodriguez E, Berent-Maoz B, Dorshkind K (2013)
Causes, consequences, and reversal of immune system aging. J
Clin Invest 123:958-965. https://doi.org/10.1172/I1C164096
Bartali B, Frongillo EA, Bandinelli S et al (2006) Low nutrient
intake is an essential component of frailty in older persons. J Ger-
ontol A Biol Sci Med Sci 61:589-593. https://doi.org/10.1093/
gerona/61.6.589

Jayanama K, Theou O, Blodgett JM, Cahill L, Rockwood K
(2018) Frailty, nutrition-related parameters, and mortality
across the adult age spectrum. BMC Med 16:188. https://doi.
org/10.1186/s12916-018-1176-6

Holick MF, Chen TC (2008) Vitamin D deficiency: a world-
wide problem with health consequences. Am J Clin Nutr
87:1080S-10868S. https://doi.org/10.1093/ajcn/87.4.1080S
Hughes DA, Norton R (2009) Vitamin D and respiratory
health. Clin Exp Immunol 158:20-25. https://doi.org/10.111
1/§.1365-2249.2009.04001.x

Palacios C, Gonzalez L (2014) Is vitamin D deficiency a major
global public health problem? J Steroid Biochem Mol Biol
144:138-145. https://doi.org/10.1016/j.jsbmb.2013.11.003
Parekh D, Thickett DR, Turner AM (2013) Vitamin D deficiency
and acute lung injury. Inflamm Allergy Drug Targets 12:253—
261. https://doi.org/10.2174/18715281113129990049
Remmelts HH, van de Garde EM, Meijvis SC et al (2012) Addi-
tion of vitamin D status to prognostic scores improves the predic-
tion of outcome in community-acquired pneumonia. Clin Infect
Dis 55:1488-1494. https://doi.org/10.1093/cid/cis751

Dancer RC, Parekh D, Lax S et al (2015) Vitamin D deficiency
contributes directly to the acute respiratory distress syndrome
(ARDS). Thorax 70:617-624. https://doi.org/10.1136/thoraxjnl-
2014-206680

Porrini M, Simonetti P, Ciappellano S, Testolin G (1987) Vitamin
A, E and C nutriture of elderly people in North Italy. Int J Vitam
Nutr Res 57:349-355

Franzke B, Schober-Halper B, Hofmann M et al (2019) Fat solu-
ble vitamins in institutionalized elderly and the effect of exercise,
nutrition and cognitive training on their status-The Vienna active
aging study (VAAS): a randomized controlled trial. Nutrients
11:1333. https://doi.org/10.3390/nul11061333

McCall SJ, Clark AB, Luben RN, Wareham NJ, Khaw KT, Myint
PK (2019) Plasma vitamin C levels: risk factors for deficiency
and association with self-reported functional health in the euro-
pean prospective investigation into cancer-norfolk. Nutrients
11:1552. https://doi.org/10.3390/nu11071552

Godala M, Materek-Kusmierkiewicz I, Moczulski D et al
(2017) The risk of plasma vitamin A, C, E and D deficiency
in patients with metabolic syndrome: a case-control study.
Adv Clin Exp Med 26:581-586. https://doi.org/10.17219/
acem/62453

Wiseman EM, Bar-El Dadon S, Reifen R (2017) The vicious
cycle of vitamin a deficiency: A review. Crit Rev Food Sci Nutr
57:3703-3714. https://doi.org/10.1080/10408398.2016.1160362
Carr AC, Maggini S (2017) Vitamin C and immune function.
Nutrients 9:1211. https://doi.org/10.3390/nu9111211

Prietl B, Treiber G, Pieber TR, Amrein K (2013) Vitamin D
and immune function. Nutrients 5:2502-2521. https://doi.
org/10.3390/nu5072502

@ Springer


https://doi.org/10.1093/nar/20.13.3287
https://doi.org/10.1093/nar/20.13.3287
https://doi.org/10.3390/v12020135
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.3390/pathogens9030186
https://doi.org/10.1128/JVI.01052-08
https://doi.org/10.1128/JVI.01052-08
https://doi.org/10.1126/science.1085953
https://doi.org/10.1016/j.antiviral.2013.11.006
https://doi.org/10.1016/j.antiviral.2013.11.006
https://doi.org/10.1084/jem.20050828
https://doi.org/10.1084/jem.20050828
https://doi.org/10.1002/jmv.25700
https://doi.org/10.1002/jmv.25700
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1080/22221751.2020.1736644
https://doi.org/10.1080/22221751.2020.1736644
https://doi.org/10.3390/cells8040376
https://doi.org/10.3390/cells8040376
https://doi.org/10.1590/s0104-42302010000100026
https://doi.org/10.1155/2018/3128758
https://doi.org/10.1155/2018/3128758
https://doi.org/10.1002/jcb.24402
https://doi.org/10.1007/s11357-014-9631-6
https://doi.org/10.1007/s11357-014-9631-6
https://doi.org/10.1111/j.1582-4934.2009.00733.x
https://doi.org/10.1111/j.1582-4934.2009.00733.x
https://doi.org/10.1111/j.1532-5415.2007.01186.x
https://doi.org/10.1172/JCI64096
https://doi.org/10.1093/gerona/61.6.589
https://doi.org/10.1093/gerona/61.6.589
https://doi.org/10.1186/s12916-018-1176-6
https://doi.org/10.1186/s12916-018-1176-6
https://doi.org/10.1093/ajcn/87.4.1080S
https://doi.org/10.1111/j.1365-2249.2009.04001.x
https://doi.org/10.1111/j.1365-2249.2009.04001.x
https://doi.org/10.1016/j.jsbmb.2013.11.003
https://doi.org/10.2174/18715281113129990049
https://doi.org/10.1093/cid/cis751
https://doi.org/10.1136/thoraxjnl-2014-206680
https://doi.org/10.1136/thoraxjnl-2014-206680
https://doi.org/10.3390/nu11061333
https://doi.org/10.3390/nu11071552
https://doi.org/10.17219/acem/62453
https://doi.org/10.17219/acem/62453
https://doi.org/10.1080/10408398.2016.1160362
https://doi.org/10.3390/nu9111211
https://doi.org/10.3390/nu5072502
https://doi.org/10.3390/nu5072502

