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Vitamin D has been shown to have immunomodulatory
function, but the molecular basis for it has not been well un-
derstood. In this study, we found that vitamin D receptor ex-
pression was induced in a CD4+ effector T cell lineage, Th17
cells, which required the transcription factors, RORa, RORYt,
and STAT3. Treatment of mice with an active ligand of vita-
min D receptor (VDR), 1,25-dihydroxyvitamin D; (1,25D3),
ameliorated experimental autoimmune encephalomyelitis,
accompanied with reduced IL-17 and IL-17F expression. In
vitro, treatment of CD4+ T cells with the physiological doses
of 1,25D3 preferentially inhibited cytokine production by
Th17 cells, in a VDR-dependent manner, without affecting the
expression of transcription factors or surface molecules. More-
over, at these concentrations, cytokine expression was sup-
pressed only at protein but not at mRNA levels. Stimulation of
Th17 cells with 1,25D3, in a concentration-dependent manner,
induced the expression of C/EBP homologous protein
(CHOP), a molecule involved in endoplasmic reticulum stress
and translational inhibition. In addition, overexpression of
CHOP in developing Th17 cells suppressed their cytokine pro-
duction. Our results suggest a novel, post-transcriptional
mechanism whereby Th17 cytokines are inhibited by VDR,
which may underscore future therapeutic usage of vitamin D
in treatment of autoimmune diseases.

Vitamin D is an essential nutrient that regulates calcium
and phosphate transport and bone mineralization (1). In re-
cent years, however, vitamin D has been found to have a
much broader range of actions, including regulation of cell
differentiation, proliferation, and apoptosis (2). The role of
vitamin D in immune system is complex and diverse. The sys-
temic or locally produced active form of vitamin D, 1,25-dihy-
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droxyvitamin D5(1,25D3),? can exercise its effects on several
immune cells, including macrophages, dendritic cells, and T
and B cells. Several reports indicated that 1,25D3 can act di-
rectly on T cells or indirectly on dendritic cells to modulate T
cell function (3—6). However, the concentrations of 1,25D3
employed in many studies are often above the physiological
range, bringing into question the physiological relevance of
the effect of 1,25D3 on T cells. Nonetheless, modulation of
CD4+ T cells by 1,25D3 is intriguing because several studies
have demonstrated that 1,25D3 is capable of suppressing in-
flammation in vivo (7-10).

Recently, a new subset of CD4+ T cells, Th17 cells, was
reported to have an essential role in dampening local inflam-
mation (11-13). Th17 cells produce proinflammatory mole-
cules, IL-17, IL-17F, and IL-22, which act on tissue resident
cells to promote inflammation. TGFf and IL-6 are critical in
generation of Th17 cells by activating STAT3 and inducing
the transcription factors, retinoic acid-related orphan recep-
tor (RORyt) (14) and ROR« (15). IL-1 and IL-23 are also im-
portant cytokines to stabilize and maintain Th17 cells (16,
17). Therefore, pathways to regulate Th17 cell development
and its cytokines are relevant. Of interest, a previous report
indicated that 1,25D3 is able to prevent experimental autoim-
mune uveitis, partially because of its suppressive effect di-
rectly on Th17 cells (10). However, it is not known whether
the effect is mediated through vitamin D receptor (VDR) and
how 1,25D3 suppresses IL-17 and other Th17 cytokine pro-
duction in T cells.

In this study, we have examined the mechanism whereby
1,25D3 regulates CD4+ T cell function at physiological con-
centrations. We found that in response to 1,25D3, Th17 cells
produced reduced levels of cytokines at the protein level,
whereas their transcriptions were not affected. Moreover,
1,25D3 treatment in Th17 cells induced the expression of
C/EBP homologous protein (CHOP). Overexpression of
CHOP in Th17 cells suppressed their cytokine production.
Our data thus suggest a post-transcriptional inhibition of
Th17 cell function by VDR.

EXPERIMENTAL PROCEDURES

Mice—C57Bl/6- and VDR-deficient mice were purchased
from The Jackson Laboratory, and 6 — 8-week-old mice were
used in experiments. Mice were housed in the specific patho-
gen-free animal facility at MD Anderson Cancer Center, and
the animal experiments were performed using protocols ap-
proved by the Institutional Animal Care and Use Committee.

