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Abstract

Vitamin D and the vitamin D receptor (VDR) have been shown to be important regulators of the
immune system. In particular, vitamin D and VDR deficiency exacerbates experimental
autoimmune diseases such as inflammatory bowel disease (IBD). IBD develops due to an
immune-mediated attack by pathogenic T-cells that overproduce IL-17 and IFN-y and a few
regulatory cells. VDR knockout mice have twice as many T-cells making IL-17 and IFN-y than
wild-type mice. In addition, vitamin D and the VDR are required for normal numbers of
regulatory T-cells (iNKT and CD8ua) that have been shown to suppress experimental IBD. In the
absence of vitamin D and the VDR, autoimmunity occurs in the gastrointestinal tract due to
increased numbers of IL-17 and IFN-y secreting T-cells and a concomitant reduction in regulatory
T-cells.
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The incidence of immune-mediated diseases such as multiple sclerosis and inflammatory
bowel disease (IBD) has increased in developed countries over the last 50 years. To explain
the increased incidence of immune-mediated diseases as well as the geographical restriction
of these diseases to the developed world, the hygiene hypothesis has been put forward. The
hygiene hypothesis states that reduced exposure to microbial components results in immune
dysregulation and T-cell responses that drive immune-mediated disease. We propose that
other factors in the environment in addition to the hygiene hypothesis are important in the
development of the immune response leading to multiple sclerosis and IBD. We propose
that decreased outdoor activity, increased pollution and diets that lack adequate vitamin D
have combined to create large fluctuations in vitamin D status in developed countries and
especially in populations that experience winter(::2), The vitamin D hypothesis proposes that
vitamin D regulates the development and function of the immune system and that early
childhood and prenatal changes in vitamin D status affect the resultant immune response and
the development of autoimmune diseases(®4). Here we will describe the current
understanding of the mechanisms by which vitamin D regulates experimental autoimmunity.

© The Author 2010

Corresponding author: Dr Margherita T. Cantorna, fax 814-863-6140, mxc69@psu.edu.

The 3rd International Immunonutrition Workshop was held at Platja D’ Aro, Girona, Spain on 21-24 October 2009
The author declares no conflicts of interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cantorna Page 2

Vitamin D

A major source of vitamin D results from its manufacture via a photolysis reaction in the
skin, and vitamin D available from sunlight exposure is significantly less in northern
climates and especially low during the winter®®). In addition, dietary intake of vitamin D is
problematic since there are few foods that are naturally rich in vitamin D. There is mounting
evidence for a link between vitamin D availability either from sunshine or from diet and the
prevalence of autoimmune diseases("). The use of supplemental vitamin D (500-600 IU) is
associated with a 40% reduction in the risk of developing multiple sclerosis(®). In addition,
vitamin D deficiency is common in patients with autoimmune diseases®®). The amount of
vitamin D in the environment (food, sun or supplements) might influence the development
and function of specific arms of the immune system. With our present lifestyles that feature
decreased activity outside and diets naturally low in vitamin D, it seems that the amount of
vitamin D people are exposed to from both diet and sunshine has become more variable(%:2),
We propose that supplementing people with high but safe(®11) doses of vitamin D (800 1U/
d) would decrease the incidence of autoimmunity by increasing the availability of a substrate
to make active vitamin D (1,25(0OH),D53).

Vitamin D and immune regulation

The function of vitamin D is regulation of Ca homeostasis and thus bone formation and
resorption. The discovery of the vitamin D receptor (VDR) in cells of the immune system
and the presence of the 1a-25(OH) vitamin D3 hydroxylase in dendritic cells and
macrophages suggest that locally produced 1,25(0OH),D3 has regulatory autocrine and
paracrine properties at the site of inflammation (12). Synthesis of active vitamin D requires
the 1o hydroxylase, which catalyses the conversion of 25(OH)Ds3 to 1,25(0OH),D3. The
actions of 1,25(0OH),D3 are mediated by its binding to the VDR, which acts as a
transcription factor to modulate the expression of genes in a tissue-specific manner. The
VDR is a member of the steroid/hormone superfamily of nuclear transcription factors and is
constitutively expressed in a variety of immune cells(33). Resting T-cells express low levels
of VDR, which are upregulated following activation4),