2128

Aging Clinical and Experimental Research (2020) 32:2115-2131

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Raverdeau M, Mills KH (2014) Modulation of T cell and innate
immune responses by retinoic acid. J Immunol 192:2953-2958.
https://doi.org/10.4049/jimmunol. 1303245

Ribeiro Nogueira C, Ramalho A, Lameu E, Da Silva Franca CA,
David C, Accioly E (2009) Serum concentrations of vitamin A
and oxidative stress in critically ill patients with sepsis. Nutr
Hosp 24:312-317

Zingg JM (2019) Vitamin E: regulatory role on signal transduc-
tion. [UBMB Life 71:456—-478. https://doi.org/10.1002/iub.1986
Ang A, Pullar JM, Currie MJ, Vissers MCM (2018) Vitamin C
and immune cell function in inflammation and cancer. Biochem
Soc Trans 46:1147-1159. https://doi.org/10.1042/BST2018016
9

Lee GY, Han SN (2018) The role of vitamin E in immunity.
Nutrients 10:1614. https://doi.org/10.3390/nul0111614

Wang W, Ye L, Ye L et al (2007) Up-regulation of IL-6 and TNF-
alpha induced by SARS-coronavirus spike protein in murine
macrophages via NF-kappaB pathway. Virus Res 128:1-8. https
://doi.org/10.1016/j.virusres.2007.02.007

Zhang X, Wu K, Wang D et al (2007) Nucleocapsid protein of
SARS-CoV activates interleukin-6 expression through cellular
transcription factor NF-kappaB. Virology 365:324-335. https://
doi.org/10.1016/j.virol.2007.04.009

Channappanavar R, Perlman S (2017) Pathogenic human coro-
navirus infections: causes and consequences of cytokine storm
and immunopathology. Semin Immunopathol 39:529-539. https
://doi.org/10.1007/s00281-017-0629-x

DeDiego ML, Nieto-Torres JL, Jimenez-Guardeno et al (2014)
Coronavirus virulence genes with main focus on SARS-CoV
envelope gene. Virus Res 194:124—137. https://doi.org/10.1016/j.
virusres.2014.07.024

Mogensen TH, Paludan SR (2001) Molecular pathways in virus-
induced cytokine production. Microbiol Mol Biol Rev 65:131—
150. https://doi.org/10.1128/MMBR.65.1.131-150.2001

Yan X, Hao Q, Mu Y et al (2006) Nucleocapsid protein of SARS-
CoV activates the expression of cyclooxygenase-2 by binding
directly to regulatory elements for nuclear factor-kappa B and
CCAAT/enhancer binding protein. Int J Biochem Cell Biol
38:1417-1428. https://doi.org/10.1016/j.biocel.2006.02.003
Smith WL, Garavito RM, DeWitt DL (1996) Prostaglan-
din endoperoxide H synthases (cyclooxygenases)-1 and -2.
J Biol Chem 271:33157-33160. https://doi.org/10.1074/
jbc.271.52.33157

Zhu H, Cong JP, Yu D, Bresnahan WA, Shenk TE (2002) Inhi-
bition of cyclooxygenase 2 blocks human cytomegalovirus rep-
lication. Proc Natl Acad Sci USA 99:3932-3937. https://doi.
org/10.1073/pnas.052713799

Meydani SN, Han SN, Wu D (2005) Vitamin E and immune
response in the aged: molecular mechanisms and clinical impli-
cations. Immunol Rev 205:269-284. https://doi.org/10.111
1/1.0105-2896.2005.00274.x

Caristi S, Piraino G, Cucinotta M, Valenti A, Loddo S, Teti D
(2005) Prostaglandin E2 induces interleukin-8 gene transcription
by activating C/EBP homologous protein in human T lympho-
cytes. J Biol Chem 280:14433-14442. https://doi.org/10.1074/
jbc.M410725200

Yu Y, Chadee K (1998) Prostaglandin E2 stimulates IL-8 gene
expression in human colonic epithelial cells by a posttranscrip-
tional mechanism. J Immunol 161:3746-3752

Ma P, Chen D, Pan J, Du B (2002) Genomic polymorphism
within interleukin-1 family cytokines influences the outcome
of septic patients. Crit Care Med 30:1046-1050. https://doi.
org/10.1097/00003246-200205000-00015

@ Springer

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Bailly S, Fay M, Israel N, Gougerot-Pocidalo MA (1996) The
transcription factor AP-1 binds to the human interleukin 1 alpha
promoter. Eur Cytokine Netw 7:125-128

Conti P, Ronconi G, Caraffa A et al (2020) Induction of pro-
inflammatory cytokines (IL-1 and IL-6) and lung inflammation
by Coronavirus-19 (COVI-19 or SARS-CoV-2): anti-inflam-
matory strategies. J Biol Regul Homeost Agents. https://doi.
org/10.23812/CONTI-E

