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Vitamin D deficiency, which causes an imbalance in bone remodeling, is a global public health problem and its
frequency is increasing.
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| 1. Introduction

Vitamin D deficiency, which causes an imbalance in bone remodeling, is a global public health problem and its
frequency is increasing. Due to the pleiotropic effects of vitamin D, its deficiency is related to a higher risk of
cardiovascular diseases 28] infectious diseases, and autoinflammatory diseases, such as rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), and multiple sclerosis (MS). In addition, vitamin D taken for the
treatment and prevention of disease has been debated, given its immunosuppressive effect. Anti-cancer effects of

vitamin D have found application in cancer treatment 41,

| 2. Vitamin D and the Immune Cells

Granulocytes, dendritic cells, monocytes/macrophages, and lymphocytes play an important role in the regulation of
the immune system, the inflammatory response, and bone remodeling. In the 1980s, Abe et al. reported that
vitamin D induces differentiation of monocytes and macrophages 2. It has also been demonstrated that dendritic
cells, monocytes/macrophages, and T and B cells express vitamin D and la-hydroxylase (CYP27B1), the vitamin
D-activating enzyme (€. In this section, we discuss the function of vitamin D in these immune cells, which play

important roles in infectious and autoimmune diseases.

2.1. Dendritic Cells

A dendritic cell acts as an antigen-presenting cell to T cells, priming the adaptive immune response. Stimulation
with the active form of vitamin D downregulates MHC class Il and co-stimulatory molecules (such as CD40, CD80,
and CD86), expressed on dendritic cells, resulting in T cell activation. In addition, activated vitamin D or vitamin D
analogues suppress dendritic cell cytokine production, specifically, interleukin (IL)-12, which affects the
differentiation of T helper cells into Thl cells, and IL-23, which affects the differentiation of T helper cells into Th17

cells. Vitamin D also promotes expression of the anti-inflammatory cytokine IL-10 ],
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2.2. Monocytes/Macrophages

Monocytes/macrophages play an important role in the protection of infections by producing inflammatory cytokines.
Components from bacteria, viruses, and fungi are recognized by toll-like receptors expressed on the surfaces of
monocytes and macrophages, which upregulate the expression of the vitamin D receptor (VDR) and CYP27B1 [,
After transport into the cell, 25-hydroxyvitamin D (25D) is metabolized into the active form of vitamin D, 1,25-
dihydroxyvitamin D (1,25D), by CYP27B1. Within the cell, 1,25D binds to VDR, which exists in the cytosol or
nucleus, and the activated VDR forms a heterodimer with the retinoid-X receptor (RXR). The heterodimer binds to
DNA and induces the production of antibiotic peptides, such as cathelicidin and B-defensin 2 LUl These peptides
produce antibiotic effects by destroying the cell membranes of bacteria and viruses or by activating an antibiotic
signaling cascade in infected cells.

The NF-kB transcription factor is required for the expression of DEFB4, the gene encoding B-defensin 2, and 1,25D
has been shown to affect NF-kB activation. 1,25D induces the expression of nucleotide-binding oligomerization
domain 2 (NOD2), an intracellular pathogen-recognizing protein. NOD2 binds to muramyl dipeptide, a common
peptidoglycan among gram-negative bacteria, to promote the transcription of DEFB4 via NF-kB 2. Furthermore,
1,25D has been shown to induce autophagy, a conserved cellular degradation and recycling process in eukaryotes,
in macrophages, and to promote antibiotic activity (Figure 1). Yuk et al. reported that 1,25D induces transcription of
the autophagy-associated proteins Atg-5 and Beclin-1, which promote autophagy via the induction of cathelicidin
and its downstream factors (p38, ERK, and C/EBPB) 12l 1,25D produced by monocytes and macrophages induces
the expression of cathelicidin and B-defensin 2, which contribute to protection against infections 14l It also
regulates the epigenetic programming of monocytes/macrophages during immune challenges and, thereby, affects
immunological memory and subtype differentiation of immune cells (22!,
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Pathogens

Figure 1. Effects of vitamin D on immune cells. Activation of toll-like receptors by pathogens increases the
expression of vitamin D receptor (VDR) and CYP27B1. Upon entering the cell, 25D is metabolized to 1,25D by
CYP27B1. 1,25D then binds to VDR, which induces cathelicidin and B-defensin 2. Cathelicidin promotes antibiotic
activity via autophagy 241,

