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Abstract

Vitamin D status changes with season, but the effect of these changes on immune function is not
clear. Here we show that in utero vitamin D deficiency in mice results in a significant reduction in
iNKT cell numbers that could not be corrected by later intervention with vitamin D or
1,25(0H)2D3 (active form of the vitamin). Furthermore, this was intrinsic to hematopoietic cells
as vitamin D deficient bone marrow is specifically defective in generating iINKT cells in wildtype
recipients. This vitamin D deficiency induced reduction in iNKT cells is due to increased
apoptosis of early INKT cell precursors in the thymus. While both the VDR and vitamin D
regulate iNKT cells, the VDR is required for both iNKT cell function and number, while vitamin
D (the ligand) only controls the number of INKT cells. Given the importance of proper iINKT cell
function in health and disease, this prenatal requirement for vitamin D suggests that in humans, the
amount of vitamin D available in the environment during prenatal development may dictate the
number of INKT cells and potential risk of autoimmunity.

Introduction

Vitamin D is produced in the skin following sunlight exposure and as a result there are
seasonal changes in vitamin D that occur. Infants born in the winter start out with low levels
of vitamin D that rise in the summer and infants born in the summer start out with higher
levels of vitamin D that dip in the winter (1, 2). What the effects of changing levels of
vitamin D on immune function are not known.

Vitamin D that is either ingested or made in the skin following sunlight exposure is inactive
and transported to the liver where it is converted to 25-hydroxyvitaminD3 (25(OH)D3), the
major circulating form of the vitamin. The active form of vitamin D
(1,25dihydroxyvitaminD3, 1,25(0OH),D3) is produced from the hydroxylation of the
precursor 25(0OH)D3 by the enzyme la-hydroxylase (CYP27B1 gene) (3—-6). Vitamin D
status and 1,25(0H),D3 treatments have been shown to regulate immune function and
suppress experimental autoimmunity including experimental autoimmune
encephalomyletitis (EAE) (7).

Activation of mature NKT cells delays the onset and reduces the symptoms of experimental
autoimmune diseases like EAE (8-10). Transgenic mice that over-express NKT cells are
protected from development of EAE while animals that have few NKT cells are susceptible
to EAE (11-13). Multiple sclerosis (MS) patients have lower numbers of NKT cells and
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strategies that increase IL-4 secreting NKT cells are associated with remission (14, 15).
NKT cells have the capacity to regulate experimental EAE and possibly MS in humans.

NKT cells bridge innate and adaptive immunity and have been shown to be early producers
of high amounts of cytokines including IL-4 and IFN-y (16). The majority of murine NKT
cells express a semi-invariant TCR composed of the Va14-Ja18 rearrangement and are
selected in the thymus through the interaction with CD1d expressed on CD4*CD8™ double
positive (DP) thymocytes (17-20). Invariant (i)NKT cells are reactive with the glycolipid a-
galactosylceramide (aGalCer) presented in the context of CD1d (21). iNKT cells develop
from DP Val14-Jol8 TCR thymocyte precursors and first appear in the thymus at d5 after
birth and remain as a minor subset until 3wks of age (22). The earliest precursor identified
by CD1d tetramer staining are CD24*CD4dullcpgdull (Dpdully that then upregulate CD4 and
downregulate CD8 to become CD24*CD4*CD8™ (23, 24). As cells develop to the more
mature CD24~ stage they undergo robust proliferation and upregulation of CD44 before
terminal maturation (20, 25, 26).

Expression of the vitamin D receptor (VDR) was found to be critical for iNKT cell number
and function (27). VDR knockout (KO) iNKT cells were blocked at a late stage of
development and failed to express T-bet and upregulate NK1.1 (27). DP thymocytes from
VDR KO mice were shown to express reduced levels of CD1d that resulted in the decreased
ability to act as stimulators of an iNKT cell hybridoma (27). iNKT cells are vitamin D
targets.