The active form of vitamin D (1,25(0OH),D3) has been recognized as an immunosuppressive
agent that ameliorates the pathogenesis of T helper 1-mediated autoimmune diseases
including IBD and experimental autoimmune encephalomyelitis (EAE; a murine model of
multiple sclerosis)(:1%). Furthermore, vitamin D deficiency and VDR deficiency have been
shown to exacerbate experimental IBD in three different mouse models(16-18), The increase
in T regulatory cells caused by 1,25(OH),D3 both in vitro and in vivo has been suggested as
a mechanism underlying the ability of 1,25(OH),D3 to suppress autoimmunity (19.20), |n
addition, genome-wide screening techniques suggest that VDR polymorphisms are
associated with increased susceptibility to both Crohn’s disease()) and ulcerative colitis(22)
in human subjects.

Vitamin D and experimental inflammatory bowel disease

Mice lacking the VDR do not develop overt symptoms or present histological evidence of
IBD even when they are housed in conventional facilities. However, increased expression of
IL-1f and TNF-a in the colon of young (5 week old) and old (9 month old) VDR knockout
(KO) mice when compared to age-matched wild-type (WT) mice suggests that VDR
deficiency results in chronic and low-grade inflammation in the gastrointestinal tract(17). T-
cells from VDR KO mice have been shown to exhibit a more pathogenic phenotype than
WT T-cells. Specifically, VDR KO T-cells express an inflammatory phenotype, proliferate
twice as much in a mixed lymphocyte reaction and transfer a more severe form of IBD than
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their WT counterparts(!”). In part the increased pathogenicity of the VDR KO T-cells was
shown to be a result of increased IFN-y(17) and IL-17 (unpublished IL-17 results). VDR KO
mice have heightened immune responses and inflammation in the colon, which suggest that
the absence of the VDR predisposes to the development of IBD.

FoxP3 + T regulatory cells

CDA4+ T-cells from VDR KO mice failed to suppress IBD, whereas WT CD4+ T-cells were
effective in suppressing the same model of IBD(23). T regulatory cells that express the
transcription factor FoxP3 + and produce IL-10 are important for the maintenance of self-
tolerance and the suppression of IBD. It has been shown that a combination of 1,25(0OH),D3
and dexamethasone induces IL-10-producing T regulatory cells in vitro(29). Furthermore, in
vivo 1,25(0H),D3 treatment of experimental autoimmune diabetes induces a population of T
regulatory cells that correlates with protection of the mice from diabetes (20). The
percentages of FoxP3 + T regulatory cells in the VDR KO and WT mice were determined.
The numbers of T regulatory cells in the spleen, thymus or intraepithelial lymphocytes (IEL)
of VDR KO and WT mice were not different. T regulatory cells were tested in vitro for
functional suppression of naive T-cell proliferation to CD3 antibodies. T regulatory cells
from VDR KO mice were as effective as WT T regulatory cells in suppressing proliferation
of both WT and VDR KO T-cells(23). T regulatory cells were sorted from VDR KO and WT
mice and tested in vivo for suppression of IBD induced by WT naive T-cell transfers to T-
and B-cell-deficient Rag KO mice. Either WT or VDR KO T regulatory cells suppressed
IBD development when they were transferred at the same time as the naive T-cells(3). The
T regulatory cells from VDR KO mice function to suppress proliferation in vitro and IBD in
vivo. Therefore, it seems that expression of the VDR is not required for the development or
function of T regulatory cells.

Invariant NKT-cells

NKT-cells are thought to be amongst the earliest producers of cytokines in an immune
response and have been shown to influence a wide variety of different diseases(?4). NKT-
cells are narrowly defined as T-cells that express NK lineage receptors and an aff T-cell
receptor (TCR). The majority of NKT-cells express an invariant TCR (iNKT) and are
responsive to a marine sponge sphingolipid, a-galactoceramide (aGalCer). NKT-cells play
an important regulatory role in several models of autoimmunity, infection, cancer and
atherosclerosis(25:26). Because NKT cell activation induces an early production of IL-4,
NKT cell activation has been shown to delay the onset and reduce the symptoms of EAE
and experimentally induced colitis(?7-29). In addition, transgenic mice that overexpress
NKT-cells are protected from the development of EAE(0),

