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A new class of inflammatory CD4™ T cells that produce interleukin-17 (IL-17) (termed Th17) has been
identified, which plays a critical role in numerous inflammatory conditions and autoimmune diseases. The
active form of vitamin D, 1,25-dihydroxyvitamin D; [1,25(OH),D;], has a direct repressive effect on the
expression of IL-17A in both human and mouse T cells. Ir vivo treatment of mice with ongoing experimental
autoimmune encephalomyelitis (EAE; a mouse model of multiple sclerosis) diminishes paralysis and progres-
sion of the disease and reduces IL-17A-secreting CD4™ T cells in the periphery and central nervous system
(CNS). The mechanism of 1,25(OH),D; repression of IL-17A expression was found to be transcriptional
repression, mediated by the vitamin D receptor (VDR). Transcription assays, gel shifting, and chromatin
immunoprecipitation (ChIP) assays indicate that the negative effect of 1,25(OH),D; on IL-17A involves
blocking of nuclear factor for activated T cells (NFAT), recruitment of histone deacetylase (HDAC), seques-
tration of Runt-related transcription factor 1 (Runx1) by 1,25(OH),D,/VDR, and a direct effect of 1,25(0OH),D;
on induction of Foxp3. Our results describe novel mechanisms and new concepts with regard to vitamin D and

the immune system and suggest therapeutic targets for the control of autoimmune diseases.

Interleukin-17A (IL-17A)-producing T cells are a subset of
CD4™ T cell lineage, termed Th17, distinct from Th1, Th2, and
T regulatory (T,,) subsets (52). IL-17 is involved in the patho-
genesis of autoimmune inflammation and has been implicated
in numerous autoimmune diseases, including systemic lupus
erythematosus, rheumatoid arthritis, and multiple sclerosis
(MS) (10, 21, 26, 41). IL-17 mRNA and protein levels in
patients with MS have been shown to be increased in mono-
nuclear cells isolated from blood, in cerebrospinal fluid, and in
brain lesions (39, 41). IL-17 is also increased in lymphocytes
derived from mice with experimental autoimmune encephalo-
myelitis (EAE; mouse model for multiple sclerosis) (33). In
IL-17A knockout (KO) mice, EAE is markedly suppressed,
indicating that IL-17 contributes to the development of EAE
(33). Although it has been reported that the transcription fac-
tors nuclear factor for activated T cells (NFAT), retinoid or-
phan nuclear receptor yt (RORyt), and Runt-related tran-
scription factor 1 (Runx1) are important for the T cell receptor
(TCR)-mediated transcriptional regulation of IL-17A (24, 29,
38, 74), knowledge of the factors involved in the cellular and
molecular regulation of IL-17A remains limited.

The principle function of the active form of vitamin D,
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1,25-dihydroxyvitamin D5 [1,25(0OH),D;], is the maintenance
of calcium and phosphate homeostasis (13). However, vitamin
D has numerous other functions, including downregulation of
autoimmunity (7, 8, 25, 55). 1,25(0OH),D5 has been reported to
at least partially protect against a number of experimental
autoimmune diseases, including EAE (7, 8, 11, 35, 40, 53). In
addition, numerous epidemiological studies have indicated a
negative correlation between increased sun exposure, which
would result in a higher vitamin D synthetic rate, and diets rich
in vitamin D and MS prevalence (34, 55, 70). It has been
reported that there is a high prevalence of vitamin D deficiency
in MS and that early maintenance of vitamin D sufficiency is
associated with a decreased risk of MS (42, 47). These findings
strongly suggest a role for vitamin D in reducing the risk of MS
and support that vitamin D or metabolites of vitamin D may
prevent the progression of MS. However, the mechanisms by
which vitamin D protects against MS, which have been sug-
gested to involve its immune suppressive actions, have not
been clearly defined.

The actions of 1,25(0OH),D; are mediated through the vita-
min D receptor (VDR). The ligand-occupied VDR het-
erodimerizes with the retinoid X receptor (RXR) and, to-
gether with coregulatory proteins, interacts with specific DNA
sequences (vitamin D response elements [VDREs]) in the
promoter regions of target genes, and modulates their tran-
scription (6, 14). 1,25(OH),D; manifests a clear suppressive
effect on immunity. Previous studies have shown that
1,25(0OH),D5 represses mRNA and transcription of several
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proinflammatory cytokines, including IL-2 and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (2, 55, 67,
09). Here we report, for the first time, that the negative effect
of 1,25(0OH),D; on IL-17A involves transcriptional repression
[blocking of NFAT, recruitment of histone deacetylase
(HDAC), sequestration of Runx1 by 1,25(OH),D5/VDR, and
a direct effect of 1,25(OH),D; on induction of Foxp3 (which
associates with NFAT and Runx1 for transcriptional repres-
sion)]. Our results suggest that interaction among NFAT,
VDR, Foxp3, and Runxl1 is involved, at least in part, in sup-
pression of proinflammatory Th17 responses by 1,25(OH),D;.

MATERIALS AND METHODS

Materials. Deoxy-[y-*?P]JATP (3,000 Ci/mmol) was obtained from Perkin-
Elmer Life Sciences. A Random Primers DNA labeling kit was purchased from
Invitrogen. Prestained protein molecular weight markers and an electrochemi-
luminescent detection system were obtained from PerkinElmer Life Sciences.
VDR, NFATcl, Runxl, and B-actin antisera were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). 1,25(OH),D; was a generous gift from Milan
Uskokovic (Hoffmann-LaRoche, Nutley, NJ).

Cell culture. Jurkat (human T cell leukemia cell line), HUT102 (human T cell
lymphoma cell line), and EL-4 (mouse lymphoma cell line) (HUT102 cells
constitutively express IL-17A, and IL-17A mRNA is induced with stimulation in
EL-4 cells) (28, 38) cells were maintained in RPMI media (Life Technologies,
Inc.) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gemini
Biological Products, Calabasas, CA), 10% Dulbecco modified Eagle medium
(DMEM,; Life Technologies, Inc.), and antibiotics in a humidified atmosphere of
95% air-5% CO, at 37°C. HEK293 cells were cultured in DMEM supplemented
with 5% FBS and antibiotics in a humidified atmosphere of 95% air-5% CO, at
37°C. Cells were grown to 70 to 80% confluence and changed to medium
supplemented with 2% charcoal-dextran-treated FBS before activation and
1,25(0OH),D; treatment. Cells were treated with the vehicle or the compounds
noted at the indicated times and concentrations.

Transient-transfection and luciferase assay. Human IL-17A (hIL-17A) pro-
moter and deletion constructs, and the mouse Foxp3 constructs [including the
construct with point mutations in the VDRE/retinoic responsive element
(RARE) half-site (AGGTCA to AaGaCA; changes shown with lowercase let-
ters) at position +2156 in the conserved noncoding sequence] were previously
described (38, 64). The 2-kb mouse IL-17A (mIL-17A) promoter construct, from
Strober’s laboratory (74), was obtained from Addgene Inc. (Cambridge, MA).
PAV-hVDR was a gift of Wesley Pike, University of Wisconsin. pSRa-NFATCc1 was
provided by G. R. Crabtree, Stanford University, Stanford, CA. pCMV-c-fos and
pCMV-c-jun were provide by T. Curran, Children’s Hospital of Philadelphia.
The VDR plasmid lacking the DNA binding domain (amino acids [aa] 116 to
427) was provided by P. MacDonald, Case Western Reserve, Cleveland, OH.
The mutant human VDR (hVDR) F251C expression vector, in which het-
erodimerization to RXR is defective, was from D. Feldman, Stanford University.
pCMV-Runxl, pCMV-Runx2, and pCMV-Runx3 were provided by H. Drissi,
University of Connecticut. Jurkat and EL-4 cells (1 X 10°) were seeded in a
24-well culture dish 24 h prior to transfection. Cells were transfected using jetPEI
(Polyplus-transfection Inc., New York, NY), according to the manufacturer’s
instructions. Cells (24 h posttransfection) were treated for 9 h with the following:
(i) vehicle, (ii) 1,25(0OH),D; (0.1 nM to 10 nM), (iii) activation with PMA (10~7
M) plus ionomycin (200 ng/ml), and (iv) 1,25(OH),D; plus PMA plus ionomycin.
A luciferase assay (dual-luciferase reporter assay kit; Promega, Madison, WI)
was performed as described previously (59).

Electrophoretic mobility shift assay (EMSA). 36-Mer complementary oligo-
nucleotides spanning NFAT site 1 and a 34-mer spanning the NFAT site 2
binding site of the human IL-17A promoter or mutated NFAT site 1 and NFAT
site 2 were used for the gel shift assays (prepared by the UMD Molecular
Resource Facility, Newark, NJ). The wild-type sequence of the oligonucleotide
used for NFAT site 1 was 5'-TTCCCATTTTCCTTCAGAAGGAGAGATTCT
TCTATG-3" and for NFAT site 2 was 5'-CTTCTATGACCTCATTGGGGGC
GGAAATTTTAAC-3'. For mFoxp3, the VDRE wild-type sequence used was
5'-CCATTTACTGCAGAGGTCAAAAGTGTGGGTA-3" (underlining shows
the putative VDRE). The mutated sequence (shown in lowercase letters) used
for mFoxp3 was 5'-CCATTTACTGCAGAaGatgAAAGTGTGGGTA-3'. Hu-
man full-length VDR was purified as previously described (68). Glutathione
S-transferase (GST)-RXRa was obtained from D. Feldman, Stanford Univer-
sity. Nuclear preparations from activated Jurkat cells (source for NFAT) were
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used at concentrations as indicated in the figure legends. Gel shift analysis was
performed as described previously (19).

