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Abstract

Low vitamin D status is associated with an increased risk of immune-mediated diseases like
inflammatory bowel disease (IBD) in humans. Experimentally vitamin D status is a factor that
shapes the immune response. Animals that are either vitamin D deficient or vitamin D receptor
(VDR) deficient are prone to develop IBD. Conventional T cells develop normally in VDR
knockout (KO) mice but over-produce IFN-y and IL-17. Naturally occurring FoxP3+ regulatory T
cells are present in normal numbers in VDR KO mice and function as well as wildtype T regs.
Vitamin D and the VDR are required for the development and function of two regulatory
populations of T cells that require non-classical MHC class 1 for development. The two vitamin D
dependent cell types are the iINKT cells and CD4/CD8aa intraepithelial lymphocytes (IEL).
Protective immune responses that depend on iNKT cells or CD8aa IEL are therefore impaired in
the vitamin D or VDR deficient host and the mice are more susceptible to immune-mediated
diseases in the gut.
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1.1 Introduction

Vitamin D is a fat soluble vitamin that can either be absorbed from the diet or produced in
the skin following UV exposure of the skin (Holick et al., 1981). Most foods contain very
little vitamin D with the exception of some oily fish (mackerel, salmon etc.). The vitamin D
absorbed from the diet or produced in the skin is inactive and is processed twice to form the
active form of vitamin D (1,25(0OH),D3) (Takeyama et al., 1997). The vitamin D receptor
(VDR) is a nuclear receptor that in the presence of 1,25(0OH),D3 regulates transcription by
binding to vitamin D response elements on the promoters of targeted genes (Haussler et al.,
1998). The classical functions of vitamin D are in the regulation of calcium and phosphorous
homeostasis and thus bone health. In 1983 the VDR was reported to be in cells of the
immune system by two different groups (Bhalla et al., 1983; Provvedini et al., 1983). Since
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that time there has been increasing interest in understanding what the targets of vitamin D
are in the immune system.

1.2 Vitamin D, immune mediated disease and inflammatory bowel disease

(IBD)

IBD are immune-mediated diseases that result because of inappropriate T cell responses to
the normal bacterial flora in the gut. The IBD are a complex and heterogenous family of
diseases that involve both genetic and environmental factors. There are two classifications of
IBD: Crohn’s disease affects all parts of the gastrointestinal tract from the mouth to the anus
while ulcerative colitis is a disease focused mainly in the colon. Animal models of IBD have
been extremely useful for understanding the factors that regulate disease development even
though no one model reproduces all aspects of IBD (Saleh and Elson, 2011). Most people
don’t generate T cell responses to their normal flora and it is still not clear why some people
develop IBD and others do not. Relatives of patients with IBD are more likely to develop
IBD and several genetic factors have been shown to predispose individuals to develop IBD
(Khor et al., 2011). Not all people who are genetically predisposed to develop IBD actually
develop IBD and studies that have examined identical twins show that the concordance rate
for both twins developing IBD is only 14-50% for ulcerative colitis and Crohn’s disease
respectively (Halme et al., 2006). Therefore there are environmental factors that alter the
expression of the genes and can contribute to disease development. It has been difficult to
identify the environmental factor(s) that control IBD development in genetically susceptible
individuals.

There is good evidence to suggest that the composition of the normal flora is one of the
environmental factors that alters IBD susceptibility. IBD patients have a less diverse normal
flora compared to that of healthy individuals (Manichanh et al., 2006). Whether the
dysbiosis in the normal flora of IBD is a cause of the disease or an effect of the disease is
not known. Approaches that use antibiotics to suppress the normal flora or give beneficial
organisms (probiotics) to patients with IBD have had some success (Chandran et al., 2003).
Animal models of IBD show a critical role for the bacterial microflora in the pathogenesis of
IBD (Lupp et al., 2007). Germfree mice don’t develop IBD in several different models
(Chandran et al., 2003). Understanding how the normal flora is regulated and how it might
be manipulated to alter the outcome of IBD is an area of intense investigation.

