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Low vitamin D status has been implicated in the etiology of

autoimmune diseases such as multiple sclerosis, rheumatoid

arthritis, insulin-dependent diabetes mellitus, and inflammatory

bowel disease. The optimal level of vitamin D intake required to

support optimal immune function is not known but is likely to be

at least that required for healthy bones. Experimentally, vitamin

D deficiency results in the increased incidence of autoimmune

disease. Mechanistically, the data point to a role for vitamin D in

the development of self-tolerance. The vitamin D hormone (1,25-

dihydroxy vitamin D3) regulates T helper cell (Th1) and dendritic

cell function while inducing regulatory T-cell function. The net

result is a decrease in the Th1-driven autoimmune response and

decreased severity of symptoms. This review discusses the

accumulating evidence pointing to a link between vitamin D and

autoimmunity. Increased vitamin D intakes might decrease the

incidence and severity of autoimmune diseases and the rate of

bone fracture. Exp Biol Med 229:1136–1142, 2004
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Introduction

Autoimmune diseases are characterized by the targeted

destruction of self-tissue by the immune system. More than

80 known autoimmune disorders exist; as a whole, they

represent a leading cause of death of young to middle-aged

women in the United States today (1). Despite their

relatively high prevalence rate, the etiology and patho-

genesis of most autoimmune disorders remain unknown,

and cures remain elusive. To cure an autoimmune disorder,

one would need to eradicate either the self-antigen or the

immune cells responsible for the pathology. Eradication of

the self-antigen is impossible; therefore, treatment options

include various strategies aimed at regulating the auto-

immune response.

The evidence linking vitamin D status as a potential

environmental factor affecting autoimmune disease preva-

lence continues to accumulate. The data link vitamin D and

insulin-dependent diabetes mellitus (IDDM), multiple

sclerosis (MS), inflammatory bowel diseases (IBD), and

rheumatoid arthritis (RA) (2). Autoimmunity is driven by T

helper cells (Th1), which attack various self-tissues in the

body. It is clear that both genetic and environmental factors

affect disease prevalence. The fact that vitamin D has been

implicated as a factor in several different autoimmune

diseases suggests that vitamin D might be an environmental

factor that normally participates in the control of self-

tolerance. In addition, there may be a higher vitamin D

requirement for patients at risk for developing and those that

already have an autoimmune disease. The optimal amount

of vitamin D to support the immune response may be

different from the amount required to prevent vitamin D

deficiency or to maintain calcium homeostasis. The current

recommended intake levels for vitamin D are too low to

support bone mineralization, which is already a problem in

patients with autoimmunity. New evidence from human,

animal, and in vitro mechanistic experiments suggest that

vitamin D may play a role in the etiology of autoimmunity.
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Vitamin D Requirements

The diet is an unreliable source of vitamin D because

most foods contain insignificant amounts of vitamin D. The

most cost-effective approach to obtain adequate vitamin D

levels is through sunlight exposure of the skin. However,

concerns about skin cancer and premature aging reduce the

enthusiasm of the health-care professionals for advocating

this approach. Vitamin D deficiency diseases (rickets in

children and osteomalacia in adults) are relatively uncom-

mon mostly because of the low levels of vitamin D required

for their elimination. More common is the increased

incidence of bone fracture associated with low intakes of

vitamin D. There is a clear and well-documented relation-

ship between serum levels of 25-hydroxyvitamin D3

(25[OH]D3) and fracture risk (3). According to the available

information, the optimal levels of circulating 25(OH)D3

should be .50 nM (20 ng/ml) to reduce bone-fracture risk

(3). Lifeguards and other individuals who work outdoors

have circulating levels of 25(OH)D3 of .100 nM (.40 ng/

ml) (4). Toxicity after sunlight exposure has never been

reported. The vitamin D deficiency diseases occur when

25(OH)D3 levels are ,12.5 nM (5 ng/ml). More recently,

the benefits of vitamin D have been shown against other

chronic diseases besides osteoposrosis (2, 5). The circulat-

ing level of 25(OH)D3 that is optimal for all organ systems

is unknown; however, it is safe to assume that the level must

be at least that amount required to reduce bone-fracture risk

(.50 nM).