Th Cell Differentiation—Naive CD4"CD25~ CD62L"-
CD44' T cells from C57BI/6 mice were FACS-sorted and
stimulated with plate-bound anti-CD3 (0.5 ng/ml) plus solu-
ble anti-CD28 (0.5 pug/ml) in the presence of 2 ng/ml TGFB

3 The abbreviations used are: 1,25D3, 1,25-dihydroxyvitamin Ds; VDR, vita-
min D receptor; CHOP, C/EBP homologous protein; C/EBP, CCAAT/en-
hancer-binding protein; EAE, experimental autoimmune encephalomy-
elitis; PMA, phorbol 12-myristate 13-acetate; ROR, retinoic acid-related
orphan receptor; MOG, myelin oligodendrocyte glycoprotein.
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FIGURE 1. Differential expression of Vdr in the subsets of CD4+ T cells.
A, mRNAs were isolated from different subsets of CD4+ T cells and sub-
jected to real-time RT-PCR analysis. Relative mRNA expression was com-
pared by setting the lowest expression amount to an arbitrary value of 1.
iTreg, inducible Treg cells; nTreg, natural Treg cells. B, naive CD4+ T cells
were cultured with TGF3 and IL-6. mRNAs were isolated at each time point
and subjected to real-time RT-PCR. C, WT and RORa-, RORyt-, and STAT3-
deficient mice were differentiated into Th17 cells, and mRNAs from these
cells were subjected to real-time RT-PCR analysis. Data represent the
means * S.E. of at least three independent experiments.

and 10 ng/ml IL-6. After 4 days of culture, cells were washed
and restimulated with plate-bound anti-CD3 (1 pug/ml) for

4 h, and cells were then collected for RNA extraction. Differ-
ent concentrations of 1,25D3 (Sigma) were added to culture at
day 0. For cytokine measurement by ELISA, culture superna-
tants were collected for the analysis 24 h after anti-CD3 re-
stimulation. For intracellular cytokine analysis, cells were re-
stimulated with 500 ng/ml ionomycin and 50 ng/ml PMA in
the presence of GolgiStop (BD Pharmingen) for 5 h. Cells
were then permeabilized with Cytofix/Cytoperm kit (BD
Pharmingen) and analyzed for the expression of IL-17 and
IFNvy (BD Pharmingen).

EAE Induction—Mice were immunized subcutaneously at
the dorsal flanks with 150 pg of Myelin oligodendrocyte gly-
coprotein (MOG) peptide emulsified in Complete Freund’s
adjuvant at days 0 and 7. Pertussis toxin was given intraperi-
toneally at days 1 and 8 (500 ng/injection). Signs of experi-
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FIGURE 2. 1,25D3 treatment protected mice from development of EAE.
A, clinical scores of control and 1,25D3-treated mice after EAE immuniza-
tion. B, C, splenocytes from mice with EAE mice were collected and restimu-
lated with MOG peptide for 3 days. The culture supernatants were analyzed
by ELISA. Data represent the means =+ S.E. of three independent experi-
ments and at least four mice in each group.

mental autoimmune encephalomyelitis (EAE) were assigned
scores on a scale of 1-5 as follows: 0, none; 1, limp tail or
waddling gait with tail tonicity; 2, wobbly gait; 3, hind-limb
paralysis; 4, hind-limb and forelimb paralysis; 5, death. Dis-
ease incidence and scores were measured daily. 50 ng of
1,25D3 was administered via an intraperitoneal route for ev-
ery 3 days throughout EAE induction.

Quantitative Real-time RT-PCR—Total RNA was prepared
from T cells with TRIzol reagent (Invitrogen). cDNA was syn-
thesized with SuperScript reverse transcriptase and oligo(dT)
primers (Invitrogen), and gene expression was examined with
a Bio-Rad iCycler optical system with an iQ SYBR Green real-
time PCR kit (Bio-Rad Laboratories). The data were normal-
ized to Actb as a reference. The primers for Vdr are: forward,
5'-CTCCTCGATGCCCACCACAAGACCTACGT-3’, and
reverse, 5'-GTGGGGCAGCATGGAGAGCGGAGACAG-3'".
The primers for 1117, 1l17f, 1122, 1123r, Rora, Rorc, and Actb
were previously described (15).

