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Abstract: Vitamin D is proposed to have a potential role in the pathogenicity, clinical presenta-
tion, prognosis, complications, and treatment of several diseases. In addition to its well-known role
in calcium metabolism, vitamin D regulates both innate and adaptive immunity, and subsequently
modulates the antiviral and antibacterial inflammatory immune responses. In view of the emerging
coronavirus disease 2019 (COVID-19) pandemic, searching for potential therapeutic and protec-
tive strategies is of urgent interest, and vitamin D is one of the promising agents in this field. In this
review, we present data from literature that supports the promising role of vitamin D in treatment
and/or prevention of several infections including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). This review summarizes vitamin D metabolism and its role in inflammation,
thrombosis and immune regulation. It also reviews, in short, the role of vitamin D and the impact of
its deficiency in several infections namely tuberculosis, influenza, human immunodeficiency virus
(HIV), and SARS-CoV-2. Considering the roles of vitamin D on immune modulation, controlling
of thrombosis, and attacking several microorganisms, the current review will elaborate on the
association between these salient roles of vitamin D and the pathogenicity of various infectious
agents including COVID-19. Consequently, the comprehensive finding of the current review
shows a possible significant impact of vitamin D supplement as a hope in preventing, treating,
and/or improving the progression of certain infections, specifically during the worldwide attempts
to fight against the COVID-19 pandemic and minimize the severity of health complications
encountered accordingly. In addition, avoiding a status of vitamin D deficiency to obtain its
positive effects on the immune system and its protective mechanism during infections will be
a general benefit overall.

Keywords: 1,25(0H)2D, 1,25-dihydroxyvitamin D, 25(OH)D, 25-hydroxyvitamin D, HIV,
human immunodeficiency virus, SARS, COVID-19, severe acute respiratory syndrome, TB,
tuberculosis, MTB, Mycobacterium tuberculosis, influenza

Introduction

Vitamin D is one of the essential micronutrients that has a significant role in
modulation of both the innate and adaptive immune responses.' During the cor-
onavirus disease 2019 (COVID-19) era, there have been a considerable focus on the
role of different vitamins and minerals in regulation of immunity, specifically
vitamin D.>"* Given the fact that vitamin D deficiency is common and widespread
in all parts of the world with respect to ethnicities and geographic distribution,””” it
is important to address the actual role of vitamin D in mediating the immune system
response to infections including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection. Thus, this review aimed at reviewing this interesting
point of research.
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Vitamin D is a micronutrient that has some classical well-
known functions in maintaining and regulating calcium home-
ostasis and adequate bone mineralization.® The two main
sources of vitamin D are dermal synthesis under the effects
of ultraviolet light from the sun and dietary sources, with
dermal synthesis being the main source of the vast majority
of vitamin D in blood.” Vitamin D from both sources is
biologically inactive and requires enzymatic conversion in
liver and kidney to be an active metabolite.'’ Vitamin
D from either source is converted to 25-hydroxyvitamin
D [25(OH)D], the main circulating form of vitamin D, and
then to 1,25-dihydroxyvitamin D [1,25(OH),D], the active
form, by enzymes in the liver and kidney, respectively.'" The
active form [1,25(OH),D] binds to the intracellular vitamin
D receptors (VDR) to be activated within the targeted genes. '’
In recent years, emphasis has been placed on the importance of
vitamin D in areas beyond bone metabolism and calcium
homeostasis, such as cardiovascular disease, infections,
inflammation, and autoimmune diseases.'®

The biological function of the active metabolite of
vitamin D exceeds the classical effects on bone metabo-
lism and calcium homeostasis to act as a pleiotropic endo-
hormone and influences

crine many physiological

processes.'> Therefore, in recent years, emphasis has
been placed on elaborating the important roles of vitamin
D in areas beyond bone metabolism and calcium home-
ostasis including cell proliferation and differentiation,
immune system, anti-aging process, and cardioprotective
and neuroprotective effects.'”

Vitamin D deficiency affects populations worldwide and
has become a public health concern that is not limited to
skeletal abnormalities but also chronic and metabolic diseases,
immune conditions and cancer.'®> Hypovitaminosis D affects
approximately 13—-50% of the world’s population with higher
prevalence in the Middle East, Asia, and Northern Europe.'*

Vitamin D has a significant role in several diseases’ patho-
genicity,
treatment.”> Vitamin D deficiency might increase mortality

manifestations, prognosis, complications, and
rates in patients with sepsis, as suggested by a recent systema-
tic review.'® Some studies suggested associations between the
risk of breast, prostate, and colon cancer and vitamin
D deficiency.”” Emerging evidence points that vitamin
D-mediated innate immunity is important in host defenses
against respiratory tract pathogens, particularly through
enhanced expression of the human cathelicidin antimicrobial
peptide (h\CAP-18)."” Moreover, observational studies suggest

that vitamin D has some antiviral properties, and vitamin

D supplementation might decrease the risk of respiratory
infections.” These findings are simple but may play
a significant role in our attempts to fight against the COVID-
19 pandemic and other infections by minimizing health-
related complications through simple intervention. This
review was constructed to elaborate on the relation between
vitamin D deficiency and increased risk of infections including
influenza virus, tuberculosis (TB), human immunodeficiency
virus (HIV) and the recent pandemic due to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). We aim
to identify the potential hopes for vitamin D administration in
preventing and/or managing these infections. For better under-
standing of such a relationship, it is essential to review vitamin
D metabolism and the factors affecting it, the roles of vitamin
D during inflammation, thrombosis and various infections, as
well as the impact of vitamin D on the immune system. It is
ameshed network that we are trying to describe and to connect
the dots within. Hopefully, our better understanding might
guide us to create ways to prevent and/or treat certain infec-
tions. However, large-scale, randomized interventional studies
are still required to determine the role of vitamin
D supplementation in preventing and treating certain
infections.

Vitamin D Metabolism

Sources, Synthesis, and Transport

The obtained vitamin D (cholecalciferol) either from the
skin after sun exposure, dietary intake, or supplements
is biologically inactive and thus must undergo activation
through two enzymatic hydroxylation reactions occur-
ring in the liver and kidneys.> It is carried by vitamin
D binding protein (VDBP) and chylomicron to the liver,
where it will undergo hydroxylation to form 25 hydro-
xycholecalciferol [25(OH)D] using 25-hydroxylase and
members of the cytochrome P450 family, namely cyto-
chrome P450 family 2 subfamily R member 1
(CYP2R1) and cytochrome P450 family 27 subfamily
A member 1 (CYP27A1)."8 Noting that most of the
potential 25-hydroxylases are primarily expressed in
the liver, and all are members of the cytochrome P450
family (CYP2C11, CYP2D25, CYP27A1, CYP3A4,
CYP2R1, and CYP2J2/3)."" 2! Among them, CYP27A1
and CYP2R1 are considered the most promising candi-
dates for vitamin D 25-hydroxylation'®?'. Following
hydroxylation in the liver, 25(OH)D will be transported
by VDBP to the kidneys, where it is converted by the
action of la, hydroxylase and CYP27B1 into the active
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form, 1a,25 dihydroxycholecalciferol [1,25(OH),D, or
calcitriol.'** A further hydroxylation by 24-
hydroxylase and CYP24A1 will inactivate 25(OH)2D
and 1,25(OH),D and convert them into inactive forms,
24,25(0H),D 1,24,25(OH)3D,
(Figure 1).'822

The vitamin D level in serum is closely regulated through

and respectively

feedback loops involving the actions of calcium, phosphorus,
1,25(0OH),D, parathyroid hormone (PTH), and fibroblast
growth factor (FGF)-23."'* According to the guidelines of
the American Endocrine Society, serum levels of 25(OH)D
below 20 ng/mL (50 nmol/L) are considered as vitamin
D deficiency, while 25(OH)D serum levels between 21-29
ng/mL (52.5-72.5 nmol/L) are defined as vitamin
D insufficiency.* Although 1¢,25(0OH),D is the most biolo-
gically active vitamin D metabolite that acts as a pleiotropic
endocrine hormone and is responsible for many physiological
processes,25 (25(OH)D) or calcidiol, is considered the
accepted biomarker for vitamin D3 status.?® This is because,
like other hormones, 1,25(0OH),D circulates at picogram con-
centrations that are 1000 times less than those of the precursor
25(0OH)D, and its level is tightly regulated and stimulated by
serum PTH, as well as low serum calcium and phosphorus
levels but inhibited by circulating FGF-23 produced by
osteocytes.” Thus, it would be difficult to estimate the actual

Skin

Vitamin D3

Vitamin D2 or?

