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Abstract

Vitamin D deficiency is associated with the development of inflammatory bowel disease (IBD). In
experimental IBD the targets of vitamin D that result in protection from IBD include gut epithelial
cells, innate immune cells, T cells and the microbiota. Ultraviolet radiation (UVR) induces
production of vitamin D in the skin and suppresses T cell responses in the host. There is limited
data demonstrating an effect of UVR on experimental IBD but the mechanisms of UVR
suppression in IBD have not been defined. There are several shared effects of vitamin D and UVR
on T cells including inhibition of proliferation and suppression of IFN-y and IL-17 producing T
cells. Conversely UVR decreases and vitamin D increases IL-4 production from T cells. Together
the data suggest that UVR suppression of T cells and potentially IBD are both vitamin D
dependent and independent.

Inflammatory Bowel Disease (IBD)

IBD are chronic diseases of the gastrointestinal tract of unknown etiology. In the United

States, 1-1.3 million people have IBD and in Europe the incidence of IBD diseases are even

higher than in the US.! Treating IBD can be a substantial economic burden; in the US the
direct cost of living with IBD averages from $5,000-8,000 per year.2 Ulcerative colitis and
Crohn’s disease make up two distinct forms of IBD. Ulcerative colitis is characterized by
inflammation of the lower gastrointestinal tract from the colon to the rectum. Conversely,
Crohn’s disease is characterized by inflammation from the esophagus to the rectum, but

most commonly occurs in the ileum of the small intestine. In Crohn’s disease inflammation

can affect all layers of the intestinal wall, not just mucosal layers.3 For both diseases the
immune system is inappropriately activated by the microbes found in the gut. Patients that
develop IBD develop persistent inflammation that fails to resolve. Crohn’s disease and
ulcerative colitis have shared and distinct risk factors, as well as differences in treatments
that point to both shared and unique pathophysiologies. For both Crohn’s disease and
ulcerative colitis there are genetic and environmental factors that determine which people
develop disease.
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IBD is more common among biological relatives, and about 20% of patients (Crohn’s and
Colitis Foundation of America, http://www.ccfa.org/) have a relative with IBD,
demonstrating the role of genetics in IBD. Several IBD susceptibility genes have been
identified.* Single nucleotide polymorphisms in the major histocompatibility complex are
linked to the development of many different immune-mediated diseases including IBD.>
Major histocompatibility genes determine the targets of the immune system since they allow
the immune system to identify pathogens but tolerate commensal microbes. IBD patients
have genetic polymorphisms in multiple genes that control the immune response including
several cytokines and cytokine receptor genes.>~7 Other genetic polymorphisms exist in IBD
patients for receptors that sense pathogens or are pattern recognition receptors like
nucleotide oligomerization domain 2.8 Mutations in nucleotide oligomerization domain 2
has been identified as a critical risk factor in Crohn’s disease.% 10 Several of the genes linked
to IBD susceptibility are important in the regulation of the immune response to microbes.

Identical twin studies have established an important role of the environment in the
development of IBD. The concordance rate for ulcerative colitis in identical twins is only
20% and 50% in Crohn’s disease.!! In addition, the prevalence of IBD world wide has
increased and even countries that previously had a low incidence of IBD have seen
increases.12 The incidence of IBD is higher in industrialized countries and in the northern
hemisphere, IBD is more prevalent in northern versus southern climates. Environmental
factors that may be different in low versus high IBD areas include diet, life-style, pollution,
and sunlight (ultraviolet radiation, UVR). One environmental factor that is controlled by
changes in diet and life-style are the commensal microbiota that inhabit the gastrointestinal
tract. IBD patients have dysbiosis of the microbiota and the diversity of the microbiota is
less as compared to healthy controls.13 Environmental factors that contribute to the
development of IBD have been difficult to identify but include the composition of the
commensal microbiota, diet, vitamin D and sunlight. Here we will examine the specific role
of UVR and vitamin D on IBD.

UVR and IBD

There are only a few studies that have analyzed the effects of UVR on IBD. These studies
have been complicated by the fact that UVR exposure of skin results in the production of
vitamin D. Vitamin D is produced by UVB radiation of the precursor 7-dehydrocholesterol
in the skin to form pre-vitamin D, which is isomerized to vitamin D by heat.1* Vitamin D
from either the diet or UVR is first hydroxylated at the 25-position to produce
25hydroxyvitamin D (25,(OH)D) and then by the lalpha hydroxylase to form active vitamin
D or 1,25dihydroxyvitamin D (1,25(0OH),D). There are two sources of vitamin D for
production of 1,25(0OH),D, the diet and UVR light.