We propose that vitamin D is another environmental factor that affects the development of
IBD. There are geographical regions where IBD is more prevalent than others (Cantorna and
Mahon, 2004). In particular IBD is more prevalent in urban versus rural areas and in the
Northern parts of North America and Europe (Cantorna and Mahon, 2004). These
geographical areas are places where there is reduced sunlight exposure especially in the
winter. In addition, vitamin D status is low in patients with IBD (Cantorna and Mahon,
2004) but whether this is a cause or effect of the disease is not known. Genome wide
association studies show polymorphisms in the VDR gene and associated with increased
susceptibility to CD and UC (Dresner-Pollak et al., 2004; Simmons et al., 2000).
Experimentally, the active form of vitamin D (1,25(OH),D3) has been shown to suppress
several different models of experimental IBD (Cantorna and Mahon, 2004; Daniel et al.,
2008). All IBD in humans and/or animals is not due to overproduction of Th1/Th17 cells
and some IBD disease is due to malfunction of barrier function, regulatory T cells, innate
immune cells and Th2 cells (Saleh and Elson, 2011). Vitamin D has been shown to be
effective at inhibiting experimental IBD due to innate immunity, regulatory T cell
dysfunction, over-production of Th1/Th17 cells, and barrier function (reviewed in (Bruce
and Cantorna, 2011b)). Vitamin D deficiency accelerates the development of experimental
IBD (Cantorna et al., 2000). VDR knockout (KO) models of experimental IBD show a
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critical role for the VDR since the mice develop a fulminating and often lethal form of the
disease (Froicu and Cantorna, 2007; Froicu et al., 2003). In order to determine why VDR
KO mice develop fulminate IBD; the effect of the VDR on the development and function of
pathogenic and protective T cells was probed (Fig. 1).

1.3 1,25(0OH),D; T cells and disease

The early experiments treated T cells with 1,25(OH),D3 to determine the role of vitamin D
as an immune system regulator. Experiments done by several different groups of
investigators established that 1,25(0OH),D3 suppressed immune responses driven by Thl
cells (Lemire, 1992; Mahon et al., 2003; Rigby et al., 1987). Th1 cells secrete several
signature cytokines including IFN-y, IL-2, and TNF-a. Thl cells are important in the host’s
ability to clear intracellular infections and tumor immunity (Fig. 1). In conjunction with
Th17 cells the Th1l cells contribute to the pathogenesis of several autoimmune diseases.
Transfer of pathogenic Thl or Th17 cells induced symptoms of experimental autoimmune
encephalomyelitis (EAE, multiple sclerosis model) and inflammatory bowel disease (IBD)
(Bruce et al., 2011; Froicu et al., 2003; Stromnes and Goverman, 2006). 1,25(0OH),D3
inhibited Th1 and Th17 function including suppressing the production of the signature IL-17
and IFN-y cytokines (Cantorna and Mahon, 2004; Daniel et al., 2008; Tang et al., 2009)
(Fig. 1). Th2 cells are important for fighting extracellular infections and are pathogenic T
cells in the development of allergy and asthma (Fig. 1). The effects of 1,25(0OH),D3 on Th2
cells is more controversial since different groups have shown that IL-4 is increased,
decreased or not affected by 1,25(0OH),D3 (Boonstra et al., 2001; Imazeki et al., 2006;
Matheu et al., 2003; Pichler et al., 2002; Topilski et al., 2004; Wittke et al., 2004). There are
several regulatory T cells that serve to inhibit the induction and function of effector T cells.
FoxP3+ T regulatory cells inhibit the generation of Th1, Th2, and Th17 cell function (Fig.
1). 1,25(0OH),D3 induced T reg cells both in vitro and in vivo (Barrat et al., 2002; Gregori et
al., 2002). T reg cells suppressed effector T cells via the secretion of IL-10 and TFG-p1
(Vignali et al., 2008). Natural Killer (NK)T cells have been shown to secrete high amounts
of cytokines early during an immune response (Gumperz et al., 2002). Induction of NKT
cells suppressed autoimmunity including EAE and IBD (Godfrey et al., 2000; Middendorp
and Nieuwenhuis, 2009; Taniguchi et al., 2003) (Fig. 1) but were involved in the
pathogenesis of allergic asthma (Akbari et al., 2003). 1,25(0OH),D3 has been shown to
increase cytokine production of NKT cells and to potentiate their functions (Yu and
Cantorna, 2008). 1,25(0OH),D3 suppressed Thl and Th17 responses, induced cytokine
production by NKT cells and induced regulatory T cells suggesting that physiologically
vitamin D may be important in the induction of immune-mediated diseases like IBD.