The question of how much vitamin D intake is needed

to maintain circulating levels above 50 nM is a contro-

versial one. Many vitamin D experts agree that the current

recommendations are far too low (2, 3, 5–7). Because there

is no definition for "optimal" health, and because the best

studied biological outcome for vitamin D status is bone-

mineral density or fracture risk, the information available is

based on achieving healthy bones. Vitamin D supplemen-

tation below 800 IU/day has uniformly shown to have no

effect on the incidence of bone fractures, perhaps because

this dose will not raise serum 25(OH)D3 levels above 50

nM (3). At a recent meeting held at the National Institutes

of Health (Vitamin D and Health in the 21st Century: Bone

and Beyond, Bethesda, MD, October 9–10, 2003), the

vitamin D experts suggested that new guidelines for

vitamin D are necessary. Furthermore, four of five of the

experts agreed on a target of 70 nM for circulating

25(OH)D3 levels and intakes of 1000 IU/day for adults

over the age of 18. This level is 2.5- to 5-times higher

(depending on age) than the current U.S.-recommended

intake values for vitamin D. The current upper level of

vitamin D intake was set at 2000 IU/day for all age groups,

but more recent reviews of the data concluded that this

amount was based on insufficient scientific evidence (5, 6).

Vieth et al. (8) have shown that intakes of vitamin D at

4000 IU/day for up to 5 months are safe and do not result in

hypercalciuria, which occurs when circulating levels of

25(OH)D3 are above 250 nM (6). Estimated daily intakes of

vitamin D supplements in excess of 10,000 IU are required

to achieve 25(OH)D3 levels above 250 nM (6). More data

are needed to determine the upper and safe level of vitamin

D. High doses of vitamin D (.1000 IU/day) might induce

vitamin D toxicity over long periods of time. However, the

data demonstrate a need for vitamin D intakes in the range

of 800–1000 IU/day and for serum 25(OH)D3 target levels

of 50–70 nM.

Vitamin D and Autoimmunity

The early suggestions that vitamin D status might

affect the prevalence of autoimmune diseases were largely

based on anecdotal evidence (9). For example, MS and

IBD are diseases prevalent in Canada, the northern parts of

the United States, and Europe. The underlying hypothesis

would be that the availability of the vitamin D ligand in the

environment through either sunlight or food is an environ-

mental factor that affects autoimmune disease prevalence.

The Northern hemisphere receives less sunlight, especially

during the winter. The severity of MS has been shown to

fluctuate seasonally, with exacerbations occurring more in

the spring than in other months (10–13). Circulating levels

of vitamin D also fluctuate seasonally, with low levels of

25(OH)D3 in the winter months and high levels during the

summer months. It seems reasonable that a lag time may

exist between the dip in 25(OH)D3 levels and the increased

MS exacerbations. In a German population, vitamin D

status was shown to strongly correlate with MS lesion

frequency given a 2-month lag time (14). Recently, a large

population study determined that vitamin D intake was

inversely correlated with MS incidence (15). Munger et al.
(15) looked at the vitamin D intake in more than 187,000

women from two separate cohorts (one cohort was

followed for 20 years, the other for 10 years). Overall,

the risk of MS was 40% lower in women in the upper

quintile of vitamin D intake (15). The contributions of

sunlight were not accounted for, and all the women in the

upper quintile were taking vitamin D supplements; vitamin

D from food had no effect on the incidence of MS (15). A

second study showed that vitamin D intake (sunlight not

accounted for) was inversely associated with the risk of

developing RA in a population of 29,000 women (16).

Vitamin D supplementation (2000 IU/day) during infancy

(10,366 children) also significantly reduced the develop-

ment of IDDM (rate ratio of 0.22) when evaluated 30 years

later (17). Regarding IBD, no prospective study has been

conducted that examined vitamin D intake and the risk of

developing IBD. However, vitamin D deficiency is

common in patients with Crohn’s disease even when the

disease is in remission (18, 19). New evidence in large

prospective studies supports the hypothesis that high

vitamin D intakes, regardless of sunlight exposure, are

associated with the reduced risk of developing IDDM, RA,

and MS.
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In addition to the data that show vitamin D status as

an environmental factor affecting autoimmune disease

prevalence, patients with autoimmune diseases have also

been shown to express genetic polymorphisms for vitamin

D regulatory genes. Polymorphisms in the vitamin D

receptor (VDR) have been correlated with increased

susceptibility of MS (20, 21), IBD (22, 23), RA (24,

25), and IDDM (26–31). Polymorphisms in other vitamin

D regulatory genes have been examined. Polymorphisms in

the vitamin D binding protein and the 1a-25(OH)D3

hydroxylase gene were determined in one Canadian and

one Japanese cohort but were not found to be associated

with MS (32, 33). The genetic differences in the VDR

might be one of the many genes that predispose individuals

to develop autoimmunity. Unfortunately, no functional

phenotype is associated with the different VDR poly-

morphisms. In addition, the vitamin D regulatory system is

extremely complex, and other genes and complicated

interactions could occur between genes that may affect

autoimmune disease susceptibility.