Incidence of immune-mediated diseases, including IBD, has been correlated with low sun
exposure and latitude. The incidence of ulcerative colitis was 40% higher and Crohn’s
disease was 80% higher in northern Europe compared to southern Europe.1® Other studies in
France and Scotland showed similar results.18 In France a study described a clear north-
south gradient for the incidence of Crohn’s disease, but not ulcerative colitis.1’ This same
group later found a correlation between lower UVR exposure and the increased Crohn’s
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disease incidence observed in their earlier study.”- 18 In the US, areas with lower UV
exposure, had increased incidence of IBD, increased hospitalizations rates and increased
severity of disease.19-21 UV exposure was also associated with the risk of gastrointestinal
Clostridium difficile infection.22 In addition, patients with high UV exposure (Arizona),
were 16% less likely to die from C. difficile infection in the hospital than patients with low
UV exposure (Michigan), even when controlling for age, gender, and comorbidities.?2 The
above studies did not include vitamin D measurements but did suggest that changes in
vitamin D status might account for the effects of UVR on IBD incidence and severity.

Vitamin D and IBD

The vitamin D hypothesis suggests that vitamin D status is one of the environmental factors
predisposing for the development of IBD.23 The effect of UVR on vitamin D status depends
on skin color, latitude, skin exposure, season etc. and therefore it has been difficult to
determine the UVR contributions to vitamin D status. In addition there are important inter-
personal variations in the effect of UVB light on 25(OH)D levels even when controlling for
skin color.24 Studies that use dietary intakes to estimate vitamin D status usually ignore any
contributions from UVR. Even if 25(OH)D levels are measured it is difficult to determine
how much comes from UVR versus diet and/or supplements. A recent systematic review and
meta-analysis was done to determine the association of 25(OH)D levels, UVR exposure,
geography and 1BD.2% The conclusions of the study were that both Crohn’s disease and
ulcerative colitis patients had lower levels of vitamin D and lower levels of 25(OH)D were
associated with higher Crohn’s disease activity indexes (CDAI; there were too few studies to
evaluate ulcerative colitis).2> However, because of a lack of adequate data no correlations
could be made between latitude, geography and IBD.2

The data linking vitamin D and the propensity to develop IBD have been done without
accounting for the possible contributions of UV light to the vitamin D status. The data so far
demonstrating an inverse correlation between vitamin D status and IBD severity are stronger
for patients with Crohn’s disease than for patients with ulcerative colitis.2® A prospective
study that utilized the Nurses Health study and determined the relationship between
25(0OH)D status and the risk of developing IBD showed a significant inverse risk between
25(0OH)D levels and Crohn’s disease but an insignificant inverse association for ulcerative
colitis.2 In two different prospective studies in Crohn’s disease, patients with low 25(0OH)D
levels (<30ng/ml) required more hospitalizations and surgery compared to patients with
higher 25(OH)D levels at entry.28: 29 One of the two prospective studies included ulcerative
colitis patients and showed that low 25(OH)D levels (<30ng/ml) resulted in more morbidity
and treatment escalation over the 5 years of the study follow up for ulcerative colitis as well
as Crohn’s disease.?? Crohn’s disease patients in clinical remission had higher 25(OH)D
levels than those with mild or moderate disease, and patients who used vitamin D
supplements had lower C-reactive protein (P=0.07) and CDAI scores (P<0.05) than those
who did not take supplements.3? The stronger associations of vitamin D on Crohn’s disease
versus ulcerative colitis could be because of the differences in the etiology of the diseases as
evidenced by the unique as well as shared genetic risk factors for the two diseases.3!
Vitamin D status is strongly inversely associated with IBD and especially Crohn’s disease.
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There have only been a few clinical interventions done using vitamin D supplementation of
Crohn’s disease patients. In a small open label pilot study, vitamin D supplementation for 6
months (5000 1U/d) improved quality of life scores in Crohn’s subjects with mild to
moderate disease, and most of the patients (78%) had CDAI scores below 150 indicating
clinical remission after the 6 month intervention.32 A second small open label study
demonstrated a positive effect of vitamin D analog intervention (6 week treatment using
1alpha hydroxy-vitamin D) on CDAI scores.33 Another small, double-blind randomized
controlled study demonstrated an insignificant (P=0.056) decrease in relapse rate with the 12
month vitamin D intervention (1200 1U/d) as compared to placebo.34 Each of the three
vitamin D interventions in Crohn’s disease utilized different vitamin D interventions and
different study designs.32-34 There is currently disagreement by the experts as to the
effective dose, frequency of vitamin D delivery and serum 25(OH)D status cut offs for
health outcomes; making it more difficult to determine the effects of vitamin D
supplementation in clinical studies (reviewed in2%). The results from the vitamin D
interventions in Crohn’s disease patients, while promising, require additional studies.