Hsueh PR, Chen PJ, Hsiao CH et al (2004) Medicine
SRGoNTUCo, National Taiwan University H Patient data, early
SARS epidemic Taiwan. Emerg Infect Dis 10:489—493. https://
doi.org/10.3201/eid1003.030571

Yang Y, Ye F, Zhu N et al (2015) Middle East respiratory syn-
drome coronavirus ORF4b protein inhibits type I interferon pro-
duction through both cytoplasmic and nuclear targets. Sci Rep
5:17554. https://doi.org/10.1038/srep17554

Zou L, Ruan F, Huang M et al (2020) SARS-CoV-2 viral load in
upper respiratory specimens of infected patients. N Engl ] Med
382:1177-1179. https://doi.org/10.1056/NEIMc2001737

Lai CC, Shih TP, Ko WC, Tang HJ, Hsueh PR (2020) Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
coronavirus disease-2019 (COVID-19): the epidemic and the
challenges. Int J Antimicrob Agents 55:105924. https://doi.
org/10.1016/j.ijjantimicag.2020.105924

Peiris JS, Guan Y, Yuen KY (2004) Severe acute respiratory
syndrome. Nat Med 10:S88-S97. https://doi.org/10.1038/nm114
3

Xiong Y, Sun D, Liu Y et al (2020) Clinical and high-resolution
CT features of the Covid-19 infection: comparison of the initial
and follow-up changes. Invest Radiol. https://doi.org/10.1097/
RLI.0000000000000674

Nicholls JM, Poon LL, Lee KC et al (2003) Lung pathology of
fatal severe acute respiratory syndrome. Lancet 361:1773-1778.
https://doi.org/10.1016/s0140-6736(03)13413-7

Lewis ED, Meydani SN, Wu D (2019) Regulatory role of vita-
min E in the immune system and inflammation. IUBMB Life
71:487-494. https://doi.org/10.1002/iub.1976

Zingg JM (2015) Vitamin E: a role in signal transduction.
Annu Rev Nutr 35:135-173. https://doi.org/10.1146/annurev-
nutr-071714-034347

Hoan NX, Tong HV, Song LH, Meyer CG, Velavan TP (2018)
Vitamin D deficiency and hepatitis viruses-associated liver dis-
eases: a literature review. World J Gastroenterol 24:445-460.
https://doi.org/10.3748/wjg.v24.i4.445

Manion M, Hullsiek KH, Wilson EMP, Rhame F et al for the
Study to Understand the Natural History of HIV/AIDS in the
Era of Effective Antiretroviral Therapy (the ‘SUN Study’)
(2017) Vitamin D deficiency is associated with IL-6 levels
and monocyte activation in HIV-infected persons. PLoS ONE
12:e0175517. https://doi.org/10.1371/journal.pone.0175517
Allard JP, Aghdassi E, Chau J et al (1998) Effects of vitamin
E and C supplementation on oxidative stress and viral load
in HIV-infected subjects. AIDS 12:1653-1659. https://doi.
org/10.1097/00002030-199813000-00013

Devaraj S, Li D, Jialal I (1996) The effects of alpha tocopherol
supplementation on monocyte function. decreased lipid oxida-
tion, interleukin 1 beta secretion, and monocyte adhesion to
endothelium. J Clin Invest 98:756-763. https://doi.org/10.1172/
JCI118848

Gupta S, Read SA, Shackel NA, Hebbard L, George J, Ahlenstiel
G (2019) The role of micronutrients in the infection and sub-
sequent response to hepatitis C virus. Cells 8:603. https://doi.
org/10.3390/cells8060603


https://doi.org/10.4049/jimmunol.1303245
https://doi.org/10.1002/iub.1986
https://doi.org/10.1042/BST20180169
https://doi.org/10.1042/BST20180169
https://doi.org/10.3390/nu10111614
https://doi.org/10.1016/j.virusres.2007.02.007
https://doi.org/10.1016/j.virusres.2007.02.007
https://doi.org/10.1016/j.virol.2007.04.009
https://doi.org/10.1016/j.virol.2007.04.009
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1016/j.virusres.2014.07.024
https://doi.org/10.1016/j.virusres.2014.07.024
https://doi.org/10.1128/MMBR.65.1.131-150.2001
https://doi.org/10.1016/j.biocel.2006.02.003
https://doi.org/10.1074/jbc.271.52.33157
https://doi.org/10.1074/jbc.271.52.33157
https://doi.org/10.1073/pnas.052713799
https://doi.org/10.1073/pnas.052713799
https://doi.org/10.1111/j.0105-2896.2005.00274.x
https://doi.org/10.1111/j.0105-2896.2005.00274.x
https://doi.org/10.1074/jbc.M410725200
https://doi.org/10.1074/jbc.M410725200
https://doi.org/10.1097/00003246-200205000-00015
https://doi.org/10.1097/00003246-200205000-00015
https://doi.org/10.23812/CONTI-E
https://doi.org/10.23812/CONTI-E
https://doi.org/10.3201/eid1003.030571
https://doi.org/10.3201/eid1003.030571
https://doi.org/10.1038/srep17554
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1038/nm1143
https://doi.org/10.1038/nm1143
https://doi.org/10.1097/RLI.0000000000000674
https://doi.org/10.1097/RLI.0000000000000674
https://doi.org/10.1016/s0140-6736(03)13413-7
https://doi.org/10.1002/iub.1976
https://doi.org/10.1146/annurev-nutr-071714-034347
https://doi.org/10.1146/annurev-nutr-071714-034347
https://doi.org/10.3748/wjg.v24.i4.445
https://doi.org/10.1371/journal.pone.0175517
https://doi.org/10.1097/00002030-199813000-00013
https://doi.org/10.1097/00002030-199813000-00013
https://doi.org/10.1172/JCI118848
https://doi.org/10.1172/JCI118848
https://doi.org/10.3390/cells8060603
https://doi.org/10.3390/cells8060603