Few trials have used vitamin D interventions in patients

with autoimmune diseases. A small double-blind placebo-

controlled intervention using daily 1000 IU vitamin D and

800 mg calcium supplementation showed that vitamin D

supplements increased circulating levels of the anti-

inflammatory cytokine transforming growth factor (TGF)

b1 in patients with MS (34). Transforming growth factor–b1
levels have been shown to be low in patients with MS, and

treatments that increase TGFb1 should decrease auto-

immune T-cell function (35). A second study in patients

with MS used calcium, magnesium, and vitamin D (cod

liver oil: 5000 IU/day) supplements for 1 year (36). The

number of MS-related exacerbations decreased 2.4- to 2.7-

fold after supplementation. However, the study did not

include control subjects. A third study showed that

supplementation with fish oil (containing vitamin D) and

several other vitamins significantly reduced clinical severity

of MS in 11 of 16 patients (37). The study was uncontrolled,

and supplementation was accompanied with recommenda-

tions of overall lifestyle changes that could have affected

observed results (recommendations regarding smoking,

reduced saturated fat intake, and so on). Supplementa-

tion with the synthetic 1,25-dihydroxy vitamin D3

(1,25[OH]2D3) precursor alphacalcidiol (1a-hydroxyvita-
min D3) decreased the severity of RA symptoms in a small

case-controlled study (38). Placebo-controlled studies have

shown that calcium and vitamin D supplementation were

effective for preventing bone loss in patients with auto-

immune diseases, including Crohn’s disease (19, 39).

Unfortunately, the investigators did not look at the effects

of vitamin D on the symptoms of Crohn’s disease. Two

studies have shown that fish oil, which is a rich source of

vitamin D, decreased the severity of IBD (40, 41). More

vitamin D intervention studies are needed in patients with

autoimmune diseases. In patients with active autoimmune

disease, the hormonally active form or analogs of the

vitamin (1,25[OH]2D3) should be tested. The limited

number of studies cited do show a small benefit associated

with taking vitamin D supplements.

Vitamin D, VDR, and Experimental Autoimmunity

The disease symptoms in murine models of MS

(experimental autoimmune encephalomyelitis [EAE]), RA,

and IDDM are all suppressed by 1,25(OH)2D3 treatment in
vivo (9). Conversely, vitamin D deficiency has been shown

to accelerate the development of experimental MS and to

increase the incidence of experimental IDDM (42, 43).

More recently, experimental IBD has been shown to be

accelerated by vitamin D deficiency and suppressed by

1,25(OH)2D3 treatment (44). Experiments with VDR knock

out (KO) mice have further suggested the importance of

signal transduction through the VDR in autoimmunity. In

two different models of experimental IBD, the absence of

the VDR has resulted in an accelerated and fulminating

form of colitis (45). The increased prevalence and severity

of experimental IBD was not a result of changes in calcium

homeostasis because the VDR KO mice had normal serum

calcium values (45). Interestingly, VDR deficiency reduced

the incidence of EAE (46) and reduced the incidence of

streptozotocin-induced experimental IDDM (47). The

reduction of EAE and IDDM in VDR KO mice is the

opposite of the effect of vitamin D ligand deficiency.

However, the incidence of streptozotocin-induced IDDM

was normal in VDR KO mice that were fed lactose or high-

fat diets that resulted in normalized serum calcium (47).

Perhaps the effect of VDR deficiency depends on the tissue

that the autoimmune response targets, whereas vitamin D

ligand deficiency may have broader effects on the immune

system. The gastrointestinal tract is an organ that is known

to be a vitamin D target. Important vitamin D targets may be

in the gastrointestinal tract and the immune system that

explain the increased severity of IBD in both the VDR-

deficient and vitamin D ligand–deficient mice. Future work

will have to sort out the role of the VDR and the vitamin D

ligand in experimental autoimmunity.

Vitamin D and the Immune System: New Insight
into Mechanism

Because CD4þ T cells control experimental auto-

immunity, the data suggest that vitamin D regulates the

differentiation and activity of CD4þT cells either directly or

indirectly to suppress autoimmune disease pathology (9).