Liver .
CYP2ZR1

low levels of 1,25(OH)2D in patients with vitamin
D deficiency.

Mechanism of Action on the Target Cells
Vitamin D mediates its biological effects when the ligand of
the active form, calcitriol, binds to its cognate nuclear vitamin
D receptor (VDR), which belongs to a subfamily of nuclear
receptors and the only protein binds 1,25(OH),D effectively at
sub-nanomolar concentrations.”® Upon interaction with its
ligand, VDR heterodimerizes with the retinoic X receptor
(RXR) and forms a heterodimer that acts as a transcription
factor into the target cell.*® Consequently, binding of this
heterodimer to the promotor region of vitamin D—responsive
elements (VDREs) will regulate (induce or suppress) the
expression of target genes in a given cell or at distant sites
through interaction with additional co-regulators.”® As the
VDR has been expressed on the vast majority of cell types
including intestinal epithelium, renal tubules, parathyroid
gland cells, skin (keratinocytes), mammary epithelium, pan-
creas (beta islet cells), pituitary gland, bone (osteoblasts and
chondrocytes), immune cells (monocytes, macrophages, and
T-lymphocytes), and germ tissues, this may explain the diverse
actions of vitamin D on various tissues and systems in the
body.*”

Gastrointestinal tract

hydroxylation to 25(0OH)D

T

1,25(0H)2D
Calcitriol \_7

Extra-renal tissues

NFk-B

DNA
transcription

Vitamin D
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Figure | Synthesis and metabolism of vitamin D. Consecutive metabolic processes convert biologically inactive, parental vitamin D into active form.
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Effects of Glutathione on Vitamin
D Metabolism

Glutathione (GSH), a major cellular thiol and antioxidant,
plays a significant role in maintaining and regulating the thiol-
redox status of the cell.’' Given its high reactivity, the thiol
group of its precursor — cysteine — has an important impact on
multitudes of biological and cellular activities and functions,
including cell differentiation, proliferation, and apoptosis.****
A depletion of GSH levels increases the oxidative stress and
extensive carbonylation of proteins.***> These subsequently
alter endogenous enzymes and proteins, resulting in protein
function loss, and cell function impairment.®® Similar to vita-
min D, albeit with a different mechanism, any disturbance in
GSH homeostasis contributes to the etiology and/or progres-
sion of several medical conditions, including for instance
cancer, cardiovascular, inflammatory, immune, metabolic,
and neurodegenerative diseases.>’

Previous studies reported a positive correlation between
blood levels of 25(OH)D with glutathione and redox status in
healthy adults and children;*®>°
consumption of dietary antioxidants can raise the level of
serum 25(OH)D.*® Consistent with the latter findings, animal
studies in rats have shown that low levels of GSH down-
regulate the VD-regulatory gene (VDBP/VD-25-hydroxylase
/VDR) in the liver, kidneys, and muscle.

In contrast, supplementation of L-cysteine upregulates
GSH and VDBP which subsequently increases the levels of
serum 25(OH)D.*! On the other hand, Lei et al. asserted that
vitamin D3 can also increase the expression of glutathione

a recent study revealed that

reductase and glutamate-cysteine modifier subunit, leading to
an increase in the production of GSH, and thus resulting in
a decrease of reactive oxygen species (ROS) and oxidative
stress.*? Collectively, these findings support the hypothesis
that vitamin D may have the ability to fight SARS-CoV-2
infections.*’

Vitamin D and Immunomodulatory
Effects

The primary evidence that revealed the stimulant potential
effect of vitamin D on innate immune system is when Grad
(2004) used cod liver oil in treating tuberculosis.** Subsequent
enriched studies in this field reported that vitamin D has sig-
nificant immunomodulatory function, specifically, augmenting
the innate immune system and inhibiting the adaptive immune
response. Most, if not all, cells of the immune system express
VDR and CYP27B1 ,45 as well as CYP2R1, and thus they can
produce 1,25(0H),D from circulating vitamin D.*® Unlike the

kidneys, regulation of CYP27B1 in immune cells lack the
hormonal regulation of PTH and FGF23, its product
1,25(OH),D, calcium and phosphate levels.*” However, in
these immune cells, CYP27B1 is stimulated by cytokines
such as tumor necrosis factor (TNF)-alpha and interferon
(IFN).*7*® Thus, subsequent activation of these immune
cells in diseases such as lymphomas may cause hypercalcemia
with elevated 1,25(0OH),D levels.**®

Innate Immunity

Innate immunity is considered the first defense mechanism
against invading microorganisms including bacteria, viruses,
fungi and protozoa. This immune system initially recognizes
a microorganism or its products via pathogen-recognition
receptors (PRR) which then trigger a cascade of events that
will end with the removal and/or destruction of the invading
agents.*” Upon invasion with infectious organisms, Toll-like
receptors (TLRs), sub-members of PRR, are activated and
consequently stimulate the TLR-expressing cell to release
cytokines and various antimicrobial peptides (AMPs).”
Several studies had revealed that vitamin D and downstream
receptor signaling play salient roles in mediating macrophages
and other immune cells to enhance host antimicrobial defense
via regulating their immune and inflammatory activities.”%"
Among these studies, researchers showed that stimulation of
TLR 2/1 in macrophages® or TLR2 in keratinocytes™’
increased the expression of CYP27B1 and VDR. In the pre-
sence of adequate substrate (25(OH)D) level, these cells had
produced 1,25(0OH),D (the active form of vitamin D) that in
turn induced the release of AMPs such as cathelicidin and
defensins (Figure 2A).°*! The TLR-CYP27B1-VDR~cathe-
licidin pathway is the demonstrated mechanism by which
1,25(OH),D was capable of inhibiting the growth of
M tuberculosis in Vitro,52 and is thus considered as a crucial
immune modulator that impacts innate and adaptive immunity.
Accordingly, this may explain the susceptibility of vitamin D—
deficient subjects to having tuberculosis.”> Another clinical
study revealed that patients with atopic dermatitis, who are
susceptible to microbial infection due to the decreased produc-
tion of cathelicidin and other AMPs by IL-4 and IL-13,>* can
be improved by vitamin D supplementation. However, unfor-
tunately the beneficial outcome of vitamin D supplementation
for treating M. tuberculosis in vitamin D-deficient patients was

not successful universally.>>~°

Adaptive Immunity
The adaptive immune system is the second defense mechan-
ism against invading microorganisms which mediates an
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Figure 2 Role of Vitamin D in regulation of the innate and adaptive Immune Pathways. (A) Innate immunity: Activation of selective Toll-like receptors (TLR1/2) by products
of infectious organisms results in the induction of both VDR and CYP27BI. With adequate substrate 25(OH)D, 1,25(OH),D is produced that, in combination with VDR,
induces the formation of antimicrobial peptides such as cathelicidin, which are capable of killing intracellular organisms. (B) Adaptive immunity: 1,25(OH),D, which is
produced by dendritic cells, decreases the maturation and antigen presenting ability of dendritic cells and alters the profile of T helper cells that differentiate from the
activated CD4 parent cell, precisely, reduces the formation of Thl, Thl17, and Th9 cells, while promoting the differentiation of Th2 and Treg cells. The result is overall

suppression of the adaptive immune pathway.

antigen-specific immune response through antigen presenta-
tion cells (APC), namely dendritic cells (DCs), and the
antigen recognition cells, T and B lymphocytes. Therefore,
activation of these APC causes the production of various
cytokines and antibodies and induces cell killing. The
T lymphocytes (T cells) consist of various subgroups of
cells, for instance CD4 helper T-cells (Th cells), CD4 reg-
ulatory T-cells (Treg), CDS8 cytotoxic T-cells, natural killer
(NK) cells, and memory cells.”” Vitamin D can exert either
a direct effect on lymphocytes via VDR signaling or an
indirect effect through paracrine signaling on APC.
Vitamin D decreases the maturation of DCs and their ability
to present antigens and alters the profile of T helper cells
(Thl, Th2, Th9, Th17) and Treg cells.’’” Previous studies
reported that vitamin D inhibited Thl cell function which in

turn decreased the production of TNF-alpha, IL-2,

granulocyte  macrophage  colony-stimulating  factor
(GMCSF) and IFN-beta.’®> On the other hand, vitamin
D enhances the differentiation and proliferation of Th2 and
Treg cells, and thus stimulates the production of their anti-
inflammatory cytokines including IL-4, IL-5, and IL-10 that
further suppresses the development of Thl, Th17, and Th9
cells, producing immune tolerance.®® Accordingly, vitamin
D suppresses T-cell-mediated and inappropriate inflamma-
tion with the net result being the overall suppression of the
adaptive immune response (Figure 2B).>’