Aging Clinical and Experimental Research (2020) 32:2115-2131

2129

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Lallement A, Zandotti C, Brouqui P (2015) Persistent par-
vovirus B19 viremia with chronic arthralgia treated with
ascorbic acid: a case report. ] Med Case Rep 9:1. https://doi.
org/10.1186/1752-1947-9-1

Luo YQ, Wu XX, Ling ZX, Cheng YW, Yuan L, Xiang C (2014)
Association between serum vitamin D and severity of liver fibro-
sis in chronic hepatitis C patients: a systematic meta-analysis. J
Zhejiang Univ Sci B 15:900-906. https://doi.org/10.1631/jzus.
B1400073

Said E, Agawy WE, Ahmed R et al (2017) Serum Vitamin D
levels in treatment-naive chronic hepatitis B patients. J Transl
Int Med 5:230-234. https://doi.org/10.1515/jtim-2017-0038
Andreone P, Fiorino S, Cursaro C et al (2001) Vitamin E as treat-
ment for chronic Hepatitis B: results of a randomized controlled
pilot trial. Antiviral Res 49:75-81. https://doi.org/10.1016/s0166
-3542(00)00141-8

Chen EQ, Bai L, Zhou TY, Fe M, Zhang DM, Tang H (2015)
Sustained suppression of viral replication in improving Vitamin
D serum concentrations in patients with chronic hepatitis B. Sci
Rep 5:15441. https://doi.org/10.1038/srep15441

Fiorino S, Loggi E, Verucchi G et al (2017) Vitamin E for the
treatment of E-antigen-positive chronic Hepatitis B in paediatric
patients: results of a randomized phase 2 controlled study. Liver
Int 37:54-61. https://doi.org/10.1111/1iv.13192

Gerner P, Posselt HG, Krahl A et al (2008) Vitamin E treatment
for children with chronic Hepatitis B: a randomized placebo con-
trolled trial. World J Gastroenterol 14:7208-7213. https://doi.
org/10.3748/wjg.14.7208

Mikirova N, Hunninghake R (2014) Effect of high dose Vitamin
C on Epstein-Barr viral infection. Med Sci Monit 20:725-732.
https://doi.org/10.12659/MSM.890423

Wimalawansa SJ (2019) Vitamin D deficiency: effects on oxi-
dative stress, epigenetics, gene regulation, and aging. Biology
(Basel) 8:30. https://doi.org/10.3390/biology8020030

Calton EK, Keane KN, Newsholme P, Soares MJ (2015) The
impact of vitamin D levels on inflammatory status: a systematic
review of immune cell studies. PLoS ONE 10:e0141770. https
://doi.org/10.1371/journal.pone.0141770

Miyazawa T, Burdeos GC, Itaya M, Nakagawa K, Miyazawa T
(2019) Vitamin E: regulatory redox interactions. [UBMB Life
71:430-441. https://doi.org/10.1002/iub.2008

Kc S, Carcamo JM, Golde DW (2005) Vitamin C enters mito-
chondria via facilitative glucose transporter 1 (Glutl) and con-
fers mitochondrial protection against oxidative injury. FASEB J
19:1657-1667. https://doi.org/10.1096/1.05-4107com

Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB (2014)
Reactive oxygen species in inflammation and tissue injury.
Antioxid Redox Signal 20:1126-1167. https://doi.org/10.1089/
ars.2012.5149

Aratani Y (2018) Myeloperoxidase: its role for host defense,
inflammation, and neutrophil function. Arch Biochem Biophys
640:47-52. https://doi.org/10.1016/j.abb.2018.01.004
D’Ambrosio D, Cippitelli M, Cocciolo MG et al (1998) Inhibition
of IL-12 production by 1,25-dihydroxyvitamin D3. involvement
of NF-kappaB downregulation in transcriptional repression of
the p40 gene. J Clin Invest 101:252-262. https://doi.org/10.1172/
JCI1050

Harant H, Andrew PJ, Reddy GS, Foglar E, Lindley 1J (1997)
lalpha,25-dihydroxyvitamin D3 and a variety of its natural
metabolites transcriptionally repress nuclear-factor-kappaB-
mediated interleukin-8 gene expression. Eur J Biochem 250:63—
71. https://doi.org/10.1111/j.1432-1033.1997.00063.x

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Harant H, Wolff B, Lindley 1J (1998) 1Alpha,25-dihydroxy-
vitamin D3 decreases DNA binding of nuclear factor-kappaB
in human fibroblasts. FEBS Lett 436:329-334. https://doi.
0rg/10.1016/s0014-5793(98)01153-3

Khazim K, Azulay EE, Kristal B, Cohen I (2018) Interleukin 1
gene polymorphism and susceptibility to disease. Immunol Rev
281:40-56. https://doi.org/10.1111/imr.12620

