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Summary

The pleiotropic role of vitamin D has been explored over the past decades and there is
compelling evidence for an epidemiological association between poor vitamin D sta-
tus and a variety of diseases. While the potential anti-viral effect of vitamin D has

recently been described, the underlying mechanisms by which vitamin D deficiency
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could contribute to viral disease development remain poorly understood. The possible
interactions between viral infections and vitamin D appear to be more complex than
previously thought. Recent findings indicate a complex interplay between viral infec-
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ulatory features, interaction with cellular and viral factors, induction of autophagy and
apoptosis, and genetic and epigenetic alterations. While crosstalk between vitamin D
and intracellular signalling pathways may provide an essential modulatory effect on
viral gene transcription, the immunomodulatory effect of vitamin D on viral infections
appears to be transient. The interplay between viral infections and vitamin D remains
an intriguing concept, and the global imprint that vitamin D can have on the immune

signature in the context of viral infections is an area of growing interest.
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1 | INTRODUCTION converted to 25 hydroxyvitamin D [25(OH)D] using cytochrome P450

family 2 subfamily R member 1 (CYP2R1).%” 25(OH) D then

Vitamin D difficiency is recognized as a global public health problem.
Indeed, several epidemiologic studies indicate that poor vitamin D sta-
tus can have an impact on a range of diseases.!

Skin is the main natural source of vitamin D synthesis. As illus-
trated in Figure 1, exposure to ultraviolet (UV) rays from sunlight
and heat convert 7-dehydrocholesterol (7-DHC) to previtamin D3
and vitamin D3, respectively. Vitamin D3 then localizes to the liver

using vitamin D-binding protein (VDBP). In the liver, vitamin D is first

transported to the kidneys where it is converted to the active form,
1,25 dihydroxyvitamin D [1,25(OH)2D], also known as calcitriol, using
cytochrome P450 family 27 subfamily B member 1 (CYP27B1).
1,25(0H)2D is finally converted to 24,25(0OH)2D by cytochrome
P450 family 24 subfamily A member 1 (CYP24A1). Vitamin D exerts
its regulatory effects when the active form binds to its cognate nuclear
vitamin D receptor (VDR). Upon interaction with its ligand, VDR

heterodimerizes with the retinoic X receptor (RXR) and then binds to

Abbreviations: 1,25(0H)2D, 1,25 di-hydroxy-vitamin D; 25(OH)D, 25 hydroxyvitamin D; 7-DHC, 7-dihydrocholesterol; CAMP, Cathelicidin antimicrobial peptide;
CHDPs, Cationic host defence peptides; CXCR4, C-X-C chemokine receptor type 4; CYP24A1, cytochrome P450 family 24 subfamily A member 1; CYP27B1,
cytochrome P450 family 27 subfamily B member 1; CYP2R1, cytochrome P450 family 2 subfamily R member 1; DCs, Dendritic cells; EBNA1, EBV nuclear antigen
1; EGFR, Epidermal growth factor receptor; FPRL1, Formyl peptide receptor-like 1; HAART, Highly active antiretroviral therapy; HAM/TSP, HTLV-1-associated
myelopathy/tropical spastic paraparesis; HATs, Histone acetyl transferases; HBDs, Human B-defensins; HCEC, Human corneal epithelial cells; HDACs, Histone
deacetylases; HESN, HIV-1-exposed but seronegative; HPV, Human papillomavirus; IE, Immediate early; ISGs, Interferon stimulated genes; MS, Multiple sclerosis;
MXxA, Myxovirus resistance protein 1; pSTAT-1, Phosphorylated STAT-1; RV, Rhinovirus; RXR, Retinoic X receptor; SNP, Single nucleotide polymorphisms; SRC-1,
Steroid receptor coactivator 1; SRs, Scavenger receptors; SVR, Sustained virological response; TGF-B, Transforming growth factor-B; TIM-3, T-cell immunoglobulin
and mucin-domain containing-3; TLR, Toll-like receptor; Tregs, Regulatory T cells; UV, Ultraviolet; VDBP, Vitamin D-binding protein; VDR, Vitamin D receptor;
VDRE, Vitamin D responsive elements; vGPCR, Viral G protein-coupled receptor associated to Kaposi sarcoma
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FIGURE 1 The metabolism of vitamin D and its effect on nonimmune and immune cells. (1) Vitamin D is obtained primarily from food, (2)
nevertheless sunlight exposure in the skin, where the UV rays alter 7-DHC to pre-vitamin D3, which is the main source of vitamin D3. Pre-
vitamin D3 finally is converted into vitamin D3 by heat. (3) all obtained vitamin D is localized to the liver via VDBP. (4) in the liver, 25-hydroxylase
converts vitamin D to 25(0OH)D. (5) 25(0OH) D is transported to kidneys for conversion to 1,25(0H)2D by the action of CYP27B1. (6) 1,25(0H)2D
is inactivated and converted to 24,25(0H)2D by CYP24A1. (7) 1,25(0OH)2D binds to VDR on target cells. VDR is expressed in various cell jargons
such as intestine, bone, kidneys, skin, parathyroid, heart, muscle, eyes, brain, pancreatic beta-cells, and epithelial cells, and also (8) cells of the
immune system. (9) on one hand, vitamin D alters some metabolic functions and tissue function (box 1); on the other hand, binding of the
metabolites of vitamin D to VDR leads to VDR and RXR heterodimer formation. Consequently, binding of this dimer-to-promoter region of VDREs
induces and/or represses transcription of many genes. Expression of VDRs in almost all immune cells indicates that these are one of the main
target of vitamin D, and numerous immune biomarkers are modulated via VDRs action (box 2). (10) given the fact that immune cells also express
CYP27B1, it can locally facilitate the conversion of 25(0OH) D to 1,25(0H)2D. Green color: Induction or increase of expression by vitamin D. red
color: Inhibition or decreases of expression by vitamin D. abbreviation: 7-DHC, 7-dihydrocholesterol (7-DHC); 1,25 di-hydroxy-vitamin D
[1,25(0H)2D], 25 hydroxy-vitamin D [25(OH)D], cytochrome P450 family 27 subfamily B member 1 (CYP27B1), cytochrome P450 family 24
subfamily a member 1 (CYP24A1), cytochrome P450 family 2 subfamily R member 1 (CYP2R1), retinoic X receptor (RXR), toll-like receptor (TLR),

vitamin D receptor (VDR), vitamin D responsive elements (VDRE)

vitamin D-responsive elements (VDRESs) in the promoter region of tar-
get genes.”®

While there is compelling evidence in favour of an epidemiological
association between vitamin D deficiency and a range of diseases
(Table 1), the underlying mechanisms by which poor vitamin D status

may contribute to disease development and, in particular, viral

infections is still in its infancy. The plausible interactions between viral
infections and vitamin D appears to be more complex than previously
thought. Several mechanisms have been suggested to be involved in
this regard. For the purpose of this review, we mainly focus on more
general mechanisms including: (1) induction of antimicrobial peptides,

(2) immunoregulatory function, (3) interaction with key cellular and
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TABLE 1
Virus

EBV

VzZVv

CMV

Influenza

RSV

HIV

HCV

WILEY—L22%

The correlative studies showing a positive or negative association between vitamin D level and viral infections

Correlation Clinical marker

Negative

Positive

Positive

Positive

Positive

Negative

Negative

Positive

Negative

Positive

Positive monospot test

EBV load
Anti-EBNA-1 antibody levels
EBNA-1 IgG antibody

VZV-IgG levels

CMV-IgG level

HA inhibition assay titers and influenza-specific
granzyme-B response

RSV lower respiratory tract infection in the first
year of life

Risk of the need for intensive care unit
admission and invasive mechanical
ventilation

HIV infection and viral load

Mortality

Preterm birth, anemia, hypochromic
microcytosis, viral load, and hepatitis B
infection

Severe diseases (diabetes, cardiovascular,
renal), AIDS, death, and CD4 count

HIV disease progression, mortality, and anemia

Subclinical arterial dysfunction

Type Il diabetes mellitus, silent coronary artery
disease, oral candidiasis and
calprotectinemia, co-infection with HCV,
detectable HIV viremia, serum IL-6, mortality,
AIDS events, and HIV RNA

Plasma HIV RNA

HIV infection

Mother-to-child transmission and breast-feeding
mother-to-child transmission

HIV RNA

TNF-a level
HIV infected

Poorer immune status

HIV infection

Serum IL-10, IFN-y, TNF-a, advanced liver
disease, HCV infection and CD4 T-cell count
recovery

CD4 count

CD4+ cell count and HCV antibody
seropositive

Viral load

Viral load, CD4 count

Virologic response to PEG IFN + RBV

Severity and progression of liver fibrosis
(Metaanalysis)

Persistent infection

Severe fibrosis

Sustained virological response (Metaanalysis)

25(oh)D

+

+

1,25(oh)2D Clinical condition

Infectious
mononucleosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis vs
control group

Chronic dialysis
patients

Multiple sclerosis vs
control group

Prostate cancer

Neonates (cord blood
plasma)

Lower respiratory tract
infection with RSV
and/or human
metapneumovirus

Perinatally HIV-
infected

HIV-infected adults
undergoing
antiretroviral therapy

HIV-infected pregnant
women

HIV-positive naive

HIV-infected women

HIV-cardiovascular
patients

HIV-positive

AIDS/Kaposi sarcoma
Veterans with and
without HIV
HIV-infected pregnant
women (maternal
serum)
HIV-positive injection
drug users
HIV-positive
HIV-infected and
uninfected women
Perinatally acquired
HIV
HIV-infected vs
uninfected injection
drug users
HIV-positive patients

HIV-infected
postmenopausal
women

HIV-infected injection
drug users

HIV-positive naive

HIV-infected

HIV-HCV coinfected
patients

Chronic hepatitis C
patients

Hepatitis C patients

Chronic hepatitis C
genotype 1 patients

Hepatitis C virus infection Villar et a

Reference
Maloney et al’

Nejati et al'®

Rolf et al*?
Mowry et al*?

Chao el al*®

Mowry et al*?
Chadha et al'*

Belderbos et al*

Hurwitz et al*®

Rutstein et al*®

Sudfeld et al'”

Hidron et al and Jao
et al*®%?

Vescini et al?®

Mehta et al?*
Shikuma et al??

Viard et al, Yancheva
et al, Adeyemi et al,
Szep et al, Lai et al,
and Sroussi et al>>-28

Erlandson et al®’

Hidron et al*®

Mehta et al®®

Lambert et al®*

Haug et al*?

Adeyemi et al®®
Rutstein et al*¢

Lambert et al®!

