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Severe acute respiratory syndrome coronavirus 2 (SARS-COV2) infection causes
life-threatening respiratory illness, which has caused significant mortality and mor-
bidity around the globe. Coronavirus disease 2019 (COVID-19) causes mild respira-
tory illness in most infected individuals; however, in some patients it may progress to
sepsis, acute respiratory distress syndrome (ARDS), cytokine release syndrome (CRS),
and multiorgan dysfunction (MODS), which results in intensive care unit (ICU) admis-
sions and increased fatalities. Recent evidence shows that most of these comorbidi-
ties associated with COVID-19 infection are associated with dysrequlation of the host
immune response. Vitamins C and D have been shown to regulate immune response
by decreasing the proinflammatory cytokine release from immune cells and induc-
ing proliferation of other immune cells to robustly fight infection. This review criti-
cally evaluates the current literature on vitamins C and D in modulating an immune
response in different diseases and their potential therapeutic effects in preventing

» chronic diseases

Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV2) is a zoonotic novel coronavirus originating in
China, December 2019, and leading to the most unstoppable
infectious disease emergency in the 21st century. With no
prior immunity to the disease, most patients develop flu-like
respiratory symptoms or remain asymptomatic. The wide
variety of symptoms in coronavirus disease 2019 (COVID-19)
from fever, dry cough, dyspnea, and dysgeusia to acute respi-
ratory syndrome (ARDS) and cytokine storm' makes it a
tricky infectious disease to navigate and manage. So far, there
have been multitudes of clinical trials on a range of treatment
modalities, targeting specific constituents of the virus or the
body’s immune system such as vaccines, antivirals, hydroxy-
chloroquine, recombinant soluble angiotensin converting
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complications in COVID-19 infection.

enzyme-2 (ACE2), type 1 interferons, convalescent plasma,
corticosteroids, cytokine inhibition by monoclonal antibod-
ies (tocilizumab, interleukin 6 [IL-6] receptor antagonist and
anakinra, recombinant interleukin 1 [IL-1] receptor antago-
nist), intravenous immunoglobulins (IVIG), and lastly inhibi-
tion of Janus kinases (JAK).2

Even though most clinical presentations are mild, some
patients may progress to sepsis, ARDS, cytokine release syn-
drome (CRS), or multiorgan dysfunction (MODS), leading to
intensive care unit (ICU) monitoring and control.’® There is
no specific approved treatment to prevent these comorbidi-
ties; vaccines are still undergoing trials. The supportive man-
agement includes oxygen maintenance, intravenous fluids,
and symptomatic management. Other treatment modalities
may include corticosteroids, anticoagulants, tocilizumab,
a humanized monoclonal antibody against IL-6 receptor,
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or anakinra, a recombinant monoclonal body against IL-1
receptors.?

Most of the case fatalities in COVID-19 patients are seen
in the severe presentation. With the onset of cytokine storm
being the main etiology of pulmonary destruction also seen
in the severe acute respiratory syndrome (SARS) epidemic, it
should only make sense that we would propose mechanisms
and modalities that target the hallmark of the disease, that
is, CRS. There are treatments that target the viral life cycle
molecules and treatments that focus on the inflammatory
response. In this article we would like to propose actionable
steps through the use of accessible, economic, and functional
compounds forimmunomodulation in COVID-19; we hypoth-
esize that vitamins D and C decrease the proinflammatory
cytokine release in some components of the immune system
and induce proliferation of other immune cells to robustly
fight infection and not deplete immune and energy reserves
in the host. Vitamin D and vitamin C are immunomodulating
agents that have been used for their disease-modifying prop-
erties for decades.

COVID-19 and Immunology

SARS-CoV2 is an encapsulated positive-sense, single-
stranded RNA (+ssRNA) virus from the Coronaviridae fam-
ily. Coronaviruses are spherical with homotrimer pro-
jections on the surface called spike (S) proteins. The S
protein facilitates adhesion to host cells and binding to
transmembrane ACE2 receptor for cell entry. Around 80%
of COVID-19 infections are either asymptomatic or mild ill-
ness; the rest are critically ill or requiring intensive care in
the ICU. The incidence of SARS-CoV?2 is higher in men; this is
explained by the fact that androgens from the prostate gland
lead to expression of TMPRSS2, which is used as a cofactor to
ACE2. The most important cytokine mediating the “cytokine
storm” picture in COVID-19 is IL-6, which helps in the release
of acute phase reactants, B-cell differentiation, and thermo-
regulation. COVID-19 has also shown higher coagulation lev-
els of coagulation, with higher levels of thromboembolism
and “microclots” in the circulation.??