Shen F, Hu Z, Goswami J, Gaffen SL (2006) Identification of
common transcriptional regulatory elements in interleukin-17
target genes. J Biol Chem 281:24138-24148. https://doi.
org/10.1074/jbc.M604597200

Calfee-Mason KG, Spear BT, Glauert HP (2004) Effects of vita-
min E on the NF-kappaB pathway in rats treated with the peroxi-
some proliferator, ciprofibrate. Toxicol Appl Pharmacol 199:1-9.
https://doi.org/10.1016/j.taap.2004.03.006

Glauert HP (2007) Vitamin E and NF-kappaB activation: a
review. Vitam Horm 76:135-153. https://doi.org/10.1016/S0083
-6729(07)76006-5

Karkeni E, Bonnet L, Astier J et al (2017) All-trans-retinoic acid
represses chemokine expression in adipocytes and adipose tissue
by inhibiting NF-kappaB signaling. J Nutr Biochem 42:101-107.
https://doi.org/10.1016/j.jnutbio.2017.01.004

Chun RF, Liu PT, Modlin RL, Adams JS, Hewison M (2014)
Impact of vitamin D on immune function: lessons learned
from genome-wide analysis. Front Physiol 5:151. https://doi.
org/10.3389/fphys.2014.00151

Hewison M (2011) Vitamin D and innate and adaptive immu-
nity. Vitam Horm 86:23-62. https://doi.org/10.1016/B978-0-12-
386960-9.00002-2

van Etten E, Mathieu C (2005) Immunoregulation by 1,25-dihy-
droxyvitamin D3: basic concepts. J Steroid Biochem Mol Biol
97:93-101. https://doi.org/10.1016/j.jsbmb.2005.06.002

Penna G, Adorini L (2000) 1 Alpha, 25-dihydroxyvitamin D3
inhibits differentiation, maturation, activation, and survival of
dendritic cells leading to impaired alloreactive T cell activa-
tion. J Immunol 164:2405-2411. https://doi.org/10.4049/jimmu
nol.164.5.2405

Daniel C, Sartory NA, Zahn N, Radeke HH, Stein JM (2008)
Immune modulatory treatment of trinitrobenzene sulfonic acid
colitis with calcitriol is associated with a change of a T helper
(Th) 1/Th17 to a Th2 and regulatory T cell profile. J Pharmacol
Exp Ther 324:23-33. https://doi.org/10.1124/jpet.107.127209
Penna G, Amuchastegui S, Cossetti C et al (2006) Treatment
of experimental autoimmune prostatitis in nonobese diabetic
mice by the vitamin D receptor agonist elocalcitol. J Immunol
177:8504-8511. https://doi.org/10.4049/jimmunol.177.12.8504
Gorman S, Kuritzky LA, Judge MA et al (2007) Topically
applied 1,25-dihydroxyvitamin D3 enhances the suppressive
activity of CD4+CD25+ cells in the draining lymph nodes.
J Immunol 179:6273-6283. https://doi.org/10.4049/jimmu
nol.179.9.6273

Penna G, Roncari A, Amuchastegui S et al (2005) Expression of
the inhibitory receptor ILT3 on dendritic cells is dispensable for
induction of CD4+Foxp3+ regulatory T cells by 1,25-dihydroxy-
vitamin D3. Blood 106:3490-3497. https://doi.org/10.1182/
blood-2005-05-2044

Lemire JM, Adams JS, Sakai R, Jordan SC (1984) 1 alpha,25-
dihydroxyvitamin D3 suppresses proliferation and immunoglob-
ulin production by normal human peripheral blood mononuclear
cells. J Clin Invest 74:657-661. https://doi.org/10.1172/JCI11
1465

Chen S, Sims GP, Chen XX, Gu YY, Chen S, Lipsky PE (2007)
Modulatory effects of 1,25-dihydroxyvitamin D3 on human

@ Springer


https://doi.org/10.1186/1752-1947-9-1
https://doi.org/10.1186/1752-1947-9-1
https://doi.org/10.1631/jzus.B1400073
https://doi.org/10.1631/jzus.B1400073
https://doi.org/10.1515/jtim-2017-0038
https://doi.org/10.1016/s0166-3542(00)00141-8
https://doi.org/10.1016/s0166-3542(00)00141-8
https://doi.org/10.1038/srep15441
https://doi.org/10.1111/liv.13192
https://doi.org/10.3748/wjg.14.7208
https://doi.org/10.3748/wjg.14.7208
https://doi.org/10.12659/MSM.890423
https://doi.org/10.3390/biology8020030
https://doi.org/10.1371/journal.pone.0141770
https://doi.org/10.1371/journal.pone.0141770
https://doi.org/10.1002/iub.2008
https://doi.org/10.1096/fj.05-4107com
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1016/j.abb.2018.01.004
https://doi.org/10.1172/JCI1050
https://doi.org/10.1172/JCI1050
https://doi.org/10.1111/j.1432-1033.1997.00063.x
https://doi.org/10.1016/s0014-5793(98)01153-3
https://doi.org/10.1016/s0014-5793(98)01153-3
https://doi.org/10.1111/imr.12620
https://doi.org/10.1074/jbc.M604597200
https://doi.org/10.1074/jbc.M604597200
https://doi.org/10.1016/j.taap.2004.03.006
https://doi.org/10.1016/S0083-6729(07)76006-5
https://doi.org/10.1016/S0083-6729(07)76006-5
https://doi.org/10.1016/j.jnutbio.2017.01.004
https://doi.org/10.3389/fphys.2014.00151
https://doi.org/10.3389/fphys.2014.00151
https://doi.org/10.1016/B978-0-12-386960-9.00002-2
https://doi.org/10.1016/B978-0-12-386960-9.00002-2
https://doi.org/10.1016/j.jsbmb.2005.06.002
https://doi.org/10.4049/jimmunol.164.5.2405
https://doi.org/10.4049/jimmunol.164.5.2405
https://doi.org/10.1124/jpet.107.127209
https://doi.org/10.4049/jimmunol.177.12.8504
https://doi.org/10.4049/jimmunol.179.9.6273
https://doi.org/10.4049/jimmunol.179.9.6273
https://doi.org/10.1182/blood-2005-05-2044
https://doi.org/10.1182/blood-2005-05-2044
https://doi.org/10.1172/JCI111465
https://doi.org/10.1172/JCI111465