UVR and experimental IBD

Mouse models of IBD have been useful for identifying novel therapeutics. There are many
experimental models of IBD, and while no model perfectly represents human disease, these
models are important in understanding mechanisms of IBD development. A comprehensive
review of animal models of experimental IBD has been published by others.3° Experimental
IBD models fall into three categories: genetic models, transfer models, or chemical-induced
injury models. Genetic manipulation to inhibit regulatory immune responses are common in
IBD models, such as IL-10 KO.3% IL-10 KO animals develop spontaneous colitis as a result
of the lack of regulatory T (T reg) cells that produce most of the IL-10 in the gastrointestinal
tract.3® Transfer of naive T cells to immunodeficient (no T or B cells) mice is an IBD model
that has identified IFN-y producing Thl and IL-17 producing Th17 cells as the
immunopathologic T cells in experimental IBD.35 Co-transfer of naive T cells with T reg
cells that produce IL-10 eliminates disease by suppressing the production of IFN-y and
IL-17 by the naive T cells in the immunodeficient recipients.3®> Chemical injury models of
IBD have identified the important contribution of pattern recognition receptors of the innate
immune system as important contributors to IBD susceptibility.3> All of the experimental
IBD models are affected by the commensal microbiota in the animal colonies. In dextran
sodium sulfate induced colitis the microbes protect from gastrointestinal injury, while in
other models (T cell transfer, IL-10 KO) the T cell response is generated against the
microbes in the gastrointestinal tract.3® The experimental IBD models have identified T
cells, innate cells and the microbiota as key factors that regulate inflammation and disease in
the gastrointestinal tract.

The effects of vitamin D on experimental IBD models have been reviewed.38 Vitamin D
deficient and VDR KO mice develop fulminating forms of several different models of
experimental 1BD.3¢ Treating mice with the active form of vitamin D (1,25(OH),D)
inhibited 1BD in murine models of disease.38 The targets of vitamin D in experimental IBD
include gastrointestinal epithelial cell barrier function and both the innate and adaptive
immune system.36 More recently it has become clear that vitamin D alters the composition
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of the commensal microbiota probably through regulation of the immune system.3¢ The
mechanisms by which vitamin D regulates experimental IBD include regulation of gut
barrier function, the microbiota and the immune system to maintain gastrointestinal
homeostasis.

Two studies have examined the effects of UVR in one model of experimental IBD. The
model that was tested is acute dextran sodium sulfate colitis in mice. Colitis in this model is
a result of injury in the gastrointestinal tract that is then repaired by the innate immune
system, without a contribution of T cells.3® The experimental design for both studies was
similar in that the light therapy was delivered before induction of colitis.3”: 38 Both studies
showed a positive effect of the light treatments on experimental IBD symptoms in this
model.3”- 38 The dose of light was sufficient in one study to raise serum 25(OH)D levels but
in the other was not.37: 38 The doses of light delivered were 600mJ/cm? (no raise in serum
25(0OH)D) on shaved mice versus 14 J/cm? on unshaved mice (raised serum 25(0OH)D).37: 38
The low dose (600mJ/cm?) was associated with an increase in T reg cells.38 However T reg
cells have not been shown to be important in this model of chemically induced colitis. The
data suggest that there may be a vitamin D independent effect of UVR on experimental
colitis.37 38 Future work should focus on the effects of UVR in other experimental models
of IBD that involve T cells and the utilization of VDR KO mice to determine the UVR
induced versus the vitamin D mediated effects of UVR treatments.

