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Recent research has led to an explosion in our interest and our understanding of the role of vitamin D in regulation of
immunity. At the molecular level, the hormonal form of vitamin D signals through the nuclear vitamin D receptor (VDR), a
ligand-regulated transcription factor. The VDR and vitamin D metabolic enzymes are expressed throughout the innate and
adaptive arms of the immune system. The advent of genome-wide approaches to gene expression profiling led to
identification of numerous VDR-regulated genes implicated in regulation of innate and adaptive immunity. The molecular
data infer that vitamin D signaling should boost innate immunity against pathogens of bacterial or viral origin.

Keywords: vitamin D ; non-classical actions ; innate immunity ; antibacterial activity ; antiviral activity

| 1. Introduction

The active hormonal form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH),D3), signals through the vitamin D receptor
(VDR), a member of the nuclear receptor family of ligand-regulated transcription factors!l. 1,25(0H),D3 is produced by
sequential hydroxylations of vitamin D, first by largely hepatic 25-hydroxylation catalyzed by cytochrome P450 2 R1
(CYP2R1) and other enzymes, followed by tightly regulated la-hydroxylation by CYP27B1 in peripheral tissues. The
classical view of vitamin D action in calcium homeostasis is based on the conversion of 25-hydroxyvitamin D (250HD),
the major circulating form, into 1,25(0OH),D3 in the kidney. Renal CYP27B1 expression is controlled by key regulators of
calcium homeostasis, such as parathyroid hormone and fibroblast growth factor 23 (FGF23)I. In the classical model,
renal 1,25(0OH),D3; released into the circulation acts in an endocrine manner to maintain circulating calcium
concentrations, most notably by enhancing the intestinal uptake of dietary calcium. Indeed, severe neonatal vitamin D
deficiency leads to hypocalcemia and rickets, with defects in skeletal growth associated with softening and weakening of
the bones. Descriptions of rickets, along with paleontological evidence, date back millennial@. Cod liver oil and sun
exposure were proposed as treatments for nutritional rickets as early as the beginning of the 19th centuryl.
Unfortunately, 200 years later, nutritional rickets remains a clinical problem and is almost certainly under-reported=!,
Moreover, rickets diagnosed in the clinic represents the tip of the iceberg both in terms of the extent of pediatric vitamin D
deficiency and because it is often associated with an increased prevalence of diseases unrelated to disrupted calcium
homeostasisl2. These include a number of immune-related disorders, such as increased rates of infections and conditions
associated with compromised innate immunity; autoimmune diseases, such as type 1 diabetes (T1D) and multiple
sclerosis (MS); and allergic conditions, such as atopic dermatitisiIEILZ,

Clinical interest in the links between vitamin D deficiency and these non-classical immune indications has been bolstered
by rapidly expanding evidence from laboratory and translational studies that vitamin D signaling is a key regulator of both
the innate and adaptive arms of the immune systeml. The VDR and vitamin D metabolic enzymes are present
throughout the immune system, and, importantly, CYP27B1 production in immune cells is induced by pathogen detection
and regulated by a complex cytokine network!®9 and is independent of calcium homeostatic signals. Thus, hormonal
1,25(0H),D3 can be produced and act locally in the immune system under conditions of pathogen threat. The discovery of
induced CYP27B1 expression in myeloid cells in vitro provides a molecular basis for observations of elevated levels of
1,25(0H),D3 produced by macrophages in granulomatous diseases like sarcoidosis, which in extreme cases can lead to
hypercalcemia X(see Figure 1 for details).
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Figure 1. Vitamin D signaling in innate immunity. Intracrine production 1,25D from CYP27B1-catalyzed conversion of
circulating 25D in activated macrophages and dendritic cell is shown. The induction of expression by 1,25D signaling
through the VDR of genes encoding several types of proteins implicated in innate immune signaling, including
cytokines/chemokines, pattern recognition receptors (PRRs) and antimicrobial peptides (AMPS), is indicated. 1,25D
signaling within and release from dendritic cells influences dendritic cell maturation and suppresses production of
inflammatory Thl and Th17 cells, favouring Th2 and Tregs. See text for details.