2130

Aging Clinical and Experimental Research (2020) 32:2115-2131

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

B cell differentiation. J Immunol 179:1634-1647. https://doi.
org/10.4049/jimmunol.179.3.1634

Buondonno I, Rovera G, Sassi F et al (2017) Vitamin D and
immunomodulation in early rheumatoid arthritis: a randomized
double-blind placebo-controlled study. PLoS ONE 12:e0178463.
https://doi.org/10.1371/journal.pone.0178463

Kim H, Baek S, Hong SM et al (2020) 1,25-dihydroxy Vitamin
D3 and Interleukin-6 blockade synergistically regulate rheuma-
toid arthritis by suppressing Interleukin-17 production and osteo-
clastogenesis. J Korean Med Sci 35:e40. https://doi.org/10.3346/
jkms.2020.35.e40

Bhalla AK, Amento EP, Krane SM (1986) Differential effects of
1,25-dihydroxyvitamin D3 on human lymphocytes and mono-
cyte/macrophages: inhibition of interleukin-2 and augmentation
of interleukin-1 production. Cell Immunol 98:311-322. https://
doi.org/10.1016/0008-8749(86)90291-1

Blomhoff HK, Smeland EB, Erikstein B et al (1992) Vitamin A
is a key regulator for cell growth, cytokine production, and dif-
ferentiation in normal B cells. J Biol Chem 267:23988-23992
Moise AR, Noy N, Palczewski K, Blaner WS (2007) Delivery of
retinoid-based therapies to target tissues. Biochemistry 46:4449—
4458. https://doi.org/10.1021/bi7003069

Ertesvag A, Engedal N, Naderi S, Blomhoff HK (2002) Reti-
noic acid stimulates the cell cycle machinery in normal T cells:
involvement of retinoic acid receptor-mediated IL-2 secretion.
J Immunol 169:5555-5563. https://doi.org/10.4049/jimmu
n0l.169.10.5555

Ballow M, Xiang S, Wang W, Brodsky L (1996) The effects of
retinoic acid on immunoglobulin synthesis: role of interleukin 6.
J Clin Immunol 16:171-179. https://doi.org/10.1007/bf01540916
Lovett-Racke AE, Racke MK (2002) Retinoic acid promotes the
development of Th2-like human myelin basic protein-reactive T
cells. Cell Immunol 215:54-60. https://doi.org/10.1016/s0008
-8749(02)00013-8

Belkaid Y (2007) Regulatory T cells and infection: a dangerous
necessity. Nat Rev Immunol 7:875-888. https://doi.org/10.1038/
nri2189

Dawson HD, Collins G, Pyle R et al (2006) Direct and indirect
effects of retinoic acid on human Th2 cytokine and chemokine
expression by human T lymphocytes. BMC Immunol 7:27.
https://doi.org/10.1186/1471-2172-7-27

Mucida D, Park Y, Kim G et al (2007) Reciprocal TH17 and
regulatory T cell differentiation mediated by retinoic acid. Sci-
ence 317:256-260. https://doi.org/10.1126/science.1145697
Mora JR, von Andrian UH (2008) Differentiation and homing
of IgA-secreting cells. Mucosal Immunol 1:96-109. https://
doi.org/10.1038/mi.2007.14

Sommer A, Tarwotjo I, Djunaedi E et al (1986) Impact of vita-
min A supplementation on childhood mortality. A randomised
controlled community trial Lancet 327:1169-1173. https://doi.
org/10.1016/s0140-6736(86)91157-8

Sommer A, Tarwotjo I, Hussaini G, Susanto D (1983) Increased
mortality in children with mild vitamin A deficiency. Lancet
322:585-588. https://doi.org/10.1016/s0140-6736(83)90677-3
Mora JR, Iwata M, Eksteen B et al (2006) Generation of gut-
homing IgA-secreting B cells by intestinal dendritic cells. Sci-
ence 314:1157-1160. https://doi.org/10.1126/science.1132742
Mora JR, Iwata M, von Andrian UH (2008) Vitamin effects on
the immune system: vitamins A and D take centre stage. Nat
Rev Immunol 8:685-698. https://doi.org/10.1038/nri2378
Burton GW, Ingold KU (1989) Vitamin E as an in vitro and
in vivo antioxidant. Ann NY Acad Sci 570:7-22. https://doi.
org/10.1111/§.1749-6632.1989.tb14904.x

@ Springer

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Pein H, Ville A, Pace S et al (2018) Endogenous metabolites of
vitamin E limit inflammation by targeting 5-lipoxygenase. Nat
Commun 9:3834. https://doi.org/10.1038/s41467-018-06158-5
Meydani M (1995) Vitamin E. Lancet 345:170-175. https://
doi.org/10.1016/s0140-6736(95)90172-8