1.4 Vitamin D, the VDR and T cell responses

Vitamin D deficiency and VDR KO mice have normal numbers of CD4*, CD8*, B cells,
macrophage, and NK cells (Yu and Cantorna, 2008, 2011). Analysis of activation markers
on CD4™ T cells showed that VDR KO mice have fewer naive CD4* T cells and more
memory and activated T cells (Bruce et al., 2011). Injection of equal numbers of naive
(either CD45RBNYN or CD257) VDR KO or wild type (WT) CD4 T cells into T and B cell
deficient mice resulted in more severe colitis in mice that received the VDR KO cells
(Froicu et al., 2003). The increased pathogenic potential of the naive VDR KO CD4 cells
was a result of the overproduction of IFN-y and IL-17 (Bruce et al., 2011). CD4* T cells
from VDR KO mice produced twice as much IFN-y and IL-17 than their WT counterparts
(Bruce et al., 2011). VDR KO mice had T cells that were primed and ready to become Th17
and Th1 cells and these cells are important cells in the pathogenesis of 1BD.
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Experiments showed that CD4* T cells transferred from WT mice suppressed experimental
IBD while CD4* T cells transferred from VDR KO mice did not (Yu et al., 2008). T regs,
iNKT and a specialized population of CD8aa T cells have been shown to suppress Thl
cells, Th17 cells and IBD in the gut (Das et al., 2003; Saubermann et al., 2000; Vignali et
al., 2008). The numbers of FoxP3* T regs were not different in VDR KO and WT mice (Yu
et al., 2008). In addition, T regs were isolated and the ability of the WT and VDR KO T regs
to suppress proliferation of naive T cells in vitro and IBD in vivo were not shown to be
different from one another (Yu et al., 2008). CD1d tetramer staining of iNKT cells showed
that vitamin D deficient and VDR KO mice have significantly fewer iNKT cells in the
spleen, thymus, and liver than WT mice (Yu and Cantorna, 2008). In addition, VDR KO
mice were hyporesponsive to the iINKT agonist a-galactoceramide (GalCer) (Yu and
Cantorna, 2008). In VDR KO mice there were fewer iNKT cells that were also functionally
unable to produce either IFN-y or IL-4 when stimulated (Yu and Cantorna, 2008). VDR KO
mice had normal numbers of CD4* and CD8aB* T cells in the intraepithelial (IEL) cells of
the small intestine (Yu et al., 2008). Conversely, there were half as many CD8aa T cells in
the IEL of VDR KO mice compared to WT (Yu et al., 2008). In particular, the CD4+/
CD8aa/TCRaB™ population of T cells that in WT mice has been associated with the
suppression of experimental IBD was essentially missing (Yu et al., 2008). The decreased
expression of the CD8aa T cells in the VDR KO mice was associated with the reduced
production of IL-10 in the gut (Yu et al., 2008). T reg cells were normal in the VDR KO
mice. Conversely, expression of the VDR is critical for the development of two regulatory
cells the iNKT cells and the CD8aa/TCRap* T cells.