The observed shift from a Thl to a Th2 profile was
assumed to be a significant mechanism by which vitamin
D could be advantageous in autoimmune diseases.®’
Moreover, a high level of VDR expression was found on
cytotoxic T cells® that were suggested to have a role in
autoimmune diseases such as multiple sclerosis.®> Within

International Journal of General Medicine 2021:14

3853

Dove:


https://www.dovepress.com
https://www.dovepress.com

International Journal of General Medicine downloaded from https://www.dovepress.com/ by 24.113.160.199 on 03-Aug-2021

For personal use only.

Taha et al

Dove

this context, several clinical studies showed an inverse
correlation between 25(OH)D3 levels and/or vitamin
D intake and the occurrence of a number of autoimmune
diseases, for instance, multiple sclerosis, type 1 diabetes,
rheumatoid arthritis, gravis thyroiditis, asthma and atopic
dermatitis. A review of a meta-analysis of four trials
showed that vitamin D supplementation may help amelio-
rate the severity of atopic dermatitis. Data from an Italian
study have shown a possible link between vitamin
D insufficiency and a higher frequency of SLE flares.**
A correlation between flare severity and an overall more
active disease was also suggested by a Chinese study.®®> On
the contrary, other clinical studies in rheumatoid arthritis
did not confirm the suppressive effects of vitamin D on
Thl cells and cytokines production.®®

With regards to B cells, Chen et al. reported that
B cells expressed very low levels of VDR, which could
be upregulated upon activation with various stimuli.®’
Subsequent evidence confirmed that vitamin D has
a direct effect on B cells via inhibiting memory and
plasma-cell generation and proliferation, as well as enhan-
cing the apoptosis of immunoglobulin-producing B cells
causing inhibition of immunoglobulin production,'®6%6%
These findings were consistent with previous in vitro stu-
dies that revealed that vitamin D3 treatment inhibited the
secretion of immunoglobulins IgG and IgM by activated
B cells.®” The impact of vitamin D on B cells is clinically
valuable in autoimmune diseases due to the major role of
B cells which produce autoreactive antibodies in the
pathophysiology of autoimmunity.

Taken together, vitamin D supplementation can be
considered as a safe and supportable therapy for these
diseases; however, it necessitates larger-scale studies over
a longer duration of therapy to confirm this assumption.

Vitamin D and Renin-Angiotensin-

System

Renin-Angiotensin-System (RAS) has an important role in
controlling vascular resistance and extracellular fluid
homeostasis.”® Synthesis and secretion of renin (as the rate
limiting step) is stimulated by reduction in fluid volume,
perfusion pressure, and salt concentration (Figure 3).”® Renin
is formed in the kidneys and is responsible to cleave the
angiotensinogen secreted from the liver to the inactive form
angiotensin 1.”° On the surface of endothelial cells, the latter
peptide is cleaved by the angiotensin-converting-enzyme
(ACE) into active angiotensin II, which will bind to two

receptors, Angiotensin Receptor 1 or 2 [ATIR or AT2R] to
exert its effects.’”” Upon binding to ATIR, Angiotensin II
causes the release of catecholamine and vasoconstriction,
and exerts pro-inflammatory and pro-oxidative effects. The
level of Angiotensin II regulates renin formation, which is
abolished with a higher amount of Angiotensin II via an
ATIR mediated effect.”’ In contrast, it is stimulated by lower
levels of Angiotensin II, Angiotensin II converting enzyme
inhibitors (ACEI), or Angiotensin II receptor blockers
(ARB)."!

A novel homologue of ACE, ACE2, has been found to
cleave Angiotensin I to Angiotensin 1-9 that have cardio-
protective effects via AT2R, and Angiotensin II to
Angiotensin 1-7 that acts via Mas Oncogene (Figure 3).
This cleavage makes Angiotensin I and II less available
the ACE/Angiotensin II/AT1 thus
counterbalances the pathological effect of Angiotensin,

for axis and
namely the “overstimulation” of the RAS and its patholo-
gical consequences including inflammation, vasoconstric-
tion, hypertrophy and fibrosis®"*’* (Figure 3). In addition,
ACE2 can reinforce the ACE2/Angiotensin 1-7/Mas axis,
which decreases the proinflammatory RAS activation. The
ACE2 is expressed in various organs’ tissues including
kidney, lung, cardiomyocytes, cardiac fibroblasts, vascular
smooth muscle and endothelial cells.?"”

It has been reported that individuals with low vitamin
D levels showed increased RAS activity, and Angiotensin

. 4
11 t:oncentraltlons,73’7

and vice versa, higher vitamin
D levels reflect decreasing RAS activity.”” These findings
were explained by cellular and molecular studies that
revealed vitamin D is a negative regulator of RAS via
suppressing transcriptional activity on the renin gene pro-
moter, a process independent from Angiotensin II feed-
back regulation.”®’” Other studies found that vitamin
D exerts pronounced impacts on ACE2/Angiotensin (1-
7)/Mas axis with enhanced expression of ACE2,”® as well
as being able to effectively inhibit NFxB activation.”’
These findings were consistent with a number of clin-
ical studies, of which, one study revealed a significant
decrease in plasma renin activity and concentration in
individuals who received 2000 IU vitamin D3,%° while
another study showed a correlation between higher circu-
lating Angiotensin II levels and hypovitaminosis
D status.®' A further study elaborated on the effect of
vitamin D supplementation (4000 IU/day) over 36
months.® Although initial results showed no relationship
between the increase in blood levels of vitamin D and
various parameters of the RAS (renin, aldosterone), results
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Figure 3 The Classical RAS Pathway, The Counterbalance Regulatory Pathway, and the role of vitamin D in controlling the RAS pathway.

Note: Some of the data is from Biesalski.”

from a subgroup with vitamin D deficiency revealed
a decrease in renin concentration with the increasing
level of vitamin D.*?

In the classical RAS pathway, renin induces cleavage of
Angiotensinogen to Angiotensin I, which is converted to
Angiotensin II via Angiotensin converting enzyme (ACE).
Angiotensin II activates the (AT1R), which results in an
increase of blood pressure with further effects on the vascu-
lar system. In addition, Angiotensin I suppresses renin
synthesis via AT1R. The counterbalance regulatory pathway
is activated through cleavage of Angiotensin I to Angl-9 via
ACE2 or AT2R activation, or Angiotensin I to Angl-7
which counter regulates via Mas receptor. This helps the
RAS to stay within a homeostatic balance by controlling the
RAS activity. If the counter regulatory pathway of RAS is
disrupted, this may lead to higher level of Angiotensin II and
renin synthesis. However, vitamin D (1,25(OH),D) can

counteract the RAS misbalance via negative expression of
the renin gene, which results in lower renin synthesis inde-
pendent from Angiotensin II. In addition, vitamin D can
effectively inhibit NFkB activation.

