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Aligning the Paradoxical Role of Vitamin D In

Gastrointestinal Immunity
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Inflammatory bowel disease (IBD) is a chronic disorder characterized by inflam-
mation of the gastrointestinal tract and an immune-mediated attack against the
commensal microbiota. Vitamin D is an essential vitamin that not only promotes
calcium and phosphate absorption but also regulates immune function. The ac-
tive form of vitamin D [1,25(OH),D] has been shown to suppress symptoms of IBD
by inhibiting T cell responses. Host protection from gastrointestinal infection de-
pends on T cells. Paradoxically, vitamin D deficiency increases susceptibility to
IBD and gastrointestinal infection. Here we review the roles of vitamin D in im-
mune cells using a kinetic model of the vitamin D-mediated effects on infection
to explain the sometimes paradoxical effects of vitamin D on gastrointestinal
immunity.

Introduction

In the early 1980s, it was discovered that immune cells and other cells outside those important in
bone or mineral metabolism also express the vitamin D receptor (VDR) [1,2]. Since this discovery,
the role of vitamin D and the VDR in immune response regulation has been an active area of study.
Early experiments added the active form of vitamin D [1,25(OH),D or 1,25D] to human peripheral
blood mononuclear cells in vitro and showed that 1,25D suppressed T cell proliferation, IL-2, and
IFN-y production [1,2]. Later experiments in animal models of T cell-mediated autoimmunity dem-
onstrated that 1,25D suppressed the development of experimental models of type 1 diabetes,
multiple sclerosis and IBD [3-5]. The limitation of using 1,25D clinically to treat autoimmunity
was hypercalcemia that developed at the therapeutic doses of 1,25D [6]. Interestingly, limiting
dietary calcium reduced the suppressive capacity of 1,25D on T cell function or autoimmunity,
indicating that the effects of 1,25D on T cells are calcium dependent [6].

Immune Cells Express the VDR and Produce 1,25D

Vitamin D from the diet or following UV-light exposure of skin is 25-hydroxylated by several en-
zymes found in the liver to produce 25(0OH)D [7]. The kidney is the exclusive source of the
1alpha hydroxylase Cyp27B1 for endocrine production of 1,25D [8]. Endocrine regulation of
1,25D production is through several P450 enzymes (Box 1). The VDR is a nuclear receptor,
which is part of the steroid/thyroid superfamily of nuclear receptors that regulate transcription
[9]. 1,25D is the-high affinity VDR-binding ligand [8].

In addition to the endocrine control of 1,25D, cells in the immune system also produce 1,25D and
expresses the VDR. Local regulation of the production of 1,25D is controlled by the expression of
Cyp27B1 in extrarenal tissues, including cells of the immune system [10,11]. Induction of
Cyp27B1 in immune cells requires the activation via toll-like receptors or cytokines in macro-
phages and T cell receptor stimulation in T cells [10-13]. Macrophages, dendritic cells, B cells,
and T cells are all vitamin D targets since they express the VDR [14-16]. In addition to the
systemic control of 1,25D, the immune system can both produce 1,25D and respond to 1,25D
by expressing the VDR.
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Highlights

In the gastrointestinal tract, vitamin D and
1,25D increase IL-10 production from
macrophages, dendritic cells, and
T cells.

Vitamin D-regulated IL-22 production in
the gastrointestinal tract protects against
infection and inflammation.

The effects of vitamin D in the immune
system following infection depend on
the sequential activation of first innate
cells (macrophages) and then T cells.

Locally produced 1,25D inhibits T cells,
IFN-y, and IL-17 to resolve inflammation
following infection.
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Box 1. Vitamin D Regulation of 1,25D

Endocrine regulation of 1,25D production is a critical regulator of calcium homeostasis. When dietary calcium is adequate,
1,25D increases calcium absorption from the small intestine. Prolonged hypocalcemia results in the production of 1,25D to
signal the bones to release calcium [61]. Control of 1,25D production is regulated by a feedback loop that includes inhibi-
tion of Cyp27B1 that produces 1,25D from 25(0OH)D and induction of Cyp24A1 that inactivates 25(0H)D and 1,25D
[61,62]. Other signals that induce Cyp27B1 production include parathyroid hormone and hypocalcemia [61,62]. The pro-
duction of 1,25D suppresses Cyp27B1 and induces Cyp24A1 [62]. Mutations in Cyp27B1 result in secondary hyperpara-
thyroidism and the development of rickets, and mutations in Cyp24A1 result in hypercalcemia [62]. The availability of 1,25D
is carefully controlled by a feedback loop that includes regulation of Cyp27B1 and Cyp24A1 that maintain control of serum
calcium.