1,25-dihydroxy vitamin D3 has been shown to reduce the

production or expression of IL-2 and interferon-c (IFN-c) in
CD4þT cells in vitro (9). These cytokines are characteristic

of Th1 responses and are associated with the progression of

RA, MS, IDDM, and IBD. The production of the Th2-

associated cytokine IL4 has been shown to be upregulated

by 1,25(OH)2D3 treatment in vivo (48). 1,25-dihydroxy

vitamin D3 addition to purified CD4þT cells inhibited Th1

cell development and cytokine production and resulted in
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Th2 cell expansion and increased IL-4 production (49). The

role of 1,25(OH)2D3 in the regulation of IL-4 production is

controversial because Staeva-Vieira and Freedman (50)

have reported 1,25(OH)2D3 inhibition of both Th1 and Th2

cell cytokine production, including the inhibition of IL-4.

1,25dihydroxy vitamin D3 directly regulates Th cell

cytokine secretion. Th1 cytokines are inhibited by

1,25(OH)2D3 treatment, whereas the role of 1,25(OH)2D3

in regulating Th2 cytokines is still unclear.

In addition to Th1 and Th2 cells, CD4þT cells can also

develop into regulatory or suppressive T cells (51). The

regulatory CD4þ T cells’ main function appears to be the

maintenance of self-tolerance. Expression of the regulatory

T-cell (T reg) receptor CD25 heterodimeric partner (IL-2

receptor b) was increased by 1,25(OH)2D3 treatment of

CD4þ T cells (52). The function of CD25þ T cells is

thought to involve IL-2 signaling, which requires both the a
and b chain of the IL-2 receptor (53). Inhibition of IBD

symptoms by 1,25(OH)2D3 was ineffective in the IL-2 KO

mouse, and IL-2 KO mice do not make CD4þCD25þT reg

(18, 19). Furthermore, in vivo, 1,25(OH)2D3 treatment of

experimental autoimmune diabetes induced a population of

CD4þ CD25þ T reg that correlated with the protection of

the mice from diabetes (54). Barrat et al. (55) have shown

that a combination of 1,25(OH)2D3 and dexamethasone

induced IL-10-producing T reg in human and mouse CD4þ
T cells. In addition, the T reg–associated cytokine TGFb1
was increased by 1,25(OH)2D3 treatment (48). Some of the

identified targets of 1,25(OH)2D3 in CD4þ T cells have

been shown to include genes that indicate an increase in

either the number or the function of the T-reg compartment.

Dendritic cells (DCs) are professional antigen-present-

ing cells that play an important role in the initiation and

propagation of T-cell–mediated immune responses. In vitro,
1,25(OH)2D3 has been shown to inhibit the differentiation

of monocytes into DCs and the T-cell stimulatory activity of

DCs (56–60). In vivo experiments also suggested that

1,25(OH)2D3 has immunosuppressive effects on DCs (56–

60). 1,25(OH)2D3 has been shown to inhibit IL-12

production (58) and promote IL-10 production (58, 60) in

Table 1. 1,25-Dihydroxy Vitamin D3 (1,25[OH]2D3)
and Immunoregulationa

Cell Effect of 1,25(OH)2D3 Reference

Th1 decreased number 48, 49
suppress function 48, 49

Th2 increase number/function 48, 49
suppress function 50

T reg increase function 48, 52, 55
increase number 54

DC inhibit maturation 56–60
inhibit Th1 induction 56–60
increase Th2 induction 58, 60

a Th1andTh2, T helper cells; T reg, regulatory T cell; DC, dendritic cell.

Figure 1. A model for the effects of vitamin D and 1,25-dihydroxy vitamin D3 (1,25[OH]2D3) and T-cell development and function. The
hypothesis is that vitamin D and 1,25(OH)2D3 regulate T helper cell (Th1) development by inhibiting Th1 and inducing other CD4þ T cell
populations, including regulatory T cells and Th2 cells. In the absence of adequate vitamin D, the immune system favors the development of
self-reactive T cells and autoimmunity.
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maturing DCs. IL-12 production increases Th1 develop-

ment, whereas IL-10 promotes Th2 cell development. CD4þ
T cells cultured with 1,25(OH)2D3-treated DCs have been

shown to secrete less IFN-c than do CD4þ T cells cultured

with control DCs (58). Indirectly 1,25(OH)2D3 regulates the

autoimmune CD4þ T cell response by regulating DC

function.

Many cells of the immune system contain VDRs.