Hidron et al and
Yancheva et al'&%

Stein et al®®

Lamber et al®*
Vescini et al?®
Adeyemi et al and Haug

et a|25,32
Mandorfer et al®*

Dadabhai et al*®

Wu et al®
Petta et al®”

|38

(Continues)
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TABLE 1 (Continued)

Virus Correlation Clinical marker

HBV Negative DNA viral load
HBV-DNA load and progression to liver cirrhosis
Hepatitis B-related cirrhotic patients
(HBeAg)-positivity

Positive Spontaneous HBsAg seroclearance
HPV Negative Cervicovaginal human papillomavirus infection

viral factors, (4) induction of autophagy and apoptosis, (5) epigenetic

elements, and (6) genetic polymorphisms.

1.1 | Induction of antimicrobial peptides

Cationic host defence peptides (CHDPs), also known as antimicrobial
peptides, play an important role in the innate immune defense against
intracellular pathogens. Antimicrobial peptides such as cathelicidins

not only exert direct microbicidal effects but also show pleiotropic

25(oh)D 1,25(ch)2D Clinical condition Reference

+ - Chronic hepatitis B Farnik et al®?

+ - HBV patients Hoan et al*®

+ - Chronic hepatitis B Zhao et al**
patients

+ - Chronic hepatitis B Farnik et al®?
patients

+ = Chronic-inactive Muhamid et al and Yu
hepatitis B et al*?43

+ - Sexually-active women Jung et al**

properties such as inducing immune modulatory responses to
pathogen-associated stimuli.

Studies of innate immunity have shown that intracrine induction
of antimicrobial activity by vitamin D is a pivotal component of
monocyte/macrophage response to infection.*® Antimicrobial activity
of vitamin D is mainly dependent on the induction of the cathelicidin
antimicrobial peptide.*” Human cathelicidin peptide LL37 exhibits
antimicrobial activity through interacting with formyl peptide
receptor-like 1 (FPRL1) and by recruiting neutrophils, monocytes,
and T cells to microbial invasion sites (Figure 2).%8 LL37 may also con-

tribute to innate immunity by transactivating the epidermal growth

@ L

.

‘Endosome

Auto-inflammatory
responses

{ TN
-y
T 5—; Monocyte
Eo] Epithelial cells
05,
o

Activate innate
immunity

FIGURE 2 Vitamin D and induction of antimicrobial peptides against viral infection. Vitamin D-induced antimicrobial peptides (LL37 and HBDs)
via VDR and RXR dimerization act against viral infections through (1) binding to FPRL1 and CCRé for recruiting immune cells to site of infection;
(2) activation of innate immunity by transactivation of the EGFR; (3) clearance of viral infection through mitochondrial membrane depolarization
and release of cytochrome c; (4) down-regulation of cell entry, replication, and viral release; (5) protection of viral RNAs from degradation and
induced immunity response through TLRs activation; (6) and direct effects on virions. Abbreviation: Epidermal growth factor receptor (EGFR),
formyl peptide receptor-like 1 (FPRL1), human B-defensins (HBDs), retinoic X receptor (RXR), toll-like receptor (TLR), and vitamin D receptor (VDR)



TEYMOORI-RAD ET AL.

WILEY—L2°%

factor receptor (EGFR) at the airway epithelial surface.*’ Furthermore,
LL37 can promote the clearance of respiratory pathogens by inducing
apoptosis of infected epithelial cells through enhanced mitochondrial
membrane depolarization and release of cytochrome ¢.*°

The potential anti-viral effect of such antimicrobial peptides has
recently gained attention in the field of virology. Indeed, the potent
anti-viral activity of cathelicidin was demonstrated against several
viral infections including HIV-1,"1 vaccinia virus,>® HSV-1/2,°%°%
influenza,>” rhinovirus (RV),>®>” and HCV.>%>?

LL37 inhibits viral infection by blocking either viral entry into host
cells or suppressing virus activity. Indeed, in vitro exposure of influenza
viruses (HIN1 and H3N2) to LL37 peptide was found to significantly
decrease the infection's titre. The anti-viral activity of LL37 against
influenza viruses is partially mediated by a direct effect on the virion
without affecting HA function or altering viral uptake.®® Although yet
to be fully defined, the mechanisms by which LL37 modulate inflamma-
tion in viral infections may relate to the modulation of Toll-like
receptor (TLR) signalling.?? It has been recently shown that LL37 can
mediate the inflammatory activity by a cell-surface-dependent interac-
tion rather than directly enhancing membrane permeability. Indeed,
LL37 promoted the recognition of nucleic acids in human cells by facil-
itating dsRNA binding to cell surface scavenger receptors (SRs), which
then results in endocytosis to trigger inflammatory activation.®?

LL37 was also found to enhance the recognition of viral dsRNA by
TLR3. Although viral dsRNAs can activate TLR3 during viral infection,
the level of activation is generally low and additional co-factors may
be needed to increase the ability of TLR3 to recognize viral dsRNAs.
It is likely that LL37 modulates TLR3 signalling rather than activating
TLR3 gene expression. LL37 also facilitates dsRNAs trafficking to
enhance TLR3 signalling.®® LL37 binds and protects self-RNA from
enzymatic degradation by transporting self-RNAs into endocytic com-
partments of dentritic cells (DCs). Self-RNA-LL37 complexes can
induce auto-inflammatory responses through activating TLR7 and
TLR8 in human DCs.**

It has been shown that virus envelope proteins of HIV-1 (gp41
and gp120) contain FPR-recognizing peptide sequences.®® Given the
fact that LL37 can act as agonist for formyl peptide receptors (FPRs),
this may explain its inhibitory effect on HIV-1 replication in PBMCs.
However, the inhibitory effect of LL37 on various HIV isolates appears
to be less dependent of FPRL-1 signalling with no detectable changes
in the expression of HIV-1 chemokine receptors.>* Moreover, LL37
was shown to inhibit HIV-1 reverse transcriptase activity in a dose-
dependent manner that was independent of any changes in expression
of virus receptors.

The potent anti-viral activity of LL37 against HSV-1 has also been
reported in human corneal epithelial cells (HCECs) and appears to be
mainly because of the blocking of virus binding to the cells as the pep-
tide was ineffective once HSV-1 was internalized.®” The anti-viral
effect of LL37 was also reported in a HCV cell culture system. Indeed,
pretreatment of Huh-7 cells with different concentrations of LL37 (2-
20 pg/mL) attenuated HCV infection approximately 2 to 10-fold as
shown by decreased intra- and extracellular levels of HCV core anti-
gen. Supplementation with vitamin D is thought to induce elevated
levels of LL37, which might improve the efficacy of treatment when

used in combination with IFN-based therapy.®® However, further

studies are required to confirm if LL37 exerts its anti-viral effect inde-
pendently or in combination with other intrinsic defense factors.

Vitamin D also induces the production of human B-defensins
(HBDs),%” which can facilitate the anti-viral state against viral infec-
tions. As illustrated in Figure 2, vitamin D exerts its potential anti-viral
effects through direct and/or indirect mechanisms. While HBDs indi-
rectly modulate the immune cells migration to the site of infection,
they may exert direct anti-viral effects through viral membrane inter-
ruption, interference with viral glycoproteins, constraints on the virus
replication, and down regulation of virus receptors,®* as reported on
viruses such as HIV-1,7%"* vaccinia,”? adenovirus,”? RV,”® and influ-
enza virus.”*

Potential involvement of vitamin D has also been suggested with
regards to the natural resistance to HIV-1 by showing higher mRNA
levels of cathelicidin and TLR4 in oral-mucosa and PBMCs, along with
higher CYP24A1 mRNA in vaginal-mucosa in HIV-1-exposed but sero-
negative individuals (HESNs) compared with nonexposed controls.”®

Although the precise mechanisms by which vitamin D induces
antimicrobial peptides have yet to be defined, the anti-viral effects

appear to be broad and vary in a cell type and virus-specific manner.

1.2 | Immunoregulatory function

The immunomodulatory functions of vitamin D have received much
attention. Besides its classical role in bone and calcium homeostasis,
vitamin D is a potent immune regulator’® in different settings as
described in Figure 1, box 2. Vitamin D is thought to modulate the
immune responses by selective suppression of effector functions such
as inflammatory cytokine production and leukocyte infiltration into
inflammatory sites, which may minimise inflammation.””””® Vitamin D
deficiency was also shown to be associated with an increased
CD4/CD8 ratio.° If this is the case, poor vitamin D status may reduce
the ability of the immune system to produce activated T lymphocytes
such as CD8+ T cells that can attack virally infected B cells, and impair
the control of viral infections such as EBV.8! Given the important role
of vitamin D in T cell regulation, serum levels of vitamin D have been
shown to be associated with the suppressive function of regulatory T
cells (Tregs).8? Moreover, a positive correlation between vitamin D
level and influenza-specific granzyme B cellular responses has been
reported.**

A potential role for vitamin D in B-lymphocyte-related disorders
has also been highlighted by showing that 1,25(0OH)2D can inhibit
the differentiation of B-lymphocytes to plasma cells and class-
switched memory B-cells.®® The inhibitory effect of vitamin D appears
to be through the action of IL10-producing regulatory lymphocytes.
Indeed, it has been suggested that a defect in IL10 could abrogate
the anti-inflammatory functions of vitamin D.8% Given the important
role of IL10-producing regulatory lymphocytes, production of viral
IL10 during EBV infection may also diminish the protective effects
of vitamin D in patients with multiple sclerosis (MS).8°

The immunomodulatory effect of vitamin D on viral infections
appears to be transient. In support of this observation, reduced levels
of antibodies against EBV nuclear antigen (EBNA)-1 has been found

following 48 weeks of high-dose oral vitamin D3 supplementation in
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MS patients. However, this reduction was not observed after
96 weeks, suggesting that high-dose oral vitamin D3 supplementation
may only lead to a transient increase in the amount of 1,25 (OH)2D
available in immune cells.2®

Viral infections may further up-regulate CYP27B1 by converting
more circulating vitamin D to its active form and therefore synergize
with vitamin D to induce cathelicidin at the site of infection or
injury.8” Respiratory epithelial cells constitutively express CYP27B1,
and local activation of vitamin D within these cells is thought to exert
important immunomodulatory effects. High level expression of acti-
vating CYP27B1 in primary lung epithelial cells can increase the
expression of vitamin D-regulated genes, particularly those with
important immunomodulatory functions.®® This process appears to
have a beneficial impact in response to viral infections, particularly
respiratory viruses. Indeed, exposing airway epithelium to vitamin D
was shown to induce NF-kB-linked chemokines and cytokines with a
potential beneficial effect on host defense against RSV without jeop-
ardizing viral clearance.®® It appears that vitamin D influences acute
lower respiratory tract infections through reducing inflammation. This
can be important particularly in young children who suffer from both
severe acute lower respiratory infection and poor vitamin D status.?