We modeled the changes in vitamin D status that occurs with season in mice and determined
the effect on iINKT cells. We found that like the VDR KO mice, 1,25(0OH),D3 (1,25D3,
Cyp27B1 KO) deficient mice had reduced iNKT cell numbers in the thymus and periphery.
However unlike VDR KO iNKT cells, the 1,25D3 deficient iNKT cells were functionally
normal. Vitamin D deficient (D—) Cyp27B1 (Cyp) KO and wild type (WT) littermates had
very few iNKT cells. The extremely low number of iNKT cells from vitamin D deficient
mice was found to be a result of increased apoptosis of iINKT cell precursors in the thymus
of D— mice. Vitamin D supplementation of D—WT and D— CypKO mice beginning at 3wks
of age and continuing until 8wks failed to increase iNKT cell numbers. 1,25D3
supplementation of either D—WT or D— CypKO mice during the same time frame increased
iNKT cell numbers but not to the level present in vitamin D sufficient (D+) WT mice.
Earlier 1,25D3 supplementation was also ineffective at increasing iNKT cell numbers to
those present in the D+WT mice. iINKT cells failed to develop to normal levels in bone
marrow (BM) chimeras that used either CypKO or D— WT mice as donors. The data support
a differential role for vitamin D and the VDR in controlling the development of iNKT cells.
In addition, there is an intrinsic requirement for vitamin D and 1,25D3 for optimal iNKT cell
numbers to develop. Later alterations in vitamin D and/or 1,25D3 fail to recover iNKT cells.

Materials and Methods

Mice

Age- and sex-matched CypKO and WT C57BL/6 mice were produced at the Pennsylvania
State University (University Park, PA). CypKO mice were a kind gift from Dr. Hector

Del uca (University of Wisconsin, Madison, WI). For all experiments heterozygous Cyp ko/
+ mice were used as breeders so that the WT and CypKO littermates would be fed exactly
the same diets throughout the experiment. For vitamin D deficient mice, heterozygous
breeders were fed synthetic diets that do not contain vitamin D as described previously (28).
For some experiments mice were continued on the vitamin D deficient diet following
weaning and until sacrifice (wk8). Vitamin D deficient mice had undetectable serum
25(0H)D3 levels (below 5.3 nM/1). Another experimental design used the vitamin D
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deficient littermates and fed diets that contained vitamin D or 1,25D3 (25-50ng/day/mouse)
from 3wks of age until 8wks of age. The 1,25D3 dose was increased from 25 to 50ng/day
when the mice weighed 18g or more. In one experimental design pregnant mothers were
switched to diets that included 50ng/day/mouse at embryonic d20 or d13 and continued on
the diets. In another design the breeders were fed 50ng/day/mouse 1,25D3 throughout
pregnancy. The weaning mice were fed diets that contained 1,25D3 (25-50ng/day/mouse)
from 3 wks of age until 8 wks of age. The 1,25D3 dose was increased from 25 t050 ng/day
when the mice weighed 18g or more. All experimental procedures received approval from
the Office of Research Protection's Institutional Animal Care and Use Committee
(Pennsylvania State University, University Park, PA)

aGalCer stimulation

aGalCer (Axxora, San Diego, CA) was dissolved in PBS containing 0.5% Tween 20, heated
to 80°C for 10 min, and sonicated for 5 min on ice. Mice were ip injected with 2ug of
aGalCer or vehicle. Blood was collected from the retro-orbital plexus for serum isolation.

Flow Cytometry

Single-cell suspensions of thymus, spleen and liver were isolated. Mononuclear cells from
liver were prepared as described previously (27). Cells were stained with phycoerythrin (PE)
labeled CD1d-aGalCer tetramers (gift of the NIH Tetramer Facility, Atlanta, GA). mAbs
used in this study for flow cytometry include FITC-labeled anti-CD4 (L3T4), PE labeled
anti-NK1.1 (PK136), PE-Cy5-labeled anti-TCRp (H57-597), FITC labeled anti-B220
(RA3-6B2), PE labeled anti-CD11b (M1/70), PE-Cy5-labeled anti-CD44 (IM-7),
AlexaFluor ® 488-labeled anti-1L-4 (11B11), PE-Cy7-labeled anti-IFN-y (R46A2), FITC-
labeled anti-annexin V, FITC BrdU flow kit, FITC-labeled anti-CD45.2 (104), FITC-labeled
anti-CD45.1 (A20), FITC-labeled anti-CD4 (L3T4), PE-Cy7-labeled anti-CD8a. (53-6.7),
FITC-labeled anti-CD24 (M1/69) and APC-labeled anti-annexin V (BD Pharmigen, San
Diego, CA). PE-Texas ReD—labeled anti-CD4 (L3T4) was purchased from Invitrogen (San
Diego, CA). PE labeled anti-F4/80 (BM8) was purchased from eBioscience (San Diego,
CA). For intracellular staining, lymphocytes isolated from liver were stimulated with
aGalCer (100nM) in the presence of brefeldin A (Sigma) for 6h. Surface markers were
stained, the cells fixed with 4% paraformadehyde (Sigma), permeabilized with 0.1% saponin
(Sigma) and the following antibodies were added: AlexaFluor 488-labeled anti-1L-4
(11B11), FITC-labeled anti-IFNy, or PE-Cy7-labeled anti-IFN-y, (BD Pharmingen). The
isotype controls were FITC-labeled or Alexa Fluor 488-labeled mouse 19G1 (MOPC21) (BD
Pharmingen).