The innate immune system encountering the SARS-
CoV2 virus is hypothesized to recognize the ssRNA virus
through pattern recognition receptors (PRR) such as cytosolic
RIG-I like receptors (RLRs) and toll-like receptors (TLRs). This
is followed by cytokine release of antiviral cytokines such as
interferons and proinflammatory cytokines such as tumor
necrosis factor o (TNF-a), IL-1, IL-6, and IL-18. The host cells
clear out viral infections primarily through type 1 interferon
clearance. Studies have shown that dysregulation of myeloid
cells such as monocytes, macrophages, and dendritic cells
leads to ARDS and CRS.

Flow cytometry of peripheral mononuclear cells has
shown inflammatory monocytes secreting granulocyte-mac-
rophage colony-stimulatory factor (GM-CSF). IL-6, IL-1, and
IENI/III secreted by the pulmonary epithelium recruit these
inflammatory monocytes, neutrophils, and lymphocytes.
Inflammatory monocytes, in turn, secrete IL-6 and TNF-q,
leading to severe hyperinflammation, and consequently CRS

and ARDS. T-lymphocytes, releasing cytokines and mediating
cytotoxic effects, and B lymphocytes, secreting antibodies,
are also implicated in the defense against COVID-19."?

Natural Roles of Vitamins D and C in Humans

Vitamin D

Vitamin D is an essential fat-soluble vitamin that is obtained
from the diet or through ultraviolet- mediated biosynthesis
giving rise to its active form 1, 25-di-hydroxycholecalciferol
(1,25(0H), D,) or vitamin D, (calcitriol). Cholecalciferol
(D,) is the primary source of vitamin D; ergocalciferol (D,)
is another source.* Vitamin D, is an essential endocrine
compound for calcium and phosphorus metabolism and
homeostasis, involving the bone, gut, kidneys, and para-
thyroid glands.> Vitamin D has been shown to improve
immune response against bacteria, viruses, fungi, and para-
sites. Vitamin D, binds to a vitamin D receptor (VDR), which
interacts with the retinoic acid receptor (RXR) to form a het-
erodimer and activates the VDR response elements (VDRE).
This D,/VDR/RXR/VDRE complex is responsible for regulat-
ing 900 genes. The vitamin D,-activating enzyme has been
expressed in many other tissues such as bone, kidneys, intes-
tine, pancreas, platelets, and prostate.®

Vitamin C

Vitamin C is an important micronutrient and antioxidant
involved in many redox reactions. Discovered in the 1920s
by Nobel laureate Albert Szent-Gyorgyi from Hungary as an
essential vitamin for scurvy prevention, vitamin C also has
significant immunomodulatory, antimicrobial, antiparasitic,
antiviral, and antioxidant properties.” The natural sources of
vitamin C or ascorbic acid are citrus fruits, mangos, straw-
berries, papayas, tomatoes, among others.” Vitamin C is
an essential water-soluble vitamin in human beings since
they cannot synthesize it in their bodies due to a lack of
L-glucono-y-lactone oxidase. Human beings need a minimum
of 10 mg daily dose of vitamin C to ward off scurvy, although
the daily requirement from diet needs 100 to 200 mg of vita-
min C per day for human beings.? Vitamin C also has a partial
role in metabolism including energy transformation, colla-
gen biosynthesis and repair, adrenal steroid and catechol-
amine production, and iron absorption.”®-'! Vitamin C is also
an important cofactor in collagen synthesis, stabilizing the
collagen tertiary structure by enabling reactions that require
prolyl and lysyl hydroxylase.!>3

Molecular Mechanism and
Immunomodulating Effects of Vitamin
D and Vitamin C

Vitamin D

Vitamin D, is produced in the skin via ultraviolet B
(UVB) radiation, leading to the formation of 7-dehydro-
cholesterol in the skin, which is followed by a thermal
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reaction." The liver converts vitamin D, or oral vitamin D
to 25(0OH)D using 25-hydroxylase, and then to the hormonal
metabolite 1,25(0H)2D (calcitriol) in the kidneys or other
organs through 1-a hydroxylase, as needed. The majority of
vitamin D effects result from calcitriol entering the nuclear
vitamin D receptor, which is a DNA-binding protein that
interacts directly with regulatory sequences near target
genes, resulting in recruitment of chromatin active com-
plexes, participating epigenetically and genetically in alter-
ing the transcriptional output.' The expression of the nuclear
vitamin D receptors (VDR) in immune cells, such as macro-
phages, T cells, B cells, NK cells, and dendritic cells (DC), leads
to histone acetylation and epigenetic transformation.’® In
various studies, vitamin D was considered to reduce the risk
of viral infections. One recent review about vitamin D’s role
in reducing the risk of the common cold has grouped these
mechanisms into three categories—physical barrier, natural
cellular immunity, and adaptive immunity.'” Besides, vita-
min D helps maintain tight, gap, and adherent junctions (e.g.,
via E-cadherin).!® It is proven by several studies that viruses
increase infection by disrupting the junction integrity.!%-2!