The Gastrointestinal Immune System

The immune system of the gastrointestinal tract serves as an important barrier between the host
and the commensal microbes that colonize the gut. The intestine contains unique populations of
immune cells with specialized functions that mount immune responses to pathogens but not to
commensals. Epithelial cells form a single cell barrier between the microbiota and the lamina
propria (LP) of the gut. Intraepithelial lymphocytes (IELs) are found interspersed between the ep-
ithelial cells. The IELs are mostly (80%) T cells, while the LP has T cells, B cells, and myeloid cells
(Box 2). AT and B cell response is critical for host protection against gastrointestinal infection [17].
Infection of mice with an enteropathogenic Escherichia coli-like gastrointestinal infection
(Citrobacter rodentium) revealed that IL-22 and IL-17 are critical for survival as well as clearance
of the infection [18,19]. C. rodentium is a natural mouse pathogen, which models human gastro-
intestinal infections caused by the enteropathogenic E. coli [17]. Innate lymphoid cell (ILC) type 3
(ILC3) are able to produce IL-22 and IL-17 immediately following injury or infection [20]. Later
(7—10 days) the acquired immune system is engaged and Th17 cells also produce IL-22 and
IL-17 [19]. Conversely, in IBD (Box 3), IL-17 is associated with disease and the IL-17 comes
from Th17 cells that are responding to the dysbiotic commensal microbiota [21]. IL-22 is a cy-
tokine that results in mucosal healing and is therefore thought to be an important therapeutic
target for IBD [22]. The production of IL-22 is protective against IBD and gastrointestinal

Box 2. The Gastrointestinal Immune System

The unique features of the gastrointestinal tract include a heterogeneous mix of cells that are either absent or functionally
different than immune cells in peripheral tissues.

Epithelial Cells

* Provide a physical barrier between the host and the luminal contents [63].
e Produce tight junction proteins and secrete mucins and antimicrobial peptides [63].
® Express pattern recognition receptors (toll-like receptors) that identifies microbes [64].

IELs

e Most are T cells (80%) with very few B cells and myeloid cells [64,65].

e Most of the T cells express CD8aa, which identifies the T cells T regs. The T cells that express CD8aa can also express
CD4 or CD8af3 [66].

o High frequency of yd T cells and CD8" T cells.

Lamina Propria

o Dendritic cells and specialized CD103" dendiritic cells. The expression of CD103* on dendiritic cells reduces the ability of
the dendritic cells to activate T cells [67].

e Conventional CD4 cells: Th1, Th2, and Th17 cells and conventional CD8 T cells.

e |LCs that produce IL-22 (ILC3) [20].

o T regs that recognize commensal microbes, FoxP3*/RORyt* T reg [68].
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Box 3. IBD: Crohn’s Disease or Ulcerative Colitis (https://www.crohnscolitisfoundation.org/)
Crohn’s Disease

o Affects the entire gastrointestinal tract from mouth to anus.

o Dysbiosis of the microbiota, diarrhea, and weight loss.

¢ Vitamin D deficiency is associated with more severe Crohn’s disease and treatment escalation [69,70].

¢ Animal models of Crohn’s disease, Th1 and Th17 cell-driven: IL-10 KO, T cell transfer to immunodeficient mice, acute
dextran sodium-induced colitis, and trinitrobenzene sulfonic acid colitis [71].

Ulcerative Colitis

Disease is limited to the colon.

Dysbiosis of the microbiota, diarrhea, and weight loss.

The role of vitamin D deficiency has not been well studied [69].