BM transplantation

BM cells were harvested from D+, 1,25D3, 1,25D3CypKO, D— and D—CypKO (CD45.2)
mice and transferred into sub-lethally (950 rad) irradiated WT (CD45.1) mice as previously
described (27). For competitive BM transplantation, 1:1 mixtures of WT (CD45.1) BM cells
and CypKO (CD45.2) BM cells were transferred into WT (CD45.1) mice.

Antigen presentation assay

One million thymocytes from WT and Cyp KO mice were incubated with 5 x 10* DN32D3
NKT cell hybridoma (gift of Dr. Albert Bendelac, University of Chicago, IL) for 24 h, and
IL-2 in the supernatant was measured by ELISA (BD Pharmingen).
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Statistical analysis

Results

Statistical analyses were performed using PRISM software (GraphPad, La Jolla, CA). Cell
percentage and numbers were compared by ANOVA. P values of 0.05 or less were
considered statistically significant.

Reduced numbers of iNKT cells from 1,25D3 deficiency

The role of 1,25(0OH),D3 in iNKT cell development was probed. CypKO mice are not able
to produce 1,25D3 from 25(0OH)D and are therefore 1,25D3 deficient mice. The 1,25D3
deficient mice had significantly lower frequencies of iNKT cells in the thymus and liver
compared to WT littermates (Fig.1A). The percentages present in 1,25D3 deficient mice
were comparable to the percentages present in the VDR KO mice (Fig.1A). Consistent with
the decreased percentage of iINKT cells in the 1,25D3 deficient mice, the absolute numbers
of iINKT cells were significantly reduced compared with WT littermates (Supplemental
Figure S2 (S2)). This was a selective defect in iNKT cells since the 1,25D3 deficient mice
had normal numbers of other leukocyte populations in the thymus, spleen, and liver
including T cells, B cells, NK cells, and macrophage (data not shown).

Previously, we have shown that VDR KO iNKT cells are functionally defective (27). To
look at the function of INKT cells in the absence of 1,25D3, WT and 1,25D3 deficient mice
were injected with aGalCer, and production of 1L-4 by liver iNKT cells was analyzed ex
vivo. The frequencies of IL-4 and IFN-y producing iNKT cells were similar in 1,25D3
deficient compared to WT mice (Fig.1B and IFN-y data not shown). Sixty one £ 5 % of WT
iNKT cells and 61 + 3 % of 1,25D3 deficient iNKT cells produced IL-4 and (Fig.1B). This
is in contrast to the failure of INKT cells from VDR KO mice to make either IL-4 or IFN-y
(Fig.1B, (27)). The VDR KO mice have significantly fewer IFN-y and IL-4-producing iNKT
cells than WT or 1,25D3 deficient mice (Fig.1B, (27)). The results indicate a differential
role for the VDR and 1,25D3 ligand in regulating iNKT cell function versus numbers.