ChIP assay. HUT102 and EL-4 cells were cultured to 95% confluence prior to
the experiment and treated with the following: (i) vehicle treatment, (ii)
1,25(0OH),Dj; treatment (10 nM), (iii) activation with phorbol myristate acetate
(PMA) (1077 M) plus ionomycin (200 ng/ml), and (iv) 1,25(OH),D; plus PMA
plus ionomycin for the indicated times. Human and mouse primary CD4* T cells
were isolated and polarized under Th17 or T,, conditions as described under
mouse T cell cultures and human CD4" T cell isolation. The chromatin immu-
noprecipitation (ChIP) assay was performed as previously described (59). Im-
munoprecipitations were performed with anti-NFATc1 (H-10; Santa Cruz Bio-
technology), anti-VDR (C-20; Santa Cruz Biotechnology), anti-RXR (D20;
Santa Cruz Biotechnology), anti-HDAC2 (F6; Santa Cruz Biotechnology), anti-
AcH4 (Santa Cruz Biotechnology), and anti-Runx1 (DW71; Santa Cruz Biotech-
nology). DNA precipitates were isolated and subjected to PCR using the follow-
ing primers designed to amplify the fragment of the hIL-17A promoter
containing the NFAT binding sites: 5> AAAAGAGGACATGGTCTTTAGG
AA3" and 3'GCAACAAAGAAGGTTAGTTACS'. For the murine IL-17A
(mIL-17A) promoter, PCR was performed using the following primers designed
to amplify the —1860-to-—1560 (—1860/—1560) region containing the Runxl
binding sites: 5'-GAGATGGCTCAGCAGTTAAGA-3' and 5'-ATTCCCCGA
TAGAATAACTATTTGA-3'. The +2216/+2350 region of the mFoxp3 gene
containing the putative VDRE was amplified using the primers 5'-CCAGTCT
CCTTTATGGCTTCA-3' and 5'-TTTTTATTAATGATGGTAGGTGCTCA-
3’. PCR products were resolved in 1% agarose gel and visualized using ethidium
bromide staining. DNA acquired prior to precipitation was collected and used as
the input. A total of 10% of input was used for PCR evaluation. PCRs using the
primers designed to amplify the upstream region of respective promoters were
used as a negative control to exclude nonspecific binding.

Mouse T cell cultures for ChIP and immunoprecipitation assays. All experi-
ments using mice were carried out in accordance with the guidelines established
by the National Institutes of Health Guide for the Care and Use of Laboratory
Animals, as well as those established by the Stanford University and UMDN]J-
New Jersey Medical School Institutional Animal Care and Use Committees.
CD4™ T cells from BALB/c mice mesenteric lymph nodes (LNs) or spleens,
depleted by a MACS column (CD4" T cell isolation kit II; Miltenyi Biotec)
according to the manufacturer’s protocol, were cultured in the presence or
absence of 1,25(OH),D3 (10 nM) for 3 days under either Th17 conditions (20
ng/ml IL-6, 1 ng/ml transforming growth factor g [TGF-B], 20 pg/ml anti-gamma
interferon [anti-IFN-y], and 10 wg/ml anti-IL-4) or Treg conditions (100 U/ml
IL-2, 0.5 ng/ml TGF-B, 20 pg/ml anti-IFN-y, and 10 pg/ml anti-IL-4).

Immunoprecipitation. Nuclear extracts (NE) were prepared from mouse pri-
mary CD4™" T cells isolated and polarized under Th17 conditions or from VDR-
and Runx1-transfected HEK293 cells as previously described (19). A total of 500
ng of each preparation was used for immunoprecipitation with the addition of 4
g anti-VDR (C-20; Santa Cruz Biotechnology) or 4 g anti-Runxl (DW71;
Santa Cruz Biotechnology) for 24 h at 4°C. The complex was separated by
SDS-PAGE and probed with either VDR antibody or Runx1 antibody.

Western blot analysis. Western blot analysis was performed as described
previously (19). Membranes were blocked with indicated antibodies, including
anti-c-Fos (6-2H-2F), anti-c-Jun (G-4), anti-NFATcl (H-10), anti-Runxl
(DWT71), or anti-VDR (C-20) (Santa Cruz Biotechnology) at a dilution of 1:1,000
in 1% milk and Tris-buffered saline overnight. Membranes were then rinsed and
incubated at room temperature with these respective secondary antibodies: for
anti-VDR, goat anti-rabbit IgG-horseradish peroxidase (HRP) antibody (sc-
2004); for anti-Runx1, anti-NFATc1, anti-c-Fos, and anti-c-Jun, goat anti-mouse
IgG-HRP (sc-2005) at 1:3,000 dilution in 1% milk and TBS for 2 h.

RNA-mediated interference. For knockdown of Runxl, CD4™ T cells were
purified as described above and were directly transfected by nucleofection with
small interfering RNA (siRNA) specific for Runx1 (predesigned ON-TARGET-
plus SMARTpool siRNA; Dharmacon) or “scrambled” control siRNA (Dhar-
macon). For transfection, 2 X 10° cells in 100 wl mouse T cell Nucleofector
solution (Amaxa) were transfected with a total of 300 pmol of siRNA with the
X-001 program (Amaxa). After transfection, cells were incubated for 4 h at 37°C,
were activated with anti-CD3 (2 pg/ml) and anti-CD28 (1 pg/ml), and were
cultured under Thl7-polarizing conditions as described above. After 48 h of
activation, transfected cells were collected, and RNA was made. RNA was then
analyzed by reverse transcriptase (RT)-PCR as described below.

Peptides. Myelin oligodendrocyte glycoprotein (MOG) p35-55 (MEVGWYRSP
FSRVVHLYRNGK), PLPp139-151 (HCLGKWLGHPDKEF) were synthesized on a
peptide synthesizer (model 9050; MilliGen) by standard 9-fluorenylmethoxycarbonyl
chemistry and purified by high-performance liquid chromatography (HPLC). Amino
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acid sequences were confirmed by amino acid analysis and mass spectroscopy. The
purity of each peptide was greater than 95%.

Mice. Female SJL/J and C57BL/6 mice (8 to 12 weeks old) were purchased
from the Jackson Laboratory (Bar Harbor, ME). MOG p35-55 TCR transgenic
mice were obtained from V. Kuchroo (4). All animal protocols were approved by
the Division of Comparative Medicine at Stanford University, in accordance with
the National Institutes of Health guidelines.

EAE induction, treatment, and cell preparation. SJL/J mice, C57BL/6 mice, or
MOG-specific TCR transgenic mice were immunized as described previously (9).
On day 0 and 48 h postimmunization, C57BL/6 mice or 2D2 transgenic mice
were intravenously injected with 200 ng of Bordetella pertussis toxin (BPT) in
phosphate-buffered saline (PBS). Mice were examined daily for clinical signs of
EAE and scored. In studies involving long-term treatment with 1,25(OH),D5,
mice were fed a diet without vitamin D added beginning at 3 days before
immunization. Treatment was administrated to mice either intraperitoneally
(i.p.) or orally [50 ng/mouse; this dose of 1,25(OH),Dj5 is consistent with what has
been used previously to prevent EAE] (7, 35). Mice treated with vehicle served
as controls. Infiltrating cells from spinal cords or the brain stems and cerebellums
from three or four perfused mice were isolated. Central nervous system (CNS)
homogenates were incubated with collagenase (Roche) and DNase (Sigma) for
1 h at 37°C, and the cells were purified by a Percoll gradient.

Th17 CD4* T cell differentiation and Th17 adoptive transfer. Splenocytes and
lymph nodes cells were isolated from MOG p35-55-specific TCR Tg (2D2)
female mice (6 weeks old; n = 25). CD4™ T cells were isolated using L3T4
micromagnetic beads (Miltenyi Biotec). Cells were activated with 1 pg/ml each
of plate-bound anti-CD3 (clone 145-2C11) and anti-CD28 (clone 37.51) (BD
Biosciences). Cells were plated at 2 X 10° cells/ml in complete RPMI 1640 and
treated with either vehicle or 1,25(OH),D; (10 nM) under the following Th17
conditions: IL-6 (20 ng/ml), TGF-B (3 ng/ml) (R&D Systems), anti-IFN-y (50
pg/ml; clone R4-6A2), and anti-IL-4 (10 pg/ml; clone 11B11) (eBioscience).
Cells were activated for 3 days and then expanded for 4 more days with fresh
media supplemented with IL-23 (20 ng/ml; R&D Systems) and 1,25(OH),D5 (10
nM) or vehicle. Cells were restimulated with anti-CD3 and anti-CD28 (1 pg/ml),
IL-23 (20 ng/ml), anti IFN-v, and 1,25(OH),D; or vehicle for 48 h and expanded
as described above for a total of 3 activation cycles. Cells were then restimulated
for 48 h, washed, and then resuspended in PBS. A total of 100 I of cells (20 X
10° cells/mouse) were injected intravenously (iv.) into 8-week-old female
C57BL6/J recipient mice (n = 15). On the day of the cell transfer and 48 h later,
mice were injected i.v. with 200 ng/mouse of BPT in PBS. EAE mice were scored
daily for clinical signs as previously described.

2D2 mouse T cell cultures. Resting (Pan) CD4" T cells were isolated from
naive 2D2 mice using CD4 magnetic beads (L3T4; Miltenyi Biotec). Naive and
memory CD4™ T cells were sorted from total CD4* T cells using anti-CD26L
and anti-CD44 antibodies with magnetic beads (Miltenyi Biotec). Cells were
treated with 1,25(OH),D; at the indicated concentrations or vehicle and acti-
vated with plate-bound anti-CD3/anti-CD28 at 1 pg/ml each (BD Biosciences)
(73).

Intracellular flow cytometry and ELISA. For IL-17A staining after PMA plus
ionomycin stimulation of the CD4" T cell population, surface staining was
performed with anti-CD3, anti-CD45RO, and anti-CD4 (all obtained from BD
Biosciences). Following fixation, permeabilization, and staining with anti-IL-17A
(phycoerythrin [PE]; eBioscience), cells were acquired on a fluorescence-acti-
vated cell sorter (FACS) analyzer (Becton Dickinson) and analyzed using FlowJo
software. For Foxp3 analysis, cultured cells were harvested on day 5. Surface
staining was then performed with fluorochrome-conjugated anti-CD4, anti-
CD25, and anti-CD45RO (all obtained from BD Pharmingen). Following fixa-
tion, permeabilization and Foxp3 staining were performed using the Foxp3
staining buffer kit from eBioscience, according to the manufacturer’s protocol.
Data were acquired on a FACSCalibur cytoflorometer and analyzed using Cell-
Quest software (BD). Enzyme-linked immunosorbent assay (ELISA) kits for
IL-17A, IL-22 (R&D systems), and IL-10 (BD Bioscience) were used to analyze
the supernatants from 2- to 4-day cultures.

Human CD4* T cell isolation and activation. Human peripheral blood studies
were approved by the Institutional Review Board of Stanford University and
UMDNIJ-New Jersey Medical School in accordance with the regulations man-
dated by the Department of Health and Human Services. CD4™ T cells were
isolated from peripheral blood mononuclear cells (PBMCs) of healthy donors
(after obtaining informed consent) by Ficoll-Hypaque gradient centrifugation
(GE Healthcare).