Animal models of ulcerative colitis, mixed Th1 and Th2: chronic dextran sodium sulfate-induced colitis and oxazolone
colitis [71].

infection, while Th17 cells are needed to clear infection but are pathogenic in IBD. Thus,
constraining the IL-17 response following infection is necessary for the host to resolve inflam-
mation and return to gastrointestinal homeostasis.

Vitamin D Regulation of Immunity

Vitamin D controls gastrointestinal homeostasis by regulating epithelial cells, innate immune cells,
and acquired immune cells. Vitamin D status and expression of the VDR are important regulators
of the epithelial barrier in the intestine [23]. VDR knockout (KO) mice exhibit increased permeability
of the intestine, and expression of the VDR in the gastrointestinal epithelial cells only rescues ep-
ithelial integrity and protects the mice against experimental colitis [23-25]. The innate immune
cells (macrophages, dendritic cells, and ILCs) are also important vitamin D targets. In dendritic
cells and macrophages, 1,25D inhibits IL-12, toll-like receptor expression, and the ability of den-
dritic cells to activate T cells [26-28]. Conversely, 1,25D induces the production of IL-10 in den-
dritic cells and cathelicidin in macrophages [11,29,30]. Vitamin D-deficient mice have fewer ILC3
cells and produced significantly less IL-22 than vitamin D-sufficient mice [14]. In the acquired im-
mune system and following activation, 1,25D inhibits B cells and T cells from proliferating [1,31]. In
addition, 1,25D inhibits IL-2, IFN-y, IL-17, and TNF-a production from T cells [31,32]. Conversely,
1,25D induces regulatory T cells that produce IL-10 and Th2 cells that produce IL-4 [31-33]. It
was because of the inhibitory properties of 1,25D on T cells that the early research focused on
the effects of vitamin D in diseases where T cells caused pathology [34,35]. In the gastrointestinal
tract there is clear evidence of the immunosuppressive effects of 1,25D on experimentally in-
duced IBD [36]. However, T cells and the production of IL-17 are also critical for an anti-
infectious response to C. rodentium [37]. Paradoxically, however, vitamin D-deficient mice are
more susceptible to experimental IBD and gastrointestinal infection with C. rodentium [14,36].
The recent data demonstrate that the mechanisms whereby vitamin D inhibits IBD are also critical
for the effects of vitamin D in controlling gastrointestinal infection, and these ideas are the focus of
this review.

Vitamin D and 1,25D Suppress T Cell-Mediated Disease

The inhibitory effects of 1,25D on T cells suggested that immune-mediated diseases such as mul-
tiple sclerosis and IBD could be affected by vitamin D status. 1,25D treatments suppress the de-
velopment of experimental models of multiple sclerosis [experimental autoimmune
encephalomyelitis (EAE)] and IBD [3-5,38]. In addition, vitamin D-deficient and VDR KO mice de-
velop severe experimental IBD [39-41]. The transfer of VDR KO T cells into immunodeficient mice
resulted in more severe IBD than the transfer of WT T cells [39]. T cell-specific VDR KO
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exacerbates EAE and eliminates the capacity of 1,25D to suppress EAE [42]. Furthermore, 1,25D
did not suppress EAE in mice without invariant natural killer T (iNKT) cells, suggesting that vitamin
D can also directly regulate iINKT cells [43]. T cells are also indirectly regulated by 1,25D. Macro-
phages and dendritic cells have reduced abilities to stimulate T cells in the presence of 1,25D [27].
Furthermore, treating dendritic cells with 1,25D prior to transfer induced regulatory T cells (T regs)
that suppressed allograft rejection in mice [27]. Vitamin D-deficient or VDR KO mice have fewer
CD8aa-expressing T regs in the gastrointestinal mucosa, suggesting that vitamin D is important
in the development or function of CD8aa T cells [44]. The mechanisms by which vitamin D regu-
lates IBD include both the direct inhibition of T cells that produce IL-17 and IFN-y and the induc-
tion of regulatory cells (T regs, CD8aa T cells, and iINKT cells) that produce IL-10 [36].