1,25(OH)2D3 regulates the presentation of antigens by DCs

and macrophage (Table 1). Dendritic-cell production of IL-

12 is suppressed and IL-10 production is increased by

1,25(OH)2D3 treatment (Table 1). Regulatory T-cell num-

bers and function are increased in the presence of

1,25(OH)2D3 (Table 1). 1,25(OH)2D3 directly and indirectly

suppresses the development and function of Th1 (Table 1).

The evidence suggests that the net result for the immune

system to develop in an environment where vitamin D is

limiting is an increase in the emergence of self-reactive T

cells (Fig. 1). All the reported actions (Table 1) of

1,25(OH)2D3 on the immune system would result in fewer

and less active Th1 cells (Fig. 1).

Summary

A growing body of evidence supports the hypothesis

that vitamin D is an environmental factor important in the

etiology of T-cell–mediated autoimmune diseases. Mecha-

nistically, the 1,25(OH)2D3 targets in the immune system

include CD4þ T cells, DCs, and T reg (Table 1 and Fig. 1).

The net result of 1,25(OH)2D3 treatment in vivo is a

reduction in the autoimmune Th1 response and an

amelioration of symptoms of experimental IBD, RA,

IDDM, and MS. Vitamin D receptor deficiency and vitamin

D ligand deficiency both result in more severe experimental

IBD. Unexpectedly, IDDM and MS were less severe in

VDR deficiency and more severe in vitamin D ligand

deficiency. There may be both immune-mediated and target-

organ–mediated effects of vitamin D in autoimmune

diseases.

Clinical data confirming the connection between

vitamin D and autoimmunity are lacking. New data in large

prospective studies suggest that vitamin D supplementation

reduces the incidence of RA, IDDM, and MS. Patients with

MS, IDDM, RA, or IBD express different VDR poly-

morphisms, which are associated with their disease, and

have been shown to have low circulating levels of

25(OH)D3 and to be at an increased risk for bone fractures.

In areas with a high prevalence of autoimmunity, adequate

vitamin D from the environment is difficult to acquire.

Vitamin D supplementation is a safe and cost-effective way

to increase circulating vitamin D levels. More clinical trials

using either vitamin D or 1,25(OH)2D3 analogs are needed.

The risk of the 1,25(OH)2D3 analog treatments is hyper-

calcemia. However, new 1,25(OH)2D3 analogs may effec-

tively regulate the immune system without increasing serum

calcium. Increasing circulating vitamin D is known to

decrease the risk of bone fracture. An added benefit

associated with increasing vitamin D intakes may be to

decrease the incidence and severity of IDDM, MS, RA, and

IBD. Improving vitamin D status in patients and relatives of

patients with autoimmune disease should be a priority.

1. Walsh SJ, Rau LM. Autoimmune diseases: a leading cause of death

among young and middle-aged women in the United States. Am J

Public Health 90:1463–1466, 2000.

2. Holick MF. Vitamin D: importance in the prevention of cancers, type 1

diabetes, heart disease, and osteoporosis. Am J Clin Nutr 79:362–371,

2004.

3. Lips P. Which circulating level of 25-hydroxyvitamin D is appropriate?

J Steroid Biochem Mol Biol 89–90:611–614, 2004.

4. Holick MF, MacLaughlin JA, Doppelt SH. Regulation of cutaneous

previtamin D3 photosynthesis in man: skin pigment is not an essential

regulator. Science 211:590–593, 1981.

5. Vieth R. Why the optimal requirement for Vitamin D(3) is probably

much higher than what is officially recommended for adults. J Steroid

Biochem Mol Biol 89–90:575–579, 2004.

6. Hollis BW, Wagner CL. Assessment of dietary vitamin D requirements

during pregnancy and lactation. Am J Clin Nutr 79:717–726, 2004.

7. Heaney RP, Davies KM, Chen TC, Holick MF, Barger-Lux MJ.

Human serum 25-hydroxycholecalciferol response to extended oral

dosing with cholecalciferol. Am J Clin Nutr 77:204–210, 2003.

8. Vieth R, Chan PC, MacFarlane GD. Efficacy and safety of vitamin D3

intake exceeding the lowest observed adverse effect level. Am J Clin

Nutr 73:288–294, 2001.

9. Cantorna MT. Vitamin D and autoimmunity: is vitamin D status an

environmental factor affecting autoimmune disease prevalence? Proc

Soc Exp Biol Med 223:230–233, 2000.