The level of vitamin D was also shown to be negatively correlated
with HBV-DNA levels in patients with chronic hepatitis B, suggesting
that deficient vitamin D status may be related to the development of
increased viral replication and reduced HBV-mediated immune
responses.®’ Given the fact that vitamin D deficiency can contribute
to the inflammatory process and oxidative stress imbalance in patients
with HCV, it may lead to changes in particular intracellular signalling
pathways that are involved in liver injury and enhanced inflammation.”®
Poor vitamin D status may also impair the recovery of CD4+ T cells in
HIV-infected patients with advanced disease on highly active antiretro-
viral therapy (HAART). While the average number of CD4+ T cells in
patients with insufficient vitamin D levels was found to be significantly
lower over time when compared with patients with sufficient levels,”*
supplementation of vitamin D even at high dosage (1600 IU/day) failed
to impact on CD4 count in HIV-infected children.”?

Given the chronic inflammatory state of HIV infection, insufficient
local production of vitamin D, together with virus infection may
worsen the ongoing chronic inflammation associated with infection.”
A beneficial effect on both health and survival outcomes has been
reported in HIV-infected patients following daily supplementation
with multivitamins (with a median follow-up of 71 months), which is
thought to be mediated through enhancing T cell counts and reducing
viral loads.”*?> The reported regulatory effects of vitamin D on human
monocyte HLA-DR and CD4 antigen expression’® may facilitate the
host system resistance to viral entry. Pre-treatment of freshly isolated
human peripheral blood monocytes with 1,25(0OH)2D3 was reported
to reduce productive infection with HIV.?” Although the exact mech-
anism has not been defined, vitamin D was shown to increase the
mRNA expression of T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3) that is thought to block the release of HIV-1-
Z8Although a beneficial role of vitamin D in immune function may
explain its protective effect against HIV disease progression, an
enhanced productive HIV infection has also been reported by vitamin

D compounds.”® For example, it was shown that vitamin D increase

the expression of C-X-C chemokine receptor type 4 (CXCR4) on HIV
target cells, which may provide a more permissive state leading to
enhanced viral replication.'®® These contradictory observations may
suggest a dual role for vitamin D. While a beneficial role is suggested
during acute phase of HIV-1 infection, it might be detrimental during
the chronic phase of HIV-1 infection.”*

Toll-like receptors are key components in pathogen recognition
and crucial mediators in the early inflammatory response to viral infec-
tions. Down-regulation of TLRs by vitamin D and its metabolites has
been suggested as another important immunomodulatory effect. Stim-
ulation of human macrophage with TLR1/2 heterodimers was found to
induce expression of CYP27B1 and VDR. This may lead to the induc-
tion of antimicrobial peptides and contribute to microbial infection
susceptibility.2°* The mechanisms by which vitamin D and dsRNA
synergize to alter gene expression is not known. However, it appears
that the interplay between VDR and other activated transcription fac-
tors may play an important role against viral infection. Differential
responsiveness of TLRs was also observed following the stimulation
of PBMCs or CD14+ monocytes with TLR4 and TLR7/8 selective
ligands in the presence of 1,25(0OH)2D. While stimulation with TLR4
ligand showed around 50% inhibition of immune responses (both pro-
inflammatory and anti-inflammatory), stimulation with TLR7/8 ligands
failed to induce innate immune responses in the presence of vitamin
D. This differential responsiveness was attributed to the inhibition of
VDR mRNA and protein expression by TLR7/8, but not TLR4.1°2
Although the detailed mechanisms are yet to be defined, TLR8 ago-
nists have been suggested to inhibit HIV replication in macrophages
through a cathelicidin antimicrobial peptide (CAMP)-dependent
autophagic response.'®® Pre-exposure of HSV-1-infected Hela cells
with vitamin D was also shown to influence viral immunopathogenesis
via downregulation of TLR2 and 9.1°* Given the role of TLRs in viral
pathogenesis, supplementation of vitamin D may be beneficial.

Downregulation of inflammatory cytokines is another mechanism
by which vitamin D may play a role in viral infections. Vitamin D was
reported to inhibit HIV transcription from latently infected cells by
reducing TNF-a-driven transcription.!®® It has also been shown that
exposure of influenza-infected human lung epithelial cells to vitamin
D can significantly decrease the levels of inflammatory cytokines or
chemokines such as TNF-a, IFN-B, IL8, IL6, and RANTES.®Moreover,
vitamin D treatment of RSV-infected human airway epithelial cells can
decrease the mRNA expression levels of IFN-B, myxovirus resistance
protein 1 (MxA), and interferon-stimulated genes (1SGs).28 In addition
to its anti-inflammatory function, vitamin D could enhance secretion
of pro-inflammatory chemokines (CXCL8 and CXCL10), which may
modify the anti-viral response.107 Vitamin D treatment of primary
monocytes and a monocytic cell line was shown to induce the lytic
phase of CMV replication and is thought to be associated with the
monocyte maturation/differentiation state.%®

The immunomodulatory role of vitamin D in viral infections is
more complex and appears to vary based on the nature of pathogen
and the type of immune function that is primarily responsible for dis-
ease resolution.'?11° |n addition, the anti-viral effects of vitamin D
appears to be transient, ranging from differentially regulated viral
immune responses to regulation of viral pathogenesis either directly

or indirectly (Figure 3).
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FIGURE 3 Vitamin D and immunoregulatory function. The immunoregulatory functions of vitamin D in viral infections include: (1) increasing
virus specific CD8+ T cells (EBV and influenza), (2) inhibition of B cell differentiation to plasma cells and class-switched memory B cells (EBV),
(3) compromising the function of IL10-producing regulatory cells (EBV), (4) reduced levels of antibody against viruses available in immune cells
(Epstein-Barr nuclear antigen (EBNA)-1), (5) inducing cathelicidin at the site of infection or injury, and therefore synergizing with vitamin D
through up-regulation of CYP27B1 by local conversion of more circulating vitamin D to its active form (respiratory viruses), (6) induction of
CXCL10 and IFN-B in airway epithelium (RSV), (7) decreased viral replication (HBV and rhinovirus), (8) imbalancing inflammatory process and
oxidative stress (HCV), (9) recovery of CD4+ T cells (HIV), (10) facilitating host resistance against viral entry and viral replication (HIV), (11)
recruitment of immune cells to the site of infection (respiratory and hepatitis viruses), and (12) alteration of infection phase in latently infected
cells (HIV and CMV). Abbreviation: Cytochrome P450 family 27 subfamily B member 1(CYP27B1), IFN-stimulated gene-15 (ISG15), granzyme B

(gr-B), vitamin D receptor (VDR)

1.3 | Interaction with key cellular and viral factors

Given the fact that the vitamin D receptor shares a common struc-
ture in terms of functional domains and homologies with other tran-
scription factors in the superfamily of nuclear receptors, interaction
with specific regulatory factors is another mechanism by which vita-
min D may control transcription of target genes. VDR can physically
interact with some regulatory proteins in order to regulate gene
expression through binding to specific DNA response elements in
the promoter region of target genes.!'? Studies performed on mam-
malian cells have shown that SMADS3 can act as a specific coactivator
for ligand-induced transactivation of VDR. Since Smad family mem-
bers are considered as the essential intracellular signalling compo-
nents of the transforming growth factor-B (TGF-B) superfamily,
Smad3 has been suggested to play a role in cross-talk between vita-
min D and TGF-B signalling pathways.'*? Furthermore, the inhibitory
effect of TNF-a on the transcriptional potency of vitamin D was
shown to be mediated by p65 as a NF-kB subunit.**® Upon stable

integration of the p65 subunit into the VDR transcription complex,
p65 can reduce the efficiency of transcription through disrupting
VDR binding to steroid receptor coactivator 1 (SRC-1).1'* As shown
in macrophages and endothelial cells transformed by the KSHV viral
G protein-coupled receptor (vGPCR), vitamin D can also exert its
growth inhibitory effects by decreasing NF-kB translocation to the
nucleus and increasing the expression of IkBa protein.**®> Further-
more, vitamin D is reported to negatively regulate IL12 production
via downregulating the NF-kB activation and binding to the p40-kB
sequence.**® The interplay between VDR and viral proteins or cellu-
lar transcription factors highlights the role that vitamin D plays in
viral infections.

A potential physiological interaction between viral infection and
vitamin D has been reported in EBV infection through the blocking
effect of EBNA3 on the transcription of VDR responsive genes*!7:118

and the observation that EBNA2 and VDR that may interact with
each other inside DNA binding sites. A remarkable overlap between
EBNA2 and VDR binding sites with MS-susceptibility regions further
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highlight the role of these environmental factors in MS disease. While
it was shown that EBNA2 drives the proliferation of B-lymphocytes

119 vitamin D plays a prominent

and their survival in primary infection,
role in the maintenance of B-cell homeostasis through preferential
down regulation of B-cell function.2°

Vitamin D is thought to exert its potential role in reducing immu-
nopathology of RSV infection by dampening the inflammatory
response through increasing IkBa levels. RSV infection of pre-treated
alveolar A549 cells with 1,25(0OH)2D was shown to decrease phos-
phorylated STAT-1 (pSTAT-1) levels and increase IkBa protein levels,
preventing its translocation into the nucleus and subsequent binding
to DNA promoter regions.*?!

