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Foxp3, a winged-helix family transcription factor, serves as the master switch for CD4� regulatory T cells (Treg). We identified

a unique and evolutionarily conserved CpG-rich island of the Foxp3 nonintronic upstream enhancer and discovered that a specific

site within it was unmethylated in natural Treg (nTreg) but heavily methylated in naive CD4� T cells, activated CD4� T cells, and

peripheral TGF�-induced Treg in which it was bound by DNMT1, DNMT3b, MeCP2, and MBD2. Demethylation of this CpG site

using the DNA methyltransferase inhibitor 5-aza-2�-deoxycytidine (Aza) induced acetylation of histone 3, interaction with TIEG1

and Sp1, and resulted in strong and stable induction of Foxp3. Conversely, IL-6 resulted in methylation of this site and repression

of Foxp3 expression. Aza plus TGF�-induced Treg resembled nTreg, expressing similar receptors, cytokines, and stable suppres-

sive activity. Strong Foxp3 expression and suppressor activity could be induced in a variety of T cells, including human

CD4�CD25� T cells. Epigenetic regulation of Foxp3 can be predictably controlled with DNMT inhibitors to generate functional,

stable, and specific Treg. The Journal of Immunology, 2009, 182: 259–273.

R
egulatory T cells (Treg)3 play important roles in many

different immune responses (1–3). Foxp3 is the major

transcription factor that determines the fate and identity

of Treg, and it is expressed in the thymus in natural Treg (nTreg)

(4, 5). Signals important for induction of Foxp3 include IL-2 and

TCR (6), and these influence Foxp3 promoter structure (7, 8).

Foxp3 can also be induced in peripheral naive CD4�CD25� T

cells by TGF� (9, 10). Transient expression of Foxp3 in peripheral

CD4� T cells induces suppressive characteristics (11), but consti-

tutive expression as in nTreg is required for stable suppressive

function (12). Numerous protocols using a variety of APCs and

cytokine signals, particularly TGF�, have been developed to in-

duce peripheral Treg (13); however, the strength and stability of

Foxp3 expression is variable. Thus, therapeutic use of Treg re-

quires a better understanding of signals that regulate Foxp3 ex-

pression to convert naive T cells to Treg, perhaps recapitulating

intrathymic rather than peripheral regulation of Foxp3 expression.

Epigenetic regulation by methylation of 5�-cytosine of CpG

dinucleotides regulates gene expression and development of cell

lineages. CpG methylation of the promoter down-regulates tran-

scription by preventing the binding of positive transcription factors

to their recognition sequences and by recruiting repressor mole-

cules, such as the methyl-binding proteins MBD, MeCP1, MeCP2,

and DNA methyltransferases (DNMTs) (14). Methyl-binding pro-

teins share homologous regions termed transcription repressor do-

mains, recruit histone deacetylases (HDACs) and the factors that

regulate them, and repress open chromatin configurations (15). Re-

cently, it has been shown that there is an intronic enhancer of

Foxp3 with CpG residues that are differentially methylated and

that possesses functional CREB and activating transcription factor

(ATF) sites (7, 16–18). In addition there is another contiguous

intronic enhancer without CpG sites that has functional NFAT and

Smad3 binding sites (19). These findings suggest a model in which

TGF�- and TCR-initiated signals synergize to activate transcrip-

tion. Other than these intronic regions, the cis-elements and signals

that regulate them for constitutive Foxp3 expression and develop-

ment of nTreg are not well understood. Because the regulatory

elements for the development of Th1 and Th2 cells are spread

along the chromosome to form cell lineage-specific loci (20–22),

and a number of these important regulatory units are epigenetically

regulated (23–25), it is likely that there are other important up-

stream regions for the regulation of Foxp3 and Treg.

In the present study, we examined �30 kb of genomic DNA and

demonstrated that a highly conserved, nonintronic, upstream en-

hancer contained a CpG island with a specific site that recruited

MeCP2, MBD2, DNMT1, and DNMT3b and was methylated in

peripheral CD4� T cells, but not in nTreg. The chromatin in this

region was histone H3 acetylated and bound by Sp1 and TGF�-

inducible early gene-1 (TIEG1) in nTreg but not in naive

CD4�CD25� T cells and, importantly, not in peripheral TGF�-

induced Treg, showing that nTreg and TGF�-induced Treg en-

hancers are structurally distinct. This upstream Foxp3 enhancer

was demethylated and activated by the DNMT inhibitor 5-aza-2�-

deoxycytidine (Aza), leading to strong Foxp3 expression in

CD4�CD25� T cells. Conversely, IL-6 caused methylation of this

site and repression of Foxp3 expression. The combination of Aza

plus TGF� synergistically induced highly enriched CD4�CD25�
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Foxp3� T cells that were genetically and functionally stable and

suppressive. Foxp3 expression and suppressive activity could be

induced in human CD4�CD25� T cells. The results have impor-

tant implications for delineating T cell development and differen-

tiation, generating Treg for clinical use, and understanding the

consequence of epigenetic regulation for immunity.

Materials and Methods
Antibodies and reagents

Aza and RG108 were from Calbiochem. Hydralazine and procainamide
were purchased from Sigma-Aldrich. Recombinant purified mouse IL-2,
recombinant human IL-2, recombinant purified mouse IL-4, recombi-
nant mouse IL-6, recombinant mouse IL-12, recombinant purified
IFN-�, recombinant human TGF�1, functional grade purified anti-
mouse CD3� (145-2C11), functional grade purified anti-human CD3�

(OKT3), functional grade purified anti-mouse IL-4 (11B11), FITC anti-
human CD25 (BC96), allophycocyanin anti-human CD4 (OKT4), allo-
phycocyanin anti-mouse CD4 (GK1.5), PE anti-mouse CD8 (53-6.7),
FITC anti-mouse CD25 (PC61.5), PE anti-mouse CD62L (MEL-14), PE
anti-mouse CD44 (IM7), PE anti-mouse CD45RB (C363.16A), PE anti-
mouse CD45.1 (A20), PE anti-mouse CD69 (H1.2F3), PE anti-mouse
CTLA4 (UC10.4B9), PE anti-mouse CD127 (A7R34), PE anti-mouse
CD122 (5H4), PE anti-mouse CD28 (37.51), PE anti-mouse CD253
(N2B2), and PE anti-mouse/rat Foxp3 (FKJ-16s) Abs and isotype control
Abs were purchased from eBioscience. Functional grade purified anti-
mouse IFN-� (XMG1.2) Ab was purchased from BD Pharmingen. Mouse
anti-Sp1 (1C6), rabbit anti-mouse acetylated histone H3 (Lys 9/14), rabbit anti-
mouse pSmad2/3 (Ser433/435), rabbit anti-DNMT1 (H-300), rabbit anti-
DNMT3a (H295), and mouse anti-DNMT3b (52A1018), anti-TIEG1 (H-
190), anti-MBD2 (N-18), anti-MeCP2 (H-300), anti-early growth response
1 (EGR1) (H-250), and anti-AP-2� (3�5) Abs and control Abs were pur-
chased from Santa Cruz Biotechnology. Anti-TGF�1, �2, and �3 mAbs
(1D11) were purchased from R&D Systems. CFSE and an annexin-V stain-
ing kit were purchased from Invitrogen. pGFP-DNMT1, pGFP-DNMT3a,
and pGFP-DNMT3b1 constructs were provided by Dr. H. Leonhardt,
Biozentrum der Ludwig-Maximilians-Universität, Planegg-Martinsried,
Germany.