10. Goodkin DE, Hertsgaard D. Seasonal variation of multiple sclerosis

exacerbations in North Dakota. Arch Neurol 46:1015–1018, 1989.

11. Wuthrich R, Rieder HP. The seasonal incidence of multiple sclerosis in

Switzerland. Eur Neurol 3:257–264, 1970.

12. Bamford CR, Sibley WA, Thies C. Seasonal variation of multiple

sclerosis exacerbations in Arizona. Neurology 33:697–701, 1983.

13. Auer DP, Schumann EM, Kumpfel T, Gossl C, Trenkwalder C.

Seasonal fluctuations of gadolinium-enhancing magnetic resonance

imaging lesions in multiple sclerosis. Ann Neurol 47:276–277, 2000.

14. Embry AF, Snowdon LR, Vieth R. Vitamin D and seasonal fluctuations

of gadolinium-enhancing magnetic resonance imaging lesions in

multiple sclerosis. Ann Neurol 48:271–272, 2000.

15. Munger KL, Zhang SM, O’Reilly E, Hernan MA, Olek MJ, Willett

WC, Ascherio A. Vitamin D intake and incidence of multiple sclerosis.

Neurology 62:60–65, 2004.

16. Merlino LA, Curtis J, Mikuls TR, Cerhan JR, Criswell LA, Saag KG.

VitaminD intake is inversely associatedwith rheumatoid arthritis: results

from the IowaWomen’s Health Study. Arthritis Rheum 50:72–77, 2004.

17. Hypponen E, Laara E, Reunanen A, Jarvelin MR, Virtanen SM. Intake

of vitamin D and risk of type 1 diabetes: a birth-cohort study. Lancet

358:1500–1503, 2001.

18. Andreassen H, Rungby J, Dahlerup JF, Mosekilde L. Inflammatory

bowel disease and osteoporosis. Scand J Gastroenterol 32:1247–1255,

1997.

19. Andreassen H, Rix M, Brot C, Eskildsen P. Regulators of calcium

homeostasis and bone mineral density in patients with Crohn’s disease.

Scand J Gastroenterol 33:1087–1093, 1998.

20. Fukazawa T, Yabe I, Kikuchi S, Sasaki H, Hamada T, Miyasaka K,

Tashiro K. Association of vitamin D receptor gene polymorphism with

multiple sclerosis in Japanese. J Neurol Sci 166:47–52, 1999.

21. Vitale E, Cook S, Sun R, Specchia C, Subramanian K, Rocchi M,

1140 CANTORNA AND MAHON



Nathanson D, Schwalb M, Devoto M, Rohowsky-Kochan C. Linkage

analysis conditional on HLA status in a large North American pedigree

supports the presence of a multiple sclerosis susceptibility locus on

chromosome 12p12. Hum Mol Genet 11:295–300, 2002.

22. Martin K, Radlmayr M, Borchers R, Heinzlmann M, Folwaczny C.

Candidate genes colocalized to linkage regions in inflammatory bowel

disease. Digestion 66:121–126, 2002.

23. Simmons JD, Mullighan C, Welsh KI, Jewell DP. Vitamin D receptor

gene polymorphism: association with Crohn’s disease susceptibility.

Gut 47:211–214, 2000.

24. Garcia-Lozano JR, Gonzalez-Escribano MF, Valenzuela A, Garcia A,

Nunez-Roldan A. Association of vitamin D receptor genotypes with

early onset rheumatoid arthritis. Eur J Immunogenet 28:89–93, 2001.

25. Gough A, Sambrook P, Devlin J, Lilley J, Huisoon A, Betteridge J,

Franklyn J, Nguyen T, Morrison N, Eisman J, Emery P. Effect of

vitamin D receptor gene alleles on bone loss in early rheumatoid

arthritis. J Rheumatol 25:864–868, 1998.

26. Motohashi Y, Yamada S, Yanagawa T, Maruyama T, Suzuki R, Niino

M, Fukazawa T, Kasuga A, Hirose H, Matsubara K, Shimada A, Saruta

T. Vitamin D receptor gene polymorphism affects onset pattern of type

1 diabetes. J Clin Endocrinol Metab 88:3137–3140, 2003.

27. Skrabic V, Zemunik T, Situm M, Terzic J. Vitamin D receptor

polymorphism and susceptibility to type 1 diabetes in the Dalmatian

population. Diabetes Res Clin Pract 59:31–35, 2003.