1.5 Mechanisms underlying the effects of vitamin D on iNKT cells

iNKT cells develop in the thymus and diverge from conventional T cells at the CD4/CD8
double positive (DP) stage (Fig. 2, (Gapin et al., 2001)). The iNKT cells can be detected
once they have rearranged their TCR using CD1d loaded aGalCer tetramers (Gapin et al.,
2001). The earliest TCR positive iNKT cells are DPgj, and start as CD24*, the cells become
more mature and undergo a rapid expansion (Bendelac et al., 2007; Benlagha et al., 2002;
Benlagha et al., 2005; Gapin et al., 2001). Proliferation of vitamin D deficient (D-) and WT
iNKT cells in vivo was not different (Yu and Cantorna, 2011). Instead the D— iNKT cells in
the thymus were undergoing more apoptosis than the vitamin D sufficient (D+) WT
counterparts (Yu and Cantorna, 2011). In D+ WT mice 91% of the DPgin, INKT cells were
of the mature CD24~ phenotype and most of the apoptosis in the D+ iNKT cells was
occurring in the CD24™ cells (61% versus 15 % in the CD24-) (Yu and Cantorna, 2011).
Conversely, only 60% of the D— DPgyjn iINKT cells were the mature CD24™ type and there
was an equal rate of apoptosis in the CD24* and CD24~ iNKT cells (60%) (Yu and
Cantorna, 2011). In the absence of vitamin D iNKT cell precursors undergo a high rate of
apoptosis that resulted in fewer and less mature iNKT cells (Fig. 2A, (Yu and Cantorna,
2011)). After proliferation and expansion the now DP iNKT cells undergo further
maturation. The iINKT cell precursors begin as CD44™NK1.1™ stage (S)1 iNKT cells that
first upregulate CD44 (S2) and then fully mature (S3) into CD44"NK1.1* iNKT cells that
are either CD4~ or CD4™" and don’t express CD8 (Benlagha et al., 2002; Gapin et al., 2001).
In the VDR KO thymus the iINKT cells failed to completely mature and were blocked at the
S2 stage (Fig. 2A, (Yu and Cantorna, 2008)). The resulting VDR KO iNKT cells were
functionally defective in the amount of cytokine they secreted (Fig. 2A, (Yu and Cantorna,
2008)). The maturational defect was different between VDR KO and D- mice since both
mice had significantly fewer iNKT cells but only the VDR KO mice had the additional
functional block in development (Fig. 2A, (Yu and Cantorna, 2011)). Vitamin D deficient
mice had fewer but functionally normal iNKT cells (Fig. 2A, (Yu and Cantorna, 2011)),
suggesting differential effects of the VDR and the vitamin D ligand in regulating iNKT cell
number and function.
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1.6 Mechanisms underlying the effects of vitamin D on CD8aaTCRaf cells

The CD8aa/TCRaf* T cells also diverge from conventional T cells at the DP stage of
thymic development (Fig. 2B, (Bruce and Cantorna, 2011a)). In the thymus the CD8aa/
TCRap* precursors transiently express CD8aa, CD4, and CD8a or become triple positive
(TP) (Bruce and Cantorna, 2011a). TP cells can be detected in the thymus of WT mice as
early as embryonic day (E)16 (Gangadharan et al., 2006). The frequency of TP cells was not
different between VDR KO and WT mice from E16 through the first day of life (Bruce and
Cantorna, 2011a). There were significantly less TP thymocytes in VDR KO than WT mice
between 1 and 3 weeks of age but not at 6 weeks of age when the TP thymocytes were
lowest in all mice (Fig. 2B, (Bruce and Cantorna, 2011a)). The CD8aa/TCRaB™ T cell
precursor go on to down regulate all three receptors and become double negative (DN). The
CD8aa/TCRaB™ T cells were detected in the IEL at very low levels at 1 week of age. There
were very few CD8ao/TCRaf* T cells in the IEL of WT and VDR KO mice at week 1-2
(Bruce and Cantorna, 2011a). Between week 2 and week 3 of life the WT CD8aa/TCRaB*
T cells expanded and were 40-50% of all of the IEL in those mice while the VDR KO mice
failed to expand the CD8aa/TCRaB* T cell population (less than 20% of the IEL, (Bruce
and Cantorna, 2011a)). VDR KO and WT mice were treated with bromodeoxyuridine to
measure in vivo proliferation (Bruce and Cantorna, 2011a). The data showed that VDR KO
IEL proliferated less than WT and in particular the TCRB* IEL (Bruce and Cantorna,
2011a). In the WT IEL TCRpB* DN cells were rapidly proliferating and upregulated CD8aax
in response to IL-15 (Fig. 2B, (Bruce and Cantorna, 2011a)). VDR KO mice had fewer
TCRpB* DN IEL and the ones that remained were proliferating very poorly (Bruce and
Cantorna, 2011a). The fully mature CD8aa/TCRaB™ T cells proliferated slowly in both the
WT and VDR KO mice (Bruce and Cantorna, 2011a). The reduced proliferation of VDR
KO TCRp* DN IEL was a result of reduced expression of the IL-15R on this population of
cells (Bruce and Cantorna, 2011a). The reduced population of CD8ao/TCRaf* T cells in
the VDR KO gut was a result of the failure of the DN precursor to migrate out of the thymus
and into the gut, express the IL-15R and both expand and upregulate CD8aa (Fig. 2B
(Bruce and Cantorna, 2011a)).