To investigate whether vitamin D affects in vivo NKT cell function, VDR KO, WT and
1,25(0OH),D3-fed WT mice were injected with aGalCer. Feeding WT mice 1,25(0OH),D3 for
1 week prior to aGalCer injection increased IFN-y and IL-4 production in the serum. VDR
KO mice injected with aGalCer produced significantly less IFN-y and IL-4 in the serum
than both the WT and 1,25(0H),D3-fed WT mice(31). The numbers of NKT-cells in the
thymus, spleen and liver of WT and VDR KO mice were determined using CD1d-aGalCer
tetramer staining. The percentages of iINKT-cells were significantly lower in VDR KO mice
thymus, liver and spleen compared to WT mice®D,

iNKT-cells develop predominately in the thymus, with the final step in maturation
(conversion to NK1.1 expression) occurring in both the thymus and peripheral lymphoid
tissues. The majority of VDR KO iNKT-cells failed to express NK1.1 and therefore were
not fully matured®D). To determine whether the residual VDR KO iNKT-cells are
functionally different from WT iNKT-cells, cytokine production from iNKT-cells was
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assessed at the single-cell level by intracellular staining. Less than 3% of the iINKT-cells
from the spleen of VDR KO mice made IL-4 and 25% made IFN-y(31). Conversely, 15% of
spleen-derived WT iNKT-cells produced IL-4 and 46% produced IFN-y31). VDR KO mice
have fewer, less mature iNKT-cells and the residual iNKT-cells from VDR KO mice are
defective for production of both IL-4 and IFN-y.

CD8aa/T-cell receptor a intraepithelial lymphocytes

The gut contains a large number of T-cells and, unlike cells in the periphery, many of those
T-cells express CD8oa either alone or in combination with CD4 or CD8af(32). Expression
of CD8aa on T-cells decreases the sensitivity of those cells to antigen(32:33), The presence of
CD8aa T-cells is thought to help maintain tolerance to the bacterial and food antigens that
abound in the gastrointestinal tract(32:33), IEL were isolated from the small intestine of VDR
KO and WT mice and stained for the presence of CD8aa. We found that the total number of
IEL isolated, the percentage of CD4 and the percentage of CD8af T-cells were not different
between the VDR KO and WT IEL(23). However, the percentage of VDR KO CD8ao and
TCRP/CD8ao. IEL was about half that in the WT IEL(23). More importantly, the TCRB/CD4/
CD8uaa-positive population is missing in the VDR KO IEL(23). The percentage of TCRyd/
CD8aa or NK1.1/CD8aa was not different between WT and VDR KO IEL.

Intracellular staining for IL-10 in WT IEL showed that 13.6% of the cells produced IL-10,
while only 0-8% of the VDR KO IEL produced I1L-10(23). The majority of the IL-10
produced was from the CD8aa IEL in both the WT and VDR KO mice(@3). Therefore, the
amount of IL-10 secretion in the IEL corresponds to the numbers of CD8aa. cells that are
present. The IEL and CD8aa expressing IEL from VDR KO mice fail to produce IL-10 that
is known to suppress IBD in vivo.

The ability of VDR KO T-cells to home to the intestinal epithelium was tested in vivo. Rag
KO mice were injected with a 1:1 mixture of CD45.1 WT and CD45.2 VDR KO cells from
either the mesenteric lymph node or IEL. Staining for TCRp and CD45.1 was used to
identify T-cells from VDR KO mice (TCRB+ and CD45.1-) or WT (TCRp+ and CD45.1+)
in the Rag KO recipients. Reconstitution of the spleens of Rag KO mice was 53% VDR KO
cells and 46% WT T-cells, and the values were not significantly different(3). Conversely,
reconstitution of the IEL of the Rag KO mice resulted in only 14% VDR KO compared to
85% WT T-cells(Z3. We conclude that VDR KO T-cells repopulate the spleen but fail to
home to the intestine.

CD8aa T-cells are regulatory cells that suppress IBD symptoms in the gut(32:33), Expression
of the VDR is important for CD8a expression, local production of IL-10 and homing of the
T-cells to the gut(23),

Conclusions

Increased autoimmunity in VDR KO mice is a result of the increased pathogenicity of naive
T-cells and deficiency in two regulatory T-cell populations(3:31), The CD8aa T-cells are
specific for the gut and maintain gastrointestinal homeostasis by inhibiting immune
responses to gut antigens. The iINKT-cells are early cytokine producers that link the innate
and adaptive immune responses. iNKT-cells have been shown to play a regulatory role in
experimental autoimmunity including EAE and IBD. Conversely, the FoxP3 + T regulatory
cell does not require expression of the VDR for developing normally. Protective T-cells
require expression of the VDR and vitamin D for developing and functioning normally. The
effects of vitamin D on the immune system will then be most severe for diseases like EAE
and IBD that are regulated by iNKT-cells and CD8aa T-cells.