Mice

BALB/c, C57BL/6, CD45.1 congenic C57BL/6, and CB.17 SCID 8- to
10-wk-old mice were purchased from The Jackson Laboratory. Foxp3gfp
reporter mice were provided by A.Y. Rudensky (University of Washington,
Seattle, WA) and maintained in our facility. Smad3�/� and STAT3�/�

(CD4 Cre:STAT3 f/f) mice were maintained in our facilities (26, 27). All
mice were housed in a specific pathogen-free facility in microisolator
cages. All experiments used age- and sex-matched mice in accordance with
protocols approved by the Mount Sinai School of Medicine Institutional
Animal Care and Utilization Committee.

Purification and culture of mouse T cells

Mice were sacrificed, spleens were removed and gently dissociated into
single cell suspensions, and RBC were removed using hypotonic ACK
(ammonium chloride potassium) lysis buffer. Splenocytes were enriched
for CD4� T cells using a CD4� negative selection kit (R&D Systems).
Cells were stained with allophycocyanin anti-mouse CD4, PE anti-mouse
CD8, and FITC anti-mouse CD25 Abs for 30 min on ice. CD4�CD25�

cells and CD4�CD25� cells were sorted using FACSVantage DiVa (BD
Bioscience) or MoFlo (DakoCytomation). The purity of cells was �99%.
T cell-depleted splenocytes were used as stimulator cells (APC). Purified
CD4�CD25� T cells (5 � 104 cells/well) were cultured with gamma-
irradiated (800 rad), syngeneic, T cell-depleted splenocytes (5 � 104 cells/
well) in the presence of IL-2 (10 ng/ml), anti-CD3� mAb (1 �g/ml), TGF�

(5 ng/ml) and Aza (0.04–10 �M) or RG108 (5 �M), hydralazine (5 �M),
or procainamide (5 �M) in a final volume of 200 �l of complete RPMI
medium (RPMI 1640 supplemented with 10% FBS, 1 mM sodium pyru-
vate, 2 mM L-glutamine, 100 IU/ml penicillin, 100 �g/ml streptomycin,
1� nonessential amino acids, and 2 � 10�5 M 2-ME) in U-bottom 96-well
plates (Corning). Cells were cultured for the indicated number of days at
37°C in a 5% CO2 incubator. Anti-TGF� mAb (10 �g/ml) was added to
neutralize serum TGF�. For Th1 conditions, IL-12 (5 ng/ml), IFN-� (20
ng/ml), and anti-IL-4 (10 �g/ml) were added in culture. For Th2 condi-
tions, IL-4 (10 ng/ml) and anti-IFN-� (10 �g/ml) were added in culture.
For Th17 conditions, IL-6 (10 ng/ml) and TGF� (5 ng/ml) were used in
culture.

Cell staining and flow cytometric analysis

Staining was performed with the specific Ab (1 �g/106 cells) at 4°C for 30
min. Cells were analyzed using the FACSCalibur flow cytometer using
CellQuest software (BD Biosciences). Data were analyzed using FlowJo
software (Tree Star).

Human lymphocyte purification and culture

CD4�CD25� and CD4�CD25� T cells were purified from peripheral
blood of healthy individuals. Detailed purification and culture conditions of
human T cell are given in the supplemental Materials and Methods.4

Quantitative real-time RT PCR (qRT-PCR)

Total RNA purification and qRT-PCR are described in the supplemental
Materials and Methods.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using the ChIP kit (Upstate). The immunoprecipi-
tated DNA was amplified by real-time PCR. DNA enrichment was calculated
with the equation 2[DNAinput] � DNAspecificIP]/[DNAinput] � [DNAnonspecificIP], where
[DNAspecificIP] is the amount of the DNA immunoprecipitated using the Ab
of interest, [DNAnonspecificIP] is the amount of DNA immunoprecipitated by
a nonspecific control Ab, and [DNAinput] was an aliquot of sheared chromatin
sample before immunoprecipitation and was used to normalize the sample to
the amount of chromatin added to each ChIP. The primers used for the up-
stream Foxp3 enhancer CpG site were 5�-GCGGAGAGGGATCGGG
AAA-3� (forward) and 5�-ATGAGGAAGACGATGGCGAGGAT-3� (re-
verse), and the primers for the Foxp3 proximal promoter were 5�-CCTTGG
CAACATGATGGTGGTGAT-3� (forward) and 5�-AAGAAGGGATCAGA
AGCCTGCCAT-3� (reverse).

PCR-based assay for enhancer methylation

A methyl-sensitive PCR was used to analyze the methylation status of the
CpG island of the Foxp3 promoter. Genomic DNA was prepared using
a blood DNA extraction kit (Qiagen). One microgram of genomic DNA
isolated from the indicated T cells was digested with 10 U of HpaII or
MspI enzymes overnight at 37°C. The Foxp3 CpG island and H19 were
PCR amplified using the following specific primers: Foxp3 enhancer
CpG island, 5�-ATCCTCGCCATCGTCTTCCTCAT-3� (forward) and
5�-CCTGTTCTGGCTTTCTCATTGGCT-3� (reverse); H19 (GenBank
accession no. U19619.1), 5�-AATTGGGGCGTTCAGATGCTAATG-3�

(forward) and 5�-TTTCTGGCATCGAACCACATGCAC-3� (reverse);
activation-induced cytidine deaminase (AID) (Ensembl gene identifier
ENSMUSG00000040627), 5�-CCACCCTCTGCTCAGGTCTTTTGG
G-3� (forward) and 5�-ATGTTGGATATTTGCCAAATAATTG-3� (re-
verse). PCR consisted of an initial denaturation of 95°C for 15 min,
followed by 35 cycles of 95°C for 30s, 55°C for 30s, and 72°C for 30s.
The PCR products were analyzed on 2% agarose gels, stained with
ethidium bromide, and photographed.

Disulfite sequencing

Genomic DNA was prepared using the blood DNA extraction kit (Qiagen).
DNA was denatured, modified with sodium metabisulfite, purified, and
desulfonated using a CpGenome Fast DNA modification kit (Chemicon
International). Disulfite primers were designed using MethPrimer software
(www.urogene.org/cgi-bin/methprimer/methprimer.cgi). Foxp3 enhancer
CpG island from �5782 to �5558 was PCR amplified using 5�-AATG
TGGGTATTAGGTAAAATTTTT-3� (forward) and 5�-AAACCCTAAA
ACTACC TCTAAC-3� (reverse) primers. Foxp3 CpG island from �5252
to �5030 was PCR amplified using 5�-TAGGTGATTGATAAGTAGGA
GAAGTTAGTA-3� (forward) and 5�-TACCCCCATTACTTATAACCA
TTTC-3� (reverse) primers. H19 was amplified using 5�-AGTATTTTAG
GGGGGTTATAAATG-3� (forward) and 5�-ACCCATAACTATAAAATC
ATAAA-3� (reverse). PCR products were separated on agarose gels,
excised, and cloned into the pGEM-T easy vector (Promega). Recombinant
plasmid DNA from the individual bacterial colonies were purified and
sequenced.