Vitamin D/UVR regulation of T cells

While it is clear that innate immune cells, the microbiota, the gut epithelium and T cells are
critical regulators of gastrointestinal homeostasis, this commentary will focus on the effects
of vitamin D versus UVR on T cells. Dysregulation of T cells leads to IBD and 1,25(0OH),D
and UVR have effects on T cells. Vitamin D is a critical factor in the development and
function of T cells. The targets of vitamin D in T cells include inhibition of proliferation of
T cells and 1,25(0OH),D mediated inhibition of T cell produced IL-17 and IFN-y (Fig. 1).
39-41 UVR also results in the inhibition of T cell proliferation and a more global inhibition
of T cell produced Th1l, Th17 and Th2 (IL-4 secreting T cells) cytokine responses in effector
T cells (Fig. 1).42 The immunosuppression following UVR exposure and 1,25(0H),D is
acute in that antigen sensitization immediately following UVR/1,25(0OH),D exposure is
affected but subsequent exposures to new antigens are not affected.23 41 42 The induction of
FoxP3* T reg cells by 1,25(0OH),D and UVR is also an overlapping function of the two
treatments (Fig. 1).38-40.42 1 25(0OH),D and UVR increased production of IL-10 by T cells
(Fig. 1). Common functions of UVR and 1,25(0OH),D treatments include suppression of T
cell proliferation, inhibition of Th1/Th17 effector cells and induction of T reg cells and
IL-10 production (Fig. 1).23: 41,42

Vitamin D is critical in the development of invariant (i) natural killer (NK)T cells and
CD8a.a T cells. iNKT cells are T cells that respond to lipid antigens and rapidly produce
cytokines. iNKT cells have been shown to be important regulators of experimental IBD
(dextran sodium sulfate induced colitis).43 The gastrointestinal tract harbors a unique T cell
population that express CD8a.a..** The CD8a.a receptor on these T cells helps to maintain
tolerance to the large number of microbial and food antigens found in the gut.#4 VDR KO
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have fewer iNKT cells and CD8a.a compared to WT mice, and the CD8aa T cells from the
gut of the VDR KO produced less I1L-10 (Fig. 1).45 46 Vitamin D status and expression of
the VDR are required for the normal development of iNKT cells and CD8aa T cells that
regulate experimental IBD (Fig. 1).#> 46 Reduced iNKT cell or CD8aa T cell functions
results in poorly controlled Thl and Th17 cell responses in the gut (Fig. 1). 1,25(0OH),D
inhibited 1L-17 and induced 1L-10 production from iNKT cells.*® There is one study that has
looked at the effects of UVR on NKT cells and shown that UVR induces NKT cells that
suppress antigen specific responses.” The UVR NKT cells were CD1d restricted and
showed increased IL-4 production with UVR treatment but may be distinct from the iNKT
cells that have been the focus of the vitamin D work.46: 47 Additional work is needed to
determine whether the effects of UVR on NKT cells is via the production of 1,25(0H),D
and induction of iNKT cells (Fig. 1). The targets of vitamin D in T cells, includes regulation
of iINKT cell and CD8a.a T cell development and function (Fig. 1).

The mechanisms by which UVR regulate T cells directly in the absence of induction of
vitamin D production have not been well studied. The UVR effects cannot be reproduced /in
vitrowhich complicates clear determinations of vitamin D versus UVR mediated effects.
The effects of UVR on T cells includes inhibition of T cell proliferation and suppression of
all antigen specific responses including Th1, Th17 and Th2 (Fig. 1).42 48 1,25(OH),D
treatment of T cells induced IL-4 production from Th2 cells.*1 Mechanisms whereby UVR
could regulate the T cell is via prostaglandin-E2 production and the formation of pyrimidine
dimers and urocanic acid production.4®: 50 These UVR induced factors have been shown to
induce T reg cells and 1L-10 production following UVR exposure of skin.4%: 50 UVR was
shown to induce functional T regs in VDR KO mice.>! Independent of vitamin D, UVR
induced T regs and suppressed antigen specific immune responses in vivo.>! The factors that
mediate regulation of T cells following UVR exposure include both vitamin D independent
and dependent effects of UVR (Fig. 1).

Conclusions

UVR and vitamin D are two related environmental factors that have been hypothesized to be
etiological factors important in the development of IBD. At present there is strong evidence
associating vitamin D status as a risk factor for IBD, especially Crohn’s disease. The
evidence for geography, latitude or UVR exposure and IBD does not exist. Animal models
have been useful for identifying the targets of vitamin D in experimental IBD, which include
T cells, innate immune cells, epithelial cells and the microbiota. A more limited number of
studies (two) have studied UVR and experimental IBD without identifying the specific
targets in this model. UVR is an effective inhibitor of antigen specific T cell responses. UVR
and 1,25(OH),D have some shared as well as unique effects on T cells. Overall the data
support UVR effects on T cells (and potentially IBD) that are both vitamin D dependent and
vitamin D independent. IBD patients might be the ideal population for the utilization of
UVR therapy. Because of the malabsorption associated with the IBD diseases oral vitamin D
supplementation can be ineffective. UVR might increase vitamin D status and have other
non-vitamin D mediated benefits in this population.