Vitamin D is implicated in the biosynthesis of antimicro-
bial peptides such as cathelicidin (LL-37) and B2 defensins,
activated B-cells and T-cells, and also promotes proliferation
of T-regulatory (Treg) cells.’82224 Cathelicidins act as direct
antimicrobial molecules against Gram-positive (GP) and
Gram-negative bacteria (GN), enveloped and nonenveloped
viruses, and fungi.?> Furthermore, these antimicrobial pep-
tides disturb the cellular membrane of invading pathogens
and can neutralize the biological activities of endotoxins
resulting in their death.?® Other laboratory studies have shown
more critical important functions on the antimicrobial pep-
tides including LL-37 reducing influenza A virus replication in
a mouse model,?” and 1,25(0H)2D reducing the replication of
rotavirus both in vitro and in vivo.?® The innate immune sys-
tem generates both proinflammatory and anti-inflammatory
cytokines in response to viral and bacterial infections, as
observed in COVID-19 patients; and vitamin D has proven
to boost the immune system. Administering vitamin D
reduces the expression of proinflammatory Th1 cytokines,
such as TNF-q, IL-2, and interferon y (IFN-Y),*® and increases
the expression of anti-inflammatory cytokines by macro-
phages, thus, signifying its immunomodulatory roles in
adaptive immunity.***? Also, 1,25(0H)2D, promotes T helper
type 2 (Th2) cells to produce cytokines that helps to enhance
the indirect Th1 cells suppression along with actions medi-
ated by a multitude of cell types.*! Additionally, it promotes T
regulatory cell induction, thus inhibiting inflammatory pro-
cesses.* Therefore, vitamin D immunomodulation includes
attenuation of the Th1 cells and activation of the Th2 response.
It induces synthesis and secretion of anti-inflammatory cyto-
kines such as (IL-4 and IL-10) and inhibits proinflammatory
cytokines (IL-1, TNF-q, IFN-Y).6

Vitamin C

Vitamin C reduces the risk of infections as it has antimi-
crobial properties and immunomodulatory functions,

especially in high concentrations.” Vitamin C can inhibit
the activation of nuclear factor kappa-B (NFkB), a primary
proinflammatory transcription factor with a crucial role in
overall immunity, including cytokines genetic regulations,
chemokines, inflammatory mediators, adhesion molecules,
and apoptosis inhibitors.* Additionally, vitamin C can also
inhibit the production of TNF-a and IL-6, where the effects
appear to be dose dependent.**® Moreover, vitamin C is
proven to reduce the GM-CSF signaling responses, which
regulate cytokines redox-signal transduction in host defense
cells along with a possible role in controlling inflammatory
responses.’’ Furthermore, some studies have shown that
high doses of vitamin C have a role in regulating the pro-
liferation and function of T cells, B cells, and natural killer
(NK) cells?** thus, vitamin C helps in inhibiting the progres-
sion of cytokine storms and improves the host’s immunity.
Moreover, vitamin C can inhibit oxidative stress,*® which is an
essential part of the innate immune response to viral respi-
ratory infection (e.g., in COVID-19 as oxidative stress may
play a role in its mechanism).**4! Additionally, vitamin C can
repair oxidative damage in bronchial epithelium by modulat-
ing reactive oxygen species (ROS) generation and expression,
therefore preventing ROS-induced lung damage.**** Vitamin
C has a role in the epigenetic and transcriptional enhance-
ment of protein channels that regulate alveolar fluid clear-
ance, leading to enhancement of lung epithelial barrier
function, improving ARDS symptoms and respiratory func-
tion.*># Some in vitro studies established the vitamin C
antiviral effects by inhibiting replication of herpes simplex
virus 1, poliovirus type 1, and influenza A virus.** Vitamin
C has been reported as an alternative agent against sepsis;
therein, it was revealed in some studies that high doses of
vitamin C might reduce sepsis-related inflammation and vas-
cular injury.**4’ Vitamin C supplementation has confirmed
beneficial effects against different types of viral infections;
furthermore, studies have established that patients with a
viral infection,* sepsis,*” sepsis-related ARDS* had reduced
ascorbate levels. Vitamin C has shown improved survival in
lethal infections of different murine models. A study demon-
strated the treatment of Venezuelan encephalitis virus infec-
tion in mice with vitamin C (50 mg/kg) exhibited reductions
in viral titers, products of lipid peroxidation, and NO con-
tent.>® Additionally, mice incapable of vitamin C synthesis
(L-gulono-gamma-lactone oxidase nulls) were infected with
influenza; not receiving vitamin C supplementation exhib-
ited more outstanding lung pathology scores despite the same
viral titers.>! Vitamin C was found to reduce capillary-alveolar
damage and mortality dose-dependently (100% versus 80%
versus 50% at 0, 125, and 250 mg/kg/day) in restraint-stressed
mice with HIN1 viral-induced pneumonia.>