28. Gyorffy B, Vasarhelyi B, Krikovszky D, Madacsy L, Tordai A,

Tulassay T, Szabo A. Gender-specific association of vitamin D receptor

polymorphism combinations with type 1 diabetes mellitus. Eur J

Endocrinol 147:803–808, 2002.

29. Fassbender WJ, Goertz B, Weismuller K, Steinhauer B, Stracke H,

Auch D, Linn T, Bretzel RG. VDR gene polymorphisms are

overrepresented in German patients with type 1 diabetes compared to

healthy controls without effect on biochemical parameters of bone

metabolism. Horm Metab Res 34:330–337, 2002.

30. Guja C, Marshall S, Welsh K, Merriman M, Smith A, Todd JA,

Ionescu-Tirgoviste C. The study of CTLA-4 and vitamin D receptor

polymorphisms in the Romanian type 1 diabetes population. J Cell Mol

Med 6:75–81, 2002.

31. Chang TJ, Lei HH, Yeh JI, Chiu KC, Lee KC, Chen MC, Tai TY,

Chuang LM. Vitamin D receptor gene polymorphisms influence

susceptibility to type 1 diabetes mellitus in the Taiwanese population.

Clin Endocrinol (Oxf) 52:575–580, 2000.

32. Steckley JL, Dyment DA, Sadovnick AD, Risch N, Hayes C, Ebers

GC. Genetic analysis of vitamin D related genes in Canadian multiple

sclerosis patients. Canadian Collaborative Study Group. Neurology

54:729–732, 2000.

33. Niino M, Kikuchi S, Fukazawa T, Yabe I, Tashiro K. No association of

vitamin D-binding protein gene polymorphisms in Japanese patients

with MS. J Neuroimmunol 127:177–179, 2002.

34. Mahon BD, Gordon SA, Cruz J, Cosman F, Cantorna MT. Cytokine

profile in patients with multiple sclerosis following vitamin D

supplementation. J Neuroimmunol 134:128–132, 2003.

35. Bertolotto A, Capobianco M, Malucchi S, Manzardo E, Audano L,

Bergui M, Bradac GB, Mutani R. Transforming growth factor beta1

(TGFbeta1) mRNA level correlates with magnetic resonance imaging

disease activity in multiple sclerosis patients. Neurosci Lett 263:21–24,

1999.

36. Goldberg P, Fleming MC, Picard EH. Multiple sclerosis: decreased

relapse rate through dietary supplementation with calcium, magnesium

and vitamin D. Med Hypotheses 21:193–200, 1986.

37. Nordvik I, Myhr KM, Nyland H, Bjerve KS. Effect of dietary advice

and n-3 supplementation in newly diagnosed MS patients. Acta Neurol

Scand 102:143–149, 2000.

38. Andjelkovic Z, Vojinovic J, Pejnovic N, Popovic M, Dujic A, Mitrovic

D, Pavlica L, Stefanovic D. Disease modifying and immunomodulatory

effects of high dose 1 alpha (OH) D3 in rheumatoid arthritis patients.

Clin Exp Rheumatol 17:453–456, 1999.

39. Buckley LM, Leib ES, Cartularo KS, Vacek PM, Cooper SM. Calcium

and vitamin D3 supplementation prevents bone loss in the spine

secondary to low-dose corticosteroids in patients with rheumatoid

arthritis. A randomized, double-blind, placebo-controlled trial. Ann

Intern Med 125:961–968, 1996.

40. Aslan A, Triadafilopoulos G. Fish oil fatty acid supplementation in

active ulcerative colitis: a double-blind, placebo-controlled, crossover

study. Am J Gastroenterol 87:432–437, 1992.

41. Stenson WF, Cort D, Rodgers J, Burakoff R, DeSchryver-Kecskemeti

K, Gramlich TL, Beeken W. Dietary supplementation with fish oil in

ulcerative colitis. Ann Intern Med 116:609–614, 1992.

42. Zella JB, DeLuca HF. Vitamin D and autoimmune diabetes. J Cell

Biochem 88:216–222, 2003.

43. Cantorna MT, Hayes CE, DeLuca HF. 1,25-Dihydroxyvitamin D3

reversibly blocks the progression of relapsing encephalomyelitis, a

model of multiple sclerosis. Proc Natl Acad Sci U S A 93:7861–7864,

1996.

44. Cantorna MT, Munsick C, Bemiss C, Mahon BD. 1,25-Dihydrox-

ycholecalciferol prevents and ameliorates symptoms of experimental

murine inflammatory bowel disease. J Nutr 130:2648–2652, 2000.