Photochem Photobiol Sci. Author manuscript; available in PMC 2018 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bora and Cantorna

Page 7

Acknowledgments

This work was supported by USDA National Needs Grant to SB. 2914-38420-21822 and the National Center for
Complementary and Integrative Health and the Office of Dietary Supplements AT005378 to MTC.

References

1. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, Benchimol El, Panaccione R,
Ghosh S, Barkema HW, Kaplan GG. Increasing incidence and prevalence of the inflammatory
bowel diseases with time, based on systematic review. Gastroenterology. 2012; 142:46-54 e42. quiz
€30. [PubMed: 22001864]

2. Kappelman MD, Rifas-Shiman SL, Porter CQ, Ollendorf DA, Sandler RS, Galanko JA, Finkelstein
JA. Direct health care costs of Crohn’s disease and ulcerative colitis in US children and adults.
Gastroenterology. 2008; 135:1907-1913. [PubMed: 18854185]

3. Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory bowel disease. Nature.
2007; 448:427-434. [PubMed: 17653185]

4. Cleynen |, Boucher G, Jostins L, Schumm LP, Zeissig S, Ahmad T, Andersen V, Andrews JM,
Annese V, Brand S, Brant SR, Cho JH, Daly MJ, Dubinsky M, Duerr RH, Ferguson LR, Franke A,
Gearry RB, Goyette P, Hakonarson H, Halfvarson J, Hov JR, Huang H, Kennedy NA, Kupcinskas L,
Lawrance IC, Lee JC, Satsangi J, Schreiber S, Theatre E, van der Meulen-de Jong AE, Weersma
RK, Wilson DC, Parkes M, Vermeire S, Rioux JD, Mansfield J, Silverberg MS, Radford-Smith G,
McGovern DP, Barrett JC, Lees CW. C. International Inflammatory Bowel Disease Genetics.
Inherited determinants of Crohn’s disease and ulcerative colitis phenotypes: a genetic association
study. Lancet. 2016; 387:156-167. [PubMed: 26490195]

5. Shih DQ, Targan SR. Insights into IBD Pathogenesis. Curr Gastroenterol Rep. 2009; 11:473-480.
[PubMed: 19903423]

6. Machida H, Tsukamoto K, Wen CY, Narumi Y, Shikuwa S, Isomoto H, Takeshima F, Mizuta Y,
Niikawa N, Murata I, Kohno S. Association of polymorphic alleles of CTLA4 with inflammatory
bowel disease in the Japanese. World J Gastroenterol. 2005; 11:4188-4193. [PubMed: 16015687]

7. Repnik K, Potocnik U. CTLA4 CT60 single-nucleotide polymorphism is associated with Slovenian
inflammatory bowel disease patients and regulates expression of CTLA4 isoforms. DNA Cell Biol.
2010; 29:603-610. [PubMed: 20491567]

8. Philpott DJ, Sorbara MT, Robertson SJ, Croitoru K, Girardin SE. NOD proteins: regulators of
inflammation in health and disease. Nat Rev Immunol. 2014; 14:9-23. [PubMed: 24336102]

9. Hugot JP, Chamaillard M, Zouali H, Lesage S, Cezard JP, Belaiche J, Almer S, Tysk C, O’Morain
CA, Gassull M, Binder V, Finkel Y, Cortot A, Modigliani R, Laurent-Puig P, Gower-Rousseau C,
Macry J, Colombel JF, Sahbatou M, Thomas G. Association of NOD2 leucine-rich repeat variants
with susceptibility to Crohn’s disease. Nature. 2001; 411:599-603. [PubMed: 11385576]

10. Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R, Britton H, Moran T, Karaliuskas
R, Duerr RH, Achkar JP, Brant SR, Bayless TM, Kirschner BS, Hanauer SB, Nunez G, Cho JH. A
frameshift mutation in NOD2 associated with susceptibility to Crohn’s disease. Nature. 2001;
411:603-606. [PubMed: 11385577]

11. 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]