The immunomodulating effects of vitamins C and D can
be summarized in =Table 1.48165354

Immunomodulating Effects of Vitamins D
and C in Disease and COVID-19

Vitamin D has been associated with various autoimmune dis-
eases, cancers, and pregnancy outcomes. Vitamin D has led
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Table 1 The immunomodulating effects of vitamins C and D

Vitamin D

Vitamin C

Antimicrobial effects through
cathelicidin and B2 defensins

Antioxidant, antimicrobial,
antiviral, and antiparasitic
effects

Upregulation of Th2 response and
downregulation of Th1 response

Antiapoptosis of monocytes
and apotosis of neutrophils

Induces anti-inflammatory
cytokines release and decreases
proinflammatory cytokines

Synthesis of other antioxi-
dants such as glutathione
and tocopherol (vitamin E)

T cell proliferation and differ-
entiation, especially Treg over
cytotoxic T cells

Increased immunoglobulin
secretion

Maintaining immune tolerance
by APCs

T cell proliferation and
activation

Activation of TLRs

Accelerated NK cell growth

NK growth, activation and release
of IL-4 and IFN-y by NK cells

Chemotaxis of neutrophils,
macrophages

Antiphagocytic activity and IL-1B
and IL-8 release by PMNs and

Enhanced phagocytosis and
inhibition of necrosis

macrophages

Decreased B cell proliferation and
immunoglobulin production

Epigenetic
immunomodulation

Epigenetic immunomodulation

Abbreviations: APC, antigen-presenting cells; IFN, interferon; IL, inter-
leukin; NK, natural killer; PMNs, polymorphonuclear cells; Th, T helper;
TLR, toll-like receptors; Treg, T regulatory.

to improved pregnancy outcomes, such as reducing miscar-
riages, intrauterine growth restriction (IUGR), preeclampsia,
and pulmonary embolism. It has also been associated with
diseases such as rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), multiple sclerosis (MS), antiphospho-
lipid syndrome, and Hashimoto’s thyroiditis.!®>3

Vitamin D activating enzyme 1-a hydroxylase has shown
to be upregulated in antigen-presenting cells (APCs), suggest-
ing that calcitriol synthesis in these cells mediates antimicro-
bial action. One study showed that an IL-15 administration
in macrophages led to more substantial vitamin D influence
for antimicrobial activity, than IL-10 and vitamin D coadmin-
istration in macrophages. Vitamin D has also shown to be
markedly decreased in human immunodeficiency virus (HIV)
and influenza virus and has been linked with HIV progres-
sion and mortality. In children, vitamin D also reduces the
occurrence of upper respiratory tract infection (URTI) and
decreases the viral load of hepatitis C. Calcitriol, however,
also decreases polymorphonuclear cells (PMNs) activity.®

Vitamin D is also an immunomodulatory molecule for
the innate immune system, leading to increased chemotaxis,
phagocytosis, phagolysosomal fusion, and improved barrier
function in innate cells. Cathelicidin and B2 defensins are
produced through vitamin D, upregulation of cAMP in mac-
rophages, monocytes, and epithelial cells. It has also been
shown to increase cAMP and decrease anti-inflammatory
cytokines in adults with sepsis. Such an association was not
observed in children, however. Vitamin D, has also shown
upregulation of Tregs in type-1 diabetes.>®

Yaqginuddin et al.