VDR may also play an important role in liver responses to chronic
damage induced by viral infection. VDR has been widely detected in

the liver and the expression of CYP2R1 in hepatocytes correlated

Autophagy
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strongly with VDR positivity on liver inflammatory cells. Low hepatic
VDR expression was found to be associated with more severe liver
histology, which may represent the primary event leading to the
progression of hepatitis. It may also represent a consequence of the
underlying liver disease that impairs cellular metabolism and protein
synthesis/expression.'??> The stimulatory effect of VDR on HIV-1
LTR transactivation has also been reported using in vitro studies show-
ing that VDR can activate the long terminal repeat of HIV-1 in a ligand-
dependent manner through nonclassical nuclear receptor transcrip-
tional actions, which might ensure viral transcription under different
physiological scenarios.’?® Increased utilization by T lymphocytes
and the effects of antiretroviral treatments on the metabolic pathways
of vitamin D may justify the lower concentration of vitamin D
during HIV infection.*?* It has been shown that vitamin D acts as a
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FIGURE 4 Vitamin D interaction with cellular and viral factors. Interaction between certain regulatory factors is a potential mechanism for the
influence of vitamin D on virus infections such as (1) acting as a coactivator specific for ligand-induced transactivation of VDR that cross-talk
between vitamin D and TGF-B signaling pathways (many viruses-Smad3), (2) inhibitory effect via integrating into the vitamin D-stimulated nuclear
protein complex (many viruses-NF-kB subunits and TNF-a), (3) inhibition of vitamin D induced apoptosis (EBV-EBNARJ), (4) overlapping with VDR
binding sites (EBV-EBNA2), (5) vitamin D reduced immunopathology of viral infections, probably by inducing the inflammatory inhibitors (RSV-
IkBa) and preventing its translocation into the nucleus and subsequent binding to DNA promoter regions (RSV-NF-kB, IL-12,IRF1, IRF7, and
pSTAT-1), (6) inducing CYP27B1 activity (HIV p17 matrix protein), (7) vitamin D decreased viral proteins (influenza M and HCV NS3 proteins), (8)
and activated of viral replication (HIV-1 LTR). Abbreviation: Phosphorylated STAT-1 (pSTAT-1), retinoic X receptor (RXR), steroid receptor
coactivator 1 (SRC-1), vitamin D receptor (VDR), viral G protein-coupled receptor associated to Kaposi sarcoma (vVGPCR)
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important implications in viral infections. The suppression of VDR in T
cells was found to be associated with increased levels of renin and
Angiotensin Il. The interaction of renin with HIV gag in T cells was
reported to be associated with enhanced HIV-1 replication.*?”

Given the fact that apolipoprotein A1 and C3 also play an impor-
tant role in infectious virus production of HCV, treatment with 25(OH)
D3 was recently shown to suppress the expression of these apolipo-
proteins.}?® Moreover, vitamin D may selectively inhibit the virus
assembly by interference with NS3°? and so Vitamin D may be an
addition to HCV anti-viral drug therapy regimens.

Figure 4 illustrates the relationship between vitamin D and cellular
and viral factors in the context of infection outcomes.

1.4 | Induction of autophagy and apoptosis

Autophagy and apoptosis can impact several aspects of innate and

adaptive immunity through a distinct set of adaptors leading to
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enhanced host resistance against microbial insults.*??As illustrated in
Figure 5, the induction of autophagy and apoptosis is another mecha-
nism by which vitamin D may exert its potential effects. Vitamin D sig-
nalling pathways that alter autophagy appear to be different from
those affecting calcium signalling and may depend on the type of
organism and cell-specific conditions.?*°At least two overlapping path-
ways appear to be involved in the induction of autophagy by vitamin
D. Firstly, binding of vitamin D to VDR promotes the formation of
the PI3KC3 kinase complex, which leads to autophagosome elonga-
tion and subsequent fusion of the autophagosome with a lysosome. 3!
Secondly, binding of Vitamin D to its receptor upregulates the
antimicrobial peptide cathelicidin, which can lead to the fusion of
autophagosomes with lysosomes.3?

Although limited data are available with regards to viral infections,
several signalling pathways appear to act in concert to direct vitamin
D-induced autophagy in microbial infections. It has been shown that
vitamin D-induced autophagy can enhance the colocalization of myco-

bacterial phagosomes and autophagosomes in an LL37-dependent

Autophagy induction
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FIGURE 5 Autophagy, apoptosis, and epigenetic in viral infections and vitamin D.Vitamin D can directly or indirectly downregulate viral
infections by (1) promoting autophagy-related components (PI3KC3 kinase complex), (2) downregulation of autophagy inhibitors (influenza M-
proteins), (3) indirectly inducing autophagy (upregulation of LL37, and TLR8 stimulation), and (4) inducing apoptosis related factors (Bim), (5) which
can also be inhibited by viral infections (EBV). Epigenetic elements and genetic polymorphisms are also involved in the complex interaction of

vitamin D with viral infections. (6) this includes vitamin D modification of histone methylation (HCMV), and

promoter methylation (HIV)

(7) viral enhancement of VDR
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TABLE 2

Induction of antimicrobial
peptide

Immunoregulatory function

Interaction with key cellular
and viral factors

Induction of autophagy and
apoptosis

Interactions between viral infections and vitamin D

Detailed mechanisms

Vitamin D induces LL37

Vitamin D induces the
production of HBDs

Vitamin D increases specific
viral immune response

Vitamin D increases
anti-inflammatory functions

Vitamin D inhibits the differentiation
of B lymphocytes to plasma cells
and class-switched memory B cells

Vitamin D induces NF-kB-linked
chemokines and cytokines

Vitamin D up-regulates of TLR8

Vitamin D impact HSV
immunopathogenesis via TLR2/9
downregulation

Vitamin D induces secretion of
recruitment of immune cells
chemokines

Vitamin D induces monocyte
maturation/differentiation

Vitamin D down-regulates of the
NF-kB pathway, Vitamin D
decreases NF-kB translocation
to the nucleus, Vitamin D
increases the expression of
IkBa protein

Blocking transcription of VDR-
responsive genes by EBNA-3

Overlap between EBNA-2 and
VDR-binding sites with MS
regions

Vitamin D increases IkBa levels

Vitamin D decreases levels of
pSTAT-1, Vitamin D prevents
pSTAT-1 translocation into
the nucleus

VDR can activate the LTR of HIV-1
in a ligand-dependent manner
through nonclassical nuclear
receptor transcriptional actions

HIV p17 matrix protein induces
CYP27B1 activity

Vitamin D decreases influenza
M proteins

Vitamin D interference with
NS3 function

Vitamin D suppress the expression
of apolipoprotein A1 and C3

Vitamin D decreases the
concentrations of rotavirus antigen
and nonstructural protein 4 (NSP4)

Induction of autophagy by vitamin D
Regulating autophagic maturation
by vitamin D

Involved cells

Monocyte, macrophage,
nonimmune cells (epidermis,
gingiva, intestine, vagina,
bladder, and lungs)

Macrophages, monocytes, DCs
keratinocytes, and epithelial cells

CD4 and CD8 + T

IL10-producing cells and
epithelial cells

B cells

Epithelial cells
Macrophage
Hela cells

Epithelial cells

Primary and cell line monocytes

Macrophages and endothelial
cells transformed by the
vGPCR

Alveolar cells
Alveolar cells

Hela, U937, and Cos-1 cells

Monocytes
Epithelial cells
HuH-7 cells
Huh-7.5.1 cells

IPEC-J2 cells

Macrophages
IPEC-J2 and epithelial cells

Virus

HIV-1

Vaccinia
HSV-1/2

Influenza
Rhino
HCV
HIV-1
Influenza
Rhino

Adeno
Vaccinia

EBV
HIV

Influenza
EBV
RSV
HCV
Influenza
EBV

RSV

HIV
HSV-1
Rhino

HCMV

KSHV

EBV

EBV

RSV
RSV

HIV-1

HIV-1

Influenza

HCV

HCV

Rota

HIV
Rota
Influenza

Reference

Bergman et al and
Tangpricha et al®+1°2

Howell et al*?

Yasin et al and Howell
et al5354

Barlow et a

Schogler et al®®

Gal-Tanamy et al and
Matsumura et al*®>?

Wang et al, Aguilar-Jimenez
et al, and Doss et al®?71:153

Leikina et al”+1%3

Proud et al”®

Bastian and Schafer”?

Howell et al*?

Pender®?
Fawzi et al and
McClelland et al®*9°
Vimaleswaran et al*>*
Spach et al®*
Hansdottir et al®®
de Almeida et al”®
Khare et al*®¢
Rosjg et al and Zhao et al®*%?

|55

Hansdottir et al®®

Campbell and Spector'®®
Kumar et al%*

Brockman-Schneider®”

Wu and Millert®®

Gonzalez-Pardo et al**®

Yenamandra et al**”

Ricigliano et al and
Zhao et al'1811?

Stoppelenburg et al'??

Stoppelenburg et al*?*

Nevado et al*?®

Besancon et al*?*

Khare et al*®®

Matsumura et al®?
Murayama et al*?®

Tian et al*3*

Campbell et al*3?
Tian et al*3*
Khare et al*®®

(Continues)
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TABLE 2 (Continued)

Detailed mechanisms

Inhibition vitamin D3-induced
apoptosis by EBNA-3

Increase of the pro-apoptotic BH3-
only protein Bim by vitamin D

VDR methylation provided the
protection against apoptosis

Vitamin D protects glioblastoma
A172 cells by apoptosis

HIV-infected T cells have attenuated
expression of VDR due to the
enhanced cytosine methylation
of the VDR promoter

Modification of histone methylation
in the immediate early (IE) gene
promoter

Epigenetic

VDR-Apal genes higher in chronic -
HBV patients

VDR gene variant of genotype t/t -
associates with HBV clearance

Genetic variation of CYP2R1 -
influences host immune response
in chronic hepatitis B infection

Apal polymorphism of VDR associated -
with the risk of HAM/TSP

VDR gene polymorphisms were -
reported to be associated with
disease progression in HIV-1
infected patients

VDBP rs7041-G and rs3733359-T -
variants associated with increased
susceptibility to HCV infection

CYP27B1-1260 promoter -
polymorphism are also associated
with chronic hepatitis C and poor
response to interferon-alfa based
therapy

VDR rs2228570 and CYP2R1 -
rs10741657 genes polymorphisms
accurately assure sustained
virological response (SVR) in naive
chronic hepatitis C patients

VDR variants (rs7975232-C, -
rs2239185-T, and rs11574129-T)
contribute to a decreased
susceptibility to HCV infection.

GCl1s haplotype is thought to -
enhance RSV bronchiolitis in
infancy and subsequent asthma
development

Children carrying the minor T allele -
of the VDR (Thr1Meth) single
nucleotide polymorphisms (SNP)
may predispose these children to
RSV bronchiolitis

Genetic polymorphisms

manner.**2Moreover, physiological concentrations of vitamin D (25-
170 nM) were shown to exert a potential inhibitory effect on replica-
tion of HIV and mycobacterium tuberculosis in macrophages through
autophagy induction.?®? Stimulation of human macrophages with
TLR8 agonists was also found to induce LL37 and autophagic flux
via upregulating the expression of CYP27B1 and VDR.'*2 Mycobacte-
rial lipoprotein, a TLR2/1 agonist, can also exert antimycobacterial
activities in human monocytes through autophagy induction that is
thought to be dependent on functional VDR activation and
cathelicidin expression.*3®

Vitamin D was shown to attenuate rotavirus infection via

upregulating autophagic maturation and decreasing the concentration

Involved cells Virus
Lymphoblastoid cells EBV
Endothelial cells and cells

transformed by vVGPCR
HIV-induced T cell HIV

Glioblastoma cells

T cells

Primary and cell line
monocytes

Reference
Yenamandra et al''”
KSHV Suares et al*3¢
Chandel et al*?”