EMSA

Nuclear extracts were made using a nuclear extraction kit (Novagen).
EMSA assays were performed with 10 �g of nuclear extract and 5�-bio-
tinylated Foxp3 CpG enhancer oligonucleotides using a LightShift Chemi-
luminescent EMSA kit (Pierce). The DNA-protein complex was resolved

4 The online version of this article contains supplemental material.
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by PAGE on 4% polyacrylamide nondenaturing gel. The 5�-biotin-labeled
Foxp3 enhancer CpG oligo sequence 5�- TGCCCGCCCCGGGCCCGCCC
CACGGCCGGTAGCGGCGTAC-3� was synthesized by Sigma-Genosys.
Sp1 consensus oligonucleotide (5�-ATTCGATCGGGGCGGGGCGAGC-3�)
was purchased from Promega.

Construction of luciferase vector

Genomic DNA was purified from naive CD4�CD25� T cells. Foxp3 en-
hancer (352 bp) was amplified using the specific primers 5�-CGGGGTA
CCATCCTCGCCATCGTCTTCCTCAT-3� (forward) and 5�-GAAGATC

FIGURE 1. Methylation of upstream Foxp3 CpG island. A, Schematic view of mouse Foxp3 gene and upstream CpG island analyzed with

GrailExp software (compbio.ornl.gov). Filled bars represent the individual CpG residues. “Kim and Leonard, 2007” is Ref. 7 and “Tone et al., 2008”

is Ref. 19. B, CD4�CD25�gfp� T cells (naive) and CD4�CD25�gfp� T cells (nTreg) were purified. CD4�CD25�gfp� T cells were cultured with

irradiated, syngeneic, T cell-depleted splenocytes in the presence of IL-2, anti-CD3� mAb, and TGF� for 4 days, and CD4�CD25�gfp� T cells were

purified by FACS sorting. Genomic DNA was isolated, digested with MspI (methyl insensitive), HpaII (methyl sensitive), or EcoRI (negative

control), PCR amplified using upstream Foxp3 enhancer- or H19-specific primers, and PCR products were resolved on agarose gels. Data are

representative of three experiments. C, Genomic DNA was isolated from the indicated T cell subsets, modified with sodium bisulfite, PCR amplified,

cloned into the pGEM-T vector, and individual clones were sequenced. The methylation pattern of each clone obtained is shown. F, Methylated CpG;

E, nonmethylated CpG.
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FIGURE 2. DNMT inhibitors induce Foxp3 expression in CD4�CD25�T cells. A, CD4�CD25� T cells from BALB/c male mice were cultured with

irradiated, syngeneic, T cell-depleted splenocytes in the presence of IL-2 (10 ng/ml), anti-CD3� mAb (1 �g/ml), or Aza (10 �M) for 4 days. nTreg were

cultured without Aza. Intracellular Foxp3 was analyzed by gating on CD4� cells (left). Foxp3 mRNA expression in the same cultured cells was analyzed

by qRT-PCR (right). B, CD4�CD25� T cells from BALB/c male mice were cultured for 4 days in the presence of IL-2, anti-CD3�, TGF�, and Aza (10

�M). Intracellular Foxp3 was analyzed by gating on CD4� cells. C, Dose response to Aza for Foxp3 expression in CD4�CD25� T cells in the presence

of IL-2, anti-CD3� mAb, and TGF�. D, Foxp3 expression in CD4�CD25� cells cultured in the indicated conditions along with the DNMT inhibitors
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TTGTTCTGGCTTTCTCATTGGCTGC-3� (reverse). Amplified PCR
product was cloned into the KpnI and BglII sites of the pGL3 promoter
vector (Promega) proximal to minimal SV40 promoter to generate pGL3-
CpG plasmid. The BW5147.3 cell line, a mouse T cell lymphoma, was
purchased from the American Type Culture Collection. BW5147.3 (1 �

106 cells) were transfected with the pGL3 promoter vector or the pGL3-
CpG plasmid (3.0 �g) using a TransFast transfection reagent (Promega).
Synthetic Renilla luciferase reporter vector (pRL-TK, 0.3 �g; Promega)
was used as internal control for transfection efficiency. Forty-eight hours
after transfection, cells were harvested and luciferase activity was mea-
sured using a Dual luciferase assay system (Promega). Data were normal-
ized to the Renilla luciferase activity.

For in vitro methylation, the upstream Foxp3 enhancer was excised from
the pGL3-CpG plasmid with KpnI and BglII, isolated by gel elution, and in
vitro methylated using SssI methylase (New England Biolabs). DNA meth-
ylation was verified using HpaII, a methylation-sensitive restriction en-
zyme. The methylated enhancer was religated into the pGL3-promoter, the
ligated DNA (3 �g) was transfected into the BW5147.3 cell line, and
luciferase activity was monitored as described above.

Proliferation and suppression assays

Flow cytometrically purified CD4�CD25� T cells were labeled with CFSE
(5 �M) for 5 min at 37°C. CFSE-labeled CD4�CD25� T cells (5 � 104

cells/well) were cultured in the presence or absence of Treg (5 � 104

cells/well) with irradiated (800 rad) syngenic T cell-depleted splenocytes
(5 � 104 cells/well) and anti-CD3� mAb (1 �g/ml) for 3 days. Cells were
harvested and CFSE dilution was analyzed using a LSR II flow cytometer
(BD Biosciences) or a FACSCalibur cytometer (BD Biosciences). Human
suppression assay is described in the supplemental Materials and Methods.

Islet transplantation and colitis

Allogenic islet transplantation and induction of colitis in SCID mice are
described in the supplemental Materials and Methods.

Statistical analysis

Values are given as mean of the individual sample � SD. Statistical sig-
nificance was assessed using Student’s t test. Difference of graft survival
times was assessed by Kaplan-Meier survival analysis with StatView soft-
ware. p 	 0.05 is considered statistically significant.