Th17. Resting CD45RO™" CD4" T cells were isolated by magnetic beads
(CD4™" T cell isolation kit II; Miltenyi Biotec). For short activation (72 h), resting
CD4™" T cells were activated with anti-CD3 and anti-CD28 beads (T Cell Ex-
pander; Invitrogen). For Th17 differentiation, resting CD4™ T cells were cul-
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tured in serum-free X-VIVO 15 media (Lonza). Naive CD45RA™ T cells were
isolated by two rounds of depletion with anti-CD45RO magnetic beads (Miltenyi
Biotec). For Th17 differentiation, cells were activated with anti-CD3 and anti-
CD28 in the presence of recombinant human IL-23 (rhIL-23) at 50 ng/ml, rhIL-6
at 30 ng/ml, IL-1B at 30 ng/ml (R&D Systems), human TGF-B (hTGF-B; 0.1
ng/ml), anti-human IFN-y (hIFN-vy; 50 wg/ml), and anti-hIL-4 (20 pg/ml) (eBio-
science). Cells were cultured for 4 to 6 days and then rested for an additional 4
to 6 days (1 stimulation cycle). Vehicle or 1,25(OH),D; at the indicated con-
centrations was added throughout.

T,eq cells. CD4™ CD25 T cells were purified using magnetic beads and
reagents from Miltenyi Biotec. CD4™" T cells were isolated from PBMCs by
immunomagnetic depletion of non-T helper cells (CD4™ T cell isolation kit)
according to the manufacturer’s instructions. CD4" CD25~ T cells were
purified from the CD4™ T cells by negative selection using CD25 beads, and
the purity was >95% in all experiments, as assessed by immunofluorescence
flow cytometry. CD4* CD25™ T cells (2 X 10°/well) were resuspended in 10%
heat-inactivated FCS-RPMI 1640 containing CD28 Ab (2 pg/ml) and rIL-2
(100 1U/ml), in the presence and absence of 1,25(OH),D; (10 nM), and
cultured in 96-well U-bottom plates coated with anti-CD3 (5 wg/ml) for 5
days. The same human T cell cultures were used for both FACS analysis and
ChIP assays.

Invivo T,, induction. EAE was induced in C57BL6/J mice and were treated
(i.p.) with either vehicle or 1,25(OH),D; for 15 days, starting on the day of
EAE induction (as described above). At day 7, before disease onset, 5 mice
per group were killed, and spleens were isolated. CD4* CD25" Foxp3™* cells
were examined using a mouse regulatory T cell staining kit (eBioscience),
according to the manufacturer’s instructions. On day 15, at the peak of
disease, spinal cords were isolated and pooled from the 5 remaining mice in
each group. Mononuclear infiltrating cells were isolated, and CD4" CD25"
Foxp3™ cells were examined.

In vitro T cell suppression assay. Naive 2D2 splenocytes were cultured with
MOG p35-55 (20 pg/ml) in the presence of vehicle, 1,25(OH),D; (10 nM), or
TGF- (5 ng/ml) for 72 h. T,., differentiation was tested by induction of Foxp3
using FACS analysis. Once T, induction was confirmed under both
1,25(0H),D; and TGF- treatment conditions, CD4 " CD25" effector cells were
sorted using FACS Aria (BD Biosciences). Responder CD4" CD25™ T cells
were also sorted from naive 2D2 splenocytes. For the suppression assays, 50,000
responder T cells were cocultured with the indicated number of effector CD4™
CD25" T cells (or T,e cells under some conditions) and 200,000 irradiated
syngeneic splenocytes [serving as antigen-presenting cells (APCs)] per well. Cells
were activated in the presence of MOG p35-55 (20 wg/ml) for 72 h. The sup-
pression activity of T, cells was tested via a proliferation assay. At 16 h before
harvesting, cells were pulsed with 1 pCi/well of [*H]thymidine (PerkinElmer).
[*H]Thymidine incorporation was tested in triplicate wells using the MicroBeta
counter (PerkinElmer). Proliferation was measured as counts per minute, and
this experiment was repeated 3 times.

RT-PCR. Total RNA was isolated from mouse and human primary CD4* T
cells using RNA-Bee reagent (Tel-Text, Inc.) or the reverse transcriptase (RT)-
PCR miniprep kit (Agilent Technologies). RT-PCR was performed using 2 pg
total RNA and the SuperScript one-step RT-PCR system with Platinum Tag
DNA polymerase (Invitrogen). Primers used for human IL-17A were forward
primer 5'-ATGACTCCTGGGAAGACCTCATTG-3' and reverse primer 5'-T
TAGGCCACATGGTGGACAATCGG-3" (40 cycles). Primers used for mouse
IL-17A were 5'-GGTCAACCTCAAAGTCTTTAACTC-3' and 5'-TTAAAAA
TGCAAGTAAGTTTGCTG-3" (36 cycles). Data were normalized for the ex-
pression of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA
within the sample (GAPDH primers, 5'-TCACCATCTTCCAGGAGCG-3' and
5'-CTGCTTCACCACCTTCTTGA-3"). The cycles were chosen so that the am-
plification was conducted in the linear range of amplification efficiency. The
resulting PCR products were subjected to electrophoresis on a 1% agarose gel
containing ethidium bromide, and bands were visualized under UV light. Gel
data were recorded using the Gene Genius bioimaging system (Syngene, Fred-
erick, MD), and the relative densities of the bands were determined using Gene
Tool software (Syngene).

Statistical analysis. Data are presented as means * standard errors (SE). For
clinical scores, significance between each two groups was examined by using the
Mann-Whitney U test. A P value of <0.05 was considered significant. All other
statistics were analyzed by using a one-way- or two-way multiple-range analysis of
variance (ANOVA) test for multiple comparisons. A P value of <0.05 was
considered significant.
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RESULTS

1,25(OH),D; inhibits human IL-17A and suppresses mouse
IL-17A in mouse models of MS. We first examined the effects
of 1,25(0OH),D5 on human IL-17A (hIL-17A) using CD4* T
cells isolated from healthy donors. hIL-17A expression and
mRNA are repressed in response to 1,25(OH),D; (Fig. 1A to
C). Various mouse models for MS were also used to examine
the effect of 1,25(OH),D; on mIL-17A. When splenocytes and
lymph node (LN) cells isolated from naive myelin oligoden-
drocyte glycoprotein (MOG) T cell receptor transgenic mice
(2D2) were treated in vitro with either vehicle or 1,25(OH),D;
in the presence of MOG p35-55, a significant reduction in
mlIL-17A secretion was observed in the presence of
1,25(OH),D; (Fig. 1D). Inhibitory effects of 1,25(OH),D; on
both naive and memory CD4™ T cells were observed (Fig. 1E).
1,25(0OH),D; inhibition of mIL-17A secretion was also seen in
CD8™" T cells, in y3-T cells, and in NKT cells (data not shown),
which also produce IL-17A (54, 60, 63). In addition, although
it has been a matter of debate (12, 50), we found that
1,25(OH),D; inhibits mIL-17A mRNA in mouse CD4™" T cells
polarized under Th17 conditions (Fig. 1F). To further investi-
gate the effects of 1,25(OH),Ds, naive 2D2 splenocytes were
activated with MOG p35-55 and treated with vehicle or
1,25(0OH),D; in the absence or presence of Th17 differentia-
tion conditions. In the presence of 1,25(OH),D;, mIL-17A and
mlIL-22 were significantly reduced, and mIL-10 was signifi-
cantly increased (Fig. 1G).

Similar to what has previously been shown (8, 11, 35), we
found that 1,25(OH),D;, when given beginning on the day of
immunization and then every other day, significantly inhibits
the disease course in the EAE model of MS (not shown).
When splenocytes and draining lymph node (DLN) cells were
isolated on day 7 after immunization, before clinical symptoms
appeared from 1,25(OH),D5;- or vehicle-treated mice, and
then cultured in vitro in the presence of MOGp35-55, we found
that mIL-17A was significantly reduced with 1,25(OH),D;
treatment (data not shown). Parallel cultures from splenocytes
and DLNs, activated with PMA and ionomycin for 5 h, also
indicated a reduction in mIL-17A after in vivo 1,25(OH),D,
treatment (data not shown).

To determine whether 1,25(OH),D;-mediated inhibition of
mlIL-17A is observed in protection against ongoing EAE and
reversal of paralysis by 1,25(OH),D;, EAE was induced in
SJL/J mice with immunizations of PLPp139-151. After mice
reached the peak clinical score with paralysis, they were
treated with 1,25(OH),D5 or vehicle for 3 consecutive days.
The mice treated with 1,25(OH),D5 showed a significant im-
provement in disease progression, which lasted for 8 days (P <
0.05). Retreatment with 1,25(OH),D; provided even further
improvement (Fig. 2A). Next, C57BL6/J mice with ongoing
MOG p35-55 EAE were treated with 1,25(OH),D; or vehicle
every day starting from day 15 of disease induction. Treatment
with 1,25(OH),D; caused marked reduction in the clinical
scores, beginning 48 h posttreatment (P < 0.01), and this
improvement was observed throughout the course of treatment
(Fig. 2B). Infiltrating mononuclear cells were isolated from the
spinal cord and brain of both the groups on day 18 (Fig. 2A and
B, arrowheads) and stained for intracellular mIL-17A and cell
surface CD4. mIL-17A was downregulated by 1,25(OH),D;
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treatment in the CD4 " infiltrating cells in the spinal cord and
brain from both SJL/J mice (Fig. 2C) and C57BL6/J mice (Fig.
2D). Thus, the improvement in the clinical score after
1,25(OH),D; treatment is associated with inhibition of pro-
duction of IL-17A. These findings are the first to correlate the
reversal of paralysis in EAE mice by 1,25(OH),D5 with re-
duced IL-17A-secreting CD4™ T cells. The mononuclear infil-
trating cells isolated from the brain of the SJL/J treated group
were activated with PLPp139-151 peptide in the presence or
absence of 1,25(OH),D; Besides IL-17A inhibition, a signifi-
cant upregulation of IL-10 was observed (Fig. 2E).

Lastly, we tested whether 1,25(OH),D; treatment of Th17
cells was sufficient to give protection against EAE induction
when adoptively transferred into naive mice. Resting CD4" T
cells were isolated from naive 2D2 mice activated under Th17
differentiation conditions in the presence or absence of
1,25(OH),D; (10 nM) and then injected into naive C57BL6/J
recipient mice. Recipients that received 1,25(OH),D5-treated
Th17 cells developed a milder EAE (Fig. 2F) [1,25(OH),D;,
treatment reduced the percentage of mIL-17A-producing cells
(Fig. 2G)]. CD4" T cells were isolated from representative
mice at day 5 and at day 14 posttransfer to profile mIL-17A
secretion in vivo in the periphery and CNS, respectively. The
vehicle-treated Th17 cells showed high mIL-17A secretion in
vivo, while 1,25(OH),D;-treated Th17 cells produced signifi-
cantly lower levels of IL-17A in both the spleen (Fig. 2H) and
CNS (Fig. 2I). Collectively, these experiments indicate that the
decrease in the severity of EAE in response to 1,25(OH),D; is
associated with diminished secretion of mIL-17A.

hIL-17A transcription is directly repressed by 1,25(OH),D5,
as VDR competes for DNA binding with NFATcl and
1,25(OH),D; recruits HDAC to the hIL-17A promoter. Al-
though the experiments in both human and mouse cells and
using various mouse models of MS indicate suppression of
IL-17A by 1,25(0OH),D;, the molecular basis by which IL-17A
production is regulated by 1,25(OH),D; remains poorly de-
fined. IL-17A, similar to most T cell-derived cytokines, is reg-
ulated at least in part at the level of transcription (38, 74).
Thus, to begin to define possible mechanisms involved in the
repression of IL-17A by 1,25(0OH),D;, we examined the effects
of 1,25(OH),D; on human and mouse IL-17A transcription.

