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autoimmune disease
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Vitamin D is an important regulator of the immune system in general and multiple sclerosis in
particular. Experimentally (i), invariant natural killer T (iNKT) cells have been shown to be
important suppressors of autoimmune diseases such as experimental autoimmune encephalo-
myelitis (EAE; an animal model of multiple sclerosis). Conversely, in experimental allergic
asthma iNKT cells are required for disease induction and are therefore pathogenic. The active
form of vitamin D (calcitriol) suppresses EAE. The development of EAE symptoms is accel-
erated in vitamin D deficiency. Interestingly experimental asthma is less severe in vitamin D
deficiency although there is no effect of calcitriol on disease severity. The data suggest that an
important target of vitamin D in EAE and asthma are the iNKT cells. Vitamin D and/or vitamin
D receptor deficiency results in the impaired development of iNKT cells. Vitamin D is critical
very early during development of the immune system. Low levels of vitamin D in utero
resulted in significantly reduced numbers of iNKT cells that failed to recover when calcitriol
was used to supplement neonatal or adult mice. The data suggest that one of the consequences
of early vitamin D deficiency is a reduction in the numbers of iNKT cells that develop.
The iNKT cells are required for the beneficial effects of calcitriol in EAE. The important role
of vitamin D on iNKT cells could impact the development of human immune-mediated diseases
including multiple sclerosis and asthma.

Vitamin D: Immune function: Multiple sclerosis: Asthma: NKT cell

Vitamin D is a fat-soluble vitamin that can be made in
the skin following light exposure of the skin. 7-
Dehydrocholesterol is converted to pre-vitamin D3

(1).
Vitamin D3 that is either made in the skin or ingested from
the diet is then hydroxylated to form the circulating form
of vitamin D, calcidiol(1). Calcidiol is also largely inactive
although it can bind to the vitamin D receptor (VDR) but
with a low affinity(1). Calcidiol is converted in the kidney
by the Cyp27B1 1 alpha-hydroxylase to the high-affinity
VDR ligand, calcitriol(1). Although the classic function of

vitamin D is in the maintenance of calcium homoeostasis,
the discovery of the VDR in cells of the immune system
sparked research aimed at understanding why immune
cells express the VDR.

Vitamin D and immune function

Early experiments added calcitriol to peripheral blood
mononuclear cells and observed that T-cells in the cultures

Abbreviations: DP, double positive; EAE, experimental autoimmune encephalomyelitis; KO, knockout; MS, multiple sclerosis; iNKT, invariant natural
killer T; Th, T helper; Treg, regulatory T; VDR, vitamin D receptor.
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had decreased proliferation and secreted less IL-2 and
interferon-g (2,3). All T-cell subsets that have been exam-
ined express the VDR at a low level and following acti-
vation expression of the VDR is up-regulated(4). Several
direct and indirect targets of vitamin D have been identi-
fied. Cytokine secretion by Th (T helper) 1 and Th17 cell
subsets is inhibited by calcitriol(5,6). Calcitriol- or VDR-
deficient T-cells are predisposed to produce IL-17 and
interferon-g (5,7). Conversely, FoxP3+ regulatory T (Treg)
cells are induced to develop in vitro and in vivo with cal-
citriol treatment(8,9). The effects of calcitriol on Th2 cell
development and function is less clear with investigators
showing inhibition of IL-4 production and induction of IL-
4 production using different models and systems(10–12).

VDR knockout (KO) mice have provided a valuable tool
for studying the immune system. VDR KO mice have
normal numbers of conventional T-cells(13). There are
more memory T-cells that are predisposed to develop into
Th1 and Th17 cells in VDR KO v. wild-type mice(5). VDR
KO Th2 cells are able to develop normally in vitro(11,14).
Treg cells do not require VDR expression for either
development or function(15). Invariant natural killer T
(iNKT) cells require expression of the VDR since they fail
to develop in VDR KO mice(16). In addition, the iNKT
cells from VDR KO mice are functionally defective and
secrete significantly less IL-4 and interferon-g (16). VDR
KO mice have high Th1 and Th17 responses, no change in
Th2 or Treg cells and very low iNKT cells.

Vitamin D and multiple sclerosis

MS (multiple sclerosis) is an autoimmune disease where
T-cells target the central nervous system. The development
of experimental autoimmune encephalomyelitis (EAE;
an animal model of MS) results because of a Th17- and
Th1-mediated immune attack on the central nervous sys-
tem(17). Other T-cell responses inhibit the development of
Th17 and Th1 cells and are therefore important negative
regulators of EAE. Negative regulators of EAE include
iNKT cells and Treg cells(18). Patients with MS have fewer
iNKT cells and Treg cells and remission from symptoms is
associated with the increased number and function of these
cell types(19).