Results
Methylation of upstream Foxp3 enhancer

Analysis of �30 kb of mouse genomic DNA containing the Foxp3

gene (GenBank accession no. AF277994) demonstrated that up-

stream to the transcriptional start site is a CpG island at �4970 to

�6021 with 66.95% GC and an observed:expected GC ratio of

0.92 (Fig. 1A), and this sequence is highly conserved in humans

(92% identity) (supplemental Fig. S1). Its methylation status was

determined by methyl-specific restriction digestion. Because

Foxp3 is on the X-chromosome, male mice cells were used to

avoid artifacts from X-chromosome inactivation in females. To

ensure highly purified cells, Foxp3gfp mice were used (5). The site

from residues �5786 to �5558 containing 23 CpG was methyl-

ated in naive CD4�CD25�gfp� T cells but demethylated in CD4�

CD25�Foxp3�gfp� nTreg (Fig. 1B). In TGF� induced CD4�

CD25�Foxp3�gfp� Treg this site was also methylated (Fig. 1B),

demonstrating significant differences in the genomic structure of

the two Treg subsets. The H19 gene used as a control is demeth-

ylated and expressed during gametogenesis and is methylated in

differentiated T cells (28). H19 was methylated in all T cell subsets

tested (Fig. 1B) so that DNA demethylation was upstream Foxp3

enhancer specific. Disulphite sequencing also showed that the up-

stream Foxp3 enhancer was heavily methylated (�90%) in naive

CD4� T cells but completely demethylated in nTreg (Fig. 1C). A

different nearby site from �5252 to �5030 containing 12 CpG

was demethylated in all T cell subsets (Fig. 1C). The H19 control

region was methylated in both naive and nTregs (Fig. 1C). To-

gether, these results demonstrated a specific upstream Foxp3 CpG

site in the Foxp3 enhancer that was similarly methylated in naive

CD4� T cells and TGF�-induced peripheral Treg, but demethyl-

ated in nTreg.

Demethylation of upstream Foxp3 enhancer induces Foxp3

expression

Because there was differential methylation of the upstream

Foxp3 enhancer in T cell subsets, we determined whether the

site could be demethylated and Foxp3 expression induced with

the DNMT inhibitor Aza, an anticancer drug known as decit-

abine, that can induce the expression of methylated genes (29).

Aza induced Foxp3 protein and mRNA expression in naive

CD4�CD25� T cells (Fig. 2A) in a dose- (supplemental Fig.

S2A) and time-dependent fashion (supplemental Fig. S2, B and

C). The addition of anti-TGF� mAb to culture did not inhibit

Aza-induced Foxp3 expression, showing that serum TGF� was

not required for Aza to inhibit DNMTs (not shown). Further,

whereas TGF� induces Foxp3 expression in peripheral naive

CD4�CD25� T cells (9, 10), the results in Fig. 1B showed that

the upstream Foxp3 enhancer remained methylated in TGF�-

induced Treg. Because TGF� does induce Foxp3, the combi-

nation of Aza plus TGF� was tested for Foxp3 induction. The

results showed that Aza plus TGF� efficiently induced Foxp3 in

72% of T cells compared with 44% with TGF� alone, 35% with

Aza alone, and 91% in control nTreg (Fig. 2B). This effect was

synergistic, so that expression was induced by even very low

concentrations of Aza plus TGF� (Fig. 2C) compared with Aza

alone (supplemental Fig. S2A). The other mechanistically and

structurally diverse DNMT inhibitors RG108, hydralazine, and

procainamide also induced Foxp3 expression in combination

with TGF� (Fig. 2D). Importantly, in our culture conditions

Aza or Aza plus TGF� lead to complete demethylation of the

Foxp3 CpG site, whereas the H19 promoter and AID first in-

tronic region remained methylated (Fig. 2, E and F). The AID

intronic region has been shown to be hypomethylated in ger-

minal center B cells but hypermethylated and not expressed in

T cells (30).

Aza plus TGF�-induced Treg expressed similar levels of cy-

tokine mRNA except for slightly increased IL-4 and IL-17

mRNA and a greater increase in IL-10 mRNA compared with

nTreg (supplemental Fig. S2D), and expressed similar surface

markers, except for slight decreases in CD28, CD62L, and

CD122 (IL-2R�) (supplemental Fig. S2E). Thus, Aza induced

demethylation of the upstream Foxp3 enhancer to allow en-

hanced Foxp3 expression and subsequent downstream effects of

induction of Foxp3-dependent, Treg-restricted sets of genes

RG108 (5 �M), hydralazine (5 �M), procainamide (5 �M) or Aza (5 �M). Inhibitors were removed after 24 h and cells were recultured for another 3 days.

Foxp3 expression was analyzed by gating on CD4� cells. E, CD4�CD25� Foxp3gfp� T cells were purified from Foxp3gfp reporter male mouse spleens

using flow cytometry. CD4�CD25�Foxp3gfp� (50,000 cells/well) were cultured with irradiated T cell-depleted syngenic splenocytes (50,000 cells/well)

along with IL-2, anti-CD3�, TGF�, and Aza for up to 4 days. Aza was removed after 24 h. CD4�CD25�Foxp3gfp� T cells were purified by flow cytometry

after culture. Methylation of upstream Foxp3 enhancer CpG island and H19 in TGF� plus Aza-induced CD4�CD25�Foxp3�gfp� Treg was analyzed by

disulfite sequencing. F, Methyl-specific restriction digestion of genomic DNA and PCR analysis of upstream Foxp3 enhancer, H19, and the first intronic

region of AID in Aza- and Aza plus TGF�-induced CD4�CD25�Foxp3�gfp� Treg. Data are representative of 2–4 independent experiments for each panel.
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rather than indiscriminately activating many loci. Together,

these results showed that Aza plus TGF�-induced Treg were

similar to conventional nTreg.

Upstream Foxp3 enhancer is occupied by DNMTs and

transcriptional repressors

DNA methylation is performed by three known DNMTs: DNMT1,

DNMT3a, and DNMT3b. ChIP assays for DNMTs showed that

nTreg had �8-fold difference in DNMT1 and �12-fold difference

in DNMT3b binding to the upstream Foxp3 enhancer CpG island

compared with naive CD4� T cells (Fig. 3A), whereas there was

no significant difference in DNMT3a binding (supplemental Fig.

S3). The results for Aza plus TGF� Treg were similar to those of

nTreg. Importantly, TGF�-induced Treg had much greater binding

of DNMT1 and DNMT3b compared with nTreg or Aza plus

TGF�-induced Treg (Fig. 3A). This suggested that DNMT1 and

DNMT3b were recruited to the upstream Foxp3 enhancer to main-

tain CpG methylation in naive CD4� T cells and TGF�-induced

Treg. There was similar differential binding of the transcriptional

repressors MBD2 and MeCP2 to this same site in naive

CD4�CD25� T cells, activated T cells, and TGF�-induced Treg

compared with Aza plus TGF�-induced Treg or nTreg (Fig. 3, B

and C).

To further assess the upstream Foxp3 enhancer activity, the se-

quence was cloned into a vector with an SV40 minimal promoter

and luciferase reporter activity was measured after transfection

into the BW5147.3 T cell lymphoma line. This upstream Foxp3

enhancer induced �30-fold reporter activity compared with the

control vector (Fig. 3D). Cotransfection of DNMT1, DNMT3a, or

DNMT3b1 inhibited enhancer activity, suggesting that methyl-

ation repressed transcriptional activity (Fig. 3E). To demonstrate

that inhibition of enhancer activity was due to methylation of the

enhancer and not the vector backbone, the upstream Foxp3 en-

hancer was first methylated in vitro, ligated into the pGL3 pro-

moter vector, and then enhancer activity was monitored after trans-

fection into the BW5147.3 cell line. The results show that in vitro

methylation inhibits upstream Foxp3 enhancer activity (Fig. 3F).