Coxsackie
A

HIV Chandel et al***

Qu et al*®®

HCMV Van Damme et al'#?

HBV Suneetha et al**®
HBV Bellamy et al'>®

HBV Thanapirom et al*4®

HTLV-1  Saito et al***

HIV-1 Barber et al and

de la Torre et al*>41%7
HCV Xie et al'®?

HCV Lange et al*#?

HCV El-Derany et al'>®

HCvV Wu et al®

RSV Randolph et al**”

RSV Kresfelder et al*®

of NSP4, a viral enterotoxin.'®** Moreover, in influenza, a
significant decrease of matrix proteins has been reported following
pre- and post-treatment of influenza infected cells with calcitriol,
with the M2 protein able to block the normal maturation of
autophagosomes. 106135

Apoptosis is another mechanism by which vitamin D is suggested
to play a role in EBV and KSHYV infections (Figure 5).117:127:136-138 ¢
has been reported that EBNA-3 is capable of blocking the expression
of VDR-dependent genes involved in growth inhibition and apopto-
sis.*Y” Similarly, vitamin D treatment of endothelial cells and cells
transformed by the vGPCR of KSHV was shown to increase the pro-

apoptotic protein Bim through a caspase-3-dependent mechanism.3¢
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1.5 | Epigenetic elements

The activity of VDR can be modulated epigenetically by DNA methyl-
ation or histone acetylation, which can be influenced by histone acetyl
transferases (HATs) and histone deacetylases (HDACs).*>? The
efficiency of vitamin D appears to be highly dependent on epigenetic
modifications of its receptor. Although there is a relative paucity of
data, vitamin D epigenetics have been suggested to play a role in
HIV,*° and HIV-infected T cells display low VDR expression due to
enhanced cytosine methylation at VDR promoter.**! Vitamin D may
also induce the Iytic phase of HCMV driven by monocyte
maturation/differentiation, which may lead to a modification of histone
methylation in the immediate early (IE) enhancer region of HCMV,

resulting in the induction of immediate early gene expression.198142

1.6 | Genetic polymorphism

Genetic polymorphism of VDR is thought to be associated with the
clinical course of several viral infections. In this regard, the frequency
of allelic distribution of VDR-apal genes was reported to be signifi-
cantly higher in chronic HBV patients with severe liver disease and
the risk of HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP).243144 As such, interference with VDR gene expression
may influence susceptibility to RSV disease.>*>14¢ VDBP GC1s haplo-
type is thought to enhance RSV bronchiolitis in infancy and subse-
quent asthma development.**” Moreover, CYP2R1 polymorphisms
might be predictive of sustained HBeAg seroconversion after PeglFN
therapy in chronic HBV infection.'*® Polymorphism in the CYP27B1
promoter and VDR were also found to be associated with chronic
HCV, fibrosis, and poor response to IFN-alfa-based therapy.**?1°° A
recent study conducted in a high-risk Chinese population suggest
the role of VDBP rs7041-G and rs3733359-T variants in increased
susceptibility to HCV infection.!>? Although these findings highlight
the role of vitamin D-related polymorphisms in viral pathogenesis, it
is not yet clear what might be the impact of these genetic polymor-

phisms on vitamin D metabolism in viral infections.

2 | CONCLUSION

The beneficial role of vitamin D in viral infections is well-described by
several epidemiological studies, supporting the notion that higher
levels of vitamin D are associated with better prognosis and improved
outcomes. Although the mechanisms responsible for vitamin D func-
tion in the host immune system have been widely described, the inter-
play between viral infections and vitamin D status remains an
intriguing area, and the potential interactions between viral infections
and vitamin D appears to be more complex than previously thought.
Induction of antimicrobial peptides, immunoregulatory function, inter-
action with cellular and viral factors, induction of autophagy and apo-
ptosis, epigenetic elements, and genetic polymorphisms are the main
underlying mechanisms by which vitamin D insufficiency could con-
tribute to viral disease development (Table 2).

It would be of interest to investigate the global imprint that vita-

min D can have on the immune signature of viral infections. The

interplay between vitamin D and autophagy appears to be in its
infancy particularly in the context of viral infections. As such, dissect-
ing the molecular mechanisms by which vitamin D utilizes autophagy
may provide new insights particularly for those who suffer from mul-
tifactorial autoimmune diseases. A detailed understanding of the bio-
logical actions of vitamin D and its crosstalk with genetic and
epigenetic factors provides a rationale to stimulate investigation and
management of different viral infections, particularly in the context

of autoimmune diseases and cancer.

ACKNOWLEDGEMENT

This study was supported by Tehran University of Medical Sciences
[Grant no. 95-02-27-31949]. Authors declare no conflict of interest.

ORCID

Maijid Teymoori-Rad ® https://orcid.org/0000-0002-7004-6392

REFERENCES

1. Belderbos ME, Houben ML, Wilbrink B, et al. Cord blood vitamin D
deficiency is associated with respiratory syncytial virus bronchiolitis.
Pediatrics. 2011;127(6):e1513-e1520.

2. McNally JD, Leis K, Matheson LA, Karuananyake C, Sankaran K,
Rosenberg AM. Vitamin D deficiency in young children with severe
acute lower respiratory infection. Pediatr Pulmonol.
2009;44(10):981-988.

3. Holick MF, Vitamin D. Deficiency. N Engl J Med. 2007;357(3):
266-281.

4. Loeb M, Dang AD, Thiem VD, et al. Effect of vitamin D supplementa-
tion to reduce respiratory infections in children and adolescents in
Vietnam: a randomized controlled trial. Influenza Other Respi Viruses.
2018.

5. Warraich S, Sidhu A, Hou M, Alenezi O. The impact of middle eastern
origin, HIV, HCV, and HIV/HCV co-infection in the development of
hypovitaminosis D in adults. Molecular genetics & genomic medicine.
2018.

6. Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D: mod-
ulator of the immune system. Curr Opin Pharmacol. 2010;10(4):
482-496.

7. Haussler MR, McCain TA. Basic and clinical concepts related to Vita-
min D metabolism and action. N Engl J Med. 1977;297(18):974-983.

8. Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol Metabol.
2009;94(1):26-34.

9. Maloney SR, Almarines D, Goolkasian P. Vitamin D levels and
monospot tests in military personnel with acute pharyngitis: a retro-
spective chart review. PLoS One. 2014;9(7):e101180.

10. Nejati A, Shoja Z, Shahmahmoodi S, et al. EBV and vitamin D status in
relapsing-remitting multiple sclerosis patients with a unique cytokine
signature. Med Microbiol Immunol. 2016;205(2):143-154.

11. Rolf L, Muris AH, Mathias A, et al. Exploring the effect of vitamin D3
supplementation on the anti-EBV antibody response in relapsing-
remitting multiple sclerosis. Multiple Sclerosis (Houndmills, Basingstoke,
England). 2017. 1352458517722646

12. Mowry EM, James JA, Krupp LB, Waubant E. Vitamin D status and
antibody levels to common viruses in pediatric-onset multiple sclero-
sis. Mult Scler J. 2011;17(6):666-671.

13. Chao C-T, Lee S-Y, Yang W-S, et al. Serum vitamin D levels are pos-
itively associated with varicella zoster immunity in chronic dialysis
patients. Sci Rep. 2014;4:7371.

14. Chadha MK, Fakih M, Muindi J, et al. Effect of 25-hydroxyvitamin D
status on serological response to influenza vaccine in prostate cancer
patients. Prostate. 2011;71(4):368-372.


https://orcid.org/0000-0002-7004-6392

TEYMOORI-RAD ET AL.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Hurwitz JL, Jones BG, Penkert RR, et al. Low retinol-binding protein
and vitamin D levels are associated with severe outcomes in children
hospitalized with lower respiratory tract infection and respiratory
syncytial virus or human metapneumovirus detection. J Pediatr.
2017;187:323-327.

Rutstein R, Downes A, Zemel B, Schall J, Stallings V. Vitamin D status
in children and young adults with perinatally acquired HIV infection.
Clin Nutr. 2011;30(5):624-628.

Sudfeld CR, Wang M, Aboud S, Giovannucci EL, Mugusi FM, Fawzi
WW. Vitamin D and HIV progression among Tanzanian adults initiat-
ing antiretroviral therapy. PLoS One. 2012;7(6):e40036.

Hidron Al, Hill B, Guest JL, Rimland D. Risk factors for vitamin D defi-
ciency among veterans with and without HIV infection. PLoS One.
2015;10(4):e0124168.

Jao J, Freimanis L, Mussi-Pinhata MM, et al. Severe vitamin D defi-
ciency in human immunodeficiency virus-infected pregnant women
is associated with preterm birth. Am J Perinatol. 2017;34(5):486-492.

Vescini F, Cozzi-Lepri A, Borderi M, et al. Prevalence of
hypovitaminosis D and factors associated with vitamin D deficiency
and morbidity among HIV-infected patients enrolled in a large Italian
cohort. J Acquir Immune Defic Syndr. 2011;58(2):163-172.

Mehta S, Giovannucci E, Mugusi FM, et al. Vitamin D status of HIV-
infected women and its association with HIV disease progression,
anemia, and mortality. PLoS One. 2010;5(1):e8770.

Shikuma CM, Seto T, Liang C-Y, et al. Vitamin D levels and markers of
arterial dysfunction in HIV. AIDS Res Hum Retroviruses. 2012;28(8):
793-797.

Viard J-P, Souberbielle J-C, Kirk O, et al. Vitamin D and clinical dis-
ease progression in HIV infection: results from the EuroSIDA study.
Aids. 2011;25(10):1305-1315.

Yancheva N, Elenkov |, Tchervenyakova T, et al. Deficiency of vitamin
D in HIV infected patients and its effect on some of the immunolog-
ical parameters. World. 2015;5:182-188.

Adeyemi OM, Agniel D, French AL, et al. Vitamin D deficiency in HIV-
infected and un-infected women in the US. J Acquir Immune Defic
Syndr. 2011;57(3):197-204.

Szep ZGG, Shah SS, Lo Re V 3rd, Ratcliffe SJ, Orlando G, et al. Vitamin
D deficiency is associated with type 2 diabetes mellitus in HIV infec-
tion. AIDS. 2011;25(4):525-529.