Previous work showed that VDR KO thymocytes were poor stimulators of the NKT cell
hybridoma (27). As shown for VDR KO thymocytes, 1,25D3 deficient mice expressed lower
levels of CD1d than WT (mean fluorescence intensity: 56 + 3 1,25D3 deficient, 86 + 4 WT,
(27)). Thymocytes from WT and 1,25D3 deficient mice were used to activate the CD1d
restricted NKT cell hybridoma. 1,25D3 deficient thymocytes were as potent as WT
thymocytes in stimulating the NKT cell hybridoma to produce IL-2 (Fig.1C). The results
suggest that the VDR and 1,25D3 regulate iNKT cell development through different
mechanisms.

The effect of vitamin D deficiency on iNKT cells

Because of the failure of CypKO mice to convert 25(0OH)D3 to 1,25D3, 25(OH)D3 might
accumulate in the CypKO mice at concentrations high enough to bind and activate the VDR
(29). To eliminate 25(OH)D3 production, vitamin D deficient diets were fed to breeding and
experimental mice. D— mice were confirmed to have no detectable 25(OH)Dj in circulation.
The D—WT thymus contained only 0.08% of iNKT cells as compared to 0.6% in the D+WT
thymus (8-fold reduction, Fig.2A). The D— CypKO mice were indistinguishable from the D
—WT mice (Fig.2A). Similar results were found in the periphery with the liver of D—WT
and D— CypKO mice showing only 1.65% iNKT cells compared to 27% in the D+WT mice
(15-fold reduction, Fig.2A). This was a selective defect in iINKT cells from the D— mice
since the normal numbers of T cells, B cells, NK cells, and macrophages were present in the
spleen, thymus and liver of D— mice (Table 1). The numbers and percentages of iNKT cells
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recoverable in the VDR KO and 1,25D3 deficient mice were significantly higher than those
found from D— mice (Fig.1A and 2A).

To rule out the possibility the D— iNKT cells homed to other tissues, D—WT and D—
CypKaO littermates were injected with aGalCer and serum was collected for cytokine
analysis. IFN-y production by D+WT mice peaked at 6h after injection and then disappeared
by 48h (Fig.2B). The kinetics of IL-4 production was different from that of IFN-a since IL-4
peaked earlier (2h) in D+WT mice (Fig.2B). D— CypKO and D—WT mice made very low
amounts of both IL-4 and IFN-y at all time points tested (Fig.2B). As observed for the
1,25D3 deficient iINKT cells, remaining D— iNKT cells were functionally normal and
contained equal percentages of both IFN-y and IL-4 producing liver iNKT cells compared to
their D+WT counterparts (Fig.2C and IL-4 data not shown). The very low cytokine response
to aGalCer injection confirms the data that show very low numbers of iINKT cells in the D—
mice.

To identify what stages of iINKT cell development are affected by vitamin D deficiency,
CD44 and NK1.1 expression on thymic iNKT cells were measured. The double positive
CD44/NK1.1 fully mature iNKT cells made up the majority of the cells in the D+ and D—
mice (Fig.2D). However, the percentage of CD44/NK1.1 double positive iNKT cells were
significantly lower in the D— host compared to the D+ mice (Fig.2D). The mature CD44/
NKZ1.1 double positive iNKT cells in D— mice likely accounts for the ability of these INKT
cells to produce cytokines. All three stages of CD44/NK1.1 expressing iNKT cells were
significantly reduced when absolute numbers were calculated in thymocytes from D— mice.
The data show that D— mice contain fewer iNKT cells but that unlike the VDR KO iNKT
cells the remaining iINKT cells function normally.

Requirement of early exposure to vitamin D for iNKT cell development

To determine whether feeding mice vitamin D sufficient diets could recover iNKT cell
development from D— mice, D— CypKO and D—WT mice littermates from D— Cypko/+
breeders were fed diets that either contained vitamin D or 1,25D3 at various times during
development. The first experiment took D— pups and fed them D+ diets from 3-8 weeks of
age (Fig.3A). The numbers of iNKT cells in the thymus and liver were determined.
Surprisingly vitamin D interventions that started at 3wks of age were unable to recover
iNKT cells in either the D— CypKO or D—WT mice (Fig.3A). The D+ feeding did result in
an increase in 25(OH)D3 levels that confirmed the effectiveness of the diets (data not
shown). The only mice that contain normal numbers of iINKT cells are the D+WT mice that
were exposed to vitamin D throughout development (Fig.3A). The extremely low levels of
iNKT cells in D—WT mice were not changed by vitamin D intervention.