Proc Nutr Soc. Author manuscript; available in PMC 2011 July 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cantorna

Acknowledg

Page 5

ments

The work described in this paper was supported by the National Institutes of Health/National Institute of Diabetes
and Digestive and Kidney Diseases (DK070781) and National Center for Complementary and Alternative Medicine
and by the Office of Dietary Supplements (AT005378).

References
1.

Namgung R, Mimouni F, Campaigne BN, et al. Low bone mineral content in summer-born
compared with winter-born infants. J Pediatr Gastroenterol Nutr. 1992; 15:285-288. [PubMed:
1432466]

. Namgung R, Tsang RC, Specker BL, et al. Low bone mineral content and high serum osteocalcin

and 1,25-dihydroxyvitamin D in summer- versus winter-born newborn infants: an early fetal effect?
J Pediatr Gastroenterol Nutr. 1994; 19:220-227. [PubMed: 7815245]

. Cantorna MT. Vitamin D and autoimmunity: is vitamin D status an environmental factor affecting

autoimmune disease prevalence? Proc Soc Exp Biol Med. 2000; 223:230-233. [PubMed:
10719834]

. Cantorna MT. Vitamin D and its role in immunology: multiple sclerosis, and inflammatory bowel

disease. Prog Biophys Mol Biol. 2006; 92:60-64. [PubMed: 16563470]

5. DeLuca HF. Vitamin D. Nutrition Today. 1993; 28:6-11.

10

11.

12.

13.

14.

15.

16.

17.

18.

. Clemens TL, Adams JS, Nolan JM, et al. Measurement of circulating vitamin D in man. Clin Chim

Acta. 1982; 121:301-308. [PubMed: 6286167]

. Cantorna MT, Mahon BD. Mounting evidence for vitamin D as an environmental factor affecting

autoimmune disease prevalence. Exp Biol Med (Maywood). 2004; 229:1136-1142. [PubMed:
15564440]

. Munger KL, Zhang SM, O’Reilly E, et al. Vitamin D intake and incidence of multiple sclerosis.

Neurology. 2004; 62:60-65. [PubMed: 14718698]

. Gennari C. Calcium and vitamin D nutrition and bone disease of the elderly. Public Health Nutr.

2001; 4:547-559. [PubMed: 11683549]

. Vieth R. Vitamin D supplementation, 25-hydroxyvitamin D concentrations, and safety. Am J Clin
Nutr. 1999; 69:842-856. [PubMed: 10232622]

Bischoff-Ferrari HA, Willett WC, Wong JB, et al. Fracture prevention with vitamin D
supplementation: a meta-analysis of randomized controlled trials. JAMA. 2005; 293:2257-2264.
[PubMed: 15886381]

Kreutz M, Andreesen R, Krause SW, et al. 1,25-Dihydroxyvitamin D3 production and vitamin D3
receptor expression are developmentally regulated during differentiation of human monocytes into
macrophages. Blood. 1993; 82:1300-1307. [PubMed: 8394753]

Deluca HF, Cantorna MT. Vitamin D: its role and uses in immunology. Faseb J. 2001; 15:2579—
2585. [PubMed: 11726533]

Mahon BD, Wittke A, Weaver V, et al. The targets of vitamin D depend on the differentiation and
activation status of CD4 positive T-cells. J Cell Biochem. 2003; 89:922-932. [PubMed:
12874827]

Cantorna MT, Hayes CE, DelLuca HF. 1,25-Dihydroxyvitamin D3 reversibly blocks the
progression of relapsing encephalomyelitis, a model of multiple sclerosis. Proc Natl Acad Sci
USA. 1996; 93:7861-7864. [PubMed: 8755567]

Cantorna MT, Munsick C, Bemiss C, et al. 1,25-Dihydroxycholecalciferol prevents and
ameliorates symptoms of experimental murine inflammatory bowel disease. J Nutr. 2000;
130:2648-2652. [PubMed: 11053501]