Lai H, Detrick B, Fishman EK, et al. Vitamin D deficiency is associated
with the development of subclinical coronary artery disease in African
Americans with HIV infection. J Invest Med. 2012;60(5):801-807.

Sroussi HY, Burke-Miller J, French A, et al. Association among vitamin
D, oral candidiasis, and calprotectinemia in HIV. J Dent Res.
2012;91(7):666-670.

Erlandson KM, Gudza |, Fiorillo S, et al. Relationship of vitamin D
insufficiency to AlDS-associated Kaposi's sarcoma outcomes: retro-
spective analysis of a prospective clinical trial in Zimbabwe. Int J
Infect Dis. 2014;24:6-10.

Mehta S, Hunter DJ, Mugusi FM, et al. Perinatal outcomes, including
mother-to-child transmission of HIV, and child mortality and their
association with maternal Vitamin D status in Tanzania. J Infect Dis.
2009;200(7):1022-1030.

Lambert AA, Drummond MB, Mehta SH, et al. Risk factors for vitamin
D deficiency among hiv-infected and uninfected injection drug users.
PLoS One. 2014;9(4):e95802.

Haug CJ, PI A, Haug E, Mgarkrid L, Miiller F, Frgland SS. Severe defi-
ciency of 1, 25-dihydroxyvitamin D3 in human immunodeficiency
virus infection: association with immunological hyperactivity and only
minor changes in calcium homeostasis. J Clin Endocrinol Metabol.
1998;83(11):3832-3838.

Stein E, Yin M, McMahon D, et al. Vitamin D deficiency in HIV-
infected postmenopausal Hispanic and African-American women.
Osteoporos Int. 2011;22(2):477-487.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

WI LEY 13 of 16

Mandorfer M, Reiberger T, Payer BA, et al. Low vitamin D levels are
associated with impaired virologic response to PEGIFN+ RBV therapy
in HIV-hepatitis C  virus coinfected patients.  Aids.
2013;27(2):227-232.

Dadabhai AS, Saberi B, Lobner K, Shinohara RT, Mullin GE. Influence
of vitamin D on liver fibrosis in chronic hepatitis C: a systematic
review and meta-analysis of the pooled clinical trials data. World J
Hepatol. 2017;9(5):278-287.

Wu M, Yue M, Huang P, et al. Vitamin D level and vitamin D receptor
genetic variations contribute to HCV infection susceptibility and
chronicity in a Chinese population. Infect Genet Evol : Journal of Molec-
ular Epidemiology and Evolutionary Genetics in Infectious Diseases.
2016;41:146-152.

Petta S, Camma C, Scazzone C, et al. Low vitamin D serum level is
related to severe fibrosis and low responsiveness to interferon-
based therapy in genotype 1 chronic hepatitis C. Hepatology.
2010;51(4):1158-1167.

Villar LM, Del Campo JA, Ranchal I, Lampe E, Gomez MR. Association
between vitamin D and hepatitis C virus infection: a meta-analysis.
2013.

Farnik H, Bojunga J, Berger A, et al. Low vitamin D serum concentra-
tion is associated with high levels of hepatitis B virus replication in
chronically infected patients. Hepatology. 2013;58(4):1270-1276.

Hoan NX, Khuyen N, Binh MT, et al. Association of vitamin D defi-
ciency with hepatitis B virus-related liver diseases. BMC Infect Dis.
2016;16(1):507.

Zhao XY, Li J, Wang JH, et al. Vitamin D serum level is associated with
child-Pugh score and metabolic enzyme imbalances, but not viral load
in chronic hepatitis B patients. Medicine. 2016;95(27):e3926.

Mahamid M, Nseir W, Abu Elhija O, et al. Normal vitamin D levels are
associated with spontaneous hepatitis B surface antigen
seroclearance. World J Hepatol. 2013;5(6):328-331.

Yu R, Tan D, Ning Q, et al. Association of baseline vitamin D level
with genetic determinants and virologic response in patients with
chronic hepatitis B. Hepatol Res: The Official Journal of the Japan Soci-
ety of Hepatology. 2018;48(3):E213-e21.

Jung KH, Kim TH, Sheen DH, et al. Associations of vitamin d binding
protein gene polymorphisms with the development of peripheral
arthritis and uveitis in ankylosing spondylitis. J Rheumatol.
2011;38(10):2224-2229.

Findlay EG, Currie SM, Davidson DJ. Cationic host defence peptides:
potential as antiviral therapeutics. BioDrugs. 2013;27(5):479-493.

Hewison M. Vitamin D and the intracrinology of innate immunity. Mol
Cell Endocrinol. 2010;321(2):103-111.

Liu PT, Stenger S, Tang DH, Modlin RL. Cutting edge: vitamin D-
mediated human antimicrobial activity against Mycobacterium tuber-
culosis is dependent on the induction of cathelicidin. J Immunol.
2007;179(4):2060-2063.

Yang D, Chen Q, Schmidt AP, et al. LL-37, the neutrophil granule-and
epithelial cell-derived cathelicidin, utilizes formyl peptide receptor-
like 1 (FPRL1) as a receptor to chemoattract human peripheral blood
neutrophils, monocytes, and T cells. J Exp Med. 2000;192(7):
1069-1074.

Tjabringa GS, Aarbiou J, Ninaber DK, et al. The antimicrobial peptide
LL-37 activates innate immunity at the airway epithelial surface by
transactivation of the epidermal growth factor receptor. J Immunol.
2003;171(12):6690-6696.

Barlow PG, Beaumont PE, Cosseau C, et al. The human cathelicidin
LL-37 preferentially promotes apoptosis of infected airway epithe-
lium. Am J Respir Cell Mol Biol. 2010;43(6):692-702.

. Bergman P, Walter-Jallow L, Broliden K, Agerberth B, Soderlund J.

The antimicrobial peptide LL-37 inhibits HIV-1 replication. Curr HIV
Res. 2007;5(4):410-415.



14 of 16 Wl LEY

52.
53.
54.
55.
56.
57.
58.
59.

60.

61.
62.
63.
64.

65.

66.
67.
68.
69.
70.

71.

72.

TEYMOORI-RAD ET AL.

Howell MD, Jones JF, Kisich KO, Streib JE, Gallo RL, Leung DY. Selec-
tive killing of vaccinia virus by LL-37: implications for eczema
vaccinatum. J Immunol. 2004;172(3):1763-1767.

Yasin B, Pang M, Turner J, et al. Evaluation of the inactivation of
infectious herpes simplex virus by host-defense peptides. Eur J Clin
Microbiol Infect Dis. 2000;19(3):187-194.

Howell MD, Wollenberg A, Gallo RL, et al. Cathelicidin deficiency pre-
disposes to eczema herpeticum. J Allergy Clin Immunol. 2006;117(4):
836-841.

Barlow PG, Svoboda P, Mackellar A, et al. Antiviral activity and
increased host defense against influenza infection elicited by the
human cathelicidin LL-37. PLoS One. 2011;6(10):e25333.

Schogler A, Muster RJ, Kieninger E, et al. Vitamin D represses rhino-
virus replication in cystic fibrosis cells by inducing LL-37. Eur Respir
J. 2016;47(2):520-530.

Telcian AG, Zdrenghea MT, Edwards MR, et al. Vitamin D increases
the antiviral activity of bronchial epithelial cells in vitro. Antiviral
Res. 2017;137:93-101.

Gal-Tanamy M, Bachmetov L, Ravid A, et al. Vitamin D: an innate anti-
viral agent suppressing hepatitis C virus in human hepatocytes.
Hepatology. 2011;54(5):1570-1579.

Matsumura T, Kato T, Sugiyama N, et al. 25-Hydroxyvitamin D3 sup-
presses hepatitis C virus production. Hepatology. 2012;56(4):
1231-1239.

Tripathi S, Tecle T, Verma A, Crouch E, White M, Hartshorn KL. The
human cathelicidin LL-37 inhibits influenza a viruses through a mech-
anism distinct from that of surfactant protein D or defensins. J Gen
Virol. 2013;94(1):40-49.

Mookherjee N, Brown KL, Bowdish DM, et al. Modulation of the TLR-
mediated inflammatory response by the endogenous human host
defense peptide LL-37. J Immunol. 2006;176(4):2455-2464.

Takahashi T, Kulkarni NN, Lee EY, Zhang L-J, Wong GC, Gallo RL.
Cathelicidin promotes inflammation by enabling binding of self-RNA
to cell surface scavenger receptors. Sci Rep. 2018;8(1):4032.

Lai Y, Adhikarakunnathu S, Bhardwaj K, et al. LL37 and cationic pep-
tides enhance TLR3 signaling by viral double-stranded RNAs. PLoS
One. 2011;6(10):26632.

Ganguly D, Chamilos G, Lande R, et al. Self-RNA-antimicrobial pep-
tide complexes activate human dendritic cells through TLR7 and
TLR8. J Exp Med. 2009;206(9):1983-1994.

He H-Q, Ye RD. The formyl peptide receptors: diversity of ligands and
mechanism for recognition. Molecules. 2017;22(3):455.

Wong JH, Legowska A, Rolka K, et al. Effects of cathelicidin and its
fragments on three key enzymes of HIV-1. Peptides. 2011;32(6):
1117-1122.

Lee C-J, Buznyk O, Kuffova L, et al. Cathelicidin LL-37 and HSV-1
corneal infection: peptide versus gene therapy. Transl Vis Sci Technol.
2014;3(3):4.

Matsumura T, Sugiyama N, Murayama A, et al. Antimicrobial peptide
LL-37 attenuates infection of hepatitis C virus. Hepatol Res.
2016;46(9):924-932.

Wang T-T, Nestel FP, Bourdeau V, et al. Cutting edge: 1, 25-
dihydroxyvitamin D3 is a direct inducer of antimicrobial peptide gene
expression. J Immunol. 2004;173(5):2909-2912.

Quifiones-Mateu ME, Lederman MM, Feng Z, et al. Human epithelial
B-defensins 2 and 3 inhibit HIV-1 replication. Aids. 2003;17(16):
F39-F48.

Aguilar-Jimenez W, Zapata W, Caruz A, Rugeles MT. High transcript
levels of vitamin D receptor are correlated with higher mRNA expres-
sion of human beta defensins and IL-10 in mucosa of HIV-1-exposed
seronegative individuals. PLoS One. 2013;8(12):e82717.

Bastian A, Schifer H. Human a-defensin 1 (HNP-1) inhibits adenoviral
infection in vitro. Regul Pept. 2001;101(1-3):157-161.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Proud D, Sanders SP, Wiehler S. Human rhinovirus infection induces
airway epithelial cell production of human B-defensin 2 both in vitro
and in vivo. J Immunol. 2004;172(7):4637-4645.