Epidemiological data suggest that there may be a link
between vitamin D status and MS in human subjects(20).
Low level of circulating vitamin D was linked to increased
disability scores in MS patients(21). Both sun exposure and
vitamin D supplements during childhood and adolescence
were shown to correlate with MS incidence north of
the Arctic Circle, and these factors were also linked to time
of MS onset(22,23). Participants in the nurse’s health study
who were in the highest quintile of vitamin D intakes had
40% less MS(24). There is evidence for a role of vitamin D
in the aetiology and severity of MS in human subjects.

Experimentally vitamin D deficiency accelerates the
development of EAE(25). In addition, calcitriol inhibits
EAE and suppression is associated with a reduction in Th1,
and Th17 cell responses(5,6). Calcitriol treatment of mice
resulted in the increased numbers of Treg cells isolated(26).
Recent data also show that calcitriol and vitamin D are

positive regulators of iNKT cells(13,16). Together the data
suggest that improved vitamin D status would have a
beneficial effect on multiple cell types important in the
pathology of MS.

Vitamin D and asthma

Like MS, asthma is also an immune-mediated disease.
Unlike MS, in asthma the pathogenic T-cells are of the
Th2 cell and iNKT variety. IL-4, IL-5 and IL-13 are the
disease-causing cytokines in asthma pathology(27). iNKT
cells have been shown to be involved in several different
experimental models of asthma(28). Allergic-induced air-
way hyperresponsiveness required IL-4 and IL-13 produ-
cing iNKT cells(29). iNKT cell-deficient mice fail to
develop experimental allergic asthma(29). Conversely, Treg
cells are important suppressors of asthma development
and therapies that induce Treg cells are effective ways to
suppress experimental asthma(30).

The role of vitamin D in asthma has been studied by
several different groups. There are conflicting data about
the role of vitamin D in Th2 and experimental asthma
regulation. Calcitriol has been shown to both increase
and inhibit IL-4 production from Th2 cells(10–12). Various
symptoms of experimental allergic asthma were increased,
decreased or not changed with calcitriol treatment(31–33).
Our data suggest that calcitriol treatment had no effect on
experimental asthma development(33). VDR KO mice
failed to develop experimental allergic asthma but the
failure to develop asthma was not because of defective Th2
cells(14). VDR KO Th2 cells were found to develop
normally and to induce asthma when transferred to wild-
type mice(14). VDR KO mice have normal numbers of
functional Treg cells(15). VDR expression was shown to be
critical in the lung epithelium(14). In addition, iNKT cells
require the VDR for both development and function. The
failure of VDR KO mice to develop experimental asthma
is a result of a complex set of factors that include defective
iNKT cells and normal functional Treg cells(14,15). In
addition, there is an immune extrinsic requirement for the
VDR in the lung epithelium(14). The effect of calcitriol on
Th2 cells and experimental asthma is harder to dissect but
the data suggest that perhaps Th2 responses are less
affected by changes in vitamin D than Th1 responses.

Vitamin D regulation of invariant natural killer
T-cell function

iNKT cells have two distinct points at which vitamin D
and the VDR are required. iNKT cells diverge from con-
ventional T-cells at the CD4/CD8 double-positive (DP)
stage (Fig. 1). The iNKT cell precursors rearrange their
T-cell receptor and can be stained with CD1d tetramers
(bound to ligands including a-galactoceramide). After
expressing the invariant T-cell receptor the iNKT cell
precursors mature by down-regulating CD24 to become
DPdim/CD24 - and then as the iNKT cell precursor diverges
from conventional T-cells it undergoes rapid proliferation
(Fig. 1). Following proliferation the S0 iNKT cells undergo
three additional modifications (S1: CD44 - ; S2: CD44 + ;
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S3: CD44 +NK1.1 + ) that result in mature iNKT cells that
exit the thymus (Fig. 1).