Innate immune responses are initiated by the detection of pathogen-associated antigens (pathogen-associated molecular
patterns; PAMPS) by families of so-called pattern recognition receptors (PRRs). PRR activation and signaling leads to the
production of antimicrobial peptides and a network of downstream responses, including an array of cytokines and
chemokines, which propagate the signal to other components of the immune system. Studies of 1,25(0OH),Ds-regulated
gene expression in innate immune cells have revealed that vitamin D signaling functions upstream and downstream of
PRRs to enhance immune responses. This includes inducing the expression of CD1412, a cofactor of toll-like receptor 4
PRR signaling, as well as that of NOD2 (nucleotide-binding oligomerization domain protein 2), a PRR defective in a
subset of patients with Crohn's diseasell2l. The hormone-bound VDR also directly stimulates the transcription of genes
encoding antimicrobial peptides cathelicidin antimicrobial peptide (CAMP/LL37) and human beta/defensin 2 defensin B4
(HBD2/DEFB4)13114115]  and readily detectable antibacterial activity is secreted into the media of 1,25(0OH),Ds-treated
cells in vitro4lL8l |mportantly, antimicrobial activity in pulmonary surface airway fluid was significantly higher in vitamin D-
supplemented patients in a placebo-controlled double-blind randomized trial (RCT). In the presence of 1,25(0H),Ds,
the expression of several cytokines, including interleukin 1b (IL-1b), a core component of innate immune responses, and
the neutrophil chemokine IL-8/CXCL8 are induced, notably in macrophages infected with Mycobacterium tuberculosist&l,
Vitamin D signaling also regulates the innate-adaptive immune interface by rendering dendritic cells less inflammatory!X!
(29120 This contributes to suppression by 1,25(0OH),D3 of peripheral inflammatory T cell responses and enhanced
development of T-regulatory (Treg) cellsE2UI22123] |n zddition to the above, genome-wide analyses of vitamin D
signaling have revealed that the VDR regulates the transcription of numerous other genes implicated in immune system
function24!. Thus, we are physiologically wired to produce 1,25(0OH),D5 locally in immune cells in response to pathogens,
and vitamin D signaling is a key component of many aspects of immune responses.

2. Antiviral Activity of Vitamin D Signaling: Specific Reference to COVID-
19.

At this writing, the world is in the grips of the COVID-19 pandemic, which is caused by the SARS-CoV-2 (severe acute
respiratory syndrome-Covonavirus-2) virus. As such, along with SARS and MERS (Middle East respiratory syndrome), it
represents the third and most severe coronavirus outbreak of this century. Notably, a recent British Medical Journal
editorial on COVID-19 led to an extended discussion of vitamin D deficiency as a potential risk factor22l, While COVID-19
is particularly severe in elderly populations, all age groups, including pediatric populations, are susceptible. One study
provided evidence that pediatric COVID-19 was associated with coinfections[2€], and fears of the spread of SARS-COV-2
in children will grow in many countries with a return to school. Clinical trials have yet to be registered to test the effects of
vitamin D supplementation in the prevention/treatment of COVID-19 in children, although they are sure to come. However,
clinical evidence is presented below that vitamin D supplementation reduces the rates of respiratory tract infections many
of which are viral in nature. There is molecular evidence to support such antiviral activity. The antimicrobial peptide



CAMP/LL37, whose expression is strongly inducible by 1,25(0OH),D3, has antiviral activity against enveloped viruses in
vitro and influenza A in vivol&, 1,25(0OH),D; also enhances the antiviral activity of bronchial epithelial cells in vitro and
diminishes rhinovirus replication28l, While these findings support the notion that hormonal vitamin D induces antiviral
activity, it should also be noted that vitamin D signaling acts as a negative regulator of the renin-angiotensin system(2,
which includes ACE2 (angiotensin converting enzyme 2), the receptor for SARS-COV-2 ACE2BY. ACE?2 itself functions as
a negative regulator of the renin-angiotensin cascade, and in an animal model, a 1,25(0OH),D3 analogue enhanced ACE2
expression in vitrolBL, This may not be beneficial in the context of a SARS-COV-2 infection; it has been hypothesized that
patients being treated with ACE inhibitors for hypertension, which enhance ACE2 expression, may be at an increased risk
for the development of severe COVID-1912,
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