Leikina E, Delanoe-Ayari H, Melikov K, et al. Carbohydrate-binding
molecules inhibit viral fusion and entry by crosslinking membrane gly-
coproteins. Nat Immunol. 2005;6(10):995-1001.

Aguilar-Jimenez W, Zapata W, Rugeles MT. Antiviral molecules corre-
late with vitamin D pathway genes and are associated with natural
resistance to HIV-1 infection. Microbes Infect. 2016;18(7-8):510-516.

Haug C, Miller F, Aukrust P, Frgland S. Subnormal serum concentra-
tion of 1, 25-vitamin D in human immunodeficiency virus infection:
correlation with degree of immune deficiency and survival. J Infect
Dis. 1994,169(4):889-893.

Bahar-Shany K, Ravid A, Koren R. Upregulation of MMP-9 production
by TNFa in keratinocytes and its attenuation by vitamin D. J Cell
Physiol. 2010;222(3):729-737.

Helming L, Bose J, Ehrchen J, et al. 1alpha,25-Dihydroxyvitamin D3 is
a potent suppressor of interferon gamma-mediated macrophage acti-
vation. Blood. 2005;106(13):4351-4358.

Jadhav NJ, Gokhale S, Seervi M, Patil PS, Alagarasu K. Immunomodu-
latory effect of 1, 25 dihydroxy vitamin D3 on the expression of RNA
sensing pattern recognition receptor genes and cytokine response in
dengue virus infected U937-DC-SIGN cells and THP-1 macrophages.
Int Immunopharmacol. 2018;62:237-243.

Zofkova I, Kancheva R. The effect of 1, 25 (OH) 2 vitamin D3 on
CDA4+ CD8+ subsets of T lymphocytes in postmenopausal women.
Life Sci. 1997;61(2):147-152.

Pender MP. CD8+ T-cell deficiency, Epstein-Barr virus infection, vita-
min D deficiency, and steps to autoimmunity: a unifying hypothesis.
Autoimmune Diseases. 2012;2012:16.

Smolders J, Thewissen M, Peelen E, et al. Vitamin D status is posi-
tively correlated with regulatory T cell function in patients with
multiple sclerosis. PLoS One. 2009;4(8):e6635.

Adams JS, Hewison M. Unexpected actions of vitamin D: new per-
spectives on the regulation of innate and adaptive immunity. Nat
Clin Pract Endocrinol Metab. 2008;4(2):80.

Spach KM, Nashold FE, Dittel BN, Hayes CE. IL-10 signaling is essen-
tial for 1, 25-dihydroxyvitamin D3-mediated inhibition of experimental
autoimmune encephalomyelitis. J Immunol. 2006;177(9):6030-6037.

Hayes CE, Acheson ED. A unifying multiple sclerosis etiology linking
virus infection, sunlight, and vitamin D, through viral interleukin-10.
Med Hypotheses. 2008;71(1):85-90.

Rasjo E, Lossius A, Abdelmagid N, et al. Effect of high-dose vitamin
D3 supplementation on antibody responses against Epstein-Barr
virus in relapsing-remitting multiple sclerosis. Mult Scler J. 2016.
1352458516654310

Hansdottir S, Monick MM, Hinde SL, Lovan N, Look DC,
Hunninghake GW. Respiratory epithelial cells convert inactive vitamin
D to its active form: potential effects on host defense. J Immunol.
2008;181(10):7090-7099.

Hansdottir S, Monick MM, Lovan N, Powers L, Gerke A, Hunninghake
GW. Vitamin D decreases respiratory syncytial virus induction of NF-
kappaB-linked chemokines and cytokines in airway epithelium while
maintaining the antiviral state. J Immunol. 2010;184(2):965-974.

Chen E-Q, Bai L, ZhouT-Y, Fe M, Zhang D-M, Tang H. Sustained sup-
pression of viral replication in improving vitamin D serum
concentrations in patients with chronic hepatitis B. Sci Rep.
2015;5:15441.

de Almeida JP, Liberatti LS, Barros FE, et al. Profile of oxidative stress
markers is dependent on vitamin D levels in patients with chronic
hepatitis C. Nutrition. 2016;32(3):362-367.

Aziz M, Livak B, Burke-Miller J, et al. Vitamin D insufficiency may
impair CD4 recovery among women's interagency HIV study partici-
pants with advanced disease on HAART. AIDS (London, England).
2013;27(4):573-578.



TEYMOORI-RAD ET AL.

WI LEY 15 of 16

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

104.

105.

106.

107.

108.

109.

110.

Kakalia S, Sochett EB, Stephens D, Assor E, Read SE, Bitnun A. Vita-
min D supplementation and CD4 count in children infected with
human immunodeficiency virus. J Pediatr. 2011;159(6):951-957.

Lake JE, Adams JS. Vitamin D in HIV-infected patients. Curr HIV/AIDS
Rep. 2011;8(3):133-141.

Fawzi WW, Msamanga Gl, Spiegelman D, et al. A randomized trial of
multivitamin supplements and HIV disease progression and mortality.
N Engl J Med. 2004;351(1):23-32.

McClelland RS, Baeten JM, Overbaugh J, et al. Micronutrient supple-
mentation increases genital tract shedding of HIV-1 in women: results
of a randomized trial. J Acquir Immune Defic Syndr. 2004;37(5):
1657-1663.

Rigby W, Waugh M, Graziano R. Regulation of human monocyte
HLA-DR and CD4 antigen expression, and antigen presentation by
1, 25-dihydroxyvitamin D3. Blood. 1990;76(1):189-197.

Connor RI, Rigby WF. 1a, 25-Dihydroxyvitamin D 3 inhibits produc-
tive infection of human monocytes by HIV-1. Biochem Biophys Res
Commun. 1991;176(2):852-859.

Aguilar-Jimenez W, Saulle |, Trabattoni D, et al. High expression of
antiviral and Vitamin D pathway genes are a natural characteristic
of a small cohort of HIV-1-exposed seronegative individuals. Front
Immunol. 2017;8:136.

Kizaki M, lkeda Y, Simon K, Nanjo M, Koeffler H. Effect of 1, 25-
dihydroxyvitamin D3 and its analogs on human immunodeficiency
virus infection in monocytes/macrophages. Leukemia. 1993;7(10):
1525-1530.

Biswas P, Mengozzi M, Mantelli B, et al. 1, 25-Dihydroxyvitamin D3
upregulates functional CXCR4 human immunodeficiency virus type
1 coreceptors in U937 minus clones: NF-kB-independent enhance-
ment of viral replication. J Virol. 1998;72(10):8380-8383.

Liu PT, Stenger S, Li H, et al. Toll-like receptor triggering of a vitamin
D-mediated human antimicrobial response. Science. 2006;311(5768):
1770-1773.

Fitch N, Becker AB, HayGlass KT. Vitamin D [1, 25 (OH) 2D3] differ-
entially regulates human innate cytokine responses to bacterial
versus viral pattern recognition receptor stimuli. J Immunol.
2016;196(7):2965-2972.

Campbell GR, Spector SA. Toll-like receptor 8 ligands activate a vita-
min D mediated autophagic response that inhibits human
immunodeficiency virus type 1. PLoS Pathog. 2012;8(11):e1003017.

Kumar A, Singh MP, Kumar RS, Ratho RK. 25-Hydroxyvitamin D3 and
1,25 Dihydroxyvitamin D3 as an antiviral and Immunomodulator
against herpes simplex Virus-1 infection in Hela cells. Viral Immunol.
2018;31(8):589-593.

Nunnari G, Fagone P, Lazzara F, et al. Vitamin D3 inhibits TNFalpha-
induced latent HIV reactivation in J-LAT cells. Mol Cell Biochem.
2016;418(1-2):49-57.

Khare D, Godbole NM, Pawar SD, et al. Calcitriol [1, 25[OH]2 D3]
pre- and post-treatment suppresses inflammatory response to influ-
enza a (HIN1) infection in human lung A549 epithelial cells. Eur J
Nutr. 2013;52(4):1405-1415.

Brockman-Schneider RA, Pickles RJ, Gern JE. Effects of vitamin D on
airway epithelial cell morphology and rhinovirus replication. PLoS One.
2014;9(1):e86755.

Wau S-E, Miller WE. The human cytomegalovirus lytic cycle is induced
by 1, 25-dihydroxyvitamin D3 in peripheral blood monocytes and in
the THP-1 monocytic cell line. Virology. 2015;483:83-95.

Sacco RE, Nonnecke BJ, Palmer MV, Waters WR, Lippolis JD,
Reinhardt TA. Differential expression of cytokines in response to
respiratory syncytial virus infection of calves with high or low circu-
lating 25-hydroxyvitamin D 3. PLoS One. 2012;7(3):e33074.

Gotlieb N, Tachlytski I, Lapidot Y, Sultan M, Safran M, Ben-Ari Z.
Hepatitis B virus downregulates vitamin D receptor levels in hepa-
toma cell lines, thereby preventing vitamin D-dependent inhibition

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

of viral transcription and production. Molecular Medicine (Cambridge,
Mass). 2018;24(1):53.

Rachez C, Freedman LP. Mechanisms of gene regulation by vitamin
D3 receptor: a network of coactivator interactions. Gene.
2000;246(1):9-21.

Yanagisawa J, Yanagi Y, Masuhiro Y, et al. Convergence of
transforming growth factor-g and vitamin D signaling pathways on
SMAD transcriptional coactivators. Science. 1999;283(5406)
:1317-1321.

Farmer PK, He X, Schmitz ML, Rubin J, Nanes MS. Inhibitory effect of
NF-kB on 1, 25-dihydroxyvitamin D3 and retinoid X receptor func-
tion. Am J Physiol Endocrinol Metab. 2000;279(1):E213-E220.

Lu X, Farmer P, Rubin J, Nanes MS. Integration of the NfkB p65 sub-
unit into the vitamin D receptor transcriptional complex:
identification of p65 domains that inhibit 1, 25-dihydroxyvitamin
D3-stimulated transcription. J Cell Biochem. 2004;92(4):833-848.

Gonzalez-Pardo V, D'Elia N, Verstuyf A, Boland R, de Boland AR.
NFkB pathway is down-regulated by 1a, 25 (OH) 2-vitamin D 3 in
endothelial cells transformed by Kaposi sarcoma-associated herpes
virus G protein coupled receptor. Steroids. 2012;77(11):1025-1032.