Vitamin D and Infection

The ability of vitamin D and 1,25D to inhibit Th1/Th17 cells and induce T regs should compromise
the hosts’ ability to fight infection. This hypothesis was tested in mice following a systemic fungal
or viral infection [45]. Mice were treated with 1,25D or the T cell suppressor cyclosporin A and
then infected with either a herpes virus or Candida albicans [45]. The cyclosporin A-treated
mice exhibited reduced survival, while mice treated with 1,25D had no reduction in survival
[45]. Vitamin D deficiency had no effect on Mycobacterium tuberculosis, Streptococcus
pneumoniae, or Pseudomonas aeruginosa infections in mice [46,47]. However, Listeria
monocytogenes and Salmonella infections were cleared more slowly in mice that could not re-
spond to vitamin D (VDR KO) [48,49]. Some infections, like L. monocytogenes and
M. tuberculosis, replicate inside macrophages and other infections, such as Salmonella,
S. pneumoniae, and P. aeruginosa, are extracellular infections. The other possible difference be-
tween the effects of vitamin D on infection is the tissues being infected, with L. monocytogenes
and Salmonella infecting the gastrointestinal tract and M. tuberculosis infecting the lung. The
final issue that might affect the effect of vitamin D on infection is the suitability of the model and
how well the model mirrors the human effects of 1,25D. The induction of cathelicidin by 1,25D
that is important for inhibiting M. tuberculosis growth in human cultured macrophages is not reg-
ulated by 1,25D in the mouse [50]. Thus the effect of vitamin D on infection may be tissue, path-
ogen, or model specific.

Immune Cells Express the VDR and Produce 1,25D

Expression of the VDR depends on the tissue and cell type. In the kidney of vitamin D-sufficient
hosts the VDR is expressed constitutively [51]. Calcium and 1,25D are in vivo positive regulators
of the VDR in the kidney but not the intestine [51]. Tissue-specific regulation of the VDR by 1,25D
has also been demonstrated by ChIP-seq analysis of VDR expression in the kidney, intestine, and
bone [52]. All cells of the immune system that have been evaluated express the VDR. The signals
that regulate VDR expression in immune cells are different than those in kidney, intestine, and
bone. Cytokines, toll-like receptor ligands, T cell receptor stimulation, and nonspecific activation
using PMA and ionomycin all increase VDR expression in immune cells [12,15,16]. Unlike the kid-
ney that constitutively expresses high amounts of the VDR, the immune system maximally ex-
presses the VDR 2-3 days after activation. T cell activation for 48-72 h upregulates the VDR in
mouse and human CD8* and CD4" T cells [12,15,16]. Other immune cells including macro-
phages also require activation for maximal expression of the VDR [16]. The VDR is constitutively
expressed in the kidney and inducible in immune cells.

Like the VDR, the level of 1,25D is tissue specific. In the kidney, the expression of 1alpha hydrox-
ylase (Cyp27B1) is induced by hypocalcemia and the parathyroid hormone [13,53]. In a feedback
loop, 1,25D inhibits Cyp27B1 expression in the kidney and induces Cyp24A1 to eliminate excess
1,25D (Box 1). The immune system can also be a source of locally produced 1,25D; however, the
amount of Cyp27B1 made by immune cells is extremely low compared with the amount

462  Trends in Endocrinology & Metabolism, July 2019, Vol. 30, No. 7

Cell

REVIEWS



produced in the kidney [11,13]. In addition, the signals that regulate the Cyp27B1 inimmune cells
are not the same as those that regulate renal Cyp27B1 [11,13]. Lipopolysaccharide (LPS) activa-
tion of human macrophages is required for induction of Cyp27B1 [11,54]. Conversely, LPS has
no effect on renal production of Cyp27B1 [13]. In vitro, human macrophages produce 1,25D
when activated with toll-like receptors (LPS) and cytokines [11,54]. Activated T cells are also a
source of Cyp27B1 [13]. Immune cells produce 1,25D locally following 2—3 days of activation.