Western Blot Analysis—Naive CD4+ T cells were cultured
with TGFB and IL-6 in the presence of 1,25D3. At day 5, cul-
tured cells were collected and lysed in lysis buffer. Lysates
were denatured with 2X SDS sample buffer before SDS-
PAGE. Protein transfer was followed by overnight incubation
with anti-CHOP (Santa Cruz Biotechnology) or anti-actin
(Sigma). After incubation with HRP-conjugated secondary
antibody, the signal was detected with ECL reagent
(Promega).

Retroviral Transduction—The full length of cDNA encod-
ing CHOP was cloned into pGFP-RV. Naive CD4"CD25~
CD62LMCD44™ T cells from C57B1/6 mice were FACS-sorted
and activated with plate-bound anti-CD3 and soluble anti-
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FIGURE 3. Suppressive effect of 1,25D3 is VDR-dependent, and cytokine production is independent from transcriptional inhibition. A, flow cytom-
etry plots of naive CD4+ T cells after culture in Th17-polarizing conditions for 5 days. Cells were activated with PMA/lonomycin for 4 h and then stained for
IL-17 and IFNy. B, measurement of IL-17, IL-17F, and IL-22 in the supernatants of the cultures described in A. C, real-time RT-PCR analysis of the Rorc, Rora,
and /123r genes from T cells after culture under Th17-polarizing conditions. D, comparison of ELISA versus mRNA expression levels of /17, Il17f, and //22. Data

represent the means = S.E. of at least three independent experiments.

CD28 in the presence of polarizing cytokines. 36 h after acti-
vation, cells were spin-infected with retrovirus expressing
pGFP or CHOP, and medium was replaced with Th17 condi-
tioning medium after 4 h of infection. 4 days after activation,
GFP™ cells were FACS-sorted, and gene expression was as-
sessed by real-time RT-PCR. FACS-sorted cells were also re-
stimulated with plate-bound anti-CD3 overnight, and the cul-
ture supernatants were analyzed by ELISA.

RESULTS AND DISCUSSION

Vdr Is Highly Expressed in Activated CD4+ T Cells—Be-
cause the active form of vitamin D, 1,25D3, has immuno-
modulatory effects on CD4+ T cells, including inhibition of
Th17 cell function, we first determined whether Vdr mRNA is
expressed in Th subsets. Sorted naive CD4+ T cells were cul-
tured under different polarizing conditions, and Vdr expres-
sion level was examined by real-time RT-PCR. We found that
although naive T cells or Th1 cells express a minimal level of
Vdr, differentiated Th17 and Th2 cells, and to a less extent,
Treg cells, expressed increased levels of Vdr mRNA (Fig. 1A).
Induction of Vdr mRNA was observed at day 3 after culturing
naive CD4+ T cells under Th17-inducing conditions in the
presence of TGFf and IL-6 (Fig. 1B). Expression of Vdr in
Th17 cells requires the transcription factors that govern Th17
cell differentiation. RORa-, RORyt- and Stat3-deficient
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CD4+ T cells were partially defective in Vdr expression when
they were polarized for Th17 cell differentiation (Fig. 1C).

1,25D3 Inhibits the Development of EAE—To better under-
stand the function of VDR in autoimmunity, we treated mice
with 50 ng of 1,25D3 for every 3 days during the development
of EAE, an autoimmune disease model. The animals injected
with 1,25D3 exhibited a reduction in disease symptoms and
delayed disease incidence (Fig. 24). When the splenocytes
from non-treated and 1,25D3-treated animals were restimu-
lated with MOG peptide, IL-2 production or proliferation of
T cells remained similar between the control and treated
groups. On the other hand, the production of IL-17 and IL-
17F cytokines was severely impaired, whereas production of
IL-22 and IFNy was more moderately decreased in spleno-
cytes from the 1,25D3-treated group than the control mice
(Fig. 2B). These results indicate that 1,25D3 inhibits T cell
effector cytokine expression but not their primary activation
in vivo.