To test whether feeding D— mice the active form of vitamin D would rescue iNKT cell
numbers, D— mice were fed 1,25D3 from the ages of 3-8wks (1,25D3 late, Fig.3B). The
frequency of INKT cells in D—WT and D— CypKO mice increased significantly with
1,25D3 treatment from 0.05-0.07% to 0.17-0.18% in thymus, and from 1.3-1.6% to 4-7%
in liver (Fig.3B). However, the percentage of iNKT cells in 1,25D3 fed D— mice were still
significantly lower than that of D+WT mice. To investigate whether feeding D— mice with
1,25D3 for longer and starting earlier would rescue iNKT cell numbers, mothers of D— mice
were fed 1,25D3 beginning just before birth (embryonic day 20) and continuing during
lactation (1,25D3 early, Fig. 3C). At weaning the mice were continued on the 1,25D3 until
sacrifice (8wks) and iNKT cells were analyzed. Even with early 1,25D3 intervention the
frequency of INKT cells in D— mice were significantly lower than that in D+WT mice (Fig.
3C). Even before the appearance of DP thymocytes (embryonic day 13) 1,25D3 intervention
of D— mice failed to fully recover iNKT cell numbers (S3). Feeding Cypko/+ breeders
1,25D3 throughout (1,25D3, Fig. 3D) resulted in normal numbers of iNKT cells in both the
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WT and CypKO mice (Fig. 3D). The data demonstrate an early requirement for vitamin D
and 1,25D3 for normal numbers of iNKT cells to develop.

Intrinsic defect of iINKT cell precursors in the absence of 1,25D3

To study whether the defective iINKT cell numbers in vitamin D deficiency were cell
intrinsic, BM transplants were done. Reconstitution of the thymus was 95-97% and the
spleen was 85-87% and regardless of the treatment or source of BM cells there were no
differences in the ability of the donor cells to reconstitute WT mice (Fig. 4A). Donor derived
BM from CypKO and WT mice exposed to 1,25D3 throughout gestation (1,25D3 and
1,25D3 KO) repopulated the iNKT cell numbers to the same level of the untreated WT
reconstitution (about 0.35% donor derived iNKT cells, Fig. 4B). BM from D— mice (D-WT
or D—KO) failed to repopulate iNKT cells to the WT levels (Fig. 4B and C). Half as many
iNKT cells developed when the BM was from a D— donor as compared to when the donor
was 1,25D3 treated. The frequency of iINKT cells that developed from D— WT and D—
CypKO BM was the same (Fig. 4B).

Because iNKT cells use the donor derived DP thymocytes both as antigen presenting cells
and iNKT cell precursors, mixed chimeras were done using a 1:1 mix of D+WT (CD45.1)
and CypKO BM (CD45.2) cells. The thymus, liver and spleen were repopulated with about
Y of the cells from each donor (Fig. 5A). There was a selective reduction in iNKT cells
derived from CypKO BM in the thymus, spleen and liver of recipients (Fig. 5B). The
thymus had 28%, the spleen had 37%, and the liver had 41% of the INTK cells derived from
CypKO BM. Vitamin D and 1,25D3 deficiency results in a cell-intrinsic iNKT cell defect.

Increased apoptosis of early iNKT cell precursors in the thymus of D— mice

To determine whether the mechanisms underlying the low numbers of iNKT cells in D—
mice was due to a reduction in homeostatic proliferation or increased apoptosis; the
percentage incorporation of BrdU or the annexinV staining was measured. There were no
differences in the rates of BrdU incorporation of iNKT cells in the thymus and liver of D—
and D+WT mice (S4). Comparison of the percentage of annexinV* iNKT cells in the
thymus of D+ and D— mice showed that a higher percentage of the D— iNKT cells (both WT
and CypKO) than D+ iNKT cells were annexinV* or undergoing apoptosis (45-47% D— vs
30% D+) (Fig.6A). Early iNKT cell precursors were gated on by identifying the DPdull
population and tetramer positive cells (Fig.6B). These cells were further evaluated for CD24
and annexinV expression. In D+ mice most of the iINKT cells are of the more mature CD24~
phenotype and the majority of the apoptosis occurs in the CD24* less mature iNKT cells
(Fig.6C). There are significantly lower percentages of the more mature CD24~ iNKT cells in
the D— compared to D+ hosts (60% D— versus 91% D+, Fig.6C). In addition, a significantly
higher percentage of apoptosis was observed in the CD24™ iNKT cell precursor populations
from D— than D+ WT mice (62% vs. 15%), while CD24" subpopulations exhibited similar
percentages (60% vs. 60%) of apoptosis (Fig.6C).