Meydani SN, Han SN, Hamer DH (2004) Vitamin E and respir-
atory infection in the elderly. Ann NY Acad Sci 1031:214-222.
https://doi.org/10.1196/annals.1331.021

Meydani SN, Meydani M, Rall LC, Morrow F, Blumberg JB
(1994) Assessment of the safety of high-dose, short-term sup-
plementation with vitamin E in healthy older adults. Am J Clin
Nutr 60:704-709. https://doi.org/10.1093/ajcn/60.5.704
Pallast EG, Schouten EG, de Waart FG et al (1999) Effect of
50- and 100-mg vitamin E supplements on cellular immune
function in noninstitutionalized elderly persons. Am J Clin
Nutr 69:1273-1281. https://doi.org/10.1093/ajcn/69.6.1273
Adolfsson O, Huber BT, Meydani SN (2001) Vitamin
E-enhanced IL-2 production in old mice: naive but not
memory T cells show increased cell division cycling and IL-
2-producing capacity. ] Immunol 167:3809-3817. https://doi.
org/10.4049/jimmunol.167.7.3809

De Waart FG, Portengen L, Doekes G, Verwaal CJ, Kok FJ
(1997) Effect of 3 months vitamin E supplementation on indi-
ces of the cellular and humoral immune response in elderly
subjects. Br J Nutr 78:761-774. https://doi.org/10.1079/bjn19
970193

Devaraj S, Jialal I (1999) Alpha-tocopherol decreases interleu-
kin-1 beta release from activated human monocytes by inhibi-
tion of 5-lipoxygenase. Arterioscler Thromb Vasc Biol 19:1125—
1133. https://doi.org/10.1161/01.atv.19.4.1125

Harman D, White Miller R (1986) Effect of vitamin E on the
immune response to influenza virus vaccine and the incidence
of infectious disease in man. AGE 9:21-23

Meydani SN, Barklund MP, Liu S et al (1990) Vitamin E sup-
plementation enhances cell-mediated immunity in healthy elderly
subjects. Am J Clin Nutr 52:557-563. https://doi.org/10.1093/
ajen/52.3.557

Meydani SN, Meydani M, Blumberg JB et al (1997) Vitamin E
supplementation and in vivo immune response in healthy elderly
subjects A randomized controlled trial. JAMA 277:1380-1386.
https://doi.org/10.1001/jama.1997.0354041005803 1

Munteanu A, Zingg JM (2007) Cellular, molecular and clinical
aspects of vitamin E on atherosclerosis prevention. Mol Aspects
Med 28:538-590. https://doi.org/10.1016/j.mam.2007.07.001
Ellulu MS, Rahmat A, Patimah I, Khaza’ai H, Abed Y (2015)
Effect of vitamin C on inflammation and metabolic markers in
hypertensive and/or diabetic obese adults: a randomized con-
trolled trial. Drug Des Devel Ther 9:3405-3412. https://doi.
org/10.2147/DDDT.S83144

Bhela S, Varanasi SK, Jaggi U, Sloan SS, Rajasagi NK, Rouse
BT (2017) The plasticity and stability of regulatory T cells dur-
ing viral-induced inflammatory lesions. J Immunol 199:1342—
1352. https://doi.org/10.4049/jimmunol.1700520

Kasahara H, Kondo T, Nakatsukasa H et al (2017) Generation of
allo-antigen-specific induced Treg stabilized by vitamin C treat-
ment and its application for prevention of acute graft versus host
disease model. Int Immunol 29:457—469. https://doi.org/10.1093/
intimm/dxx060

Hemila H (2017) Vitamin C and infections. Nutrients 9:339. https
://doi.org/10.3390/nu9040339

Samson M, Audia S, Janikashvili N et al (2012) Brief report:
inhibition of interleukin-6 function corrects Th17/Treg cell
imbalance in patients with rheumatoid arthritis. Arthritis Rheum
64:2499-2503. https://doi.org/10.1002/art.34477


https://doi.org/10.4049/jimmunol.179.3.1634
https://doi.org/10.4049/jimmunol.179.3.1634
https://doi.org/10.1371/journal.pone.0178463
https://doi.org/10.3346/jkms.2020.35.e40
https://doi.org/10.3346/jkms.2020.35.e40
https://doi.org/10.1016/0008-8749(86)90291-1
https://doi.org/10.1016/0008-8749(86)90291-1
https://doi.org/10.1021/bi7003069
https://doi.org/10.4049/jimmunol.169.10.5555
https://doi.org/10.4049/jimmunol.169.10.5555
https://doi.org/10.1007/bf01540916
https://doi.org/10.1016/s0008-8749(02)00013-8
https://doi.org/10.1016/s0008-8749(02)00013-8
https://doi.org/10.1038/nri2189
https://doi.org/10.1038/nri2189
https://doi.org/10.1186/1471-2172-7-27
https://doi.org/10.1126/science.1145697
https://doi.org/10.1038/mi.2007.14
https://doi.org/10.1038/mi.2007.14
https://doi.org/10.1016/s0140-6736(86)91157-8
https://doi.org/10.1016/s0140-6736(86)91157-8
https://doi.org/10.1016/s0140-6736(83)90677-3
https://doi.org/10.1126/science.1132742
https://doi.org/10.1038/nri2378
https://doi.org/10.1111/j.1749-6632.1989.tb14904.x
https://doi.org/10.1111/j.1749-6632.1989.tb14904.x
https://doi.org/10.1038/s41467-018-06158-5
https://doi.org/10.1016/s0140-6736(95)90172-8
https://doi.org/10.1016/s0140-6736(95)90172-8
https://doi.org/10.1196/annals.1331.021
https://doi.org/10.1093/ajcn/60.5.704
https://doi.org/10.1093/ajcn/69.6.1273
https://doi.org/10.4049/jimmunol.167.7.3809
https://doi.org/10.4049/jimmunol.167.7.3809
https://doi.org/10.1079/bjn19970193
https://doi.org/10.1079/bjn19970193
https://doi.org/10.1161/01.atv.19.4.1125
https://doi.org/10.1093/ajcn/52.3.557
https://doi.org/10.1093/ajcn/52.3.557
https://doi.org/10.1001/jama.1997.03540410058031
https://doi.org/10.1016/j.mam.2007.07.001
https://doi.org/10.2147/DDDT.S83144
https://doi.org/10.2147/DDDT.S83144
https://doi.org/10.4049/jimmunol.1700520
https://doi.org/10.1093/intimm/dxx060
https://doi.org/10.1093/intimm/dxx060
https://doi.org/10.3390/nu9040339
https://doi.org/10.3390/nu9040339
https://doi.org/10.1002/art.34477