Vitamin D and Inflammation

The role of vitamin D has been explored over the recent
decades and there is compelling evidence for an epide-
miological association between poor vitamin D status

Infection is
83

and a variety of infectious diseases."’
involved in many inflammatory and chronic diseases.
Based on recent studies, vitamin D status may have
a crucial role in regulating immune response.'®* %
The immunomodulatory effects of vitamin D also pos-
sibly explain the epidemiological associations between
a large number of autoimmune diseases and vitamin

D status.®¢
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In studies addressing the pathogenesis of infections, intra-
cellular bacteria were found to disrupt vitamin D and regula-
tion of the immune system, resulting in persistent infection and
chronic inflammation.*” Vitamin D was also reported to
reduce the cytokine storm that occurs in response to some
infections.® This might explain the severe immune reaction in
some infectious diseases and the storm of cytokines, which
varies between patients, based on multiple factors including
vitamin D status.®’ In a study focusing on the possible impact
of vitamin D status on COVID-19, vitamin D was reported to
reduce the cytokine storm and consequently reduce mortality
among patients with severe COVID-19. These patients were
found to have notable elevation of inflammatory cytokines
such as interleukin 2R (IL-2R), interleukin 6 (IL-6), granulo-
cyte colony-stimulating factor (GCSF), macrophage chemo-
tactic protein-1 (MCP1), macrophage inflammatory protein
(MIP)1A, TNF-a and anti-inflammatory compounds such as
C-reactive protein (CRP).*

Calcitriol, the active form of vitamin D, controls the
gene expression of VDR which can reduce the inflamma-
tory markers.*® Cholecalciferol (vitamin D analog) reduces
levels of pro-inflammatory cytokines such as TNF-o and
IFN-y, and increases anti-inflammatory cytokines such as
IL-10.% In addition, vitamin D blocks TNF-o. in myco-
bacteria-infected macrophages and peripheral blood mono-

8889 and hence

nuclear cells from pulmonary TB patients,
vitamin D has long been used in the treatment of myco-
bacterial infections.”

It is known that viral infection induces massive ROS
production and oxidative damage.”’ However, GSH can
protect the body from the harmful effects of oxidative
damage and excess reactive oxygen radicals.®' In addition,
GSH is essential to maintaining the vitamin D-metabolism
genes as well as the circulating levels of 25(OH)D.***! In
a placebo-controlled study, vitamin D supplementation
was found to decrease the inflammatory cytokine TNF-q,
IL-6 and CRP which are involved in oxidative stress and
inflammation.*®

Vitamin D and Thrombosis

The severity of a COVID-19 infection is specified by the
presence of acute respiratory distress syndrome, myocarditis,
microvascular thrombosis and/or cytokine storms, all of which
suggest an underlying severe inflammation.”> Along with the
previously discussed vitamin D role in regulation of inflam-
mation, recent evidence suggests its involvement in thrombo-
tic events associated with severe inflammation.”* Vitamin
D deficiency was found to be associated with the rise of

thrombotic episodes, which are frequently spotted in patients
with COVID-19 and certain other infections.”” Systemic or
localized infections significantly increase the risk of thrombo-
sis by 2 to 20 times and are independent risk factors for venous
thromboembolic (VTE) diseases such as deep vein thrombosis
(DVT)/pulmonary embolism (PE), as well as cardiovascular
disease (CVD) (e.g. myocardial infarction) and cerebrovascu-
lar events (stroke).”

In the literature, there has been an interesting discussion
about the probable relationship between infection-induced
thrombosis and pre-existing risk factors, such as smoking,
lipid levels, and possibly vitamin D status.”* These factors
can directly influence pathogen-driven thrombosis or alterna-
tively the infection promotes the risk of thrombosis through
these factors.”* Moreover, exacerbations of CVD, including
acute myocardial infarction, has been observed in some infec-
tions caused by Neisseria meningitidis, Staphylococcus aureus
and recently in COVID-19 infection.” This adds to the com-
plexity of this kind of relationship between vitamin D and
thrombosis through infection. Several studies suggested that
there is a direct correlation between vitamin D deficiency and
thrombosis risk.”* In a prospective study evaluating the risk
factors for VTE, actively sun-exposed women were found to
have a 30% lower risk of developing VTE, and the risk was
50% higher in winter months.”® The authors attributed their
results to the potential role of vitamin D in reducing thrombo-
tic events.”® In a randomized control trial of 36,282 postme-
nopausal women, low doses of vitamin D supplements were
found to reduce the mortality rates due to stroke and cancer.”’
In COVID-19 cases, venous and arterial thrombo-embolic
events occur in approximately 28% of cases and are an indi-
cator of severity.”®’ Vitamin D deficiency was prevalent in
about 70% of such severe hospitalized cases of COVID-19
infection.”” Based on these findings, the role of vitamin
D supplements in preventing or alleviating the incidence of
thrombosis in COVID-19 infection has gained considerable
attention from researchers during the past few months.'®
However, no solid data exist about whether routine adminis-
tration of vitamin D supplements would be beneficial in severe
COVID-19 infected patients or not.

The actual mechanism of vitamin D in reducing throm-
botic events remains elusive. One of the proposed theories
suggests that vitamin D exerts an anticoagulant effect by
up-regulating the expression of an anticoagulant glycopro-
tein, thrombomodulin, and down-regulating the expression
of critical coagulation factors.'”" Another proposed theory
suggests that vitamin D reduces thrombosis via its impact
on the RAS.”®
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Vitamin D negatively modulates RAS and inhibits
renin expression and synthesisgz’loz (Figure 3). This
reduces the negative impact of RAS on blood pressure
and vasculature.'®> Moreover, vitamin D increases the
expression of ACE2 which is a part of the RAS that serves
as an important entry point for SARS-CoV-2.'" When
SARS-CoV-2 enters the cell, it inhibits the expression of
ACE2 and
pneumonia.'® Vitamin D-mediated induction of ACE2

subsequently causes lung damage and
receptors is, therefore, a proposed protective mechanism
against severe lung injury in the context of COVID-19.-
76192 This also might give hope on new modalities in
preventing VTE diseases.

Vitamin D and Influenza
Influenza infection is caused by enveloped viruses that affect
the respiratory tract by either direct viral infections or by
damaging the immune response.” The current estimated mor-
tality rate associated with influenza is 4.0-8.8 per 100,000
people per year.? Seasonal influenza has been found to gen-
erally peak in winter; and such seasonal variation is attributed
to decreased ultraviolet light exposure, low temperature, and
humidity. In these environmental circumstances, the influenza
viruses survive longer outside the body.”

Edgar Hope-Simpson was the first to suggest that the
seasonal variation of influenza relies on periods of less

sunlight.'*

He hypothesized that low ultraviolet light doses
are related to a decrease in the level of the active form of
vitamin D (1,25(0OH),D).'” Later on, several studies demon-
strated a positive correlation between vitamin D deficiency
and increased risk for influenza infection.'®*'%> Zykov and
Sosunov found that influenza virus is more likely to be shed in
December (40%) than in September (16%) when they
attempted to recover the virus 48—72h after inoculation, and
the amount of virus shed was substantially lower in summer
than in winter which can be attributed to certain factors such as
UVB light exposure and vitamin D.'* Furthermore, vitamin
D has been found to have a preventive effect against influenza
virus infection via enhancing the innate immunity by up-
regulation and production of antimicrobials such as defensin
in primary human monocytes, neutrophils, natural killer cells
and in peripheral cell lining the respiratory tract.'®*'%
Defensin prevents influenza virus infection by blocking viral
hemagglutinin-mediated membrane fusion.”’ This preventive
effect of vitamin D supplements against influenza was also
demonstrated in children.”!

In addition to its impact on antimicrobials upregulation,
vitamin D was also reported to reduce inflammation via

controlling cytokine release as aforementioned. This also
explains its potential role in influenza and other infections.”!
Vitamin D concentration of 38 ng/mL or more showed
a double reduction in the risk of developing acute respiratory
tract infections (ARTTI) and a substantial decrease in the num-
ber of illness days.” Moreover, evidence of a dramatic vitamin
D preventive effect from a randomized controlled trial (RCT)
was presented in 2008 by Aloia and Li-Ng.'"” In this trial, 104
postmenopausal African American women were given vita-
min D and 104 were given placebo. Women who received
vitamin D were three times less likely to experience cold and
flu symptoms.'®” Martineau et al., in their systematic review
and meta-analysis of 26 eligible randomized controlled trials,
reported that vitamin D supplementation significantly
decreased the risk of ARTL'® Pharmacological doses of
vitamin D (10002000 IU/Kg per day) for several days were
also reported to be helpful in the treatment of winter-peak viral
respiratory infections.'”® However, this protective effect of
vitamin D is not consistent in literature. For instance, vitamin
D was not found to reduce influenza in children and adoles-
cents in one study, but it could reduce non-influenza respira-
tory infections.'® Thus, there is still a need for properly
conducted large, prospective randomized controlled trials on
different population ages and characteristics to address the
actual role of vitamin D in preventing ARTI.