1,25D3 Inhibits Th17 Cytokine Protein Production in vitro
via VDR—We next further examined the roles of 1,25D3 on
effector T cell differentiation in vitro. In agreement with the
previous studies (4, 5), treatment of 1,25D3 in the range of
physiological concentrations did not have any effect on cyto-
kine expression by Th1 cells, whereas IL-4 and IL-5 expres-
sion by Th2 cells was slightly increased within the 0.1-1 nm
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FIGURE 4. CHOP is induced upon 1,25D3 treatments in Th17 cells, and overexpression of CHOP on Th17 cells leads to inhibition of cytokine produc-
tion. A, naive CD4+ T cells were treated with increasing concentrations of 1,25D3 under Th17-inducing conditions. Cells were collected at day 5, lysates
were analyzed by SDS-PAGE gel, and CHOP was detected using anti-CHOP antibody. B, naive CD4+ T cells were cultured under Th17-inducing conditions
with or without retroviral overexpression of CHOP. Cells were stained at day 4 (*, p < 0.05). C, GFP-positive and -negative cells were sorted, and mRNAs
were isolated for gene expression analysis by real-time RT-PCR. The sorted cells were cultured overnight with anti-CD3, and culture supernatants were sub-
jected to ELISA. Data represent the means = S.E. of at least three independent experiments. n/s, not significant.

range of 1,25D3 (data not shown). On the other hand, 1,25D3
inhibited Th17 cytokine expression. Naive CD4+ T cells were
cultured with TGFf and IL-6, and the increasing concentra-
tions of 1,25D3 were added to the cultures at day 0. Differen-
tiated Th17 cells were restimulated at day 5 with PMA and
ionomycin for intracellular cytokine staining or anti-CD3 for
ELISA to determine the expression level of IL-17. A dose-de-
pendent reduction in IL-17 production was observed by intra-
cellular cytokine staining as well as ELISA (Fig. 3B). The ex-
pression of other Th17 cytokines IL-17F and IL-22 was also
reduced in the same manner, as determined by ELISA. In con-
trast, when VDR-deficient naive CD4+ T cells were cultured
in the Th17-polarizing condition with increasing concentra-
tions of 1,25D3, VDR-deficient cells were resistant to 1,25D3
treatment, and the production of Th17 cytokines remained
unchanged (Fig. 3A4). This indicates that the actions of 1,25D3
in CD4+ T cells are VDR-dependent.

1,25D3 Does Not Inhibit Th17 Cytokine Gene Transcription—
To better understand the mechanisms whereby 1,25D3 inhib-
its Th17 cytokine expression, we analyzed gene expression at
the mRNA level. Naive CD4+ T cells were cultured in the
presence of TGFB and IL-6, and increasing concentrations of
1,25D3 were added into the cultures at day 0. Differentiated
Th17 cells were restimulated with anti-CD3 at day 5 for 4 h,
and mRNAs were collected for real-time RT-PCR analysis.
mRNA expression level of Th17-related transcription factors
Rorc and Rora or surface molecules such as 1/23r remained
the same at 0.1-10 nm of the ligand concentration (Fig. 3C).
Levels of cytokine mRNA, /17, Il17f, and 1[22 were also simi-
lar at 0.1-10 nM of the ligand concentration (Fig. 3D). Al-
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though we observed reduction in mRNA expression levels of
the cytokines and the transcription factors at higher concen-
trations of ligand (above 10 nm), 1,25D3 circulates in very low
concentrations (about 25-275 pm) (18). Even with dietary
vitamin supplement or massive UV exposure, they rarely
reach 10 nMm of concentration (19). Therefore, we considered
0.1-1 nm of the ligand concentrations physiologically rele-
vant. In contrast to mRNA levels of the cytokines, when the
cultured cells were restimulated with anti-CD3 for overnight
and subjected to ELISA assay, reduction of the cytokines, IL-
17, IL-17F, and IL-22, was observed at 0.1 nm of the ligand
concentration (Fig. 3D). Moreover, ELISA assay of the cyto-
kines showed a severe defect in cytokine production at 1 nm
of the ligand concentration (Fig. 3D).

