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Abstract

Purpose of review—Significant advances have been made in the characterization of Vitamin D
and the Vitamin D receptor (VDR) in immune function. The studies of signaling pathways involved
in the response to infection and inflammation have led to a more detailed understanding of the cellular
response to Vitamin D through VDR. This review summarizes recent progress in understanding how
Vitamin D contributes to mucosal immune function, particularly in relation to the molecular
mechanisms by which Vitamin D and VDR influence mucosal immunity, bacterial infection, and
inflammation.

Recent findings—Recently, it was shown that Vitamin D modulates the T cell antigen receptor,
further demonstrating that Vitamin D has a nonclassical role in immunoregulation. The anti-
inflammation and anti-infection functions for Vitamin D are newly identified and highly significant
activities. Vitamin D/VDR have multiple critical functions in regulating the response to intestinal
homeostasis, tight junctions, pathogen invasion, commensal bacterial colonization, antimicrobe
peptide secretion, and mucosal defense. Interestingly, microorganisms modulate the VDR signaling
pathway.

Summary—Vitamin D is known as a key player in calcium homeostasis and electrolyte and blood
pressure regulation. Recently, important progress has been made in understanding how the
noncanonical activities of Vitamin D influence the pathogenesis and prevention of human disease.
Vitamin D and VDR are directly involved in T cell antigen receptor signaling. The involvement of
Vitamin D/VDR in anti-inflammation and anti-infection represents a newly identified and highly
significant activity for VDR. Studies have indicated that the dysregulation of VDR may lead to
exaggerated inflammatory responses, raising the possibility that defects in Vitamin D and VDR
signaling transduction may be linked to bacterial infection and chronic inflammation. Further
characterization of Vitamin D/VDR will help elucidate the pathogenesis of various human diseases
and in the design of new approaches for prevention and treatment.
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Introduction

Vitamin D is known to modulate calcium homeostasis and has a role in the regulation of
electrolytes and blood pressure [1]. There is now an increasing amount of evidence to show
that 1,25(0OH),D3, the most active metabolite of Vitamin D, regulates the immune response
and possesses anti-inflammatory activity. This article reviews recent advances towards
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elucidating the mechanism by which Vitamin D affects mucosal immunity and discusses the
role of Vitamin D in immunologic homeostasis, especially in the gastrointestinal tract.

Effects of 1,25(OH),D3 on the immune system

Approximately 3% of the mouse and human genomes are regulated directly or indirectly by
the Vitamin D endocrine system [2¢,3,4¢]. Vitamin D deficiency is a critical factor in the
pathology of at least 17 varieties of cancer as well as autoimmune diseases, diabetes,
osteoarthritis, periodontal disease, and more. These data suggest that Vitamin D functions in
a wide variety of diseases (http://www.vitamindcouncil.org). Recently, there have been
significant improvements in our understanding of how the unconventional functions of Vitamin
D influence the pathogenesis and prevention of human diseases [5].

The mucosal immune system has three main functions [6]: protecting the mucus membrane
against infection, preventing the uptake of antigens, microorganisms, and other foreign
materials, and moderating the organism’s immune response to that material.

The tissue-specific synthesis of active 1,25(0OH),D3 fromits precursor 250HD has been shown
to be important for both the innate and the adaptive immune systems [5,7].

A recently published study has shown that Vitamin D directly modulates the T cell antigen
receptor (TCR) [8+¢]. In naive T cells, low expression of phospholipase Cy1 (PLC) is correlated
with low TCR responsiveness. The induction of PLC-y1 is shown to be dependent on Vitamin
D and Vitamin D receptor (VDR). Naive T cells do not express VDR, but initial TCR signaling
via the alternative mitogen-activated protein kinase p38 leads to successive induction of VDR
and PLC-y1, which are required for subsequent classical TCR signaling and T cell activation
[8ee].

Overall, the effects of 1,25(0OH),D3 on the immune system include modulating the TCR,
decreasing Th1/Th17 CD4+ T cells and cytokines, increasing regulatory T cells,
downregulating T cell-driven IgG production, and inhibiting dendritic cell differentiation. In
addition, 1,25(0OH),D3 helps maintain self-tolerance by dampening overly zealous adaptive
immune responses while enhancing protective innate immune responses [9¢].

Vitamin D receptor, intestinal Vitamin D receptor, and immunity

VDR is a nuclear receptor that mediates most known functions of 1,25(0OH),D3. Active VDR
affects transcription of at least 913 genes and impacts processes ranging from calcium
metabolism to the expression of key antimicrobial peptides [10¢]. Thus, the traditional model
that was used to guide the early vitamin studies is now giving way to a more complex
mechanism of action.

Using VDR null mice, a great deal has been learned about the physiological functions of VDR
in human diseases [3]. The intestine is the key target of the VDR because of the high calcium
intake. VDR is essential for proper control of bone formation, renal control of serum 1,25
(OH),Dg3, and urinary calcium excretion [3,11].