In summary, vitamin D-mediated stimulation of the
development of virucidal antimicrobial peptides and sup-
pression of the development of cytokines provides
a promising role in prevention of influenza. However,
data from the literature are still lacking to develop solid
guidelines in various clinical situations e.g. the role of
checking on vitamin D levels and/or considering adminis-
tration of vitamin D supplementation for populations at
risk for influenza (e.g. elderly individuals) before and
during winter months. Valid scientific research is required
to provide a practice recommendation for these situations.

Vitamin D and Tuberculosis

Tuberculosis (TB) remains a common major cause of ill
health worldwide especially in the context of the COVID-
19 pandemic.'® Based on WHO reports, the incidence rate
is falling, but not fast enough to reach the 2020 milestone
20% 2015-2020.'"
Mycobacterium tuberculosis (MTB) has complex cell

of a reduction  between
membranes that contain methyl branched-chain fatty
acids which allow them to escape immune mechanisms
and, therefore, can survive for long periods in the host

cells."'® MTB components expressed on cell surfaces have

International Journal of General Medicine 2021:14

3857

Dove:


https://www.dovepress.com
https://www.dovepress.com

International Journal of General Medicine downloaded from https://www.dovepress.com/ by 24.113.160.199 on 03-Aug-2021

For personal use only.

Taha et al

Dove

complex interactions with various members of the toll-like
receptor (TLR) family that reside on macrophages.10 Such
complex interaction leads to disease complications by
other co-morbidities and co-infection (e.g. HIV) making

the treatment more challenging.'!

The long duration
needed for treatment and the significant side effects of
anti-TB treatments raise the need of finding protective
methods (e.g. infection control and vitamin supplementa-
tions) to overcome these issues.''?

Vitamin D is a possible novel approach to alleviate
TB.!"*!"3 As vitamin D is characterized by immunomo-
dulatory effects against infections, the hypothesis regard-
ing its effectiveness as a protective drug to prevent
progression of TB has been evaluated in recent studies.
Nonoaham et al., in their systematic review and meta-
analysis conducted in 2008 reviewing the role of vitamin
D in TB, concluded that vitamin D levels were signifi-
cantly lower in TB patients compared with controls.''
Moreover, the TB clinical characteristics were reported
to be related to VDR genotypes.''> A recent review
reported that vitamin D supplementation inhibited the
growth and replications of MTB through the production
of cathelicidin.''® The synthesis of 1,25(0OH),D was found
to aid VDR-mediated transactivation of the antimicrobial
peptide cathelicidin and subsequent killing of intracellular
MTB."" In a cohort of TB patients and their contacts (N =
129) in Pakistan, it was found that 79% of patients with

active TB disease had 17

low vitamin D levels.
Additionally, low vitamin D levels were associated with
extended risk for progression to TB.''” Similar results
were reported in a study of vitamin D levels among TB
patients in Korea.*® Patients with TB were found to have
a higher prevalence of vitamin D deficiency than control
group. In this study, almost half of the patients (i.e. 48
patients, 51.1%) had severe vitamin D deficiency (<10 ng/
mL), whilst only 8.2% (N=23) of the control group had
severe deficiency.® The differences between the two
groups were statistically significant.*> Gouet al. demon-
strated that vitamin D levels were lower in children with
TB.'"'"® Likewise, Aibana et al. illustrated that low vitamin
D levels were associated with increased risk of progression
to TB disease in a dose-dependent manner and that the risk
of TB disease is highest among HIV-positive individuals
with severe vitamin D deficiency.''® One of the rando-
mized controlled trials reported that treatment of TB
through adjunct therapy with phenylbutyrate and vitamin
D3 as a standard short-course therapy resulted in increased

expression of cathelicidin LL-37 which enhanced

intracellular killing of MTB in macrophages ex vivo.''?

Based on those findings, vitamin D deficiency is proposed
by many researchers to be a familiar risk factor in TB
patients.'*°

Despite the noted positive association between vitamin
D deficiency and progression to active TB in multiple
clinical trials, the data were not consistent in several
other studies. For instance, one trial suggested that weekly
oral vitamin D supplementation with 14,000 IU was effec-
tive in safely elevating 25(OH)D levels in a huge popula-
tion of vitamin D deficient children but did not result in
decreasing the risk of TB in comparison with placebo.'?'
Similarly, a recent review of randomized controlled trials
the effects of

D supplements in TB patients claimed no clear clinical

investigating adjunctive  vitamin
benefits observed although some trials showed that protec-
tive efficacy of this intervention is most remarkable when
vitamin D is given in daily or weekly doses to individuals
with low 25(OH)D levels at baseline.'** Also, another
randomized controlled trial suggested that neither oral
vitamin D nor L-arginine had discernible effects on clin-
ical outcomes of pulmonary TB.'** Though all these trials
showed negative outcomes with regard to the role of
vitamin D in TB infection, most of these trials have multi-
ple limitations, specifically during the evaluation process
in measurement of vitamin D levels and in diagnostic tests
for TB. Therefore, future randomized controlled trials
need to legitimize their quality and design to elaborate
efficiency of vitamin D supplementation in TB prevention
Such
a demonstration of the feasibility and cost-effectiveness

and management. evidence would require
of a screening strategy, as well as benefits in terms of
in 2011

Society Clinical Practice Guidelines had recommended

health outcomes. However, the Endocrine
that measurements are imperative in groups at higher risk
for vitamin D deficiency, such as in patients suffering from

granuloma-forming disorders including TB.**

Vitamin D and Human
Immunodeficiency Virus (HIV)

HIV is a global health problem that affects 75 million
32 million deaths
worldwide.'** HIV-infected people seem to have higher

people and has caused about
morbidity rates in comparison with the healthy population
due to both chronic adverse drug reactions and to age-
related morbidities including cardiovascular, metabolic

disease, neurocognitive disorders, renal and bone diseases,
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and cancer. These chronic diseases appear to take place
earlier in HIV patients compared with the general popula-
tion due to multiple causes including continuous inflam-
mation, nutritional and HIV infection
itself.!>*!%

Several studies suggest that low 1,25(OH),D levels

could be responsible for an increased morbidity and mor-

deficiency

tality in HIV-infected people.'?*'*® Mansueto et al.
showed that the prevalence of vitamin D deficiency ranges
from  70-85% 124
D deficiency is frequent in persons infected with HIV,

in HIV-infected patients. Vitamin
even on successfully combined antiretroviral therapy
(cART).'**  Possible
D deficiency in HIV populations is the over-activation of
TNF-a due to HIV itself and AIDS-associated infections,
which block the stimulatory effect of parathyroid hormone

explanations  for  vitamin

on renal 1,a-hydroxylase.'*® Another potential explanation
is HIV nephropathy which leads to a defect in the 1,a-
hydroxylation of 25(OH)D into 1,25(OH),D which should
normally occur in the kidney in response to low 1,25(0OH),
D.'?%'?7 Careful monitoring of vitamin D should be under-
taken in any HIV patients with abnormal kidney
function.'**'?” Low alimentary intake due to poor appe-
tite, liver impairment and the interference of antiretroviral
drugs with vitamin D metabolism are other likely
explanations.'*® Reciprocally, vitamin D deficiency in
this population could be responsible for the severity and
pathogenicity of infections in patients with HIV.'?®
The majority of HIV-infected people live in areas of the
world where nutritional deficiencies are highly prevalent.
It is widely distributed in Africa where there is documen-
ted vitamin D deficiency, as it is well known that people of
black ethnicities are more prone to vitamin D deficiency
than people of white ethnicities.'*® There might be a hope
of better outcomes by emphasizing adequate vitamin
D stores in all HIV-infected patients who are starting
cART.