12. Braus NA, Elliott DE. Advances in the pathogenesis and treatment of IBD. Clin Immunol. 2009;
132:1-9. [PubMed: 19321388]

13. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-
phylogenetic characterization of microbial community imbalances in human inflammatory bowel
diseases. Proc Natl Acad Sci U S A. 2007; 104:13780-13785. [PubMed: 17699621]

14. Tian XQ, Holick MF. Catalyzed thermal isomerization between previtamin D3 and vitamin D3 via
beta-cyclodextrin complexation. J Biol Chem. 1995; 270:8706-8711. [PubMed: 7721775]

15. Shivananda S, Lennard-Jones J, Logan R, Fear N, Price A, Carpenter L, van Blankenstein M.
Incidence of inflammatory bowel disease across Europe: is there a difference between north and

Photochem Photobiol Sci. Author manuscript; available in PMC 2018 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bora and Cantorna

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Page 8

south? Results of the European Collaborative Study on Inflammatory Bowel Disease (EC-IBD).
Gut. 1996; 39:690-697. [PubMed: 9014768]

Armitage EL, Aldhous MC, Anderson N, Drummond HE, Riemersma RA, Ghosh S, Satsangi J.
Incidence of juvenile-onset Crohn’s disease in Scotland: association with northern latitude and
affluence. Gastroenterology. 2004; 127:1051-1057. [PubMed: 15480983]

Nerich V, Monnet E, Etienne A, Louafi S, Ramee C, Rican S, Weill A, Vallier N, Vanbockstael V,
Auleley GR, Allemand H, Carbonnel F. Geographical variations of inflammatory bowel disease in
France: a study based on national health insurance data. Inflamm Bowel Dis. 2006; 12:218-226.
[PubMed: 16534424]

Nerich V, Jantchou P, Boutron-Ruault MC, Monnet E, Weill A, Vanbockstael V, Auleley GR,
Balaire C, Dubost P, Rican S, Allemand H, Carbonnel F. Low exposure to sunlight is a risk factor
for Crohn’s disease. Aliment Pharmacol Ther. 2011; 33:940-945. [PubMed: 21332762]

Limketkai BN, Bayless TM, Brant SR, Hutfless SM. Lower regional and temporal ultraviolet
exposure is associated with increased rates and severity of inflammatory bowel disease
hospitalisation. Aliment Pharmacol Ther. 2014; 40:508-517. [PubMed: 24943863]

Govani SM, Higgins PD, Stidham RW, Montain SJ, Waljee AK. Increased ultraviolet light
exposure is associated with reduced risk of inpatient surgery among patients with Crohn’s disease.
J Crohns Colitis. 2015; 9:77-81. [PubMed: 25518047]

Khalili H, Huang ES, Ananthakrishnan AN, Higuchi L, Richter JM, Fuchs CS, Chan AT.
Geographical variation and incidence of inflammatory bowel disease among US women. Gut.
2012; 61:1686-1692. [PubMed: 22241842]

Govani SM, Waljee AK, Stidham RW, Higgins PD. Increasing ultraviolet light exposure is
associated with reduced mortality from Clostridium difficile infection. United European
Gastroenterol J. 2015; 3:208-214.

Cantorna MT, Yu S, Bruce D. The paradoxical effects of vitamin D on type 1 mediated immunity.
Mol Aspects Med. 2008; 29:369-375. [PubMed: 18561994]

Datta P, Philipsen PA, Olsen P, Petersen B, Johansen P, Morling N, Wulf HC. Major inter-personal
variation in the increase and maximal level of 25-hydroxy vitamin D induced by UVB. Photochem
Photobiol Sci. 2016; 15:536-545. [PubMed: 27001558]

LuC, Yang J, Yu W, Li D, Xiang Z, Lin Y, Yu C. Association between 25(OH)D Level, Ultraviolet
Exposure, Geographical Location, and Inflammatory Bowel Disease Activity: A Systematic
Review and Meta-Analysis. PLoS One. 2015; 10:0132036. [PubMed: 26172950]

Cantorna MT. IBD: Vitamin D and IBD: moving towards clinical trials. Nature reviews
Gastroenterology & hepatology. 2016; 13:322-323.