For studies related to 1,25(OH),D; suppression of hIL-17A,
Jurkat cells were transfected with the hIL-17A promoter
(—1125/+5) (Fig. 3A) or with different deletion constructs
(Fig. 3B) and cotransfected with vector alone or VDR expres-
sion vector. Cells were stimulated with PMA and ionomycin
for 9 h in the presence of vehicle or 1,25(OH),D;. VDR was
cotransfected since, as previously reported, T cells begin to
express VDR only approximately 8 h postactivation (2, 5). A
dose-dependent repression of activation of hIL-17A promoter
(—1125/+5) activity was observed in the presence of
1,25(OH),D; (Fig. 3A). The repression was stronger in the
presence of VDR expression vector. Thus, VDR is limiting for
the suppression. When a VDR construct that lacked the DNA
binding domain (DBD) was used, suppression of hIL-17A
transcription above that attributed to endogenous VDR was
not observed, indicating the importance of the DBD for the
repression (data not shown). Using the —352/+5 and —232/+5
deletion constructs which contain two NFAT binding sites and
an AP1 site, repression of activation by 1,25(OH),D5 was also
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FIG. 1. Regulation of IL-17A expression and mRNA by 1,25(0OH),D;. (A to C) 1,25(OH),D5 reduces the percentage of human
IL-17A-secreting CD4" T cells and hIL-17A mRNA levels. (A and B) Resting CD4" T cells were isolated from PBMCs of healthy donors
1 (closed circles) and 2 (open circles), activated with anti-CD3 and anti-CD28 under Th17 conditions in the presence of 1, 10, or 100 nM
1,25(0OH),D; or vehicle. In panel A, cells were passed through 3 cycles of activation and expansion and then stained to detect intracellular
hIL-17A. In panel B, cells were activated for 72 h and then stained to detect intracellular hIL-17A. Data are presented as percentages of
IL-17" T cells. %, P < 0.01; #%%, P < 0.001. (C) RT-PCR analysis of hIL-17A mRNA. Inhibition of hIL-17A mRNA by 1,25(0OH),D; was
observed using human primary CD4" T cells polarized under Th17 conditions for 5 days in the presence or absence of 1,25(OH),D; (0.1
to 10 nM). Similar results were observed in two additional experiments. (D to G) 1,25(OH),D; treatment inhibits Th17 differentiation,
mIL-17A mRNA, and mIL-17A secretion in mouse cells. (D) Lymph node cells (black bars) or splenocytes (white bars) isolated from T cell
receptor transgenic mice (2D2) were activated with MOG p35-55 (10 pg/ml) in the presence or absence of 1,25(OH),D; (10 and 100 nM).
A total of 48 h later, supernatants were used to measure IL-17A by ELISA. IL-17A was significantly reduced by 1,25(OH),Dj. **, P < 0.01
compared to MOG activation in the absence of 1,25(OH),D;. (E) Naive or memory CD4 " T cells were isolated from spleens of naive 2D2
mice. Cells were activated and treated with 1,25(OH),D5 (0.5 to 100 nM) 48 h later for memory cultures and 96 h later for naive cultures.
Supernatants were subjected to IL-17A ELISA. (F) RT-PCR analysis of mIL-17A mRNA. Inhibition of mIL-17A mRNA by 1,25(OH),D;
was observed using mouse primary CD4" T cells polarized under Th17 conditions for 3 days in the presence or absence of different
concentrations of 1,25(OH),D;. Similar results were observed in two additional experiments. (G) 1,25(OH),D; regulates Th17 cytokines
during T cell activation under ThO or Th17 differentiation conditions. Naive 2D2 splenocytes were cultured with MOG p35-55 (20 pg/ml)
under Th17 conditions or ThO conditions. Cells were treated with either vehicle or 1,25(OH),D; (10 nM) for 72 h. The cytokines indicated

in the figure were measured from supernatants using ELISA. Data are presented as the means of triplicate determinations = SE. %, P <
0.05; *%%, P < 0.001 (tested in two-way ANOVA).
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FIG. 2. 1,25(0OH),D; treatment reverses ongoing EAE and ameliorates Th17-induced EAE in recipient mice. (A) PLPp139-151-EAE was
induced in SJL/J mice and scored daily. At day 14 (peak of disease), mice were randomize into two groups (n = 12 per group). Mice were injected
with either vehicle or 1,25(OH),D; for 3 consecutive days (arrows), days 15 to 18, and days 31 to 34. Mice showed reduced clinical scores after
the transient treatments. *, P < 0.05; **, P < 0.01 (compared to vehicle-treated group). (B) MOG p35-55 EAE was induced in C57BL/6 mice and
scored daily. At day 15 (peak of disease), mice were randomized into two groups (n = 15 per group). Treatment with either vehicle or 1,25(OH),D5
was administered daily, starting on day 15 (days 15 to 30). Treated mice showed reduced clinical scores in the chronic phase. *, P < 0.05; **, P
< 0.01 (compared to vehicle-treated group). (C and D) On day 18, as shown in panels A and B, 3 mice from each group were killed (arrowhead),
and mononuclear cells were isolated from spinal cords for IL-17A analysis. (C) Lymphocytes isolated from a representative SJL/J mice (arrowhead
in panel A). (D) Lymphocytes isolated from a representative C57BL/6 mice (arrowhead in panel B). Data are shown as representative FACS plots
of 1 mouse out of 3. In each plot, CD45" CD4" IL-17A mononuclear infiltrated T cells are gated. (E) Mononuclear infiltrates isolated from brains
of SJL/J mice killed as shown in panel C were activated with PLPp139-151 (50 ng/ml) for 72 h, and ELISAs were performed. Results shown are
the means of triplicate determinations + SE. #%, P < 0.01 (1,25(OH),D; treatment versus that of vehicle). (F) Naive CD4" T cells were isolated
from 2D2 splenocytes and were differentiated into Th17 cells in the presence of either vehicle or 1,25(OH),D5 (10 nM). After 3 expansion cycles,
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observed (Fig. 3B). The —159/+5 deletion construct which
does not contain the NFAT and AP1 binding sites and the
—232/+5 promoter construct with both NFAT sites mutated
showed minimal activation and no repression by 1,25(OH),D,
(Fig. 3B). These findings suggest that NFAT, which is an es-
sential regulator of T cell-mediated hIL-17A gene transcrip-
tion, is involved in mediating 1,25(OH),D5 repression.

To further evaluate the involvement of NFAT in 1,25(OH),D;-
mediated repression, we assessed the ability of NFAT to rescue
the 1,25(OH),D;-mediated repression. Expression of NFATcl
relieved the effect of 1,25(OH),D; in a concentration-dependent
manner, indicating that 1,25(OH),D5 repression involved inhibi-
tion of NFAT-mediated activation (Fig. 3C). In contrast, overex-
pression of c-Fos and c-Jun (AP1 components) did not relieve the
1,25(OH),D; inhibition (data not shown). In addition, mutation
of the AP1 site did not affect activation or 1,25(OH),D;-mediated
repression of hIL-17A transcription (Fig. 3B).

Next, the contribution of RXR to VDR-mediated transcrip-
tional repression of hIL-17A was also assessed. 1,25(OH),D,
repression was enhanced when RXR in addition to VDR was
transfected (Fig. 3D). Lower levels of VDR were used in this
assay [thus, the repression with 10 nM 1,25(OH),D; was less].
We also tested the VDR-RXR heterodimerization-defective
mutant F251C. Using increasing concentrations of this hVDR
mutant, repression was similar to 1,25(OH),D,;-mediated re-
pression observed in the presence of endogenous VDR (not
shown). These findings suggest that RXR plays a role in
1,25(OH),D;-mediated repression of IL-17A.

To identify the mechanism by which 1,25(OH),D; inhibits
NFAT-mediated activation of IL-17A transcription, we asked
if the NFAT sites between positions —232 and —159 bind
VDR and RXR. Electrophoretic mobility shift assays
(EMSAs) indicated that VDR alone as well as VDR-RXR form
protein-DNA complexes on the NFAT sites. RXR alone did
not bind to either of the NFAT sites (data not shown). The
mutated probes for both of the sites were unable to bind
NFATcl, VDR, or VDR/RXR (data not shown). When in-
creasing concentrations of recombinant VDR or VDR/RXR
were added, two distinct complexes of NFAT and VDR or
NFAT and the VDR-RXR heterodimer were observed on
each NFAT site (Fig. 3E). Increasing concentrations of VDR
or VDR-RXR resulted in a concomitant decrease in the
amount of bound NFATc1 (Fig. 3E). These observations indi-
cate that there is competition between NFAT and VDR/RXR
to occupy the NFAT sites.

To confirm the role of NFAT in the production of hIL-17A
(38), CD4™ T cells isolated from healthy donors were polar-
ized under Th17 conditions and treated with cyclosporine A
(CsA; acts by blocking the phosphatase calcineurin, which is
responsible for activating NFAT) in the presence or absence of
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1,25(OH),D; (10 nM). A dose-dependent inhibition of hIL-
17A mRNA levels by CsA was observed (Fig. 3F). At the
higher concentration of CsA, NFAT was not observed on the
Western blot, hIL-17A° mRNA levels were markedly de-
creased, and no inhibition by 1,25(OH),D; was observed in the
presence of CsA (100 nM) (Fig. 3F). These findings provide
evidence of the importance of NFAT in the regulation of
endogenous hIL-17A.

To determine that VDR or VDR-RXR can cooccupy the
NFAT site in the hIL-17A promoter in vivo, chromatin immu-
noprecipitation (ChIP) assays were performed in HUT102
cells (a human cell line constitutively expressing IL-17A [38])
and in primary human CD4" T cells isolated from healthy
donors. Recruitment of NFATcl to the NFAT sites under
activation conditions was blocked in the presence of
1,25(OH),D; (Fig. 4A and C). Both in HUT102 cells and in
primary human CD4" T cells, VDR and RXR recruitment to
the NFAT site was 1,25(OH),D5 dependent (Fig. 4B and D).
These findings indicate that VDR/RXR mediates hIL-17A re-
pression by blocking NFATc1 from binding to its site on the
hIL-17A promoter and by associating with the NFAT element.