Sp1 and TIEG1 binding and histone 3 acetylation in Treg

subsets

Actively transcribed genes have demethylated CpG islands, and

the GC box is occupied by the transcription factor Sp1 (31, 32). To

determine the binding of Sp1 to this enhancer, ChIP analyses were

performed. In nTreg and Aza plus TGF� Treg this CpG site was

occupied by Sp1, but not in naive CD4�CD25� T cells, activated

CD4� T cells, or TGF�-induced Treg (Fig. 4A). The specificity of

binding of Sp1 to the sequence was confirmed by EMSA (Fig. 4B).

This suggests that Sp1 binds the upstream Foxp3 enhancer and is

involved in the function of the upstream Foxp3 enhancer. Histone

acetylation is an additional feature of chromatin remodeling and

transcriptional activation (24, 33). ChIP assays for acetylated hi-

stone 3 (AcH3) showed that the upstream Foxp3 enhancer was

acetylated in nTreg (�4.5-fold) and Aza plus TGF� induced Treg

(�3-fold), but not in activated CD4� T cells (�1.5-fold) or TGF�-

induced Treg (�1.1-fold) (Fig. 4C). Analysis predicted that up-

stream Foxp3 enhancer possesses numerous TIEG1, EGR1, and

AP-2a binding sites. TIEG1 and EGR1 are homologous and tran-

scribed from differentially regulated, alternative promoters but use

common exons in most all of their coding regions (34). Recently

it has been shown that TIEG1 plays role in the Foxp3 expression

and Treg function (35). ChIP analysis for TIEG1 showed signifi-

cant binding to the upstream Foxp3 enhancer in Aza plus TGF�

induced Treg and nTreg compared with naive CD4�CD25� T

cells, activated T cells, or TGF�-induced Treg (Fig. 4D). In con-

trast, AP-2a and EGR1 were not differentially bound in these sub-

sets (supplemental Fig. S3, B and C).

To show that the upstream Foxp3 enhancer is unique in its reg-

ulation, we also analyzed the Foxp3 proximal promoter located at

the transcriptional start site (36). There was no significant differ-

ence in histone acetylation at this site between TGF� or Aza plus

TGF� Treg (Fig. 4C), whereas nTreg had increased acetylation at

this site (10-fold). Likewise, by ChIP assay there was no signifi-

cant difference in pSmad2/3 binding between TGF�-induced or

Aza plus TGF�-induced Treg at the Smad consensus site (Fig. 4E),

although nTreg had increased binding (�8-fold). The role of

TGF� signaling was confirmed in Smad3�/� cells, where TGF�-

induced but not Aza-induced Foxp3 expression was inhibited com-

pared with Smad3�/� controls (Fig. 4F). Importantly, the gener-

ation of thymic-derived nTreg is not affected in TGF�1�/� or

Smad3�/� mice (37). Thus, the Foxp3 proximal promoter struc-

ture and responsiveness to TGF� differs between nTreg and other

Treg subsets, whereas the upstream Foxp3 enhancer is similar only

between nTreg and Aza-induced Treg, suggesting that the up-

stream enhancer activity is specifically involved in nTreg but not

in TGF�-induced peripheral Treg generation and function.

IL-6 decreases Foxp3 expression and increases upstream Foxp3

enhancer CpG methylation in nTreg

IL-6 regulates the reciprocal development of Treg and Th17 (38)

and inhibits Foxp3 expression and suppressive function in nTreg

(39, 40). To determine whether the IL-6-induced loss of Foxp3 is

due to changes in the upstream Foxp3 enhancer structure and tran-

scription, highly purified CD4�CD25� T cells were purified using

flow cytometry (Fig. 5A). Purified nTreg were cultured with or

without IL-6 and results showed that IL-6 inhibited both Foxp3

protein (Fig. 5A) and mRNA expression in nTreg (Fig. 5B). To

confirm that the increase in Foxp3�CD4� T cells was not due to

overgrowth of Foxp3� T cells present at the initiation of culture,

CD4�Foxp3gfp� nTreg (90%) (CD45.2) were stimulated along

with congenically marked naive CD4�CD25�CD45.1� cells

(10%) in the presence or absence of IL-6 for 4 days. IL-6 down-

regulated Foxp3gfp in CD4�CD45.1� nTreg (supplemental Fig.

S4), whereas the total percentage of CD4�CD45.1� cells did not

change significantly (IL-2, anti-CD3�: 11.5%; IL-2, anti-CD3�,

TGF�: 12.9%; IL-2, anti-CD3�, TGF�, IL-6: 8.61%), showing

that the IL-6-induced increase in Foxp3� cells is not due to over-

growth of CD4�Foxp3� T cells. ChIP analysis showed IL-6-in-

duced deacetylation of histone 3 at the upstream Foxp3 enhancer

(Fig. 5C). To examine IL-6-induced inhibition in Foxp3 expres-

sion, Foxp3gfp� nTreg were purified from Foxp3gfp reporter

mice. These purified CD4�Foxp3gfp� nTreg cultured with IL-6

and TGF�, and �20% of the cells down-regulated Foxp3gfp ex-

pression. Analyses of purified subsets showed increased DNMT1

binding (Fig. 5D) and methylation of the upstream Foxp3 enhancer

(Fig. 5, E and F) and repression of Foxp3 transcription (Fig. 5G)

in Foxp3gfp� cells compared with Foxp3gfp� CD4 T cells. In the

same cultures we did not observe IL-17 mRNA expression in the

Foxp3gfp� or Foxp3gfp� T cells (data not shown). Importantly,

IL-6 did not inhibit Foxp3 expression in STAT3-deficient nTreg

(Fig. 5H), showing that IL-6-induced CpG methylation and inhi-

bition of Foxp3 expression are STAT3 dependent.

Characterization of Foxp3 induction and maintenance by Aza

Because DNMT inhibition by Aza is most effective in actively

proliferating cells (41, 42), the timing of Aza exposure was exam-

ined. The results showed that 24 h of exposure starting at culture

initiation, but not later times, was required to induce maximal

Foxp3 expression (Fig. 6A, and data not shown). Thus, DNMT
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inhibition was required early and briefly during the initial prolif-

erative cycle. Monitoring expression with respect to proliferation

(CFSE dilution) showed that Foxp3 was expressed early after the

initial division in TGF� Treg and Aza plus TGF� Treg, and Foxp3

did not increase or accumulate with more division cycles (Fig. 6B).