When the immune system is in homeostasis, the VDR and Cyp27B1 are expressed at low levels
(i.e., absence of infection). In the first several days following activation, the immune system does
not utilize or respond to vitamin D [31]. Early post-infection, the macrophages and innate cells that
are activated immediately following infection are the first to produce 1,25D. Later the acquired
T cells are activated 5-7 days post-infection and then 2-3 days after activation the VDR and
Cyp27B1 gene are expressed in T cells. Therefore, it is not until 7-10 days post-infection that
T cells express the VDR and are targets for 1,25D-mediated inhibition of proliferation, IL-17,
and IFN-y [36]. Within a few weeks of infection, the T and B cells clear the infection and antigen
is eliminated. If the host is vitamin D deficient, they would still be able to eliminate the infection.
Vitamin D-deficient mice cleared C. rodentium infection but with delayed kinetics compared
with vitamin D-sufficient mice [14]. Conversely, in IBD the antigen cannot be eliminated
and the T cells become chronically activated. In activated T cells, the availability of 1,25D would
be essential to inhibit IL-17, IFN-y, and T cell proliferation. In addition, 1,25D induces T regs
that produce IL-10 [33,36]. These functions of 1,25D constrain the chronically activated Th1
and Th17 responses and therefore suppress IBD symptoms [55]. If the host is vitamin D deficient,
the Th1 and Th17 cells remain chronically activated [36]. 1,25D is therefore critical for the
induction of T regs that together with the direct effects of 1,25D on Th1/Th17 cells restrain the
IFN-y and IL-17 response and resolve inflammation.

Vitamin D and Host Resistance to Gastrointestinal Infection

Vitamin D has been shown to promote gastrointestinal homeostasis. Infections are often linked to
autoimmunity and infections in the gastrointestinal tract contribute to the pathogenesis of IBD. At
the peak of infection with C. rodentium, a strong Th17 response is observed, which is also char-
acteristic of colitis in IBD [17]. 1,25D treatment of mice already infected with C. rodentium sup-
pressed the IL-17 response in the colon, which increased the number of C. rodentium shed in
the feces [56]. Paradoxically, vitamin D-deficient and VDR KO mice also developed more severe
infections with C. rodentium [14,57]. Thus, it is unclear how vitamin D deficiency and 1,25D treat-
ment both led to more severe infection with C. rodentium.

To date, we know that the innate immune system is required for early protection from
C. rodentium and that mice without T and B cells use the innate immune system to control infec-
tion for 2 weeks but then develop a systemic infection that is fatal [17]. IL-22 KO mice develop an
early and lethal infection within several days of C. rodentium infection and the IL-22 is produced
by ILC3 [42]. Both T cells and B cells are important for protection from C. rodentium since mice
without T cells (CD4 KO) or B cells (IguM KO) also develop systemic infection [41]. IL-17 produc-
tion by Th17 cells is required for clearance of C. rodentium [19]. ILC3 cells that produce IL-22,
Th17 cells, and B cells are all critical for host defense against C. rodentium.

The effects of vitamin D status on the mucosal immune response to C. rodentium were recently
examined. Vitamin D-deficient mice develop a severe infection with C. rodentium that resulted
in the rapid mortality of the vitamin D-deficient mice [14]. IL-22 production was lower in vitamin
D-deficient than vitamin D-sufficient mice [14]. Treating vitamin D-deficient mice with IL-22
completely protected them against infection, replacing the need for vitamin D early post-
C. rodentium infection [14]. IL-17 mRNA expression was higher in the gastrointestinal tract of
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C. rodentium-infected vitamin D-deficient mice and 1,25D suppressed IL-17 at the peak of
C. rodentium infection [14,56]. However, vitamin D-deficient mice failed to expand the numbers
of Th17 cells following C. rodentium infection [14]. Tissue-specific KO of the VDR in T cells
(T-VDR KO) or in B cells (B-VDR KO) had no effect on the kinetics of C. rodentium clearance,
which is consistent with a model where vitamin D in T and B cells is not required for the ability to
eliminate an acute infection [14]. Vitamin D is required for early IL-22 production and the expansion
of infection-induced Th17 cells that protect the gastrointestinal tract from C. rodentium.