Several researchers have studied the correlation
between HIV and vitamin D deficiency.'® The role of
vitamin D in mediating HIV infection is proposed to be
related to its immunomodulatory properties via VDRs
expressed on adaptive and innate immune cells. In addi-
tion, vitamin D is closely implicated in the functioning of
T and B lymphocytes in the adaptive immune system by
regulating the activation of lymphocytes directly and by
affecting the antigen-presenting cells (APC).'*° The
effects of vitamin D on HIV infection in vitro have been
examined in terms of its possible role on monocyte/

macrophage function and on HIV expression and replica-
tion in monocytes/macrophages. One study of monocytes
from 10 AIDS patients showed that incubation with
1,25(0OH),D resulted in a significant increase in chemo-
1,25(0OH),D tended to
decrease the number of Mycobacterium avium bacteria in

taxis. In another experiment,

macrophages from HIV-positive patients which might
decrease morbidity in these population.'°

Vitamin D also induces antiviral gene expression,
reduces the viral co-receptor C-C chemokine receptor
type 5 (CCRS) on CD4" T-cells, and promotes an HIV-
1-restrictive CD38+HLA-DR+ immunophenotype in vitro
study, leading to HIV-1 infection inhibition in T cells.'*'
These findings should raise the hope for consideration of
vitamin D supplementation in HIV-infected patients.

Some studies evaluated the epidemiological relevance
and others evaluated the clinical outcomes of vitamin
D deficiency in HIV patients. Deficiencies of several
micronutrients are associated with higher rate of progres-
sion to AIDS and HIV-related morbidity and mortality.'*
EuroSIDA, a prospective observational open cohort study
of 16,599 HIV-1-infected persons, found that having a 25
(OH)D level in the lowest titer (<12 ng/mL) was robustly
associated with the occurrence of AIDS events and all-
cause mortality with a median follow-up of 5 years.'*
While those with higher levels (i.e. >20 ng/mL) have
significantly lower risk of clinical progression during the
subsequent follow-up.'*

Since CD4" count recovery has a crucial role in
decreasing mortality in HIV patients, longitudinal studies
analyzed the effects of vitamin D status on CD4" T-cell
recovery among HIV-positive patients. Aziz et al. exam-
ined 204 HIV-infected women and concluded that vitamin
D deficiency was associated with diminished late CD4"
recovery after highly active antiretroviral therapy
(HAART) initiation.'? Haug et al. studied the association
between low vitamin D levels and morbidity in HIV-
infected subjects.'** In their study, vitamin D serum level
[1,25(0OH), D] was significantly positively correlated with
CD4" counts of HIV-infected people (P<0.05)."**
Moreover, abnormally low vitamin D in those patients
was significantly associated with shorter survival than in
other patients with HIV (P<0.01)."** In another study,
CD4" counts in patients with AIDS and non-AIDS dis-
eases (liver, cardiovascular, renal, and cancer) were stu-
died over a median follow-up of 5 years.'** This study
concluded that higher CD4" counts were associated with

lower rates of AIDS and non-AIDS related diseases in
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HIV subjects on HAART.'*> Several other prospective
studies concluded that vitamin D deficiency was asso-
ciated with late CD4" recovery after HAART initiation
possibly because vitamin D is a crucial element for the
activation of immune defenses.'>* A second explanation
could be related to the role of vitamin D in stimulating the
production of naive T cells."** A third explanation is that
vitamin D plays a role in down-regulating the transcription
of HIV RNA from latently infected CD4" cells by the
reduction in the capacity of TNF-a of transcripting HIV
RNA."*¢ These mechanisms might explain the conclusion
of several studies that support the connection between
vitamin D deficiency and the incidence and severity of
infectious diseases in HIV  patients, including
advanced AIDS, MTB, and HCV."*® Vitamin D has
a potential role in preventing HIV-related mortality,
based on its extensive actions in immune and metabolic
function.'*® Based on existing data, it might have a crucial
role in morbidity and HIV-related opportunistic infections
in HIV patients with low vitamin D level. However, this
association has not been examined in large studies.
Vitamin D levels were assessed in a prospective cohort
study of 884 HIV-infected pregnant women at enrollment
in Tanzania.'*® HIV-related complications were monitored
during a median of 70 months follow-up. Women with low
vitamin D levels had significantly higher incidence of
acute upper respiratory infections (HR: 1.27 [1.04-1.54])
diagnosed during the first 2 years of follow-up. In addi-
tion, low vitamin D status was a major risk factor for
wasting and HIV-related complications such as thrush.'?®
In a cohort trial of HIV-infected adults from predomi-
nantly low- and middle-income countries, deficiencies in
Vitamin D upon HAART initiation were independently
associated with increased risk of incidence of TB in the
ensuing 96 weeks.'>” Coelho et al., in their study, con-
cluded that 1 ng/mL of calcidiol (25(OH)D) was demon-
strated to increase CD4" cell count by 3.3 cells/mm’,
suggesting a useful role of vitamin D supplementation on
immune recovery.'*® Dougherty et al. reported similar
conclusions, i.e. they noted a significant increase in
CD4" count after vitamin D supplementation.'*® Clearly,
Vitamin D has great potential hopes for HIV patients: its
deficiency was associated with rapid progression to AIDS,
to mortality and to CD4" counts. Currently, the available
evidence suggests that there is a potential role for vitamin
D repletion in patients living with HIV. However, compre-
hensive studies are required to define an adequate supple-
mentation protocol for these individuals. Confirmation of

this association would be crucial because vitamin
D supplementation could represent an inexpensive and
simple method to improve health and quality of life in
HIV-infected patients, in particular in resource-limited set-
tings. Despite the absence of substantial evidence the
Endocrine Society Clinical Practice Guidelines have
recommended that 25(OH)D measurements are reasonable
in HIV groups of people who are on HAART as they are at
a higher risk for vitamin D deficiency.”* The prompt
response to optimize vitamin D status is expected. The
question that remains to be answered now is should
empiric replacement therapy with vitamin D be considered
in any patient starting HAART.

Vitamin D and COVID-19

Currently, the world is facing the COVID-19 pandemic
that is caused by SARS-CoV-2, as declared by the World
Health Organization (WHO) in March 2020.'*%'*! This
infection by a new coronavirus strain that emerged in
Wuhan, Hubei, China, in late 2019, and the disease was
named COVID-19 by the WHO on February 11, 2020.
However, the coronavirus family had previously caused
two epidemics. The first epidemic started in China in
2002, named severe acute respiratory syndrome, (SARS)-
CoV, and the next epidemic was reported in the Middle
East, named Middle East respiratory syndrome, (MERS)-
CoV.

These infections by coronaviruses began with animal-
to-human infection. Similar to SARS-CoV and MERS-
CoV infections,'** patients infected with SARS-CoV-2
have clinical manifestations including fever, non-
productive cough, dyspnea, myalgia, normal or decreased
of

pneumonia.'*® The leading cause of death in patients

leukocyte counts, and radiological changes
infected with SARS-CoV-2 is severe acute respiratory
distress syndrome (ARDS), which is also a common
immunopathological event of SARS-CoV and MERS-
CoV.'"** ARDS is a consequence of an exaggerated inflam-
matory response accompanied by uncontrolled oxidative
stress as well as an inflammatory reaction in the lungs.”'
The COVID-19 pandemic has spread rapidly, causing sig-
nificant morbidity and mortality worldwide. It has been
reported that patients over 60 years showed some systemic
alterations, which include disturbance in normal plasma
levels of lymphocytes, thrombocytes, C-reactive protein,
and lactate dehydrogenase enzyme.'*> An increase in
thrombi/emboli formation was also described in COVID-

19 cases and it had been claimed as the cause of oxygen
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desaturation and acute respiratory distress in those
patients.'**'%7 Therefore, it is essential to understand the
underlying chemical and immunopathologic process in
order to find the appropriate approach to the management
and prevention of SARS-CoV-2 infection. The following
sections will explain part of the causal pathological pro-
cess that may occur in patients with COVID-19 and how
vitamin D levels and its other related factors can contri-
bute to overcoming this infection and alleviate its patho-
logical consequence on the human body systems.