A gene dosage effect was not observed in male compared with

female cells (data not shown). Apoptosis, proliferation, and cell

accumulation were not significantly different in ZyCyd plus

TGF�-induced Treg compared with TGF�-induced Treg (supple-

mental Fig. S5A). To measure the stability of expression, Treg

FIGURE 3. Foxp3 enhancer is occupied by DNMTs. CD4�CD25�Foxp3gfp� (naive) or CD4�CD25�Foxp3gfp� (nTreg) cells were purified from

Foxp3gfp reporter male mice by flow cytometry. CD4�CD25�Foxp3gfp� T cells (50,000 cells/well) were cultured with irradiated, syngenic, T cell-

depleted splenocytes (50,000 cells/well) along with anti-CD3� mAb (1 �g/ml), IL-2 (10 ng/ml), TGF� (5 ng/ml), and Aza (1 �M) for 4 days. Aza was

removed after 24 h. After culture, CD4�CD25�Foxp3gfp� T cells were purified using flow cytometry. A, ChIP assay on upstream Foxp3 enhancer using

the indicated cells with anti-DNMT1 (left) and anti-DNMT3b (right). B, ChIP assay on upstream enhancer with anti-MBD2. C, ChIP assay on upstream

enhancer with anti-MeCP2. D, BW5147.3 lymphoma T cells transfected with control vector (pGL3) or Foxp3 enhancer containing plasmid (pGL3-CpG).

Luciferase activity was monitored 48 h after transfection. E, pGL3-CpG construct (3 �g) was cotransfected along with control plasmid, pGFP-DNMT1,

pGFP-DNMT3a, or pGFP-DNMT3b1 (12 �g). Luciferase activity was monitored 48 h after transfection. F, Inhibition of enhancer activity by in vitro

methylation of the upstream Foxp3 CpG enhancer site. Data were normalized to luciferase activity of control sample. Data shown are representative of 2–3

independent experiments for each panel. �, p 	 0.05.
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were generated, purified, and recultured. The Aza plus TGF�-in-

duced Treg maintained a much higher percentage of Foxp3� cells

compared with TGF�-induced Treg (Fig. 6C).

Activated T cells that have undergone other differentiation path-

ways do not usually differentiate toward the Foxp3� Treg fate (43).

Because Aza might reprogram cells by altering gene methylation, we

FIGURE 4. Foxp3 upstream enhancer of Aza plus TGF� Treg is transcriptionally active. CD4�CD25�Foxp3gfp� (naive) or CD4�CD25�Foxp3gfp�

(nTreg) cells were purified from Foxp3gfp reporter male mice by flow cytometry. CD4�CD25�Foxp3gfp� T cells (50,000 cells/well) were cultured with

irradiated, syngenic, T cell-depleted splenocytes (50,000 cells/well) along with anti-CD3� mAb (1 �g/ml), IL-2 (10 ng/ml), TGF� (5 ng/ml), and Aza (1

�M) for 4 days. Aza was removed after 24 h. After culture, CD4�CD25�Foxp3gfp� T cells were purified again using flow cytometry. A, ChIP assay for

upstream Foxp3 enhancer using the indicated cells and anti-mouse Sp1. B, EMSA with Foxp3 enhancer CpG oligonucleotide (20 fmol), Aza plus

TGF�-induced Treg nuclear extract (10 �g), and 200-fold excess unlabeled Foxp3 enhancer CpG oligonucleotide. Competition EMSA with Foxp3 enhancer

CpG oligonucleotide, Aza plus TGF�-induced Treg nuclear extract, and graded amounts of unlabeled Sp1 consensus oligonucleotide. C, TGF� or Aza plus

TGF�-induced CD4�CD25�Foxp3gfp� Treg were generated by culturing CD4�CD25�Foxp3gfp� T cells as described in A. ChIP assay was conducted

for AcH3 binding to the upstream Foxp3 enhancer (left) and the proximal promoter (right). D, ChIP assay for TIEG1 at upstream Foxp3 enhancer was

performed from the cultured cells described above. E, ChIP assay for pSmad2/3 at Foxp3 proximal promoter was performed from the cultured cells

described above. F, CD4�CD25� T cells were purified from Smad3�/� or wild-type male mice spleen using flow cytometry. Foxp3 expression in

Smad3�/� and wild-type T cells after 4 days of culture (Aza at 1 �M for 24 h). Intracellular Foxp3 expression was analyzed by gating on CD4� cells.

Data are representative of 2–3 independent experiments. �, p 	 0.05; n.s., not significant.
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FIGURE 5. IL-6 down-regulates Foxp3 expression in nTreg. A, CD4�CD25� T cells were purified from the BALB/c male mouse spleens by flow

cytometry. Freshly isolated CD4�CD25� T cells (5 � 104 cells/well) from BALB/c mice were cultured with IL-2, anti-CD3� mAb, and TGF� with or

without IL-6 (20 ng/ml) and APC for 4 days. Intracellular Foxp3 expression was monitored by gating on CD4� cells. B, Foxp3 mRNA expression from

the above cultures was analyzed by qRT-PCR. C, CD4� T cells from the above cultures were subjected to ChIP assay for AcH3 at the upstream Foxp3

enhancer. D, Freshly purified CD4�Foxp3gfp� T cells (5 � 104 cells/well) from Foxp3gfp male mice were cultured with IL-2, anti-CD3� mAb, TGF�,

IL-6, and APC for 6 days and separate Foxp3gfp� and Foxp3gfp� CD4 T cells were then purified using flow cytometry. DNMT1 binding on the upstream

Foxp3 enhancer was analyzed by ChIP assay. E, Methyl-specific restriction digestion of genomic DNA of upstream Foxp3 enhancer and H19 promoters.

F, Disulfite sequencing of the upstream Foxp3 enhancer and H19 in TGF� plus IL-6 induced Foxp3gfp� nTreg. The methylation pattern of each clone

obtained is shown. F, Methylated CpG; E, nonmethylated CpG. G, qRT-PCR analysis of Foxp3 mRNA. H, CD4�CD25� T cells (5 � 104 cells/well) were

purified from the STAT3�/� (CD4 Cre:STAT3 f/f) or littermate control male mice and cultured with IL-2, anti-CD3� mAb, TGF�, IL-6, and APC for 4

days. Intracellular Foxp3 expression was analyzed by gating on CD4� cells (top). Foxp3 mRNA expression was analyzed by qRT-PCR from the same cells

(bottom). Data are representative two independent experiments for entire figure.
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FIGURE 6. Induction of Foxp3 in T cell subsets. A, CD4�CD25� T cells were purified from BALB/c male spleens using flow cytometry. CD4�CD25�

T cells were cultured with APC, IL-2, anti-CD3� mAb, Aza (1.25 �M), and TGF� (5 ng/ml). Aza was removed from the culture at the indicated time points

and the cells were recultured for up to a total of 4 days. Intracellular Foxp3 expression was analyzed by gating on CD4� cells. B, CFSE labeled-

CD4�CD25� T cells cultured in the indicated conditions for 4 days (Aza at 1.25 �M for 24 h) and intracellular Foxp3 and CFSE dilution analyzed by gating

on CD4� cells. C, CD4�CD25�Foxp3gfp� T cells (naive) and CD4�CD25�Foxp3gfp� T cells (nTreg) were purified from the Foxp3gfp reporter male

spleens using flow cytometry. TGF� or Aza plus TGF�-induced CD4�CD25�Foxp3gfp� Tregs were generated by a 4-day culture of

CD4�CD25�Foxp3gfp� T cells. CD4�CD25�Foxp3gfp� Tregs were purified from the indicated cultures and then recultured in the presence of IL-2,

anti-CD3� mAb, and APC for an additional 4 days. Stability of Foxp3gfp expression was analyzed by gating on CD4� cells. D,