Discussion

iNKT cells have an early requirement for vitamin D and 1,25D3. Based on the inability of
early 1,25D3 treatment to recover iNKT cell numbers in the D— mice, we conclude that
vitamin D is required before the appearance of the first tetramer positive cells in the thymus
(d5). Vitamin D deficiency results in a cell intrinsic defect in iINKT cells. Our data suggests
that a vitamin D regulated committed precursor for iINKT cells may be present in the bone
marrow. Timed pregnancies show that vitamin D is required before embryonic day 13 for
normal numbers of INKT cells to develop. Factors that affect very early iNKT cell
development are beginning to be identified. iINKT cell development requires rearrangement
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of the Va14Ja18 TCRa chain. The Jal8 rearrangement is a secondary rearrangement that
occurs only if the primary rearrangements fail to generate a productive TCRa chain.
Because the Ja18 rearrangement takes longer than primary TCRa rearrangements, factors
that prolong DP cell survival have been shown to be required for iNKT cell development
(30). Several transcription factors have been shown to affect DP thymocyte survival and in
particular HEB has been shown to be important in the development of iNKT cells (31).
Interestingly, HEB deficient thymocytes had reduced DP thymocyte survival, defective
iNKT cells and normal conventional T cells although the T cells showed limited TCR
diversity (31, 32). It would be interesting to determine whether vitamin D regulates HEB.

Vitamin D deficient CD24™ iNKT cell precursors undergo increased apoptosis compared to
the vitamin D sufficient CD24~ iNKT cells. The increase in apoptosis leads to a reduced
pool of more mature iNKT cells that can go on to expand and mature by upregulating CD44
and NK1.1. Signals that down-regulate CD24 expression on iNKT cells have not been well
studied. It has been shown that in the absence of early growth response 2 (Egr2), iNKT cell
precursors failed to down-regulate CD24 expression (34). However, unlike D— iNKT cells,
Egr2KO iNKT cells are functionally defective (34). Therefore, it seems unlikely that
vitamin D regulates iINKT cell development through the Egr2 pathway. More recently c-
Myc has been identified as a factor that controls expansion of CD24~ iNKT cells that leads
to the further maturation of the iINKT cells (35). It is possible that the VDR and cMyc
interact to regulate proliferation and survival of the iINKT cell precursors.

There were fewer iNKT cells in the D— mice than in the 1,25D3 deficient mice. Increased
levels of 25(0OH)D3 in the D+ CypKO mice led to more iNKT cells. 25(0OH)D3 can bind to
the VDR but with a much lower affinity than 1,25D3. Binding of 25(OH)D3 has been shown
to occur readily in vitro when there is no 1,25D3 present in the culture media. In vivo
evidence for an effect of 25(OH)D3 on vitamin D targets has recently been shown (29).
CypKO mice fed diets that contained pharmacological levels of vitamin D were able to
normalize calcium homeostasis and prevent the development of osteomalacia (29). In the
present experiments excess vitamin D was not added to the diets of CypKO mice. None-the-
less our work provides an additional example of the ability of 25(OH)D3 to bind to the VDR
in vivo in the absence of conversion to 1,25D3.