Previous studies have shown that NFAT binds to p300/CBP
and recruits histone acetyltransferase (HAT) activity (20). It
has been reported that 1,25(OH),D; negatively regulates
la(OH)ase [the key enzyme involved in the synthesis of
1,25(OH),D;] and PTH by p300 HAT dissociation and histone
deacetylase (HDAC) association (32, 44). Whether this model
of transrepression is applicable to other genes negatively reg-
ulated by 1,25(OH),D; is not known. Therefore, we investi-
gated the involvement of HDAC in 1,25(OH),D;-mediated
inhibition of the hIL-17A transcription. Addition of trichosta-
tin A (TSA), a histone deacetylase inhibitor, enhanced PMA-
and ionomycin-induced hIL-17A transcription and reversed
the 1,25(OH),D;-mediated repression (Fig. 5A). To further
understand the mechanism of 1,25(OH),D5-mediated repres-
sion of hIL-17A in vivo, we examined the recruitment of
HDAC and acetylated histone 4 to the hIL-17A promoter
using HUT102 cells, primary human CD4™" T cells, and ChIP
assay. ChIP analysis showed that in the presence of
1,25(OH),D; HDAC?2 is recruited to the hIL-17A promoter
(Fig. 5B and D). In addition, there is a decrease in acetylated
histone 4 in response to 1,25(OH),D; (Fig. 5C and E). To-
gether, these findings demonstrate that 1,25(OH),D; repres-
sion of hIL-17A transcription is mediated, at least in part, by
HDAC recruitment, coupled to a decrease in HAT activity
presumably via HAT coactivator dissociation.

Mouse IL-17A transcription is directly repressed by
1,25(0OH),D;, as 1,25(0OH),D; decreases activation-induced
recruitment of Runx1 to the mIL-17A promoter. To determine
whether the mechanism of inhibition of mouse IL-17A secre-

adoptive transfer into naive recipient C57BL/6 mice was performed. A total of 20 X10° Th17 cells treated by either 1,25(OH),D; or vehicle were
injected i.v. on day 0 (n = 10 per group). Recipient C57BL/6 mice were scored daily. (G) Assessment of IL-17A-secreting cells after 1,25(OH),D;
treatment (bottom) versus vehicle treatment (top) before adoptive transfer. (H) Assessment of IL-17A-secreting cells after 1,25(OH),D5 treatment
(bottom) versus vehicle treatment (top) in the spleen 5 days post-adoptive transfer. (I) Assessment of IL-17A-secreting cells after 1,25(OH),D;
treatment (bottom) versus vehicle treatment (top) in the CNS. Assessment was performed by FACS analysis, and data are presented as dot plots
of IL-17A versus CD4" T cells. Each FACS plot is of a representative mouse.
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FIG. 3. Regulation of hIL-17A transcription by 1,25(OH),D; NFATcl1 relieves 1,25(OH),D;-mediated repression of hIL-17A transcrip-
tion, RXR with VDR contributes to transcriptional repression, and VDR/RXR bind to the NFAT sites. (A) Jurkat cells were cotransfected
with the hIL-17A (—1125/+5) promoter and either vector alone (black bars and striped bars) or pAV-hVDR expression vector (1 ng) (gray
bars). Cells were stimulated for 9 h with PMA and ionomycin (Iono) in the presence or absence of the indicated concentration of
1,25(0OH),D;. 1,25(OH),D; treatment (1 and 10 nM) resulted in a significant repression of hIL-17A transcriptional activation in the presence
of transfected VDR (P < 0.01). In all subsequent transcription assays, 1 pg/well VDR expression plasmid was transfected (unless otherwise
indicated). (B, left) Schematic of hIL-17A promoter deletion constructs or deletion constructs with specific mutations in the NFAT sites or
the AP1 site (38). (Right) The human T cell line Jurkat was transfected with the hIL-17A promoter —1125/+5, deletion constructs —353/+5,
—232/+5, and —159/+5, or deletion constructs with specific mutations in the NFAT sites (—232NFATm1/m2/+5) or the AP1 site
(—232AP1mut/+5). Cells (24 h posttransfection) were stimulated for 9 h with PMA and ionomycin in the presence or absence of 10 nM
1,25(0OH),D;. (C) Overexpression of NFATc1 relieves 1,25(OH),D5-mediated repression of hIL-17A transcription. Jurkat cells were
cotransfected with hIL-17A promoter (—1125/+5) and pSRa-NFATcl expression plasmid at the indicated concentrations. At 24 h
posttransfection, cells were activated with PMA and ionomycin in the absence or presence of 1,25(OH),D; (10 nM) for 9 h. P < 0.05
[activation plus 1,25(OH),D;, vector transfection versus activation plus 1,25(OH),D;, and NFATcl transfection (1 or 2.5 ng)].
(D) 1,25(OH),D5-mediated repression is enhanced by RXR. Jurkat cells were transfected with the hIL-17A promoter (—1125/+5) together
with either VDR (0.3 pg) or VDR plus RXR (0.3 pg or 0.5 pg). Cells were treated as described above. Transcriptional repression observed
with 1,25(OH),D; treatment and VDR and RXR transfection (0.3 pg or 0.5 pg) is significantly different than repression observed with
1,25(0OH),D; treatment and transfection of VDR alone (P < 0.01). (A, B, C, and D) Error bars represent the means = SE from at least 3
to 5 independent experiments. (E) VDR displaces NFAT from its site. EMSA was performed using NFAT site 1 (left) and NFAT site 2
(right) present within the —232-to-—159 region of hIL-17A promoter as the radiolabeled probes (see Materials and Methods). Increasing
amounts of recombinant VDR (15, 30, and 60 ng; lanes 1 to 3) or VDR-RXR (10, 20, and 40 ng each; lanes 4 to 6) and 5 g of nuclear extract
from activated Jurkat cells (source of NFAT) were used. (E) Similar results were observed in 3 to 5 independent experiments. (F) Cal-
cineurin/activated NFAT is involved in hIL-17A gene regulation. Human CD4™" T cells were polarized under Th17 conditions and treated
with cyclosporine A (CsA) in the presence or absence of 1,25(OH),D; (10 nM). RT-PCR analysis of hIL-17A mRNA was done 5 days
post-CsA treatment. Similar results were observed in two additional experiments. (Inset) Western blot analysis of NFATc1 protein levels.
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FIG. 4. VDR-RXR can occupy NFAT sites in the hIL-17A promoter in vivo. (A and B) ChIP assays were performed using HUT102 cells.
HUT102 cells were transfected with VDR (1 pg) and stimulated with PMA and ionomycin in the presence or absence of 1,25(OH),D5 (10 nM)
for 4 h and cross-linked by 1% formaldehyde for 15 min. Cross-linked lysates were subjected to immunoprecipitation with NFATc1 antibody (A),
VDR antibody (B), RXR antibody (B), or control rabbit IgG (A and B). DNA precipitates were isolated and then subjected to PCR using specific
primers designed to amplify the —232/—159 region of the hIL-17A promoter, which contains NFAT sites. Analysis of input DNA (0.2%) was done
prior to precipitation (input). For all ChIP assays in cells lines (but not in primary cells), VDR was transfected since T cells began to express VDR
only 8 h postactivation (2). The bar graph represents quantification for HUT102 cells of three independent ChIP analyses (£SE). (C and D) ChIP
assays were performed using human CD4" T cells polarized under Th17 conditions. Human CD4" T cells were activated in the presence or
absence of 10 nM 1,25(OH),D; for 4 days. Formaldehyde cross-linked lysates were subjected to immunoprecipitation with NFAT antibody (C),
VDR antibody (D), RXR antibody (D), or control rabbit IgG (C and D). DNA precipitates were isolated and subjected to PCR as described above.
Similar results were observed in two additional experiments. In both HUT102 cells and primary human CD4" T cells, PCR using the primers
designed to amplify the upstream region of hIL-17A promoter —2800/—2500 (shown in panels A and C) was done as a negative control to exclude

nonspecific binding. Similar results were also observed for the —3000/—2700 promoter region (not shown).

tion and mRNA also involves an effect on mIL-17A transcrip-
tion, studies were done using the 2000/+5 mouse IL-17A pro-
moter construct (74). Activation of the mIL-17A transcription
was significantly repressed in response to 1,25(OH),D; (Fig.
6A). Since previous studies showed that expression and tran-
scription of mIL-17A is dependent on Runx1 (74), we assessed
the ability of Runx1 to rescue 1,25(OH),D;-mediated inhibi-
tion of mIL-17A transcription. Runx1 overexpression relieved
the repression by 1,25(OH),D5 and enhanced activation of
mIL-17A transcription (Fig. 6B). Runx2 was also able to