VDR KO mice have fewer iNKT cells. The iNKT cells
that remain in VDR KO mice are blocked at the stage just

before they fully develop and exit the thymus (Fig. 1)(34).
Most of the iNKT cells in the VDR KO mouse are blocked
at S2 and the immature iNKT cells produce less cytokines
than their wild-type counterparts(16). The iNKT cells in

Pregnancy                                Lactation              3-8 weeks

D sufficient                              D sufficient          D sufficient                           

iNKT cells

                 D deficient                           

      D deficient                        D sufficient                 

              Calcitriol

                      Calcitriol

D deficient D deficient      

D deficient               

D deficient D deficient         

D deficient Calcitriol    

Calcitriol    Calcitriol Calcitriol

Fig. 2. (Colour online) Gestational effects of vitamin D deficiency on invariant natural

killer T (iNKT) cells(13). Vitamin D-sufficient, vitamin D-deficient or calcitriol-supplemented

diets were fed to mice during three different windows of time: pregnancy, lactation

(0–3 weeks), following weaning (3–8 weeks of age). The vitamin D-sufficient or calcitriol-

treated throughout mice had the highest numbers of iNKT cells. Vitamin D-deficient

throughout or switching to D sufficient diets from 3 to 8 weeks had the fewest iNKT cells.

Supplementing D-deficient mice with calcitriol from 3 to 8 weeks or during lactation until

8 weeks increased iNKT cell numbers somewhat but not to the level found in the

vitamin D-sufficient mice.

CD24+

Tetramer+
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CD24-
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CD4+CD8+
Conventional T 
cells

CD44- CD44+ CD44+NK1.1+

iNKT

Fyn

NF-kB

T-bet

NF-kB
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Vitamin D deficiency
VDR KO
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Fully mature iNKT cell

Fig. 1. (Colour online) Vitamin D and vitamin D receptor (VDR) targets in invariant

natural killer T (iNKT) cell development(13,16). iNKT cells develop in the thymus following

several different phenotypic changes. The earliest iNKT cell precursor, DPdim expresses

the invariant T-cell receptor (tetramer + ) and CD24 + . The early iNKT cells down-regulate

CD24 and diverge from the other CD4/CD8 DP cells that go on to become conventional

T-cells. Expression of two transcription factors (Fyn and NF-kB) is important in the

movement of iNKT cells from stage (S) 0 to S1. Vitamin D and VDR deficiency affect the

number of iNKT cells that rapidly expand and enter the S1 stage in maturation. There is

no effect of vitamin D deficiency on the further maturation of iNKT cells. VDR knockout

(KO) iNKT cells have an additional block in maturation at the S2 stage and fail to fully

develop into mature iNKT cells. T-bet and NF-kB expression is associated with the

transition of iNKT cells from S2 to S3. VDR KO iNKT cells express significantly less T-bet

than there fully mature S3 wild-type counterparts(16).
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vitamin D-deficient mice are fewer than those from
vitamin D-sufficient mice(13). Unlike the result from the
VDR KO mice, vitamin D-deficient iNKT cells are func-
tionally normal and the frequency of iNKT cells in S2 and
S3 stages of maturation are similar to the frequencies in
vitamin D-sufficient mice(13). The expansion defect in
vitamin D-deficient and VDR KO mice was a result of the
increased apoptosis of early DPdim CD24 + iNKT cells
(Fig. 1)(13). In the absence of vitamin D and the VDR
fewer iNKT cells are produced (Fig. 1)(16). In addition, the
VDR is required for the full maturation of the iNKT cells
(Fig. 1)(16). There is one pathway in iNKT cell develop-
ment that is regulated by both vitamin D and the VDR;
which is the expansion and proliferation of early iNKT cell
precursors. In addition, expression of the VDR also affects
the last stage in iNKT cell maturation.

Vitamin D status is affected by season. Furthermore,
Tsang et al. showed that children born in the summer
started out with high levels of calcidiol that went down
to low levels 6 months later in winter(35,36). Conversely,
children born in winter started out with low levels of
calcidiol that increased 6 months later in summer(35,36).
We used mice to model these changes in calcidiol levels
and looked at the effect of changing levels of vitamin D
on iNKT cell numbers. The offspring from vitamin
D-deficient breeders was maintained vitamin D-deficient
throughout life and at 8 weeks the mice had very few
iNKT cells compared with vitamin D-sufficient mice
(Fig. 2)(13). A series of experiments were carried out
to supplement vitamin D or calcitriol between the age of
3 and 8 weeks. Vitamin D had no effect on iNKT cell
numbers when given from age 3 to 8 weeks (Fig. 2)(13).
Conversely, calcitriol increased the numbers of iNKT cells
but not to the level found in vitamin D-sufficient mice
(Fig. 2)(13). Earlier treatment with calcitriol given at birth
and through 8 weeks of age also failed to recover iNKT
cell numbers to those in vitamin D-sufficient mice
(Fig. 2)(13). Treating breeders and offspring with calcitriol
throughout gestation resulted in the same numbers of iNKT
cells as vitamin D-sufficient mice (Fig. 2)(13). Vitamin D is
required early in utero for normal iNKT cell numbers to
develop in mice. There is a gestational effect of vitamin D
on early iNKT cell precursors that cannot be recovered
later with vitamin D or calcitriol treatment. Early changes
in vitamin D status can affect immune function.