Viral Entrance and Cytokine Storm

When the virus is inhaled, it enters the epithelial cells of the
nasal cavity, where replication starts within 1-2 days, but the
patient remains asymptomatic and without any significant
effects caused by innate immune cells."*® As the virus
moves down to the lower respiratory tract and reaches the
lungs, this triggers a strong innate immune response. Similar
to SARS-CoV, SARS-CoV-2 needsACE2 as a receptor that
binds to its spike (S) protein to enter the target cells. When this
endocytosis occurs, it enhances the release of ACE2 from the
membrane, and together with further down-regulation of the
ACE2 expression by SARS-CoV-2, results in a loss of counter
regulatory activity to RAS?"'**(Figure 3). This imbalance in
RAS regulation increases the accumulation of Angiotensin II
and renin synthesis resulting in extensive release of proinflam-
matory cytokines (IFN-a, INF-y, TNF-a, IL-16, IL-6, etc.) and
chemokines (CCL2, CCL3, CCLS5, CXCLS, etc.) into circula-
tion by immune effector cells in SARS-CoV infection, and
thus initiating a cytokine storm.'>*'>! Consequently, as
observed in COVID-19 patients, this cytokine storm leads to
a violent attack to the body with a series of vascular changes
that may contribute both to ARDS and to cardiac and vessels
injury especially in any preexisting lesion of the heart.'>>
Vitamin D can also effectively inhibit NFxB activation and
thus decreases the inflammatory response to viral infections in
airway epithelium without jeopardizing viral clearance’
(Figure 3). Therefore, the effects of SARS-CoV-2 on RAS
will be worse if the patient is suffering from a vitamin
D deficiency status. This is supported by the findings of studies
that revealed vitamin D is a negative regulator of renin expres-
sion and RAS activity and thus can counteract the imbalance
resulting from SARS-CoV-2 infection and the cytokine

storm.””

The Pathogenesis of SARS-COV-2

Once SARS-CoV-2 enters the cells, the immune system
can recognize the whole virus or part of its surface

epitopes, thus provoking the innate or adaptive immunity.
Perception of the virus occurs via pathogen recognition
receptors (PRRs), namely Toll-like receptors (TLRs) that
stimulate the release of interferon (INF).'>® In addition, as
the virus enters the cells, it is presented to the APC, which
will trigger the antiviral immunity in the infected cells by
producing various cytokines, antibodies, and killing cells.
Similar to SARS-CoV, the antigenic peptides of SARS-
CoV-2 are presented by major histocompatibility complex
(MHC) (or human leukocyte antigen (HLA) in humans)
and then recognized by virus-specific cytotoxic
T lymphocytes (CTLs) that play a vital role in clearance
and killing of viral infected cells.'>® Dendritic cells act as
APC and are involved in the presentation of viral antigenic
peptides complexed with MHC I and II molecules, which
in turn promotes the cytokine release and the cytotoxic
activity of CDS8.'>* Therefore, the overall result of the
immune response to the virus is enhancing the secretion
of pro-inflammatory cytokines such as TNF-a, IL-6, and
IFN- a /- v, together with reducing anti-inflammatory
cytokines.'>*

As previously stated, vitamin D may contribute effec-
tively to reduce the production of proinflammatory
T helper (Th) 1 cytokines (TNF- o and IFN- y) and
increases the expression of anti-inflammatory cytokines
by macrophages,’”'> leading to further control of cyto-
kine storm effects. Accordingly, vitamin D has overall
modulation effects on the adaptive immune response that
produces immune tolerance in the body.”” On the other
hand, innate cellular immunity can be reinforced by the
action of vitamin D in macrophage, relatively through the
activation of TLR2/1 to increase the expression of AMP
cathelicidin (LL-37) and defensins'>®'>’(Figure 2A). This
means that VDR signaling is linked to the activation of
AMP cathelicidin to modulate the autophagy system, cyto-
kine/chemokine generation, and crosstalk with innate and

adaptive immune responses during infection.'>®'%’

Evasion of Immune System

In order to survive within the host cells, coronavirus adopts
multiple strategies to avoid immune sensing. Similar mechan-
isms of evasion can be postulated and adopted to SARS-CoV
-2 which has little reported information as of yet. Any micro-
bial agent possesses pathogen-associated molecular patterns
(PAMPs) that can be recognized by pattern recognition recep-
tors (PRRs) within the host cells to control its invasion.
Accordingly, SARS-CoV and MERS-CoV enhance the pro-
duction of double membrane vesicles within which they can
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replicate, thereby avoiding the host detection of their
dsRNA."7 In addition, similar to SARS-CoV-1, SARS-CoV
-2 can inhibit the production of INF classes in the infected
bronchial cells lines culture.'>® This cellular culture’s result is
consistent with the finding of a clinical study that revealed that
patients with severe COVID-19 had demonstrated a marked
decrease in IFN-I compared with patients with mild or mod-
erate disease.'”” These findings have supported the proposal
that vitamin D3 may be of great benefit to combat SARS-CoV

-2 infection.'>’

Consequences in Patients with Vitamin
D Deficiency and Concurrent Risk
Factors During SARS-CoV-2 Infection

Febrile illness, as a result of a systemic influx of pyrogenic
cytokines, is considered as the main symptom of COVID-19
in 85% of cases, whereas in 45% of cases, the early onset of
symptoms that were reported included fever, sore throat, nasal
congestion, dyspnea, dry cough, and radiological changes.'®
As mentioned previously, lung tissue damage induced by
SARS-CoV-2 may result in ARDS which is usually accom-
panied with septic shock, both of which are considered the
leading cause for intensive care unit (ICU) admissions and for
increased mortality rates; particularly in patients over 60 years
of age.'® It was also determined that patients who smoke in
older age groups showed a higher density of ACE2 receptors
that increased their susceptibility to a poorer outcome from
COVID-19.'!

In addition, most COVID-19 patients admitted to hos-
pital have presented signs of severe inflammation and low
status
Moreover, within a few days, a significant percentage of

nutritional including vitamin D deficiency.
them develop respiratory failure requiring non-invasive
ventilation or continuous positive airway pressure.'®® The
damaged respiratory endothelium during the entrance of
SARS-CoV-2 through ACE2 receptors leads to endothelial
dysfunction that in turn interferes with the binding of
inadequately present vitamin D to its receptor (VDR),
resulting in further progression of the inflammatory pro-
cess and increased risk of severity in COVID-19.'%
Lately, several researchers have confirmed the positive
effects of GSH, that acts as a potent antioxidant, along
with its precursor, L-cysteine, on vitamin D metabolism.*!
Thus individuals with depleted GSH become less able to
overcome the oxidative stress that develops during infec-
tions. They will also be unable to enhance the action of
vitamin D.

Furthermore, obesity may diminish the immune func-
tion as a result of increased adiposity which may damage
the alveoli, wherein viral pathogenesis and damaged
immune cells could contribute to a maladaptive cycle of
immunological processes. This condition may become
worse if the patient has existing related chronic disease,
particularly high blood pressure and diabetes mellitus.'®?
In patients with type 2 diabetes mellitus, hyperinsulinemia
promotes a further decrease in vitamin D via trapping
within adipocytes, and thus decreasing the plasma mem-
brane’s negative charge between red blood cells, platelets,
and endothelial cells, resulting in increased agglutination

and thrombosis.'®*

Experimental and Clinical Studies
Showing Variable Effects of Vitamin D on
SARS-COV-2

Clinical studies showed that the most vulnerable populations
for COVID-19 are the elderly population and those with
vitamin D deficiency.® Older patients with comorbidities and
below-normal vitamin D have a higher rate of mortality.'®®
Vitamin D deficiency was also reported to be associated with
an increased risk of severity in COVID-19.'% It seems highly
probable that appropriate supplementation of vitamin D for
populations with a high prevalence of vitamin D deficiency
may decrease the risk of severe COVID-19 consequences.'®®

In animal models of acute respiratory distress syn-
drome (ARDS), vitamin D pretreatment was beneficial in
reducing lung injury by re-modulation of RAS expression
and ACE2 activity which is an important receptor for
COVID-19 pathogenesis.'®” Experts hypothesize that vita-
min D supplementation may enhance immunity and help
humans to fight COVID-19 and its aggressive effects on
all organ systems.'®® A recent retrospective study of
laboratory confirmed SARS-CoV-2 infection suggested
that vitamin D supplementation could possibly improve
clinical outcomes of patients infected with COVID-19
based on increasing odds ratio of having a mild outcome
when serum 25(OH)D level increases.'®’

Yet there are insufficient cohort studies and clinical
trials to define the role of vitamin D in the prevention of
COVID-19 infections and/or infection severity. An initial
data reported by Alipio '®°, found that the severity of the
infection is highly correlated to the vitamin D3 levels.'®”
In that study, the author revealed that patients with an
adequate status of vitamin D3 (>30 ng/mL) manifested

moderate COVID-19 symptoms, while 72.8% of patients
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with vitamin D3 deficiency (<20 ng/mL) had severe
symptoms.“’9 Achieving the appropriate levels of serum
25(0H)D is crucial for VDR signaling to mediate the
defense process against viral respiratory infections'® by
modulating the TLR expression.