Froicu M, Weaver V, Wynn TA, et al. A crucial role for the vitamin D receptor in experimental
inflammatory bowel diseases. Mol Endocrinol. 2003; 17:2386-2392. [PubMed: 14500760]

Froicu M, Cantorna MT. Vitamin D and the vitamin D receptor are critical for control of the innate
immune response to colonic injury. BMC Immunol. 2007; 8:5. [PubMed: 17397543]

Proc Nutr Soc. Author manuscript; available in PMC 2011 July 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cantorna

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 6

Barrat FJ, Cua DJ, Boonstra A, et al. In vitro generation of interleukin 10-producing regulatory
CDA4(+) T-cells is induced by immunosuppressive drugs and inhibited by T helper type 1 (Thl)-
and Th2-inducing cytokines. J Exp Med. 2002; 195:603-616. [PubMed: 11877483]

Gregori S, Giarratana N, Smiroldo S, et al. A lalpha,25-dihydroxyvitamin D(3) analog enhances
regulatory T-cells and arrests autoimmune diabetes in NOD mice. Diabetes. 2002; 51:1367-1374.
[PubMed: 11978632]

Simmons JD, Mullighan C, Welsh KI, et al. Vitamin D receptor gene polymorphism: association
with Crohn’s disease susceptibility. Gut. 2000; 47:211-214. [PubMed: 10896912]
Dresner-Pollak R, Ackerman Z, Eliakim R, et al. The Bsml vitamin D receptor gene polymorphism
is associated with ulcerative colitis in Jewish Ashkenazi patients. Genet Test. 2004; 8:417-420.
[PubMed: 15684874]

Yu S, Bruce D, Froicu M, et al. Failure of T cell homing, reduced CD4/CD8alphaalpha
intraepithelial lymphocytes, and inflammation in the gut of vitamin D receptor KO mice. Proc Natl
Acad Sci USA. 2008; 105:20834-20839. [PubMed: 19095793]

Gumperz J, Miyake S, Yamamura T, et al. Functionally distinct subsets of CD1d-restricted natural
killer T-cells revealed by CD1d tetramer staining. J Exp Med. 2002; 195:625-636. [PubMed:
11877485]

Hansson GK. Immune mechanisms in atherosclerosis. Arterioscler Thromb Vasc Biol. 2001;
21:1876-1890. [PubMed: 11742859]

Matsuda JL, Mallevaey T, Scott-Browne J, et al. CD1d-restricted iNKT-cells, the ‘Swiss-Army
knife’ of the immune system. Curr Opin Immunol. 2008; 20:358-368. [PubMed: 18501573]

Jahng AW, Maricic I, Pedersen B, et al. Activation of natural killer T-cells potentiates or prevents
experimental autoimmune encephalomyelitis. J Exp Med. 2001; 194:1789-1799. [PubMed:
11748280]

Miyamoto K, Miyake S, Yamamura T. A synthetic glycolipid prevents autoimmune
encephalomyelitis by inducing TH2 bias of natural killer T-cells. Nature. 2001; 413:531-534.
[PubMed: 11586362]

Singh AK, Wilson MT, Hong S, et al. Natural killer T cell activation protects mice against
experimental autoimmune encephalomyelitis. J Exp Med. 2001; 194:1801-1811. [PubMed:
11748281]

Mars LT, Laloux V, Goude K, et al. Cutting edge: V alpha 14-J alpha 281 NKT-cells naturally
regulate experimental autoimmune encephalomyelitis in nonobese diabetic mice. J Immunol.
2002; 168:6007-6011. [PubMed: 12055208]

Yu S, Cantorna MT. The vitamin D receptor is required for iNKT cell development. Proc Natl
Acad Sci USA. 2008; 105:5207-5212. [PubMed: 18364394]

Cheroutre H. Starting at the beginning: new perspectives on the biology of mucosal T-cells. Annu
Rev Immunol. 2004; 22:217-246. [PubMed: 15032579]

Cheroutre H, Lambolez F. Doubting the TCR coreceptor function of CD8alphaalpha. Immunity.
2008; 28:149-159. [PubMed: 18275828]

Abbreviations

EAE experimental autoimmune encephalomyelitis
IEL intraepithelial lymphocytes

iNKT invariant NKT cell

aGalCer a-galactoceramide

IBD inflammatory bowel disease

KO knockout

TCR T-cell receptor

VDR vitamin D receptor
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WT

wild-type
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