enhance mIL-17A transcription and relieve 1,25(OH),D5-
mediated inhibition, albeit less efficiently (data not shown).
Runx3 was the least efficient in enhancing activation of
mlIL-17A transcription (data not shown). These findings
suggest that the repression by 1,25(OH),D; of mIL-17A
transcription is at least partially dependent on Runx. We
confirmed the dependence of mIL-17A expression on Runxl
by knockdown of endogenous Runxl. Runxl siRNA trans-
fection reduced expression of Runx1 (Fig. 6C, Western blot)
as well as mIL-17A mRNA, and inhibition by 1,25(OH),D,
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promoter. Posttransfection cells were rested overnight and then stimulated with PMA and ionomycin in the presence or absence of 1,25(0OH),D;
(10 nM) for 9 h with the indicated concentrations of HDAC inhibitor, trichostatin A (TSA). P < 0.01 [activation plus 1,25(OH),D3, control versus
activation plus 1,25(OH),D;, TSA (50 and 100 nM)]. Data represent the means * SE from 3 separate experiments. (B to E) 1,25(OH),D; recruits
histone deacetylase to the hIL-17A. (B and C) ChIP assays were performed using HUT102 cells. HUT102 cells were stimulated with PMA and
ionomycin in the presence or absence of 1,25(OH),D; (10 nM) for 4 h and cross-linked with 1% formaldehyde for 15 min. Cross-linked lysates
were prepared and subjected to immunoprecipitation with HDAC-2 antibody (B), AcH4 antibody (C), or control rabbit IgG (B and C). DNA
precipitates were isolated and then subjected to PCR using specific primers designed to amplify the —213/—158 region of the hIL-17A promoter,
which contains NFAT sites. Analysis of input DNA (0.2%) was taken prior to precipitation. The bar graph represents quantification for HUT102
cells of three independent ChIP analyses (=SE). (D and E) ChIP assays were performed using CD4" T cells polarized under Th17 conditions.
Human CD4" T cells were activated in the presence or absence of 10 nM 1,25(OH),D; for 4 days. Formaldehyde cross-linked lysates were
subjected to immunoprecipitation with HDAC2 antibody (D), AcH4 antibody (E), or control rabbit IgG (D and E). DNA precipitates were isolated
and subjected to PCR as described above. Similar results were observed in two additional experiments.
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FIG. 6. mIL-17A transcription is repressed by 1,25(OH),D3, Runxl relieves 1,25(OH),D;-mediated repression, and VDR and Runx1 interact.
(A) 1,25(0OH),D; represses mIL-17A transcription. Jurkat cells transfected with the mIL-17A promoter (—2000/+5) were activated for 9 h with
PMA and ionomycin in the presence of increasing concentrations of 1,25(OH),D;. P < 0.05 [activation versus activation plus 1,25(OH),D5 (1 and
10 nM)]. (B) Runx1 relieves 1,25(OH),D;-mediated repression of mIL-17A transcription and enhances activation. Jurkat cells were cotransfected
with the 2-kb mIL17A promoter and increasing concentrations of Runx1 expression vector or empty control vector. Cells were activated for 9 h
with PMA and ionomycin in the presence or absence of 10 nM 1,25(OH),D5. P < 0.05 [activation plus 1,25(OH),D3, vector transfection versus
activation plus 1,25(OH),D; Runx1 transfected (0.5, 1 and 2.5 ng)]. (A and B) The data represent the means = SE from 3 to 6 separate
experiments. (C) Runx1 is required for IL-17A expression in mouse CD4* T cells. Mouse CD4™" T cells were isolated as described in Materials
and Methods and were transfected with Runx1-specific siRNA or scrambled siRNA. Cells posttransfection were polarized under Th17 conditions
in the presence or absence of 1,25(OH),D; (10 nM). RT-PCR analysis of mIL-17A mRNA was done 5 days post-siRNA transfection. Inhibition
of mIL-17A mRNA levels by Runxl-specific siRNA was observed. (Inset) Western blot analysis of Runx1 protein levels was done to confirm
knockdown of Runx1 by Runxl1-specific siRNA. Similar results were observed in two additional experiments. (D and E) VDR and Runx1 interact.
(D) Western blot (WB) analysis of Runx1 and VDR performed using mouse primary CD4" T cells polarized under Th17 conditions, detected in
nuclear extracts (NE) immunoprecipitated (IP) with Runx1 antibody or VDR antibody. Similar results were observed in 3 independent experi-
ments. (E) Western blot analysis of Runxl and VDR in HEK293 cells transfected with Runx1 and/or VDR expression vectors detected in NE
immunoprecipitated with Runx1 antibody or VDR antibody. Similar results were observed in at least 3 independent experiments.

of IL-17A mRNA was attenuated in the presence of Runxl
siRNA (Fig. 6C).

Since the Runx site is not homologous to VDRE half-sites,
we hypothesized that VDR inhibits Runx function by direct
physical interaction with Runx1, preventing Runx1 from bind-
ing to its sites. We assessed the interaction between Runx1 and
VDR by coimmunoprecipitation using nuclear extracts from
the mouse CD4" T cells (Fig. 6D) or in HEK293T cells
cotransfected with VDR and Runxl (Fig. 6E). Runxl and
VDR were coimmunoprecipitated, indicating an interaction
between the two proteins. ChIP assays were performed using
mouse EL-4 cells [a tumor cell line that retains many T cell
properties (28, 64, 66)] and mouse primary CD4" T cells.
Runx1 was recruited to the Runxl sites in the mIL-17A pro-
moter, but this recruitment was markedly decreased in the
presence of 1,25(OH),D5 (Fig. 7A and C). VDR recruitment
to the Runx sites was not observed in either the presence or
absence of 1,25(OH),D; (Fig. 7B and D), suggesting that re-
pression of mIL-17A transcription by 1,25(OH),D; occurs
through sequestration of Runx1 by VDR. Similar studies were

also done using mouse IL-2 promoter (49). Runxl also en-
hanced IL-2 transcription and relieved the repression of IL-2
transcription by 1,25(OH),D; (not shown). In addition, Runx1
enhanced hIL-17A promoter activity (data not shown). How-
ever, Runxl only partially reversed the repressive effect of
1,25(OH),D; on hIL-17A transcription, even at higher con-
centrations of Runx1 (2.5 ng) (data not shown). Thus, control
by 1,25(OH),D5 of T cell function by affecting Runx1 is not
specific for 1,25(OH),D5 suppression of mIL-17A. Sequestra-
tion of Runxl by 1,25(OH),D5/VDR may be an additional
control mechanism of 1,25(0OH),D;-mediated repression of
inflammatory cytokines.

Since sequence analysis indicated that the 2-kb mouse IL-
17A promoter lacked a NFAT binding site, studies were done
to examine if there was a cryptic but functional NFAT site
within this region of the mouse IL-17A promoter. Overexpres-
sion of NFAT did not reverse the 1,25(OH),D;-mediated in-
hibition of —2000/+5 mIL-17A promoter activity (data not
shown). EMSAs and ChIP assays were performed using syn-
thetic oligonucleotides corresponding to the recently reported
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FIG. 7. Activation-induced recruitment of Runx1 to the mIL-17A
promoter is decreased in the presence of 1,25(OH),D;. (A and B)
ChIP assays were performed in EL-4 cells. EL-4 cells were transfected
with VDR (1 pg), activated with PMA and ionomycin in the presence
or absence of 1,25(OH),D; (10 nM) for 4 h, and cross-linked by 1%
formaldehyde for 15 min. Cross-linked lysates were then subjected to
immunoprecipitation with Runx1 antibody (A), VDR antibody (B), or
control rabbit IgG (A and B). A total of 0.2% of chromatin obtained
before (input) or after immunoprecipitation (IP) and were analyzed
with primers specific to amplify the —1560/—1860 region of the mIL-
17A promoter containing the Runx sites. The bar graph represents
quantification of ChIP analyses for EL-4 cells. Data are presented as
the means = SE from three independent experiments. (C and D) ChIP
assays were performed in mouse CD4" T cells polarized under Th17
conditions. Mouse CD4" T cells were activated in the presence or
absence of 10 nM 1,25(OH),D; for 3 days. Formaldehyde cross-linked
lysates were then subjected to immunoprecipitation with Runx1 anti-
body (C), VDR antibody (D), or control rabbit IgG (C and D). DNA
precipitates were isolated and subjected to PCR as described above.
Similar results were observed in two additional experiments. In both
EL-4 cells and primary mouse CD4" T cells, PCR using the primers
designed to amplify the upstream region of mIL-17A promoter —2800/
—2500 (shown in panels A and C) was done as a negative control to
exclude nonspecific binding. Similar results were also observed for the
—500/—200 promoter region (not shown).

NFAT site present at —3085/—3077 in the mouse IL-17A pro-
moter (24). The sequence of the mIL-17A NFAT site (CCCT
TATTT) was not identical to the sequences of the NFAT sites
present in the hIL-17A promoter (CATTTTCCTTCA and GG
GGCGGAAATTTT). Although NFAT bound to the site,
VDR alone or the VDR-RXR heterodimer did not bind to it
and was not recruited to this site (data not shown). Thus, the
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1,25(0OH),D5-mediated inhibition of mIL-17A promoter activ-
ity is not reliant on this NFAT site.

Induction of Foxp3 by 1,25(0OH),D; Foxp3, a transcription
factor involved in the development and function of regulatory
T cells, a subset of CD4™ T cells that are important in inhib-
iting inflammation and in suppressing autoimmune processes
(48), has recently been reported to negatively regulate both
IL-17A and IL-2 transcription, at least in part by interacting
with Runxl (49, 74). Retinoic acid (RA), similar to
1,25(OH),D3, has been reported to result in an enhancement
of T, cells and an inhibition of Th17 cells (57). Since RA has
recently been reported to induce Foxp3 (64), we asked whether
induction of Foxp3 may be an additional mechanism involved
in the suppression of IL-17A by 1,25(0OH),D5;.

To examine whether 1,25(OH),D; induces Foxp3 and reg-
ulatory CD4"% T cells in vivo, MOG p35-55 EAE induced
C57BL6/J mice were treated with either vehicle or
1,25(0OH),D5 starting at day of immunization. At day 7 (before
disease onset), mice were sacrificed, and splenocytes were ex-
amined for the presence of T, cells (Fig. 8A). We found that
the percentage of Foxp3™ CD4' CD25™ T cells increased
from 14.9% in the vehicle-treated group to 40% in the
1,25(OH),D;-treated group (Fig. 8A, top). At day 15 (peak of
the disease), mononuclear infiltrating cells from the spinal
cords (Fig. 8A, bottom) and brains (data not shown) were
examined for the presence of T,, cells. As in the periphery,
1,25(OH),D; treatment induced a higher percentage of T,.,
cells in the spinal cords (4% in the vehicle-treated group versus
26.5% in the 1,25(OH),D;-treated group). Similar data from
the brains of these mice were observed (data not shown).

To prove the functionality of these T,., cells in suppressing
proinflammatory CD4" T cells, an in vitro suppression assay
was performed. Naive 2D2 splenocytes were activated with
MOG p35-55 (20 pg/ml) for 72 h in the presence of vehicle or
1,25(0OH),D; (10 nM). T, differentiation was tested by the
induction of Foxp3 using flow cytometry. Effector CD4* T
cells treated with 1,25(OH),D5 induced a high percentage of
Foxp3-positive T cells (data not shown). CD4* CD25™ T cells
from these activated cultures were then sorted out using CD4
and CD25 markers and added to responder CD4" CD25~ T
cells, isolated from naive 2D2 splenocytes (Fig. 8B). In the
suppression assays, 50,000 responder T cells were cocultured
with the indicated number of effector CD4" CD25™ T cells
and 200,000 irradiated syngeneic splenocytes (serving as
APCs) per well. Cells were activated in the presence of MOG
p35-55 (20 pg/ml) for 72 h. Our results show that 1,25(OH),D,
induces functional T, cells that can suppress the activity of
proinflammatory CD4" T cells, indicated by proliferation in-
hibition via thymidine incorporation (Fig. 8B). We also deter-
mined whether 1,25(OH),D; was able to induce human Foxp3.
1,25(OH),D; stimulated expression of Foxp3 and CTLA-4 in
human CD4" CD25™ T cells (Fig. 8C).