Aging Clinical and Experimental Research (2020) 32:2115-2131 2131

143. Fowler AA 3rd, Truwit JD, Hite RD et al (2019) Effect of vita-
min C infusion on organ failure and biomarkers of inflamma-
tion and vascular injury in patients with sepsis and severe acute
respiratory failure: the citris-ali randomized clinical trial. JAMA
322:1261-1270. https://doi.org/10.1001/jama.2019.11825

144. Yang C, Yang X, Du J et al (2015) Retinoic acid promotes the
endogenous repair of lung stem/progenitor cells in combined

with simvastatin after acute lung injury: a stereological analysis.
Respir Res 16:140. https://doi.org/10.1186/s12931-015-0300-9

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Affiliations

Sirio Fiorino'” - Claudio Gallo? - Maddalena Zippi? - Sergio Sabbatani® - Roberto Manfredi* - Renzo Moretti' -
Elisa Fogacci' - Caterina Maggioli' - Francesca Travasoni Loffredo’ - Enrico Giampieri® - lvan Corazza® -
Christoph Dickmans' - Claudio Denitto’ - Michele Cammarosano’ - Michele Battilana' - Paolo Emilio Orlandi® -
Francesco Del Forno’ - Francesco Miceli® - Michela Visani®'° - Giorgia Acquaviva'® - Antonio De Leo™ -

Paolo Leandri’ - Wandong Hong'" - Thomas Brand'? - Giovanni Tallini'® - Elio Jovine'® - Roberto Jovine'*.

Dario de Biase®

UO of Internal Medicine Unit, Hospital of Budrio, Via
Benni 44, 40065 Budrio, Bologna, Italy

Physician Specialist in Infectious Diseases, AUSL Bologna,
Bologna, Italy

Unit of Gastroenterology and Digestive Endoscopy, Sandro
Petrini Hospital, Rome, Italy

Infective Disease Unit, University of Bologna, Bologna, Italy

Experimental, Diagnostic and Specialty Medicine
Department, University of Bologna, Bologna, Italy

Unit of Radiology, Maggiore Hospital of Bologna, Bologna,
Italy

Internal Medicine Unit, Maggiore Hospital of Bologna,
Bologna, Italy

UO Farmacia Centralizzata OM, Farmacia Ospedale Di
Budrio, Budrio, Bologna, Italy

Department of Pharmacy and Biotechnology (FABIT),
University of Bologna, Bologna, Italy

Department of Medicine (Dipartimento di Medicina
Specialistica, Diagnostica e Sperimentale), Molecular
Diagnostic Unit, University of Bologna, Azienda USL di
Bologna, Bologna, Italy

Department of Gastroenterology and Hepatology, First
Affiliated Hospital of Wenzhou Medical University,
Wenzhou, Zhejiang, The People’s Republic of China

Regenerative Medicine Center Utrecht, University of Utrecht,
Utrecht, Netherlands

Surgery Unit, Maggiore Hospital, Bologna, Italy

Physical Medicine and Rehabilitation Unit, Maggiore
Hospital, Bologna, Italy

@ Springer


https://doi.org/10.1001/jama.2019.11825
https://doi.org/10.1186/s12931-015-0300-9
http://orcid.org/0000-0002-0609-8817

	Cytokine storm in aged people with CoV-2: possible role of vitamins as therapy or preventive strategy
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Virion and genome structure of SARS-CoV-2
	SARS-CoV-2 immunopathogenesis and role of the different viral proteins of CoVs in the modulation of inflammatory process
	Immune response in aged people and in patients with chronic diseases
	Serum levels of fat-soluble A, D, E and water-soluble C vitamins in aged people and their role in proper function of normal immune system
	Aim of review
	Role of the different viral proteins of CoVs in the modulation of inflammatory process
	Clinical signs, symptoms and anatomopathological features in patients with SARS-CoV-2 infection
	The current knowledge on the possible activity of the liposoluble and hydrosoluble vitamins alone or in association with other drugs against viral infection
	The possible activity of liposoluble and hydrosoluble vitamins in the direct andor indirect modulation of host immune response by vitamins during SARS-CoV-2 infection
	Vitamin D
	Vitamin A (retinoic acid)
	Vitamin E
	Vitamin C
	Conclusions
	References