1.7 Conclusions

There are several mechanisms that account for the increased severity and incidence of IBD
in the VDR KO and vitamin D deficient mouse. Th17 and Th1l cells are highly pathogenic in
the absence of the VDR. In addition, vitamin D is required for iNKT cells and CD8oa T
cells to develop. The selective requirement for vitamin D and the VDR in the development
of these two populations of regulatory T cells and not on conventional T cell development
suggests that there may be some common mechanism that are yet to be appreciated. In both
cell types expansion and development require the VDR. The data thus far suggest that
immune responses where iNKT cells and CD8aa T cells are important will be impacted by
changes in vitamin D. Determining which of the vitamin D regulated pathways also occur in
humans would help understand the potential impact of vitamin D on patients with IBD.
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Figure 1. The effects of 1,25(0H),D3 on CD4™ T cells

CD4* T cells are distinguished from one another based on combinations of cell surface
markers and the cytokines they produce. 1,25(0OH),D3 (1,25D3) has been shown to inhibit
proliferation of T cells, suppress Th17 and Thl cytokine production, induce regulatory T
cells, induce 1L-4 production by Th2 cells and induce NKT cell functions. Together the
effects of 1,25D3 are to suppress T cell responses that are pathogenic in immune mediated
diseases driven by Thl and Th17 cells and induce regulatory cells that suppress
autoimmunity.
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Figure 2. Vitamin D regulated control of iNKT cell and TCRapCD8aa cell numbers

iNKT cells and TCRapCD8aa cells develop in the thymus following rearrangement of the
TCR and diverge from conventional T cells at the CD4/CD8 double positive (DP) stage. A)
iNKT cells that express the TCR start out low for CD4 and CD8 (DPgjm,), CD1d Tetramer+,
and CD24+. Maturation of the iNKT cell precursor results in apoptosis of the CD24™ cells,
downregulation of CD24 and proliferation of the precursors. Vitamin D deficiency results in
more apoptosis and fewer of the early iNKT cells that are CD24~/Tetramer*. The iNKT cells
go on to proliferate and through 3 maturation stages (S). S1 iNKT cells are CD44~, S2 iNKT
cells are CD44*, and S3 iNKT cells are both CD44* and NK1.1*. VDR KO iNKT cells are
blocked at the S2 to S3 transition and therefore the iINKT cells from VDR KO mice fail to
fully mature. B) TCRaBCD8aa cell precursors are triple positive (TP, express CD4/CD8af/
CD8aa). The TP thymocytes rearrange the TCRap and downregulate all forms of CD4 and
CD8 (double negative, DN). There are fewer of the TCRaBCD8aa precursors in the thymus
of vitamin D deficient and VDR KO mice. The DN TCRap cells migrate to the
gastrointestinal tract and IL-15 induces the proliferation and upregulation of CD8aa. VDR
KO DN/TCRap express low levels of the IL-15 receptor and proliferate poorly and as a
result there are fewer TCRapCD8aa T cells in the small intestine of VDR KO mice.
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