CD4�CD25�CD62LhighCD44low (naive) and CD4�CD25�CD62LlowCD44high (memory) cells were isolated from BALB/c male spleens by flow cytometric

sorting and cultured. Foxp3 expression was analyzed by gating on CD4� cells. E, CD4�CD25� T cells were purified from BALB/c male spleens using

flow cytometry. CD4�CD25� T cells were cultured with APC, anti-CD3� mAb, IL-2, Aza (1 �M for 24 h), and the indicated mAb and cytokines for 5

days. Th1 conditions were IL-12 (5 ng/ml), IFN-� (20 ng/ml), and anti-IL-4 mAb (10 �g/ml), Th2 conditions were IL-4 (10 ng/ml) and anti-IFN-� (10

�g/ml), and Th17 conditions were IL-6 (10 ng/ml) and TGF� (5 ng/ml). Foxp3 expression was analyzed by gating on CD4� cells. F, Cytokine mRNA

expression from cells cultured with anti-CD3� mAb, IL-2, APC, and the indicated Th culture conditions with or without Aza (1 �M for 24 h). Data are

representative of 2–4 independent experiments.
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determined whether previously activated cells could be induced to

express Foxp3. CD4�CD25� T cells were stimulated, rested, and

then restimulated with Aza. Preactivated T cells could not be induced

to express Foxp3 (supplemental Fig. S5B), although they were very

sensitive to the antiproliferative effect of Aza treatment (data not

shown). Other time intervals for primary stimulation followed by re-

stimulation with Aza did not induce Foxp3 expression (data not

shown). Further analysis showed that Aza could not induce strong

FIGURE 7. Aza plus TGF� Treg

are suppressive. A, Freshly isolated

CD4�CD25� T cells from BALB/c male

were sorted and labeled with CFSE and

5 � 104 cells per well were cultured

with the indicated Treg subsets (5 �

104 cells/well) in the presence of APC

and anti-CD3� mAb (1 �g/ml) for 72 h.

Proliferation of T cells was measured

by CFSE dilution. Percentages of di-

vided and undivided cells are shown.

B, Aza plus TGF� Treg prevent auto-

immune colitis. C, B-17 SCID mice

were injected i.p. with CD4�CD25�

CD45RBhigh T cells (5 � 105) purified

from BALB/c mice either alone or to-

gether with purified, cultured CD4�

CD25�Foxp3gfp� Treg subsets as in-

dicated (2.5 � 105 cells/mouse).

Weights were measured at the indicated

times; n 
 4–5 mice/group. C, Histo-

pathology of the colon and spleen sizes

67 days after T cell reconstitution. Orig-

inal magnification was �100. Scale bar,

1 cm. D, Streptozotocin-induced dia-

betic BALB/c mice received C57BL/6

mice islets (400 islets/mouse) under-

neath the right kidney capsule along

with purified cultured CD4�CD25�

Foxp3gfp� Treg (1 � 106 cells/mouse)

injected i.v. Blood glucose levels were

monitored daily; n 
 6 mice/group

(p 	 0.001 for all subsets of Treg vs no

Treg or naive CD4� T cell group; p �

0.05 for Aza plus TGF� Treg vs TGF�

Treg or nTreg). Data are representative

of 2–5 independent experiments.
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Foxp3 expression in CD4�CD44highCD62Llow (memory) T cells in

combination with TGF� but did so in CD4�CD44lowCD62Lhigh (na-

ive) T cells (Fig. 6D), suggesting that apart from CpG demethylation,

there were other dominant pathways and factors that played essential

roles in Foxp3 expression. To determine whether other signals influ-

enced Aza and TGF�-driven Treg differentiation or whether Aza in-

fluenced T cell differentiation to other lineages, cultures were estab-

lished that incorporated Aza and other Th conditions. The results

showed that IL-6 along with TGF� (Th17 conditions) inhibited Foxp3

expression, whereas Th1 and Th2 cytokines had only minor effects on

Foxp3 expression in combination with TGF� and Aza (Fig. 6E). Th1,

Th2, and Th17 cytokines were measured in their cognate culture con-

ditions. Aza increased the expression of IFN-� in Th1 and IL-4 in Th2

cultures, but not IL-17 in Th17 cultures (Fig. 6F). Together, the re-

sults suggested that DNMT inhibition is most effective at driving T

cells into the Treg lineage (Fig. 6E), but that this strategy may be used

to drive some but not all other lineages.

Aza plus TGF�-induced Treg are suppressive

Because Aza plus TGF�-induced Treg resembled conventional

nTreg (supplemental Fig. S2, D and E), their functional activities

FIGURE 8. Aza plus TGF� induce Foxp3

expression and suppressive function in human

CD4�CD25� T cells. A, CD4�CD25� T cells

(5 � 104 cells/well) purified from PBMC were

cultured with syngeneic CD4� T cell-depleted

PBMC (5 � 104 cells/well) with anti-CD3�

mAb, IL-2 (10 ng/ml), TGF� (5 ng/ml) or Aza

(1 �M) for 6 days. Aza was removed after 24 h.

Intracellular Foxp3 expression was monitored

by flow cytometry. Data are representative of

three independent experiments with different

blood donors. B, Foxp3 mRNA expression from

cells in A. C, Freshly purified, CFSE-labeled

CD4�CD25� T cells were cultured with differ-

ent ratios of purified cultured CD4�CD25� Treg

subsets along with irradiated T cell-depleted au-

tologous PBMCs and anti-human CD3� mAb

for 96 h. Data are representative of three inde-

pendent experiments.
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were evaluated. Aza plus TGF�-induced Treg inhibited prolifera-

tion of CD4�CD25� T cells (Fig. 7A) and were similar in potency

to nTreg. Aza plus TGF�-induced Treg inhibited CD4�CD25�

CD45RBhigh T cell-induced colitis and splenomegaly in CB17.

SCID (Fig. 7, B and C), and recipients sustained �2-fold more

splenic Foxp3� T cells over time compared with mice that re-

ceived TGF�-induced Treg (supplemental Fig. S6). Adoptive

transfer of Aza plus TGF�-induced Treg also prolonged pancreatic

islet allograft survival (Fig. 7D). Together, the results demon-

strated potent and stable suppressor function.

Aza plus TGF� induce suppressive Foxp3�CD4� human T cells

CD4�CD25� T cells were isolated from human PBMC and cul-

tured in the presence of IL-2, anti-CD3� mAb, TGF�, and Aza for

6 days. Aza plus TGF� induced a higher percentage of Foxp3�

cells (67%) (Fig. 8A), a greater number of Foxp3 bright cells

(48.8%), and enhanced Foxp3 gene expression compared with

TGF� alone (36.4%) (Fig. 8B). Foxp3 is an activation marker but

not an exclusive Treg marker in man, so human TGF�-induced

Treg are not necessarily anergic or suppressive (44). To determine

whether Aza also induced regulatory function, a suppression assay

was performed. Aza plus TGF�-induced Treg were almost as sup-

pressive as CD4�CD25� nTreg, whereas TGF�-induced Treg had

less suppressive potency, particularly at higher cell ratios (Fig.