Downregulating Immunity to Increase Resistance to Infection

The immune system is designed to eliminate invading pathogens without causing collateral dam-
age to healthy tissue. Therefore, dampening immune responses post-infection is equally impor-
tant as initiating the immune response to infection. The benefits of vitamin D in experimental
models of S. pneumoniae, P. aeruginosa, M. tuberculosis, and malaria were shown to be via
the reduction of the immunopathology from the infection and not more rapid elimination of the
pathogen [46,47,58]. Vitamin D interventions enhanced the resolution of inflammation in patients
infected with M. tuberculosis and 1,25D treatment of peripheral blood mononuclear cells from pa-
tients with pulmonary tuberculosis downregulated IFN-y and cytotoxic cell mediators (perforin,
granzyme-B, and granulysin) [59,60]. Based on the available data, we have developed a model
to describe the effects of vitamin D in host resistance to gastrointestinal infection (Figure 1). The
host mounts a robust innate immune response to infection (Figure 1). The macrophages and other
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IL-12 IL-17
. = - - — " IFN-y
Macrophage \ el \

VDR VDR IL-10

1,25D L 1,25D
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Figure 1. A Model for the Kinetics of the Immune-Mediated Effects of 1,25D Following Infection. The innate
immune system responds first to an infection. Macrophages and other innate immune cells become activated by sensing
the presence of the pathogen. The vitamin D receptor (VDR) and 1,25D are produced within 3 days of infection in
macrophages and innate immune cells. At day 3 post-infection, the 1,25D regulates the activated macrophages to modify
the ability to present antigen to T cells and to reduce IL-12 and induce IL-10. At day 7 post-infection, T cells begin to be
activated and Th1 and Th17 cells proliferate rapidly. After 10 days of infection the activated T cells will begin to clear the
infection and will express the VDR and produce 1,25D. As the infection is cleared, the 1,25D will decrease IL-17 and IFN-y
and induce regulatory cells to produce IL-10. The 1,256D-mediated inhibition of IL-17 and IFN-y and the induction of IL-10
help to resolve the inflammation and prevent further damage.
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Image of Figure 1
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innate immune cells express the VDR and produce 1,25D at 3 days post-infection (Figure 1). The Outstanding Questions
1,25D regulates the innate cells that present antigen to the T cells that expand following infection  what are the signals that regulate
(Figure 1). At the peak of the infection, the T cells now express the VDR and can produce 1,25D  Cyp27B1 in immune cells in vivo?
(Figure 1). The ability of the immune system to both produce 1,25D and express the VDR requires o

tivation and time (Figure 1). Since the innate immune system is activated prior to the T cells, mac- What are the in vivo kinetics of the ex-
activa 9 : Y p ’ pression of the VDR in immune cells fol-
rophages and other innate cells are early targets of vitamin D following infection, while Th1 and Th17  owing infection?
cells are later targets of vitamin D following infection (Figure 1). In the absence of vitamin D, the dam-
age from poorly controlled immune activation causes immune pathology while infections are cleared.
The same mechanisms whereby vitamin D and 1,25D regulate Th1/Th17 cells in IBD are used to con-
trol the resolution of immunity following infection and to protect against immunopathology.

Do the effects of vitamin D on host immu-
nity depend on the tissue or the infec-
tious agent causing the disease?

What are the effects of vitamin D and
Concluding Remarks and Future Perspectives 1,25D on host resistance to chronic
Vitamin D is an important regulator of immunity and, in particular, critical for the downregulation of ~ infection?
the immune system after infection. The immune response to infection requires rapid recognition of
the infectious threat, elimination of the pathogen, and resolution of the immune response. There is
strong evidence demonstrating that vitamin D and 1,25D inhibit Th1/Th17-mediated immunity di-
rectly, and indirectly by the induction of IL-10-producing T regs, which contribute to the resolution
of an immune response. Vitamin D does not regulate innate immune responses before day 3 of
infection and T cells before day 10 of infection, since immune cells do not express the VDR or pro-
duce 1,25D until activated. An important role of vitamin D in the anti-infectious immune response
is to limit the inflammation and tissue injury. The same vitamin D-regulated mechanisms that are
effective in the protection from IBD are in play and provide protection against gastrointestinal
infection.
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