The role of vitamin D in autoimmune diseases has been
contentious, however. A positive correlation was seen
between inflammatory bowel disease (IBD) and vitamin D
deficiency, but no such association was noted with Crohn’s
disease. Vitamin D was associated with increased cytokines
such as IL-10, IL-4, and IL-6 in IBD, showing decreased IFN-y
compared with control. Multiple sclerosis (MS) has shown
to have increased VDRs and 1-a hydroxylase, suggesting
the utilization of the anti-inflammatory effects of vitamin
D, namely the upregulation of Tregs and decreased cytokine
secretion by CD4+ T cells. On the other hand, VDR polymor-
phisms have been associated with increased risk of RA, espe-
cially the Fokl and Taql polymorphisms, suggesting that
vitamin D may be positively associated with RA disease.*

The discrepancies in certain autoimmune studies may
be due to the mode of treatment given, whether the stud-
ies were done on animals or humans, underlying diseases,
genetic and lifestyle factors, and the different doses of vita-
min D, used in the study.

The immunomodulating effects of vitamin C can be
attributed to its antioxidant properties—it can donate elec-
trons and itself get oxidized, thus taking part in a redox
reaction. Vitamin C is needed in minimum concentration
to maintain the cellular and humoral immune response; in
higher concentrations, it also exerts lymphoproliferative
effects, induces natural killer cells activity, and chemotac-
tic effects. Vitamin C has an important antioxidant func-
tion in the gut barrier function and antioxidation, as studies
record reduced vitamin C concentrations in IBD. Recurrent
infections in Chediak-Higashi syndrome or chronic granu-
lomatous disease (CGD) have shown improved chemotaxis
with vitamin C administration, considered in part due to its
microtubule stabilization effect. Although vitamin C did not
cure the underlying etiology in both diseases, it enhanced
immune function and improved the prognosis.'#%

Vitamin C has also been shown to inhibit Pseudomonas
aeruginosa growth in vitro and Staphylococcus aureus
growth and even slightly inhibiting biofilm production in
methicillin-resistant Staphylococcus aureus. However, in
some cases such as pH-neutral mediums, Staphylococcus
aureus was not inhibited; in similar conditions in another
study, group A hemolytic streptococci growth was inhibited.

Vitamin C weakly inhibited Escherichia coli ATTC
11775 growth but had substantive antiproliferative effects on
Escherichia coli 0157:H7; 10-20 mg of vitamin C in microaer-
obic conditions could inhibit Helicobacter pylori infection in
vitro but promoted its growth in aerobic conditions. This sig-
nifies the importance of concentration, bacterial strain, and
environmental conditions for vitamin C inhibitory effects.”

In its oxidized and active form L-dehydroascorbic acid
(DHA), vitamin C also exerts its antiviral effects by inhibit-
ing replication of herpes simplex virus type 1 (HSV 1), rabies
virus, influenza virus type A, and poliovirus type A. DHA was
shown to have a stronger antiviral activity with the addition
of Fe** to the culture medium growing HSV1 than DHA alone,
due to the formation of hydroxyl free radicals induced by
Fe3+.45
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Studies have shown that high levels of vitamin D can reduce
bleomycin-induced pulmonary fibrosis in mouse studies by
decreasing IL-1fB produced by pulmonary fibroblasts. Many
studies have also shown that higher vitamin D, levels were
associated with better prognosis in acute respiratory tract
infections (ARTI) via decreasing proinflammatory cytokine
release from macrophages and T lymphocytes. On the other
end, vitamin D deficiency is associated with an increased
likelihood of developing ARTIs.>®

A recent meta-analysis confirmed vitamin C effects on
patients with severe sepsis and ARDS, resulting in reduced
mechanical ventilation and length of ICU.° In concordance to
this finding, it was recently confirmed in a randomized clin-
ical trial involving 167 patients with sepsis and ARDS that
showed significant improvement in 28-day mortality and
shortening of ICU length of stay following high-dose intra-
venous vitamin C up to 15 g per day.* It is noteworthy that
a growing number of case reports support the use of high
doses of vitamin C in the treatment against COVID-19.

Conclusion

With the evidence presented on the role of vitamins Cand D in
autoimmune, infectious, immunodeficiency syndromes and
malignancies, it is safe to conclude that these vitamins do in
fact have various immunomodulating effects that can change
the course of a disease, altering its severity, progression, and
even mortality in some cases. We propose for clinical trials to
test the benefits, disadvantages, mechanism of action of the
use of vitamins C and D medically in COVID-19 patients and
whether such changes are clinically significant.
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