8C). This suggested that low Foxp3 expression in IL-2 plus anti-

CD3� mAb or IL-2 plus anti-CD3� mAb plus TGF�-stimulated

human T cells were not sufficient for conversion to functional sup-

pressive Treg activity (Fig. 8, A and B).

Discussion
This study demonstrated differential Foxp3 gene regulation and

structure in nTreg compared with TGF�-induced Treg or other

naive or activated CD4� T cells. There is a unique and highly

conserved upstream CpG-rich enhancer in the Foxp3 gene that

was demethylated and highly active in nTreg but methylated in

TGF�-induced peripheral Treg. Sp1, AcH3, TIEG1, MeCP2,

MBD2, DNMT1, and DNMT3b were central elements for its

function and structure and were differentially bound to this site

in nTreg compared with TGF�-induced Treg. Importantly, the

use of a DNMT inhibitor demethylated and activated the up-

stream Foxp3 enhancer to induce Foxp3 expression and subse-

quently allowed the induction of Foxp3-dependent, Treg-re-

stricted sets of genes. Demethylation acted synergistically with

TGF� to convert a variety of naive T cells to Treg with high

Foxp3 expression and potent, stable suppressive function. Con-

versely, IL-6 induced methylation of the upstream Foxp3 en-

hancer and repression of Foxp3 expression.

Some structural and development differences between nTreg

and TGF�-induced peripheral Treg have been shown in other

analyses (7, 16, 19). TGF� partially down-regulates CpG meth-

ylation of the Foxp3 proximal promoter and an intronic en-

hancer so that TCR-induced CREB/ATF bind to the demethyl-

ated intronic enhancer (7), suggesting a role in TGF� Treg.

However, nTreg had greater transcriptional activity and de-

methylation compared with TGF�-induced Treg (7, 16) sug-

gesting other as yet undefined regulatory signals. A second non-

CpG intronic enhancer region is responsive to NFAT and

Smad3 in both nTreg and TGF� Treg (19), suggesting a role for

TCR or perhaps other signals. Smad3�/�, dominant negative

TGF� receptor II, or TGF�1�/� mice do not have defects in the

development of thymic-derived nTreg (37, 45, 46), suggesting

that TGF� is involved only in peripheral Treg generation. How-

ever, a recent report demonstrated a critical role for TGF� re-

ceptor I, yet this requirement could be bypassed by IL-2/IL-2R

signaling (47). Our data demonstrated additional differences be-

tween these Treg subsets at the proximal promoter near the

transcriptional start site so that nTreg had greater TGF�-regu-

lated Smad2/3 signaling and histone 3 acetylation. This latter

finding is consistent with the recent report that inhibition of

HDAC induces Foxp3 expression in T cells (48). However,

studies using specific genetic knockouts of Foxp3 intronic or

upstream enhancers will provide more insight about the regu-

lation of Foxp3 transcription and Treg function.

Our data demonstrated an important upstream Foxp3 en-

hancer �5 kb upstream of the transcriptional start site. This

element was differentially methylated and active, comparing

nTreg and TGF�-induced peripheral Treg. In contrast to the

proximal promoter and intronic enhancer, TGF� did not regu-

late its structure or function. Aza demethylated this element,

inducing gene expression and a cellular phenotype that closely

resembled that of nTreg. In a different system, Aza induced

Foxp3 in human NK cells through an IL-2/IL-2R/STAT5-de-

pendent mechanism (49), as well as demethylating the intronic

Foxp3 enhancer (18), supporting our findings that Aza acted

independently of TGF� signaling. IL-2/IL-2R/STAT5 signaling

is required for Treg development and Foxp3 expression (8),

although their precise effects on gene structure and transcription

are not currently known. There are 11 STAT5 binding sites

predicted close to the Foxp3 proximal promoter, and three sites

highly conserved in mammals are transcriptionally active (8). It

has been reported that Th1/Th2-polarized T cells do not express

Foxp3 after stimulation with TGF� (50, 51), but in the current

study we show that culturing such cells in the presence of Aza

can induce Foxp3 expression. Together, these findings suggest

that, like the Th1 and Th2 loci (20), there is a Treg locus with

several regions, epigenetically regulated and involved in the

development of nTreg (supplemental Fig. S7).

Activated T cells express high levels of STAT3 that induce the

transcription of DNMT1 (52), and high levels of DNMT1 may

repress Foxp3 expression in preactivated or differentiated T cells

(53). It is noteworthy that IL-6 signals via STAT3, resulting in

methylation of the upstream Foxp3 enhancer and repression of

Foxp3 expression. Our results demonstrated that TGF� did not

induce Foxp3 in resting memory CD4� T cells, whereas Aza in-

duced only low-level Foxp3 expression. Inhibition of DNMTs in

preactivated CD4� T cells also did not induce Foxp3. This sug-

gests that other dominant factors were essential for Foxp3 tran-

scription so that DNMT inhibitors do not lead to T cell reprogram-

ming of previously differentiated T cells. Results with Th1, Th2,

and Th17 culture conditions showed that DNMT inhibition poten-

tiated other T cell differentiative pathways, although the preferred

effect favored Foxp3 expression and the Treg lineage. It is inter-

esting to speculate that this class of drugs induces Foxp3� Treg

during cancer therapy, perhaps synergizing with tumor-produced

TGF�, which is associated with failure of immunotherapy and

with tumor progression (3). Our results also imply that IL-6 could

inhibit or even reverse the development of such Treg.

Foxp3 expression in human CD4� T cells does not necessarily

denote a regulatory phenotype (44, 54). Human T cells express two

Foxp3 isoforms, and enhanced expression is required for regula-

tory effector function (55). The Foxp3 regulatory elements are

methylated in TGF�-induced CD4�T cells (17), which might lead

to low Foxp3 expression that is insufficient to imprint the regula-

tory phenotype. We showed that Aza enhanced Foxp3 expression

in human CD4� T cells and that Aza-induced Treg, but not TGF�-

induced Treg, were suppressive. Our data and that of others dem-

onstrated that even in the murine system there are differences be-

tween nTreg and TGF�-induced Treg in regulation of the Foxp3
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expression and suppressor activity (7, 16). This suggests that

nTreg are more potent and stable suppressors than TGF�-induced

Treg, and DNMT inhibition induces Treg that more closely resem-

ble nTreg.

Induced Treg have the potential to be used in clinical treat-

ments (1). Using both TCR transgenic and nontransgenic cells,

we demonstrated that large numbers of Treg could be generated

with Ag-specific stimulation. We also demonstrated that Aza

plus TGF�-induced Treg prevented autoimmune colitis and

prolonged islet allograft survival. The techniques developed

here are similar to protocols for adoptive transfer of leukocytes

for bone marrow transplantation or immunotherapy. Further,

our techniques used drugs and biologics such as IL-2, anti-

CD3� mAb, and DNMT inhibitors for which there are already

substantial clinical experience and regulatory approval. The

combination of DNMT and HDAC inhibitors may further boost

nTreg development (48).
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