The VDR KO mice have a block in iNKT cell development. The failure of VDR KO iNKT
cells to develop normally is reflected in the poor activation of the iINKT cell hybridoma by
VDR KO DP thymocytes but not by 1,25D3 deficient or D— derived DP thymocytes (27).
There are other examples in the literature where VDR and vitamin D deficiency result in
disparate results. Vitamin D deficiency has been shown to increase susceptibility to EAE
while VDR deficiency makes the animals more resistant (7, 36). In experimental allergic
asthma, vitamin D deficiency has no effect while VDR deficient mice fail to develop allergic
asthma (37). The VDR is a nuclear receptor that regulates transcription and there are at least
two possibilities of how the unliganded VDR regulates iNKT development/function.
Unliganded VDR might bind to other protein(s) (nuclear receptor co-repressor (N-CoR) is a
possibility) that normally inhibit the induction of iNKT cells by DP thymocytes. The other
possibility is that VDR functions as a heterodimer with the retinoid X receptor (RXR). In the
absence of the VDR excess RXR would be available to dimerize with one of the many other
nuclear receptors that require RXR for activity. This other nuclear receptor (estrogen
receptor, retinoic acid receptor, glucocorticoid receptor) would then be an inhibitor of the
induction of iNKT cells by the DP thymocytes.

Early exposure of neonatal mice to vitamin D is required for mice to develop optimal
numbers of INKT cells. Vitamin D deficiency results in epigenetic changes in iINKT cells
that cannot be rescued by later exposure to vitamin D or 1,25D3. The reduced numbers of
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iNKT cells is a result of increased apoptosis of early iNKT cell precursors in the thymus of
the D— host. Expression of the VDR is required for normal antigen presentation by DP
thymocytes while ligand deficiency has no effect on DP thymocyte presentation. The data
presented here suggest that the amount of vitamin D available in the environment early
during development of iNKT cells dictates the number of iNKT cells. The implications for
humans are that vitamin D might be a factor that affects NKT cell numbers, and along with
the correlations in humans between reduced numbers of NKT cells and increased
autoimmunity, might explain in part the relationship between vitamin D, the environment,
NKT cells and autoimmune disease prevalence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1,25(0OH),D3 1,25dihydroxyvitaminD3
iNKT cell semi-invariant natural killer cell
EAE experimental autoimmune encephalomyletitis
MS multiple sclerosis
DP double positive
aGalCer a-galactosylceramide
ppdull CD4dullcpgdul
VDR vitamin D receptor
KO knockout
1,25D3 1,25(0OH),D3
Cyp Cyp27B1
WT wild type
D- vitamin D deficient
D+ vitamin D sufficient
BM bone marrow
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Figure 1.

Reduced numbers of iNKT cells in 1,25D3 deficient mice. (A) In all cases iNKT cells are
defined as being TCRpB* and aGalCer-CD1d tetramer*. The empty tetramer and isotype
control staining can be found in Supplementary Fig. (S)1. The frequency of iNKT cells in
the thymus, spleen and liver from WT, VDR KO and Cyp27B1 (Cyp)KO mice. Values are
the mean + SEM of n=10 mice per group. The percentage of iNKT cells in VDR KO and
CypKO thymus and liver are significantly different from those in WT mice (p<0.01). (B)
Mice were injected with aGalCer in vivo followed by intracellular staining ex vivo as
described in the methods. Histograms show production of IL-4 by iNKT cells from one
representative mouse. IL-4 isotype control staining shown in S1. Mean + SEM values of
n=10 per group. The percentage of IL-4-producing iNKT cells in VDR KO mice is
significantly lower than that in WT and CypKO mice (p<0.01). (C) Thymocytes from WT
and 1,25D3 deficient mice were incubated with or without (control, Ctrl) the CD1d-
restricted NKT cell hybridoma and IL-2 production was measured. No IL-2 was produced
from the WT and 1,25D3 deficient thymocytes cultured alone (Ctrl). Results shown are from
one representative of three independent experiments with thymocytes from n=3 mice each
per group.
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Figure 2.

Decreased iNKT cell numbers in vitamin D deficient mice. (A) The percentage of iNKT
cells in thymus and liver from D+WT, D+ CypKO, D—WT and D— CypKO mice (n=10-15
mice per group). Values are the mean £ SEM. (B) Serum cytokine production in D+WT and
D— mice induced by systemic administration of aGalCer. The values from the D— CypKO
and D—WT mice overlap. Levels of IFN-y and IL-4 in the serum were determined at
different times following injection (n=9 per group). Values are mean £ SEM.** p<0.0001, *
p<0.05 (C) Frequency of cytokine-producing iNKT cells from D+ WT and D— livers. A
representative histogram from each group shows production of IFN-y by iNKT cells. IFN-y
isotype control staining shown in S1. Values are mean £ SEM of 10 mice per group. (D) Dot
plots showing expression of CD44 and NK1.1 on TCRp and CD1d-aGalCer tetramer double
positive thymocytes. The percentage of CD44~"NK1.1~ iNKT cells and CD44*NK1.1*
iNKT cells in D—WT or D— CypKO mice are significantly different from D+WT mice

(p<0.05). Values are mean = SEM (n=8 per group).
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Figure 3.