Ananthakrishnan AN, Khalili H, Higuchi LM, Bao Y, Korzenik JR, Giovannucci EL, Richter JM,
Fuchs CS, Chan AT. Higher predicted vitamin D status is associated with reduced risk of Crohn’s
disease. Gastroenterology. 2012; 142:482-489. [PubMed: 22155183]

Ananthakrishnan AN, Cagan A, Gainer VS, Cai T, Cheng SC, Savova G, Chen P, Szolovits P, Xia
Z, De Jager PL, Shaw SY, Churchill S, Karlson EW, Kohane I, Plenge RM, Murphy SN, Liao KP.
Normalization of plasma 25-hydroxy vitamin D is associated with reduced risk of surgery in
Crohn’s disease. Inflamm Bowel Dis. 2013; 19:1921-1927. [PubMed: 23751398]

Kabbani TA, Koutroubakis IE, Schoen RE, Ramos-Rivers C, Shah N, Swoger J, Regueiro M,
Barrie A, Schwartz M, Hashash JG, Baidoo L, Dunn MA, Binion DG. Association of Vitamin D
Level With Clinical Status in Inflammatory Bowel Disease: A 5-Year Longitudinal Study. Am J
Gastroenterol. 2016; doi: 10.1038/ajg.2016.53

Jorgensen SP, Hvas CL, Agnholt J, Christensen LA, Heickendorff L, Dahlerup JF. Active Crohn’s
disease is associated with low vitamin D levels. J Crohns Colitis. 2013; 7:e407-413. [PubMed:
23403039]

Waterman M, Xu W, Stempak JM, Milgrom R, Bernstein CN, Griffiths AM, Greenberg GR,
Steinhart AH, Silverberg MS. Distinct and overlapping genetic loci in Crohn’s disease and
ulcerative colitis: correlations with pathogenesis. Inflamm Bowel Dis. 2011; 17:1936-1942.
[PubMed: 21830272]

Photochem Photobiol Sci. Author manuscript; available in PMC 2018 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bora and Cantorna

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 9

Yang L, Weaver V, Smith JP, Bingaman S, Hartman TJ, Cantorna MT. Therapeutic effect of
vitamin d supplementation in a pilot study of Crohn’s patients. Clin Transl Gastroenterol. 2013;
4:e33.

Miheller P, Muzes G, Hritz I, Lakatos G, Pregun I, Lakatos PL, Herszenyi L, Tulassay Z.
Comparison of the effects of 1,25 dihydroxyvitamin D and 25 hydroxyvitamin D on bone
pathology and disease activity in Crohn’s disease patients. Inflamm Bowel Dis. 2009; 15:1656—
1662. [PubMed: 19408329]

Jorgensen SP, Agnholt J, Glerup H, Lyhne S, Villadsen GE, Hvas CL, Bartels LE, Kelsen J,
Christensen LA, Dahlerup JF. Clinical trial: vitamin D3 treatment in Crohn’s disease - a
randomized double-blind placebo-controlled study. Aliment Pharmacol Ther. 2010; 32:377-383.
[PubMed: 20491740]

Mizoguchi A. Animal models of inflammatory bowel disease. Prog Mol Biol Transl Sci. 2012;
105:263-320. [PubMed: 22137435]

Cantorna MT, McDaniel K, Bora S, Chen J, James J. Vitamin D, immune regulation, the
microbiota, and inflammatory bowel disease. Exp Biol Med (Maywood). 2014; 239:1524-1530.
[PubMed: 24668555]

Hiratsuka T, Inomata M, Goto S, Oyama Y, Nakano T, Chen CL, Shiraishi N, Noguchi T, Kitano S.
Phototherapy with artificial light suppresses dextran sulfate sodium-induced colitis in a mouse
model. J Gastroenterol Hepatol. 2014; 29:749-756. [PubMed: 24236761]

Breuer J, Schwab N, Schneider-Hohendorf T, Marziniak M, Mohan H, Bhatia U, Gross CC,
Clausen BE, Weishaupt C, Luger TA, Meuth SG, Loser K, Wiendl H. Ultraviolet B light attenuates
the systemic immune response in central nervous system autoimmunity. Ann Neurol. 2014;
75:739-758. [PubMed: 24771567]

Bruce D, Ooi JH, Yu S, Cantorna MT. Vitamin D and host resistance to infection? Putting the cart
in front of the horse. Exp Biol Med (Maywood). 2010; 235:921-927. [PubMed: 20660091]

Ooi JH, Chen J, Cantorna MT. Vitamin D regulation of immune function in the gut: why do T cells
have vitamin D receptors? Mol Aspects Med. 2012; 33:77-82. [PubMed: 22079836]