Many studies have implicated Vitamin D and VDR in inflammatory bowel disease (IBD)
[12]. Low Vitamin D levels have been reported in patients with IBD. The VDR protein is
significantly lower in IBD and colitis-associated colon cancer patients [13,14]. In experimental
models, both local and endocrine synthesis of 1,25(0OH),D3 affect the development of murine
colitis. VDR status affects the development of murine colitis and T cell homing in intestine
[15]. It has also been shown that VDR stabilizes cell tight junction structures in the intestinal
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epithelial cells [16,17]; hence, proper functioning of VDR is needed to control intestinal
homeostasis.

The anti-inflammatory mechanisms of 1,25(0OH),Ds; and Vitamin D receptor

Consistent with its anti-inflammatory role, 1,25(OH),D3 downregulates the expression of
many proinflammatory cytokines, such as IL-1, IL-6, IL-8, and TNF-q, in a variety of cell
types [9¢,12]. Immune cells, including macrophages, dendritic cells, and activated T cells,
express the intracellular VDR and are responsive to 1,25(0OH),D3.

A recent study showed that the stimulation of CD4(+) CD25(-) T cells in the presence of 1,25
(OH),Dj3 inhibits the production of proinflammatory cytokines, including IFN-vy, IL-17, and
IL-21, but does not substantially affect T cell division. In contrast to its inhibitory effects on
inflammatory cytokines, 1,25(0OH),D3 stimulates the expression of CTLA-4 and FoxP3, the
latter requiring the presence of IL-2. Thus, 1,25(0OH),D3 and IL-2 have direct synergistic
effects on activated T cells, acting as potent anti-inflammatory agents and physiologic inducers
of adaptive regulatory T cells [18¢].

The NF-xB pathway is negatively regulated by 1,25(0OH),D3 and VDR [19] because the VDR-
p65 interaction helps suppress p65 activity [20]. Moreover, the absence of VDR in cells leads
to a reduction of IxBa protein, the inhibitor of NF-«xB [21].

In addition, 1,25(0OH),D3 robustly stimulates the expression of the pattern recognition receptor
NOD2/CARD15/IBD1 gene and protein in primary human monocytes and epithelial cells.
Pretreatment of cells with 1,25(OH),D3 synergistically decreased the NF-kB activity, the
expression of genes encoding DEFB2/HBD2, and the antimicrobial peptide cathelicidin in the
presence of the agonist muramy| dipeptide [22¢]. Importantly, this synergistic response has
also been seen in macrophages from a donor with wild type NOD2, but was absent in
macrophages from Crohn’s disease patients with homozygous alleles for nonfunctional NOD2
variants. These studies provide molecular links between Vitamin D deficiency and the genetics
of Crohn’s disease [22¢].

In summary, the regulation of T cells, B cells, macrophages, dendritic cells, and epithelial cells
by 1,25(0OH),D3 and VDR provides a link between Vitamin D and many autoimmune diseases,
including IBD, juvenile diabetes mellitus, multiple sclerosis, asthma, and rheumatoid arthritis
[23].

Battles against pathogens at mucosal surfaces through Vitamin D and
Vitamin D receptor

Vitamin D deficiency has been correlated with increased rates of infection. Moreover, 1,25
(OH),D3 induces the expression of antimicrobial peptides, such as cathelicidin. Thus, recent
studies have greatly renewed interest in the anti-infection activity of 1,25(0H),D3 [24°].

A number of autoimmune diseases have been shown to be reversed by gradually restoring VDR
function with the VDR agonist olmesartan and subinhibitory dosages of certain bacteriostatic
antibiotics [25]. Diseases showing favorable responses to treatment so far include systemic
lupus erythematosis, rheumatoid arthritis, scleroderma, sarcoidosis, Sjogren’s syndrome,
autoimmune thyroid disease, psoriasis, ankylosing spondylitis, Reiter’s syndrome, type | and
Il diabetes mellitus, and uveitis [25].

Both autophagy and Vitamin D3-mediated innate immunity have been shown to confer
protection against infection with intracellular Mycobacterium tuberculosis. Further studies
have demonstrated that human cathelicidin serves as a mediator of Vitamin D3-induced
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autophagy [26e,27]. Effective innate immunity against many microbial pathogens requires
macrophage responses that upregulate phagocytosis and direct antimicrobial pathways. Recent
data indicate that IL-15 induces the Vitamin D-dependent antimicrobial pathway and CD209
[28¢].

Cells of the gastrointestinal tract, including epithelial cells and lamina propria macrophages,
are constantly exposed to lumenal bacteria, which play key roles in normal intestinal
development and innate immunity. The intestinal Paneth cells are known to secrete
antimicrobial peptides, which are regulated by VDR signaling [26¢]. Paneth cells seem to be
key players, highlighting the paramount importance of the antimicrobial host defense in the
pathogenesis of Crohn’s disease [29,30]. Recent studies indicate that VDR—/— mice have
increased bacterial loads in the intestine [31¢]. Our studies demonstrate that VDR signaling
responds to pathogenic Salmonella in the intestine in vivo [20]. At the intestinal mucosal
surfaces, Shigella is also known to decrease the abundance of antimicrobial peptides, which
are regulated by Vitamin D signaling [32].