D'Ambrosio D, Cippitelli M, Cocciolo MG, et al. Inhibition of IL-12
production by 1,25-dihydroxyvitamin D3. Involvement of NF-
kappaB downregulation in transcriptional repression of the p40 gene.
J Clin Investig. 1998;101(1):252-262.

Yenamandra SP, Hellman U, Kempkes B, et al. Epstein-Barr virus
encoded EBNA-3 binds to vitamin D receptor and blocks activation
of its target genes. Cell Mol Life Sci. 2010;67(24):4249-4256.

Ricigliano VA, Handel AE, Sandve GK, et al. EBNA2 binds to genomic
intervals associated with multiple sclerosis and overlaps with vitamin
D receptor occupancy. PLoS One. 2015;10(4):e0119605.

Zhao B, Zou J, Wang H, et al. Epstein-Barr virus exploits intrinsic B-
lymphocyte transcription programs to achieve immortal cell growth.
Proc Natl Acad Sci. 2011;108(36):14902-14907.

Chen S, Sims GP, Chen XX, Gu YY, Chen S, Lipsky PE. Modulatory
effects of 1,25-Dihydroxyvitamin D&lt;sub&gt;3&It;/sub&gt; on
human B cell differentiation. J Immunol. 2007;179(3):1634.

Stoppelenburg AJ, von Hegedus JH, Huis in't veld R, Bont L, Boes M.
Defective control of vitamin D receptor-mediated epithelial STAT1
signalling predisposes to severe respiratory syncytial virus bronchiol-
itis. J Pathol. 2014;232(1):57-64.

Barchetta |, Carotti S, Labbadia G, et al. Liver vitamin D receptor,
CYP2R1, and CYP27A1 expression: relationship with liver histology
and vitamin D3 levels in patients with nonalcoholic steatohepatitis
or hepatitis C virus. Hepatology. 2012;56(6):2180-2187.

Nevado J, Tenbaum SP, Castillo Al, Sdnchez-Pacheco A, Aranda A.
Activation of the human immunodeficiency virus type | long terminal
repeat by 1a, 25-dihydroxyvitamin D3. J Mol Endocrinol.
2007;38(6):587-601.

Besancon F, Just J, Bourgeade M, et al. HIV-1 p17 and IFN-y both
induce fructose 1, 6-Bisposphatase. J Interferon Cytokine Res.
1997;17(8):461-467.

Von Essen MR, Kongsbak M, Schjerling P, Olgaard K, @dum N,
Geisler C. Vitamin D controls T cell antigen receptor signaling and
activation of human T cells. Nat Immunol. 2010;11(4):344-349.

Li YC, Kong J, Wei M, Chen Z-F, Liu SQ, Cao L-P. 1, 25-
Dihydroxyvitamin D 3 is a negative endocrine regulator of the
renin-angiotensin system. J Clin Invest. 2002;110(2):229-238.

Chandel N, Husain M, Goel H, et al. VDR hypermethylation and HIV-
induced T cell loss. J Leukoc Biol. 2013;93(4):623-631.

Murayama A, Saitoh H, Takeuchi A, et al. Vitamin D derivatives inhibit
hepatitis C virus production through the suppression of apolipopro-
tein. Antiviral Res. 2018;160.

Rubinsztein DC, Codogno P, Levine B. Autophagy modulation as a
potential therapeutic target for diverse diseases. Nat Rev Drug Discov.
2012;11(9):709-730.



16 of 16 Wl LEY

130.
131
132.
133.
134.
135.
136.
137.
138.
139.
140.

141.

142.
143.
144,
145.

146.

TEYMOORI-RAD ET AL.

Yuk J-M, Shin D-M, Lee H-M, et al. Vitamin D3 induces autophagy in
human monocytes/macrophages via cathelicidin. Cell Host Microbe.
2009;6(3):231-243.

Spector S. Vitamin D and HIV: letting the sun shine in. Topics in Anti-
viral Medicine. 2010;19(1):6-10.

Campbell GR, Spector SA. Vitamin D inhibits human immunodefi-
ciency virus type 1 and mycobacterium tuberculosis infection in
macrophages through the induction of autophagy. PLoS Pathog.
2012;8(5):e1002689.

Shin DM, Yuk JM, Lee HM, et al. Mycobacterial lipoprotein activates
autophagy via TLR2/1/CD14 and a functional vitamin D receptor sig-
nalling. Cell Microbiol. 2010;12(11):1648-1665.

Tian G, Liang X, Chen D, et al. Vitamin D3 supplementation alleviates
rotavirus infection in pigs and IPEC-J2 cells via regulating the autoph-
agy signaling pathway. J Steroid Biochem Mol Biol. 2016;163:157-163.

Rossman JS, Lamb RA. Autophagy, apoptosis, and the influenza virus
M2 protein. Cell Host Microbe. 2009;6(4):299-300.

Suares A, de Boland AR, Verstuyf A, Boland R, Gonzélez-Pardo V. The
proapoptotic protein Bim is up regulated by 1a, 25-dihydroxyvitamin
D 3 and its receptor agonist in endothelial cells and transformed by
viral GPCR associated to Kaposi sarcoma. Steroids. 2015;102:85-91.

Gabr SA, Alghadir AH, Allam AA, et al. Correlation between vitamin D
levels and apoptosis in geriatric patients infected with hepatitis C
virus genotype 4. Clin Interv Aging. 2016;11:523-533.

Qu M, Di S, Zhang S, Xia Z, Quan G. Vitamin D receptor protects glio-
blastoma A172 cells against Coxsackievirus A16 infection induced
cell death in the pathogenesis of hand, foot, and mouth disease.
Biochem Biophys Res Commun. 2017;493(2):952-956.

Karlic H, Varga F. Impact of vitamin D metabolism on clinical epige-
netics. Clin Epigenetics. 2011;2(1):55.

Chandel N, Malhotra A, Singhal PC. Vitamin D receptor and epige-
netics in HIV infection and drug abuse. Front Microbiol. 2015;6:788.

Chandel N, Ayasolla K, Lan X, et al. Renin modulates HIV replication
inT cells. J Leukoc Biol. 2014;96(4):601-609.

Van Damme E, Sauviller S, Lau B, et al. Glucocorticosteroids trigger
reactivation of human cytomegalovirus from latently infected myeloid
cells and increase the risk for HCMV infection in D+ R+ liver trans-
plant patients. J Gen Virol. 2015;96(1):131-143.

Suneetha PV, Sarin SK, Goyal A, Kumar GT, Shukla DK, Hissar S.
Association between vitamin D receptor, CCR5, TNF-a and TNF-3
gene polymorphisms and HBV infection and severity of liver disease.
J Hepatol. 2006;44(5):856-863.

Saito M, Eiraku N, Usuku K, et al. Apal polymorphism of vitamin D
receptor gene is associated with susceptibility to HTLV-1-
associated myelopathy/tropical spastic paraparesis in HTLV-1
infected individuals. J Neurol Sci. 2005;232(1):29-35.

Kresfelder T, Janssen R, Bont L, Venter M. Confirmation of an associ-
ation between single nucleotide polymorphisms in the VDR gene with
respiratory syncytial virus related disease in south African children. J
Med Virol. 2011;83(10):1834-1840.

Laplana M, Royo JL, Fibla J. Vitamin D receptor polymorphisms and
risk of enveloped virus infection: a meta-analysis. Gene. 2018;678:
384-394.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Randolph AG, Yip WK, Falkenstein-Hagander K, et al. Vitamin D-
binding protein haplotype is associated with hospitalization for RSV
bronchiolitis. Clin Exp Allergy. 2014;44(2):231-237.

Thanapirom K, Suksawatamnuay S, Sukeepaisarnjareon W, et al.
Genetic variation in the vitamin D pathway CYP2R1 gene predicts
sustained HBeAg seroconversion in chronic hepatitis B patients
treated with pegylated interferon: a multicenter study. PLoS One.
2017;12(3):e0173263.

Lange CM, Bojunga J, Ramos-Lopez E, et al. Vitamin D deficiency and
a CYP27B1-1260 promoter polymorphism are associated with
chronic hepatitis C and poor response to interferon-alfa-based ther-
apy. J Hepatol. 2011;54(5):887-893.

Scalioni LP, Santos BRD, Spritzer PM, et al. Impact of vitamin D
receptor and binding protein gene polymorphisms in clinical and lab-
oratory data of HCV patients: cross sectional study. Medicine.
2018;97(8):e9881.

Xie CN, Yue M, Huang P, et al. Vitamin D binding protein polymor-
phisms influence susceptibility to hepatitis C virus infection in a
high-risk Chinese population. Gene. 2018;679:405-411.

Tangpricha V, Judd SE, Ziegler TR, et al. LL-37 concentrations and the
relationship to Vitamin D, immune status, and inflammation in HIV-
infected children and young adults. AIDS Res Hum Retroviruses.
2014;30(7):670-676.

Doss M, White MR, Tecle T, et al. Interactions of a-, -, and 6-
defensins with influenza a virus and surfactant protein D. Int J
Immunopharmacol. 2009;182(12):7878-7887.

Vimaleswaran KS, Berry DJ, Lu C, et al. Causal relationship between
obesity and vitamin D status: bi-directional Mendelian randomization
analysis of multiple cohorts. PLoS Med. 2013;10(2):e1001383.

Bellamy R, Ruwende C, Corrah T, et al. Tuberculosis and chronic hep-
atitis B virus infection in Africans and variation in the vitamin D
receptor gene. J Infect Dis. 1999;179(3):721-724.

Barber Y, Rubio C, Fernandez E, Rubio M, Fibla J. Host genetic back-
ground at CCR5 chemokine receptor and vitamin D receptor loci and
human immunodeficiency virus (HIV) type 1 disease progression
among HIV-seropositive injection drug users. Am J Infect Dis.
2001;184(10):1279-1288.

de laTorre MS, Torres C, Nieto G, et al. Vitamin D receptor gene hap-
lotypes and susceptibility to HIV-1 infection in injection drug users. J
Infect Dis. 2008;197(3):405-410.

El-Derany MO, Hamdy NM, Al-Ansari NL, EI-Mesallamy HO. Integra-
tive role of vitamin D related and interleukin-28B genes

polymorphism in predicting treatment outcomes of chronic hepatitis
C. BMC Gastroenterol. 2016;16:19.

How to cite this article: Teymoori-Rad M, Shokri F, Salimi V,
Marashi SM. The interplay between vitamin D and viral infec-
tions. Rev Med Virol. 2019;e2032. https://doi.org/10.1002/
rmv.2032



https://doi.org/10.1002/rmv.2032
https://doi.org/10.1002/rmv.2032