Conclusions

Experimental models of Th1- and Th17-mediated auto-
immune diseases like MS are affected by changes in
vitamin D status. iNKT cells in mice absolutely require
vitamin D for both function and development. There are
two different targets for vitamin D and the VDR in
the development of iNKT cells. These iNKT cells are early
producers of cytokine that have been shown to inhibit
several models of experimental autoimmunity and to be
important in the development of inflammation in the lung.
The requirement of murine iNKT cells for vitamin D early
during gestation might help to explain why vitamin D
status is linked to MS in human subjects. The effects of

vitamin D in the immune system depend on the tissue
being targeted as well as the protective and pathologic
mechanisms involved in the disease.

Acknowledgements

We thank the members of the Center for Molecular
Immunology and Infectious Diseases for lively discussion.
This work was supported by the National Institute of
Neurological Disorders and Stroke NS067563 and the
National Center for Complementary and Alternative Med-
icine and the Office of Dietary Supplements AT005378.
M. T. C., J. Z. and L. Y. were equal contributors to the
manuscript, collected the literature, wrote the literature and
made the figures. The authors declare no financial or
commercial conflict of interest.

References

1. DeLuca HF (2004) Overview of general physiologic features
and functions of vitamin D. Am J Clin Nutr 80, 1689S–
1696S.

2. Rigby WF, Denome S & Fanger MW (1987) Regulation of
lymphokine production and human T lymphocyte activation
by 1,25-dihydroxyvitamin D3. Specific inhibition at the level
of messenger RNA. J Clin Invest 79, 1659–1664.

3. Rigby WF, Stacy T & Fanger MW (1984) Inhibition of
T lymphocyte mitogenesis by 1,25-dihydroxyvitamin D3

(calcitriol). J Clin Invest 74, 1451–1455.
4. Veldman CM, Cantorna MT & DeLuca HF (2000) Expres-

sion of 1,25-dihydroxyvitamin D(3) receptor in the immune
system. Arch Biochem Biophys 374, 334–338.

5. Bruce D, Yu, S, Ooi, JH et al. (2011) Converging
pathways lead to overproduction of IL-17 in the absence of
vitamin D signaling. Inter Immunol 23, 519–528.

6. Cantorna MT, Yu S & Bruce D (2008) The paradoxical
effects of vitamin D on type 1 mediated immunity. Mol
Aspects Med 29, 369–375.

7. Froicu M, Weaver V, Wynn TA et al. (2003) A crucial role
for the vitamin D receptor in experimental inflammatory
bowel diseases. Mol Endocrinol 17, 2386–2392.

8. Gregori S, Giarratana N, Smiroldo S et al. (2002)
A 1alpha,25-dihydroxyvitamin D(3) analog enhances reg-
ulatory T-cells and arrests autoimmune diabetes in NOD
mice. Diabetes 51, 1367–1374.

9. Barrat FJ, Cua DJ, Boonstra A et al. (2002) In vitro genera-
tion of interleukin 10-producing regulatory CD4( + ) 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.

10. Boonstra A, Barrat FJ, Crain C et al. (2001) 1alpha,25-
Dihydroxyvitamin d3 has a direct effect on naive CD4( + )
T cells to enhance the development of Th2 cells. J Immunol
167, 4974–4980.

11. Mahon BD, Wittke A, Weaver V et al. (2003) The targets of
vitamin D depend on the differentiation and activation status
of CD4 positive T cells. J Cell Biochem 89, 922–932.

12. Pichler J, Gerstmayr M, Szepfalusi Z et al. (2002)
1 alpha,25(OH)2D3 inhibits not only Th1 but also Th2 dif-
ferentiation in human cord blood T cells. Pediatr Res 52,
12–18.

13. Yu S & Cantorna MT (2011) Epigenetic reduction in invar-
iant NKT cells following in utero vitamin D deficiency in
mice. J Immunol 186, 1384–1390.

Vitamin D, invariant NKT cells and autoimmunity 65

https://doi.org/10.1017/S0029665111003193 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665111003193


P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

14. Wittke A, Chang A, Froicu M et al. (2007) Vitamin D
receptor expression by the lung micro-environment is
required for maximal induction of lung inflammation. Arch
Biochem Biophys 460, 306–313.