Epigenetic effects of vitamin D deficiency on iNKT cell numbers. (A) Effect of vitamin D
intervention on iNKT cell numbers. Cyp ko/+ breeders started on D— diets and littermates
were switched to D+ diet at 3wks of age and continued until 8wks (D+). Values are mean *
SEM of n=5 mice per group. (B) Effect of 1,25D3 intervention on iNKT cell numbers. Cyp
ko/+ breeders started on D— diets and littermates were switched to 1,25D3 at 3wks of age
and continued until 8wks (1,25D3 late). VValues are mean + SEM of n=8 mice per group. (C)
Effect of early 1,25D3 intervention on iNKT cell numbers. Cyp ko/+ breeders started on D—
diets and intervention with 1,25D3 started just before birth (embryonic d20) and continued
until 8wks (1,25D3 early). Values are mean £ SEM of n=12-15 mice per group. (D) Effect
of continuous supplementation of 1,25D3 on iNKT cell numbers. Breeders and offspring
were fed 1,25D3 throughout (1,25D3). Continuous supplementation of 1,25D3 resulted in
normalization (D+ WT numbers) of the iNKT cell numbers in both the WT and Cyp KO
mice. Values are mean = SEM of h=6-8 mice per group. * p<0.001, ** p<0/05.
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Figure 4.

Intrinsic defect of iINKT cell precursors in the absence of 1,25D3. BM transplants were done
using D+, 1,25D3, and D—WT donor mice into WT recipients (donor BM — recipient). (A)
Reconstitution of the thymus and spleen of WT (CD45.1) recipients with donor BM
(CD45.2) of WT, 1,25D3, D—, 1,25D3KO0, and D-KO mice. Values are mean £ SEM of n=5
mice per group. (B). Percentage of donor CD45.2 gated iNKT cells in the thymus, and
spleen are shown for the same groups of mice shown in A. The results from the 1,25D3 WT
were identical to those from 1,25D3 KO and the results from the D— WT were identical to
those from the D- KO. Data shown are one representative of 5 mice per group and the mean
+ SEM is given for all five mice.
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Figure 5.

1,25D3 deficiency results in an intrinsic defect of iINKT cells. Competitive BM chimeras
were generated using a 1:1 ratio of WT CD45.1 and Cyp KO CD45.2 BM into WT CD45.1
recipients. (A) Lymphocyte chimerism was checked by flow cytometry in the thymus,
spleen, liver and lymph nodes. Half of the cells are of WT CD45.1 origin and half of the
cells are of Cyp KO CD45.2 origin. (B) Dot plots showing percentage of donor-derived
iNKT cells in the thymus, spleen, liver, and lymph nodes. Data shown is from 8 mice (mean

+ SEM).
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Figure 6.
Increased cell apoptosis in D— iNKT cell precursors. (A) Annexin V staining of iINKT cells

in the thymus from D+ and D— mice. TCRp and aGalCer-CD1d tetramer positive cells were
gated. Data shown is one representative of 8 mice per group. Values are mean £ SEM. The
percentage of annexin V* iNKT cells is significantly different between D+WT and D-WT
or D— CypKO mice (p<0.05). (B) Gating strategy for identifying DPdull iNKT cell
precursors. The DPdull cells in the top panel are gated and evaluated for tetramer+ iINKT
cells (bottom panel). The DPdull/tetramer+ cells are then gated. (C) CD24 and annexinV
staining of iINKT cell precursors gated in B. Negative control staining for annexinV is
shown in S1. Data represent eight mice per group. The percentage of CD24+DPdulltetramer
+ cells is significantly different between D+WT and D— WT mice (p<0.01). The apoptosis
is significantly higher in the D— iNKT cell precursors (CD24—DPdulltetramer+ cells,
p<0.001).
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