45. Froicu M, Weaver V, Wynn TA, McDowell MA, Welsh JE, Cantorna

MT. A crucial role for the vitamin D receptor in experimental

inflammatory bowel diseases. Mol Endocrinol 17:2386–2392, 2003.

46. Meehan TF, DeLuca HF. The vitamin D receptor is necessary for

1alpha,25-dihydroxyvitamin D(3) to suppress experimental autoim-

mune encephalomyelitis in mice. Arch Biochem Biophys 408:200–204,

2002.

47. Mathieu C, Van Etten E, Gysemans C, Decallonne B, Kato S, Laureys

J, Depovere J, Valckx D, Verstuyf A, Bouillon R. In vitro and in vivo

analysis of the immune system of vitamin D receptor knockout mice. J

Bone Miner Res 16:2057–2065, 2001.

48. Cantorna MT, Woodward WD, Hayes CE, DeLuca HF. 1,25-

dihydroxyvitamin D3 is a positive regulator for the two anti-

encephalitogenic cytokines TGF-beta 1 and IL-4. J Immunol

160:5314–5319, 1998.

49. Boonstra A, Barrat FJ, Crain C, Heath VL, Savelkoul HF, O’Garra A.

1alpha,25-dihydroxyvitamin d3 has a direct effect on naive CD4(þ) T
cells to enhance the development of Th2 cells. J Immunol 167:4974–

4980, 2001.

50. Staeva-Vieira TP, Freedman LP. 1,25-dihydroxyvitamin D3 inhibits

IFN-gamma and IL-4 levels during in vitro polarization of primary

murine CD4þ T cells. J Immunol 168:1181–1189, 2002.

51. Jonuleit H, Schmitt E. The regulatory T cell family: distinct subsets and

their interrelations. J Immunol 171:6323–6327, 2003.

52. Mahon BD, Wittke A, Weaver V, Cantorna M. The targets of vitamin

D depend on the differentiation and activation status of the CD4

positive T cells. J Cell Biochem 89:922, 2003.

53. Schimpl A, Berberich I, Kneitz B, Kramer S, Santner-Nanan B, Wagner

S, Wolf M, Hunig T. IL-2 and autoimmune disease. Cytokine Growth

Factor Rev 13:369, 2002.

54. Gregori S, Giarratana N, Smiroldo S, Uskokovic M, Adorini L. A

1alpha,25-dihydroxyvitamin D(3) analog enhances regulatory T-cells

and arrests autoimmune diabetes in NOD mice. Diabetes 51:1367–

1374, 2002.

55. Barrat FJ, Cua DJ, Boonstra A, Richards DF, Crain C, Savelkoul HF,

de Waal-Malefyt R, Coffman RL, Hawrylowicz CM, O’Garra A. In

vitro generation of interleukin 10-producing regulatory CD4(þ) T cells

is induced by immunosuppressive drugs and inhibited by T helper

type 1 (Th1)- and Th2-inducing cytokines. J Exp Med 195:603–616,

2002.

56. Berer A, Stockl J, Majdic O, Wagner T, Kollars M, Lechner K, Geissler

K, Oehler L. 1,25-dihydroxyvitamin D(3) inhibits dendritic cell

differentiation and maturation in vitro. Exp Hematol 28:575–583, 2000.

VITAMIN D AND AUTOIMMUNITY 1141



57. Griffin MD, Lutz WH, Phan VA, Bachman LA, McKean DJ, Kumar R.

Potent inhibition of dendritic cell differentiation and maturation by

vitamin D analogs. Biochem Biophys Res Commun 270:701–708,

2000.

58. Penna G, Adorini L. 1 Alpha,25-dihydroxyvitamin D3 inhibits

differentiation, maturation, activation, and survival of dendritic cells

leading to impaired alloreactive T cell activation. J Immunol 164:2405–

2411, 2000.

59. Piemonti L, Monti P, Sironi M, Fraticelli P, Leone BE, Dal Cin E,

Allavena P, Di Carlo V. Vitamin D3 affects differentiation, maturation,

and function of human monocyte-derived dendritic cells. J Immunol

164:4443–4451, 2000.

60. Canning MO, Grotenhuis K, de Wit H, Ruwhof C, Drexhage HA. 1-

alpha,25-dihydroxyvitamin D3 (1,25(OH)(2)D(3)) hampers the matu-

ration of fully active immature dendritic cells from monocytes. Eur J

Endocrinol 145:351–357, 2001.

1142 CANTORNA AND MAHON