2.3. T Cells

T cells interact with antigen-presenting dendritic cells to induce an antigen-specific immune response. T cells
express both the VDR and CYP27B1. Naive T cells express a low level of the VDR, which gradually increases
upon activation. Moreover, 1,25D suppresses the proliferation and differentiation of CD4-positive T cells via
cytokine secretion. Specifically, 1,25D reduces Thl-type differentiation and the secretion of inflammatory cytokines
(IL-2, IFNy, and TNF-a), and promotes Th2-type differentiation and the secretion of anti-inflammatory cytokines (IL-
4, IL-5, and 1L-10) 181, Additionally, 1,25D inhibits the secretion of Th17-related cytokines (IL-17, IFNy, IL-21, and
IL-22) and negatively regulates the RAR-related orphan receptor C and the aryl hydrocarbon receptor, which are
master regulators of Th17-type differentiation 128l Conversely, 1,25D promotes the differentiation of regulatory T
cells, preventing an increased autoimmune response by inducing the anti-inflammatory cytokine IL-10 and the

FoxP3 transcription factor 19,

2.4. B Cells
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B cells play a key role in autoimmune disease via the production of autoantibodies; they also express the VDR and
CYP27B1. Previous studies have indicated that B cell differentiation, proliferation, and antibody production are
suppressed by 1,25D-treated T helper cells. However, a recent study demonstrated that 1,25D itself suppresses

naive B cell differentiation or maturation to memory B and plasma cells 29,

| 3. Vitamin D and Infectious Disease

In recent years, epidemiological data have shown that vitamin D deficiency is associated with morbidity in several
infectious diseases. However, vitamin D supplementation as a treatment for infectious diseases remains
controversial, in part due to conflicting clinical study results 2. In this section, we will focus on respiratory
infections, including the 2019 coronavirus disease (COVID-19) and the flu. We reviewed recent clinical studies on
the correlation between vitamin D deficiency and morbidity, the effects of vitamin D supplementation in randomized

controlled trials (RCT), and the underlying mechanisms.

3.1. Flu and Vitamin D

It has been reported that a low serum level of 25D in patients is positively correlated with morbidity in upper
respiratory tract infections, including the flu. The increased morbidity of the flu in the winter may be related to
decreased exposure to sunlight since synthesis of the active form of vitamin D requires sunlight. Interestingly, in
cases with an increase in the serum 1,25D level by 10 nmol/L, the risk of infection decreases by 7% [22. However,
the use of vitamin D supplementation continues to be controversial. Hayashi et al. found that mice fed a diet
consisting of a high dose of 25D and infected with the influenza virus exhibited decreased production of the
inflammatory cytokines, IL-5 and IFN-y 23], In an RCT conducted by Murdoch, healthy adults were given more than
100,000 IU of vitamin D3 for 1 month; however, morbidity resulting from upper respiratory tract infections did not
decrease 24, Conversely, another RCT conducted by Camargo demonstrated that vitamin D3 administration (300
IU/day for 3 months) resulted in decreased morbidity related to upper respiratory tract infections in Mongolian
children [22], However, another RCT targeting immunodeficient patients in Sweden showed that daily administration
of vitamin D3 (4000 IU/day) reduced symptoms, the amount of pathogen detected in mucus, and the duration of
antibiotic treatment 28271 Moreover, a double-blind trial conducted by Urashima et al. indicated that children
treated with vitamin D3 (1200 IU/day) had a significantly lower rate of flu type A (18.6%) compared to the placebo

group (10.8%) (28!, |n that trial, vitamin D supplementation was significantly effective in children with asthma.

3.2. COVID-19 and Vitamin D

COVID-19 is a serious public health threat. Its pathogen, the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), causes respiratory symptoms. Many observational studies have demonstrated that serum vitamin
D levels are inversely correlated with the incidence and severity of COVID-19 29, The suggested mechanism is
that vitamin D suppresses the renin-angiotensin system, increases ACE2 concentration in acute lung injury, and
induces an interferon (IFN)-mediated antiviral reaction. Xu et al. suggested that 1,25D alleviates

lipopolysaccharide-induced acute lung injury through renin suppression and Ang Il expression B A similar
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mechanism may be expected in SARS-CoV-2-related acute respiratory distress syndrome (ARDS). Type | IFNs are
natural antiviral mediators, and there is evidence that their response contributes to COVID-19 severity 1. A
molecular study has described a constitutive inhibitory interaction between unbound VDR and STAT1, a
transcription factor in Type | IFN signaling. Consequently, vitamin D deficiency could reduce the effectiveness of
the IFN-mediated antiviral response due to higher levels of unbound VDR [32. T Therefore, vitamin D

supplementation may contribute to the prevention of severe COVID-19.
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