15. Yu S, Bruce D, Froicu M et al. (2008) Failure of T cell
homing, reduced CD4/CD8alphaalpha intraepithelial lym-
phocytes, and inflammation in the gut of vitamin D receptor
KO mice. Proc Natl Acad Sci USA 105, 20834–20839.

16. Yu S & Cantorna MT (2008) The vitamin D receptor is
required for iNKT cell development. Proc Natl Acad Sci USA
105, 5207–5212.

17. Cantorna MT (2008) Vitamin D and multiple sclerosis, an
update. Nutr Rev 66, S135–S138.

18. Matsuda JL, Mallevaey T, Scott-Browne J et al. (2008)
CD1d-restricted iNKT cells, the ‘Swiss-Army knife’ of the
immune system. Curr Opin Immunol 20, 358–368.

19. Araki M, Kondo T, Gumperz JE et al. (2003) Th2 bias of
CD4 + NKT cells derived from multiple sclerosis in remis-
sion. Int Immunol 15, 279–288.

20. Sioka C, Kyritsis AP & Fotopoulos A (2009) Multiple
sclerosis, osteoporosis, and vitamin D. J Neurol Sci 287, 1–6.

21. van der Mei IA, Ponsonby AL, Dwyer T et al. (2007) Vita-
min D levels in people with multiple sclerosis and com-
munity controls in Tasmania, Australia. J Neurol 254,
581–590.

22. Kampman MT, Wilsgaard T & Mellgren SI (2007) Outdoor
activities and diet in childhood and adolescence relate to MS
risk above the Arctic Circle. J Neurol 254, 471–477.

23. McDowell TY, Amr S, Culpepper WJ et al. (2011) Sun
exposure, vitamin D and age at disease onset in relapsing
multiple sclerosis. Neuroepidemiology 36, 39–45.

24. Munger KL, Zhang SM, O’Reilly E et al. (2004) Vitamin D
intake and incidence of multiple sclerosis. Neurology 62,
60–65.

25. Cantorna MT, Hayes CE & DeLuca HF (1996) 1,25-
Dihydroxyvitamin D3 reversibly blocks the progression of
relapsing encephalomyelitis, a model of multiple sclerosis.
Proc Natl Acad Sci USA 93, 7861–7864.

26. Gorman S, Judge MA & Hart PH (2010) Immune-modifying
properties of topical vitamin D, Focus on dendritic cells and
T cells. J Steroid Biochem Mol Biol 121, 247–249.

27. Wills-Karp M (2004) Interleukin-13 in asthma pathogenesis.
Curr Allergy Asthma Rep 4, 123–131.

28. Iwamura C & Nakayama T (2010) Role of NKT cells in
allergic asthma. Curr Opin Immunol 22, 807–813.

29. Akbari O, Stock P, Meyer E et al. (2003) Essential role of
NKT cells producing IL-4 and IL-13 in the development
of allergen-induced airway hyperreactivity. Nat Med 9,
582–588.

30. Akbari O, Stock P, DeKruyff RH et al. (2003) Role of reg-
ulatory T cells in allergy and asthma. Curr Opin Immunol 15,
627–633.

31. Matheu V, Back O, Mondoc E et al. (2003) Dual effects of
vitamin D-induced alteration of TH1/TH2 cytokine expres-
sion, enhancing IgE production and decreasing airway eosi-
nophilia in murine allergic airway disease. J Allergy Clin
Immunol 112, 585–592.

32. Topilski I, Flaishon L, Naveh Y et al. (2004) The anti-
inflammatory effects of 1,25-dihydroxyvitamin D3 on Th2
cells in vivo are due in part to the control of integrin-
mediated T lymphocyte homing. Eur J Immunol 34,
1068–1076.

33. Wittke A, Weaver V, Mahon BD et al. (2004) Vitamin D
receptor-deficient mice fail to develop experimental allergic
asthma. J Immunol 173, 3432–3436.

34. Bendelac A, Savage PB & Teyton L (2007) The biology of
NKT cells. Annu Rev Immunol 25, 297–336.

35. Namgung R, Mimouni F, Campaigne BN et al. (1992)
Low bone mineral content in summer-born compared
with winter-born infants. J Pediatr Gastroenterol Nutr 15,
285–288.

36. Namgung R, Tsang RC, Specker BL et al. (1994) 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
19, 220–227.

66 M. T. Cantorna et al.

https://doi.org/10.1017/S0029665111003193 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665111003193