Through in silico analysis we were able to identify a putative
vitamin D response element (VDRE) present within the core
enhancer region (positions +2079/+2198) at positions +2156/
+2170 of the mouse Foxp3 gene. The core enhancer region is
a highly conserved noncoding sequence (it is highly homolo-
gous between human and mouse) that contains a number of
important regulatory sites important for Foxp3 transcriptional
activation (66). To determine if 1,25(OH),D; affects mFoxp3
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FIG. 8. 1,25(OH),Dj; induces functional T,., cells, regulation of Foxp3 transcription by 1,25(OH),D;, and identification of a VDRE in the
Foxp3 promoter. 1,25(OH),D; induces T, cells in vivo. EAE was induced in C57BL6/J mice, and mice were treated with either vehicle or
1,25(0OH),D; (50 ng/mouse) for 15 days, starting on the day of EAE induction. At day 7, before disease onset, and at day 15 (peak of disease),
CD4" CD25" Foxp3* cells in the spleens and spinal cords were examined, respectively. (Top) CD4-gated CD25" Foxp3™ cells induced by either
vehicle or 1,25(OH),D; in the spleen. (Bottom) CD4-gated CD25" Foxp3™ cells induced by either vehicle or 1,25(OH),D; in the spinal cord.
FACS plots are representative analyses of 1 mouse out of 5 tested. (B) 1,25(OH),Dj; induces functional T effector cells. Naive spleens were isolated
from 2D2 mice and activated with MOG p35-55 (20 wg/ml) in the presence of either vehicle or 1,25(OH),D5 (10 nM). CD4" CD25" T cells were
then sorted from these cultures to test for their suppressive capacity in vitro. Vehicle- or 1,25(OH),D5-treated CD4* CD25™" T (effector) cells were
cocultured with (5 X 10* cells/well) naive CD4" CD25™ T (responder) cells, sorted from naive 2D2 spleens. T effector cells were added in titrated
numbers at the T responder/T effector ratios indicated on the x axis. Cells were cultured in the presence of irradiated syngeneic APCs (2 X 10°
cells/well) and MOG p35-55 (20 pg/ml) for 72 h. Mean [*H]thymidine incorporation was indicated as cpm =+ SE. Data are representative of 3
independent experiments. (C) 1,25(OH),D; induces Foxp3 expression in purified human CD4 " CD25™ cells. Cells were activated with immobilized
CD3 and soluble CD28 monoclonal antibodies (MADs) in the presence or absence of 1,25(OH),D; (10 nM) for 6 days in RPMI 1640 medium
containing rhIL-2. Intracytoplasmic analysis of Foxp3, CTLA4, and CD25 was performed on day 0 and day 6 cultures. Analysis shows the
percentage of Foxp3 ™ and CTLA4 cells of gated CD4* CD45RO™* CD25" T cells. One of five representative donors is illustrated. The expression
of Foxp3 was measured by flow cytometry. The bar graph represents the means * SE of results obtained from four donors analyzed in two
independent experiments. *, P < 0.05. (D) Regulation of mFoxp3 transcription by 1,25(OH),D;. HEK-293T cells were transfected with the
mFoxp3-Luc promoter —3523/+6668 or —3523/+6668 mFoxp3-Luc with the VDRE mutated at positions +2156/+2170. Cells (24 h posttrans-
fection) were treated with 10 nM 1,25(OH),D; for another 24 h. Results represent the means + SE from at least 4 separate experiments. Note
the significant activation of Foxp3 transcription by 1,25(OH),D; (P < 0.05 [vehicle versus 1,25(OH),D;] [mutation in the VDRE blocked the
response to 1,25(OH),D;]. (E) VDR and VDR-RXR form protein-DNA complexes on the Foxp3 core enhancer region. EMSA was performed
with recombinant VDR (15 ng), RXRa (20 ng), or VDR/RXRa (15 ng each) and **P-labeled oligonucleotides containing the putative VDRE
present at positions +2156/4+2170 or mutated VDRE (see Materials and Methods). Similar results were observed in at least 3 independent
experiments. (F) ChIP assays were performed using mouse CD4" T cells polarized under T, cell conditions. Mouse CD4" T cells were activated
in the presence or absence of 10 nM 1,25(OH),D; for 3 days and cross-linked with 1% formaldehyde. Cross-linked cell lysates were subjected to
immunoprecipitation with VDR antibody, RXR antibody, or control rabbit IgG. A total of 0.2% of chromatin obtained before (input) or after
immunoprecipitation (IP) was analyzed with primers specific to amplify the +2216/+2350 region of the mFoxp3 promoter. The bar graph
represents the quantification of three independent ChIP analyses (=SE). PCR using the primers designed to amplify the other regions of Foxp3
promoter —800/—500 (shown in panel F) was done as a negative control to exclude nonspecific binding. Similar results were also observed for the
+1500/+1200 region (not shown).
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transcription, the mFoxp3-Luc construct (positions —3523/
+6668) or the —3523/+6668 construct with the putative
VDRE that was mutated was cotransfected with VDR in
HEK293 cells. 1,25(0OH),D; (10 nM) significantly induced
mFoxp3 transcription (16-fold; P < 0.05 compared to vehicle-
treated group) (Fig. 8D). Mutation of the putative VDRE
blocked the response to 1,25(OH),D; (Fig. 8D), suggesting
that the 1,25(OH),D; response is dependent on the VDRE
present at positions +2156/+2170. EMSA indicated that VDR
alone as well as VDR-RXR form protein-DNA complexes
with the synthetic oligonucleotide corresponding to the VDRE
within the core enhancer region (Fig. 8E). The oligonucleotide
containing the mutated VDRE sequences failed to bind either
VDR or VDR-RXR (Fig. 8E). In addition, ChIP assays per-
formed with primary mouse CD4" T cells using primers de-
signed to amplify the region of the Foxp3 gene containing the
VDRE site indicated 1,25(OH),D; recruitment of VDR and
RXR to the VDRE site (Fig. 8F). Thus, 1,25(OH),D; may act
by indirect and direct mechanisms to downregulate IL-17A.
These findings suggest that induction of Foxp3 (which interacts
with and inhibits Runxl and NFAT function [71, 74]) is an
additional mechanism involved in the suppression of IL-17A
by 1,25(OH),D5.

DISCUSSION

Previous studies have suggested a supporting role for vita-
min D in reducing the risk of MS (43, 55, 61). In addition,
1,25(OH),D; is known to inhibit the development of EAE (8,
35), and recent studies have correlated a suppressive effect of
1,25(OH),D; on Th17 with the prevention of EAE (11).
1,25(OH),D; has also been shown to inhibit IL-17A produc-
tion in T cells from multiple sclerosis patients (17) and from
patients with early rheumatoid arthritis (15). The ability of
1,25(OH),D; to prevent experimental autoimmune uveitis and
to reduce colitis in a mouse model has also been correlated to
a suppression of IL-17A induction (18, 65). Although it is
known that 1,25(OH),D; modulates inflammation and Th17-
mediated autoimmunity, little is known about the molecular
mechanisms mediating the effects of 1,25(OH),D;. In addition,
compared to what is known about VDR-mediated gene acti-
vation, little is known about the mechanisms and cofactors
involved in 1,25(OH),D;-induced gene repression. Our find-
ings are the first to correlate the reversal of paralysis in EAE
mice by 1,25(OH),D; with reduced IL-17A-secreting CD4" T
cells. In this study we also show by adaptive transfer that
1,25(OH),D; treatment of Th17 cells downregulates pro-
gression of EAE and that the mechanism involved in
1,25(OH),D;-mediated suppression of IL-17A induction in-
volves transcriptional repression. 1,25(OH),D; mediates
this repression by dissociation of histone acetylase activity
from the IL-17A promoter and recruitment of HDAC and
VDR/RXR binding to the NFAT sites. In addition, our
findings suggest that the suppressive effect of 1,25(OH),D;
involves sequestration of Runxl by 1,25(OH),D5/VDR as
well as induction by 1,25(OH),D; of Foxp3 (which is known
to interact with Runxl and NFAT and thus can negatively
regulate IL-17A transcription) (27, 49, 74).

Our study shows that VDR and VDR/RXR compete with
NFATc1 for common binding sites on the hIL-17A promoter.
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The two NFAT sites in the —232-to-—159 region have been
shown to be crucial sensors of T cell receptor signaling on the
hIL-17A promoter (38). Mutation of both NFAT sites was
needed in order to reduce promoter activity to levels observed
in the minimal IL-17A promoter (38). In previous studies ex-
amining the regulation of IL-2 and GM-CSF, a similar mech-
anism involving VDR-mediated repression of transcriptional
activity by blocking NFAT binding on DNA has been reported
(2, 67, 69). Similar to our findings, RXR enhanced the inhibi-
tion conferred by VDR on activated hIL-2 transcription (2).
However, RXR is not involved in VDR-mediated transrepres-
sion of GM-CSF and thus is distinct from the negative regu-
lation of IL-2 and hIL-17A by 1,25(OH),D5. Although AP1 is
known to cooperate with NFAT in the regulation of numerous
cytokine genes (2, 67, 69), mutation of the AP1 site in the
—232-to-—159 region of the hIL-17A promoter did not affect
activation or 1,25(OH),D;-mediated repression of hIL-17A
transcription. Thus, in contrast to the IL-2 gene and the GM-
CSF gene, suppression of NFAT activation of hIL-17A tran-
scription, at least in the —232/—159 region of the promoter,
does not require AP1 cooperativity, and the AP1 site adjacent
to these NFAT sites does not demonstrate activation-inducible
AP1 DNA binding activity. Thus, the lack of dependence on
AP1 in the —232/—159 region of the hIL-17A promoter dif-
ferentiates 1,25(OH),D; regulation of hIL-17A from the other
known mechanisms of repression by 1,25(OH),D; of other
cytokines regulated by NFAT. The lack of cooperation of
NFAT with AP1 is not without precedence. Recent studies
have found that NFAT binding to the promoter of CTLA-4 (a
surface molecule which shares homology to CD28) does not
require AP1 cooperativity (23).