The study of D’Aldebert et al. [33¢] reported that biliary epithelial cells in the human liver
have intense immunoreactivity for cathelicidin and for the VDR. Bile salts may contribute to
biliary tract sterility by controlling epithelial cell innate immunity. Their data suggest that for
inflammatory biliary diseases, which involve bacterial factors, a strategy that systematically
combines therapeutic bile salt, ursodeoxycholic acid, and Vitamin D would increase
therapeutic efficacy.

Vitamin D has also been shown to be involved in upper respiratory tract infections [34] and
antiviral states through the NF-«kB pathway [35¢]. Vitamin D induces IkBa, an NF-«B inhibitor,
and decreases respiratory syncytial virus induction of NF-xB-driven genes, such as IFN-B and
CXCL10, inthe airway epithelium. Moreover, Vitamin D decreases the inflammatory response
to viral infections without jeopardizing viral clearance [35¢].

The majority of studies that have been published on Vitamin D have been focused on
immunoregulation with little emphasis on assessing the status and function of VDR in epithelial
cells. The regulation of the antimicrobial peptide cathelicidin by VDR is through both the
endocrine and the xenobiotic systems. Studies in humans and humanized mouse models will
elucidate the importance of this regulation and lead to the development of potential therapeutic
applications [24¢].

Antiproliferation actions of Vitamin D and Vitamin D receptor

Vitamin D and its derivatives are being extensively explored as chemo-preventive and even
chemo-therapeutic agents [36] because of Vitamin D’s antiproliferative role. One mechanism
of 1,25(0OH),D3 action is VDR’s inhibition of the Wnt/beta-catenin activity [37,38]. The study
of Kaler et al. [39¢¢] has shown that macrophage-derived IL-1B induces canonical Wnt
signaling in colon cancer cells and promotes their growth. Notably, 1,25(0OH),Dj3 is able to
interrupt this crosstalk by blocking the constitutive activation of STAT1 and the production of
IL-1p in macrophages and therefore — in a VDR-dependent manner — inhibits the ability of
macrophages to activate Wnt signaling in colon carcinoma cells. However, a recent study
showed that Vitamin D/VDR increases TCF-4 expression, a transcriptional regulator of the
Whn/beta-catenin activity [40]. Recent studies have indicated that TCF-4 functions as a
transcriptional repressor that restricts colorectal cancer cell growth. These data suggest that
the 1,25(OH),D3/VDR-mediated increase in TCF-4 may have a protective role in colon cancer
as well as Crohn’s disease [40].

Cancer cells often contain abundant mutant p53 (mutp53). Recently, it has been shown that
Mutp53 interacts functionally and physically with VDR. Mutp53 is recruited to VDR-regulated
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target genes and modulates their expression. Furthermore, Mutp53 increases the nuclear
accumulation of VDR [41ee].

Controversy in Vitamin D usage

Researchers are recommending Vitamin D supplementation at historically unprecedented
levels, which may result in the revision of current guidelines (National-Academy-of-
Sciences, 009) [42,43]. Treatment of Vitamin D insufficiency/deficiency has two phases:
restoration of 250HD levels to more than 30 ng/ml, and maintenance of serum 250HD in that
range [43].

Considering the broad physiological relevance of Vitamin D, it may potentially become a
treatment for human diseases. The biggest obstacle to clinical use of Vitamin D is its potent
hypercalcemic effect. Additional research is required to quantify proper dosage.

Researchers have also warned against the usage of Vitamin D in infectious and autoimmune
diseases [10+,25]. Increased levels of Vitamin D in the immune system may contribute to the
dysfunction of nuclear receptors and subsequent negative consequences for immune and
endocrine function [10e,25].

The data on the MutP53 interaction with VDR also indicate that extra caution should be taken
in using Vitamin D or its analogs in individualized cancer therapy [41ee].

Little is known about the molecular mechanisms responsible for the dysfunction of VDR in
human diseases. If we do not understand the mechanism of VDR, the Vitamin D sensor,
Vitamin D may not be used effectively and efficiently as a treatment.

Selective usage of Vitamin D supplement or analogs needs to be tailored to the individual level
because of the uncertainty of Vitamin D and VDR in the pathogenesis of diseases.

Conclusion

Manipulating the level of 1,25(OH),Ds in the body and restoring the function of VDR may
represent a new approach to treating autoimmune diseases. 1,25(0OH),D3 has potent
immunomodulatory properties that have promoted its potential use in the prevention and
treatment of infectious disease and autoimmune conditions [44e].

There is increasing concern regarding the use of Vitamin D as a cheap and easy supplement
for disease prevention. We urgently need to advance our understanding of how VDR is involved
in the pathogenesis of human disease and therapeutics to prevent and treat various illnesses.
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