Cantorna MT, Snyder L, Lin YD, Yang L. Vitamin D and 1,25(0OH)2D regulation of T cells.
Nutrients. 2015; 7:3011-3021. [PubMed: 25912039]

Schwarz T. Mechanisms of UV-induced immunosuppression. Keio J Med. 2005; 54:165-171.
[PubMed: 16452825]

Saubermann LJ, Beck P, De Jong YP, Pitman RS, Ryan MS, Kim HS, Exley M, Snapper S, Balk
SP, Hagen SJ, Kanauchi O, Motoki K, Sakai T, Terhorst C, Koezuka Y, Podolsky DK, Blumberg
RS. Activation of natural Killer T cells by alpha-galactosylceramide in the presence of CD1d
provides protection against colitis in mice. Gastroenterology. 2000; 119:119-128. [PubMed:
10889161]

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

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

Yu S, Bruce D, Froicu M, Weaver V, Cantorna MT. 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 U S A. 2008; 105:20834-20839. [PubMed: 19095793]

Moodycliffe AM, Nghiem D, Clydesdale G, Ullrich SE. Immune suppression and skin cancer
development: regulation by NKT cells. Nat Immunol. 2000; 1:521-525. [PubMed: 11101875]
Gorman S, McGlade JP, Lambert MJ, Strickland DH, Thomas JA, Hart PH. UV exposure and
protection against allergic airways disease. Photochem Photobiol Sci. 2010; 9:571-577. [PubMed:
20354653]

Soontrapa K, Honda T, Sakata D, Yao C, Hirata T, Hori S, Matsuoka T, Kita Y, Shimizu T,
Kabashima K, Narumiya S. Prostaglandin E2-prostaglandin E receptor subtype 4 (EP4) signaling
mediates UV irradiation-induced systemic immunosuppression. Proc Natl Acad Sci U S A. 2011;
108:6668-6673. [PubMed: 21460251]

Ullrich SE. Photoimmune suppression and photocarcinogenesis. Front Biosci. 2002; 7:d684-703.
[PubMed: 11861222]

Photochem Photobiol Sci. Author manuscript; available in PMC 2018 April 13.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bora and Cantorna Page 10

51. Schwarz A, Navid F, Sparwasser T, Clausen BE, Schwarz T. 1,25-dihydroxyvitamin D exerts
similar immunosuppressive effects as UVR but is dispensable for local UVR-induced
immunosuppression. J Invest Dermatol. 2012; 132:2762-2769. [PubMed: 22854622]

Biographies

Stephanie Bora is in her final year of the PhD program in the Immunology and Infectious
Diseases graduate program at the Pennsylvania State University. Ms. Bora graduated from
the Upon graduation she plans to pursue a career in Science policy and advocacy.

Dr. Margherita T Cantorna is a Distinguished Professor of Immunology and Nutrition in the
Department of Veterinary and Biomedical Sciences at the Pennsylvania State University. Dr.
Cantorna received her BS in Chemistry from the University of Illinois and her PhD at the
University of Madison-Wisconsin in the Department of Medical Microbiology and
Immunology. For her post-doctoral fellowship she stayed at the University of Madison but
moved to the Biochemistry Department. Her first appointment at the Pennsylvania State
University was in the Department of Nutrition and she moved to her present position in
2006.

Photochem Photobiol Sci. Author manuscript; available in PMC 2018 April 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bora and Cantorna Page 11

Vitamin D

iNKT cell

CD8aa T cell CD4+ T cell
||_-4 ﬂ Th2
Treg ||.-1 0 @ IL- 17
IFN-v,

Th1, Th17

UVR

iNKT cell? CD8aa T cell? Naive
CD4+ T cell

IL 10 Th1,
Treg ©_| ©_|© Th17, Th2 ‘1'

Figure 1. Vitamin D versus UVR effectson T cells
The shared effects of both vitamin D and UVR on T cells includes induction of IL-10

producing T regs and suppression of T cell proliferation and Th1 and Th17 cells that
produce IL-17 or IFN-y. UVR suppresses induction of Th2 cells, while 1,25(0OH),D induces
IL-4 production from Th2 cells and iNKT cells. In addition, vitamin D is a critical factor in
the development of iNKT cells and CD8aa T cells that help to maintain tolerance in the
gastrointestinal tract. It is presently unclear what the effects of UVR are on either iNKT cells
or CD8aa T cells.
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