1,25D3-induced CHOP Suppresses Th17 Cytokine
Production—Reduction of the cytokines in protein expression
level but not in mRNA expression level by 1,25D3 suggests
the presence of the inhibitory mechanism of mRNA transla-
tion in CD4+ T cells. However, based on flow cytometry, ex-
pression of CD4 protein in the cells cultured with 1,25D3 was
not affected (data not shown), suggesting that protein expres-
sion regulated by 1,25D3 is specific to cytokine molecules.
Because CHOP/GADD153 (growth arrest and DNA damage-
inducible protein 153) is known to inhibit translation and
VDR has been shown to regulate CHOP transcription directly
in several cell lines (20), we tested whether CHOP can be in-
duced by 1,25D3 in CD4+ T cells. Naive CD4+ T cells were
differentiated into Th17 cells in the presence of TGFf and
IL-6, and 1,25D3 was added to the cultures at day 0. After
culturing the cells for 5 days, differentiated CD4+ T cells
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were collected, and cell lysates were analyzed for CHOP ex-
pression. Western blot analysis indicated that CHOP is in-
duced in Th17 cells by 1,25D3 in a concentration-dependent
manner (Fig. 44). Induction of CHOP was specific to Th17
cells because 1,25D3 did not induce expression of CHOP in
Th2 cells, although Th2 cells express higher levels of VDR in
comparison with naive CD4 T cells (data not shown), suggest-
ing that there are additional regulatory mechanisms underly-
ing CHOP expression.

To see whether CHOP can suppress Th17 cytokine produc-
tion in CD4+ T cells, CD4+ T cells were overexpressed with
CHOP using a retroviral vector. Naive CD4+ T cells were
cultured with anti-CD3 and anti-CD28 for 2 days and trans-
duced with CHOP or IRES-GEFP for control. After transduc-
tion, CD4+ T cells were cultured under Th17-polarizing con-
ditions with TGFp and IL-6. At day 4, the cultured cells were
stimulated with ionomycin and PMA to access expression
level of IL-17. Intracellular cytokine staining showed that
CHOP-overexpressing cells expressed a reduced level of IL-17
upon restimulation (Fig. 4B). To further analyze characteris-
tics of CHOP-overexpressing Th17 cells, the cultured cells
were sorted based on their GFP expression. After overnight
culture with anti-CD3, culture supernatants were subjected to
ELISA assay to access cytokine production. IL-17, IL-17F, and
IL-22 were reduced in GFP-positive cells overexpressing
CHOP as compared with the controls (Fig. 4C). To see
whether the transcription factors in CHOP-overexpressing
CD4+ T cells are regulated, mRNAs from the sorted GFP-
positive and -negative cells were isolated to access gene ex-
pression level. mRNA levels of Rorc, Rora, and 1123r in CHOP
transduced Th17 cells remained the same as the controls (Fig.
4C). CHOP-transduced Th17 cells did not exhibit significant
apoptosis because binding to 7-aminoactinomycin D and an-
nexin-V remained similar in these cells to the controls (data
not shown). Although CHOP is involved in endoplasmic re-
ticulum stress-induced apoptosis in some cell types (21), the
role in T cells is not known. Nonetheless, induction of CHOP
in T cells was reported previously and is considered as a part
of integrated stress responses in T cells (22, 23). Together,
these results indicate that induction of CHOP might be in-
volved in suppression of Th17-related cytokine, which seems
to be independent from the known Th17 differentiation
program.

In summary, we have investigated the effect of the VDR
pathway in Th17 cells. By inducing VDR during differentia-
tion, TH17 cells become sensitive to being regulated by locally
or systemically produced 1,25D3, the active form of vitamin
D. At a lower concentration of 1,25D3, Th17 cells can sup-
press the production of cytokines without inhibiting their
transcriptions. We propose that this may in part be due to
induction of the endoplasmic reticulum stress protein,
CHOP. Although it remains to be answered how CHOP me-
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diates suppression of cytokines in Th17 cells, this report pro-
poses a novel regulatory pathway of Th17 cytokines via vita-
min D.
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