Although there are extensive experimental and clinical
studies on the role of vitamin D in the immunomodulation
of the adaptive immune system, controversial clinical
results still exist. There are many randomized controlled
trials that were done in the field of vitamin D and its effect
on infections, however, most of these trials have multiple
limitations that could be attributed to lack of homogeneity
as vitamin D absorption varies depending on ethnicity,
season variations, geographic distribution, vitamin
D dosage variations used in in vivo and in vitro studies,
as well as on the specific laboratory method that was used
for measurement. In addition, vitamin D controls the
expression of several genes relevant to cellular prolifera-
tion, differentiation, apoptosis, and angiogenesis, however,
genetic variation in the vitamin D pathway influences the
upper respiratory tract infection risk,'® and so this may
explain the variable results obtained in response to vitamin
D supplementation.

Several observational epidemiological studies and ran-
domized controlled trials have addressed the role of high
doses of vitamin D in respiratory infections.'®® A recent
review suggested using vitamin D loading doses of
200,000-300,000 TU in 50,000 IU capsules would help
reduce the risk and severity of COVID-19.> On the con-
trary, a recent randomized, double-blind, placebo-
controlled clinical trial revealed that a single high dose
of vitamin D3 did not significantly decrease length of stay
in hospital or improve any other clinically relevant out-
comes among hospitalized patients having moderate to
severe COVID-19 infections. However, several limitations
were encountered in this study among which are the low
percentage of patients enrolled and the presence of several
comorbidities in the patients who were subjected to a wide
range of medication regimens that could have affected the
results due to heterogeneity.' ™

To date, several drugs have been tried for treating
COVID-19 but no evidence-based clinical trials have
been published yet that provide data about their safety
and efficacy.'”"'”® These include the antivirals interferon
o  (IFN-0), 176
Hydroxychloroquine was commonly used for the reduction

Remdesivir, and Favipiravir.

of viral load but it was found to increase mortality in
certain groups.'’? Vitamin D is a proposed safer and

more adequate alternative for other ineffective
drugs.177’178 Since vitamin D measurement and supple-
mentation is available in all hospitals worldwide, and
since it is a simple and harmless supplement with
a potentially significant role in reducing COVID-19 sever-
ity, it is reasonable to widely evaluate vitamin
D supplementation in COVID-19 patients as a possible
treating method or as adjunctive therapy. Alternatively,
we might hypothesize that mass treatment of vitamin
D deficiency might be a preventable tool against viral
infections including COVID-19 particularly during winter
months.

In addition, based on the recent studies that confirm the
positive correlation between the circulatory level of 25
(OH)D and the redox status as well as the ability of
GSH to increase serum 25(OH)D. The combination of
L-cysteine and vitamin D supplements might be of great
help in overcoming the pathogenic process of COVID
19.3%3941 Moreover, GSH that is enhanced by adequate
levels of vitamin D, has a role in preventing the oxidant
stress developed during the inflammatory process of
infection.** Therefore, combined supplementation of vita-
min D with L-cysteine, a precursor of GSH, is a step that
would prevent and/or decrease the morbidity and mortality
of COVID-19 infections.

Lastly, a recent study (still in a preprint) by Roth et al.
reported the ability of LL-37 to bind to the SARS-CoV-2
S protein and inhibit its binding to the ACE2 receptor, and
thus possibly prevent viral entry into the cells. These
findings confirmed the biochemical association between
vitamin D, LL-37, and the severity of COVID 19
infections.'”® Therefore, this study can support the pro-
phylactic use of vitamin D to protect against SARS-CoV-2
infections via inducing LL-37, or via direct use of LL-37
by inhalation and systemic application to diminish the
severity of COVID-19 infections.'”®

Taken together, vitamin D supplementation can be
considered as a safe and supportable therapy for these
diseases; however, it necessitates the conduct of larger-
scale studies over longer durations of therapy to confirm

this assumption.

Conclusion

Vitamin D has a role in the modulation of the inflamma-
tory immune response via controlling gene expression of
VDRs. It reduces pro-inflammatory cytokines as TNF-a
and IFN-y, and increases anti-inflammatory cytokines such
as IL-10. Vitamin D also reduces thrombo-embolic events
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associated with infections. It exerts its anticoagulant effect
by up-regulating the expression of anticoagulant glycopro-
teins (especially defensin), down-regulating the expression
of critical coagulation factors, inhibition of RAS system,
and induction of ACE2 receptors. In addition, vitamin
D has a significant role in decreasing the oxidative stress
that occurs during infections via up-regulating the expres-
sion of GSH.

Vitamin D deficiency is reported to increase the risk of
several infections such as tuberculosis, influenza, HIV, and
COVID-19. Vitamin D supplement in these cases is proposed
to reduce the risk of developing the infection, alleviate the
severity, or prevent serious complications. However, no solid
evidence-based data exists to date to confirm or negate this
hypothesis. Results from different studies in current literature
are conflicting. In influenza, vitamin D has been found to have
a preventive effect against influenza virus infection via enhan-
cing the innate immunity by up-regulation and production of
antimicrobials such as defensin in primary human monocytes,
neutrophils, natural killer cells and in the peripheral cells that
the
D supplementation inhibited the growth and replication of
MTB through the production of AMP cathelicidin and subse-
quent killing of intracellular MTB. In HIV patients, vitamin

line respiratory tract. In tuberculosis, vitamin

D deficiency is prevalent. This deficiency is due to impairment
of 1,a-hydroxylase in patients with HIV due to over-activation
of TNF-a and HIV-nephropathy. Reciprocally, vitamin
D deficiency in HIV patients delays CD4 " recovery. Vitamin
D has a further essential role in the prevention of COVID-19
infection. Coronavirus enters the host cell via binding to ACE2
receptors, then inhibits the expression of these receptors,
resulting in lung injury and pneumonia. On the other hand,
vitamin D enhances the expression of ACE2 receptors via its
negative impact on RAS, and subsequently reduces the cyto-
kine storm and thus the severity of the COVID-19 infection.
Vitamin D also reduces the cytokine storm associated with
SARS-CoV-2 infection via modulating adaptive immunity,
suppression of Thl responses, and suppression of cytokine
synthesis and release.

Vitamin D deficiency is a common and widespread
condition in all parts of the world, taking into respect
different ethnicities, geographic distributions, genetic var-
iations in vitamin D pathways and other comorbid risk
factors encountered namely obesity, diabetes, and hyper-
tension. This may explain that although there were
a considerable number of studies that showed the benefi-
cial effects of vitamin D supplementation in various infec-
tions including SARS-CoV-2, controversial results were

reported by others. Since vitamin D measurement is avail-
all
D supplementation is a simple and harmless method with

able in hospitals worldwide and vitamin
a likely promising role in several infections’ prevention
and/or treatment (including COVID-19), it is reasonable to
conduct large, well-designed, multi-centered, randomized
controlled clinical trials to address the role of vitamin
D supplementation in these conditions. This may lead to
the following valid questions: whether maintaining ade-
quate vitamin D stores in the body can prevent infections
or not, as well as, whether adjuvant therapy with
the

D supplementation via enhancing its metabolism or not.

L-cysteine can improve outcome of vitamin

It is clear that vitamin D is linked with many infections and
infectious processes, although further studies are needed. We
recommend screening vulnerable populations and optimizing
their care accordingly. If, however, widespread screening is
difficult or inaccessible, empirical treatment with replacement
doses of vitamin D can be given to at-risk populations, such as
people who have poor exposure to the sun i.e., inmates, nur-
sing home populations and patients suffering from chronic
infections. Optimization of vitamin D stores during winter
months will decrease the risk of acute viral infections. The
replacement dose that we suggest is 50,000 units of cholecal-
ciferol per week for a period of three months to be given with

adequate calcium intake for concurrent bone health benefits.
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Pathogen-associated molecular patterns; PE,
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(PRRs) PTH, Parathyroid hormone; RAS, Renin-angiotensin
system; RNA, Ribonucleic acid; SARS, Severe acute respira-
tory syndrome; TB, tuberculosis; Thl, T helper cell type 1;
TNF-a, Tumor necrosis factor alpha; TLR, Toll-like receptor;
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