This study is the first to show the involvement of HDAC in
repression of a proinflammatory cytokine by 1,25(OH),D;.
1,25(OH),D;-dependent VDR/RXR binding to the NFAT
sites resulted in the dissociation of acetylated histone H4 from
the hIL-17A promoter and recruitment of HDAC2 to the
NFAT sites. Previous studies have shown that NFAT proteins
recruit histone acetyltransferases (HATSs) and that these co-
activators play an important role in NFAT-dependent transac-
tivation (20). 1,25(OH),D; has been reported to induce tran-
scriptional repression of PTH and la(OH)ase in part by
recruitment of VDR/RXR and HDAC2 to the PTH or
la(OH)ase promoter (31, 32, 45). Similar to our findings, a
VDR mutant which is defective in heterodimerization with
RXR was unable to mediate 1,25(OH),D; repression of PTH
and 1la(OH)ase transcription, indicating that RXR plays a role
in VDR-mediated repression of PTH and 1a(OH)ase. Unlike
our findings, direct DNA binding of VDR or VDR/RXR on
the PTH or la(OH)ase promoter was not detected (32, 45).
Rather, a helix-loop-helix-type factor, designated vitamin D-
interacting repressor (VDIR), was the direct binding factor for
the negative vitamin D response element (composed of 2 E
box-like motifs), and VDR/RXR binds to the VDIR in a
1,25(0OH),D5-dependent manner. Thus, the 1,25(OH),D; re-
cruitment of VDR/RXR as well as HDAC2 to the NFAT sites
represents a novel mechanism of repression by 1,25(0OH),D;.
Negative feedback regulation of the thyrotropin B gene by
thyroid hormone (T3) has been reported to involve ligand-
dependent recruitment of thyroid hormone receptor (TR) and
HDAC?2 to a negative regulatory element. For repression of
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the thyrotropin gene by T3, RXR was not required (56). Thus,
although recruitment of HDAC may be a mechanism of re-
pression shared by these genes, the differences involved in
hormone-induced transrepression may be due to cell- and pro-
moter-specific functions of the steroid receptor. Our findings
of recruitment of HDAC as a mechanism of repression of
activation of IL-17A suggest that pharmacological modulation
of histone acetylation is a potentially useful therapeutic strat-
egy for Th17-mediated autoimmune diseases.

Although both human and mouse IL-17A expression is
linked to NFAT activation (24, 38), unlike the NFAT sites in
the hIL-17A promoter, VDR alone and VDR/RXR did not
bind to and were not recruited by 1,25(OH),D5 to the recently
identified NFAT site present at position —3085 in the mIL-
17A promoter (—3500/+1 of mIL-17-luc). In addition, using
the —3,500/+1 mIL-17A promoter construct (from P. L.
Schwartzberg, NIH, Bethesda, MD), NFAT did not reverse
1,25(0OH),D5-mediated repression of mIL-17A transcription
(S. Joshi and S. Christakos, unpublished observation). When
20 kb upstream of the mIL-17A transcription start site was
examined, the only NFAT site that was conserved between
human and mouse was located at position —3085 (24). The
sequence of the mIL-17A NFAT site, CCCTTATTT [position
—3085; homologous NFAT site on the reverse strand (24)] is
not identical to the sequences of the NFAT sites present in the
hIL-17A promoter between positions —232 and —159 [distal
site, CATTTTCCTTCA, homologous NFAT site on the re-
verse strand; proximal site, GGGCGGAAATTT (38)] [NFAT
consensus sequence, (A/T)GGAAA(A/N)(A/T/C)N]. Al-
though we cannot exclude the possibility that other NFAT sites
in the mIL-17A gene not included in the constructs used in this
study may be involved in the inhibition of mIL-17A by
1,25(OH),D; (in addition to sequestration of Runx1 by VDR),
the species differences that we observed in IL-17A regulation
are consistent with differences reported between the promot-
ers of the mouse and human IL-17A genes (37).

This report also indicates that the suppressive effect of
1,25(OH),D; can involve sequestration of Runxl by VDR.
Recent studies have shown that Runxl is important for the
transcriptional activation of mIL-17A and mIL-2 (49, 74). The
Runx1 family of transcription factors is comprised of the fol-
lowing 3 highly homologous Runx proteins, which have distinct
roles in development: Runx1 (also known as AML1/CBFA2/
PEBP2aB), which regulates normal hematopoiesis, Runx2
(also known as AML3/CBFA1/PEBP2aA), which is important
for bone development and osteoblast differentiation, and
Runx3 (also known as AML2/CBFA3/PEBP2aC), which has
an important role in thymogenesis and neurogenesis (16, 72).
We found that Runx1 was the most efficient in reversing the
inhibitory effects of 1,25(OH),D;, followed by Runx2, and
Runx3 was the least efficient. This is consistent with the find-
ings of Zhang et al. (74), who found that silencing of Runx1 (by
siRNA) had the greatest effect on mIL-17A expression, silenc-
ing of Runx2 had only a modest effect, and silencing of Runx3
had no effect and that Runx1 maximally induced transcription
of mIL-17A. Thus, although all 3 Runx family members are
expressed in Th17 cells, Runx1 is most likely the main family
member involved in Runxl activation and repression by
1,25(OH),D;/VDR. In our studies, Runxl recruitment to its
sites in the mIL-17A promoter was markedly decreased in the

1,25(OH),D; AMELIORATES Th17 AUTOIMMUNITY 3667

presence of 1,25(0OH),D5. We did not observe recruitment of
VDR to the Runx sites (the Runx site is not homologous to the
VDRE half-site). Similar results were observed using the
mlL-2 promoter. Through immunoprecipitation studies, we
found that Runx1 and VDR interact. Thus, Runxl1 sequestra-
tion by 1,25(OH),D;/VDR may be a common mechanism for
downregulation of inflammatory cytokines positively regulated
by Runxl. Previous studies have indicated an interrelationship
between VDR and Runx in gene regulation. Runx2 and VDR
have been shown to cooperate in the 1,25(OH),D; stimulation
of osteopontin and osteocalcin in osteoblastic cells (51, 59).
Our findings related to IL-17A regulation by 1,25(OH),D; are
the first report of VDR interacting with Runxl to inhibit
Runx1 activation. Steroid hormones and thyroid hormone re-
press transcription by binding of the liganded receptors to
DNA as well as by protein/protein interaction (36, 75). Al-
though VDR binds to the NFAT sites in the hIL-17A pro-
moter, our findings show that VDR can also suppress mIL-17A
through interaction with Runx1, resulting in Runx1 sequestra-
tion and prevention of Runxl activation. Since recent studies
have revealed a potential role for Runx1 in autoimmune sus-
ceptibility, interaction between VDR and Runxl may be a
therapeutic strategy for control of pathological immune re-
sponses (1).

Runx1 has also been shown to interact with Foxp3 (49, 74).
Foxp3 is a lineage-specific transcription factor for T,., cells
and is involved in the development and function of this CD4*
T subset. The interaction of Foxp3 with Runx1 is needed for
the negative effect of Foxp3 on IL-17A and IL-2 production
(49, 74). In this study we show that 1,25(OH),D; upregulates
Foxp3 at the transcriptional level. We identified a VDRE at
positions +2156/+2170 in the highly conserved noncoding se-
quence of the mouse Foxp3 gene (66). In previous studies, a
retinoic responsive element (RARE) was identified within this
region of the Foxp3 promoter (64). Previous studies have
shown that RA or 1,25(OH),D; can upregulate 25-hydroxyvi-
tamin D3-24-hydroxylase (24-hydroxylase) and that VDREs in
the 24(OH)ase promoter can also act as retinoic response
elements (77). In addition, the human osteocalcin promoter
has been shown to be stimulated by retinoids through a se-
quence containing a VDRE (58). Thus, Foxp3, similar to these
other vitamin D target genes, is regulated by RA and
1,25(OH),D; though a common response element. We found
that VDR alone as well as VDR/RXR can bind to the VDRE
in the Foxp3 promoter. This is similar to what was observed for
VDR binding to the VDRE in the osteopontin promoter but
not for VDR binding to VDREs of other genes which are
induced by 1,25(OH),D; [for example, 24(OH)ase and osteo-
calcin], which require the VDR/RXR heterodimer. It is likely
that, although VDR can bind the Foxp3 VDRE, the interac-
tion of VDR with RXR is needed for activation of Foxp3
transcription. Previous studies have shown that, unlike
1,25(0OH),D5-mediated transcriptional repression of GM-
CSF, VDR mutants without the capability to form het-
erodimers are unable to activate transcription (46). In addition
to activation of Foxp3 transcription, we also found, similar to
previous reports (22, 30), that 1,25(OH),D5 stimulates the
expression of Foxp3 in mouse and human CD4" CD25~ T
cells Thus, these findings suggest that 1,25(OH),D5/VDR,
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Foxp3, and Runx1 may act together to suppress proinflamma-
tory Th17 responses in autoimmune processes.

Other transcription factors may also participate in
1,25(OH),D;-mediated suppression of IL-17. Recent data
have indicated that ROR~t is required for the differentiation
of Th17 cells (76). Runxl binds to and acts together with
RORyt during mIL-17A transcription (28, 74). Foxp3 can in-
teract with RORwyt as well as with Runx1 to inhibit the pro-
duction of IL-17 (49, 74). Thus, by stimulating the expression
of Foxp3, 1,25(0OH),D; may also result in suppression of IL-17
by increased Foxp3 interaction with ROR+t. In addition, VDR
can sequester the RORwyt coactivator, Runxl, and thereby
inhibit the transcriptional activity of ROR~yt. Although the
sequence homology between the RORvt site (TGACCT) and
the VDRE half-site (TGAACC) is suggestive, further studies
are needed to determine whether an additional mechanism of
regulation of IL-17 transcription by 1,25(OH),D; may be by
VDR binding to the RORwt site in the IL-17 promoter, thus
blocking ROR~t activation.

Our in vivo data also demonstrate that 1,25(OH),D5 re-
presses expression of IL-17A. Concomitant with downregula-
tion of IL-17A is the upregulation of IL-10 (Fig. 1). Previous
studies have indicated a role for IL-10 in the effect of
1,25(OH),D; on EAE (62). Thus, multiple mechanisms are
involved in the inhibition of EAE by 1,25(OH),D;. Downregu-
lation of IL-17A and upregulation of IL-10 are associated with
the beneficial effect of IFN-B in EAE (3). Concordant upregu-
lation of IL-10 is also seen in human CD4™ T cells treated with
IFN-B (3). Our findings correlate reduced IL-17A expression
not only with inhibition of EAE when 1,25(OH),D, treatment
is given beginning prior to immunization but also with the
reversal of paralysis in EAE mice by 1,25(OH),D;. Recent
studies show that there may be two forms of relapsing remit-
ting MS, a Th17 form resistant to therapy with beta interferon
and a Thl form that responds well to IFN-B (3). Other forms
of demyelinating disease like neuromyelitis optica have a
strong signature of IL-17-mediated pathology (3). Neuromy-
elitis optica may be particularly responsive to treatment with
1,25(0OH),Ds. It is possible that the Th17 form of MS may be
particularly suitable for intervention with 1,25(OH),D;. The
polarization of relapsing remitting multiple sclerosis along the
Th1 and Th17 axes and the key role of vitamin D deficiency as
a susceptibility factor for this disease add to the relevance of
this study. These studies result in new concepts with regard to
the mechanisms involved in the interaction of the vitamin D
endocrine system and the immune system and provide a foun-
dation for trials involving 1,25(OH),D; or 1,25(OH),D; ana-
logs for targeting Th17 immunity.
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