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Foxp3 expression in induced regulatory T cells is
stabilized by C/EBP in inflammatory environments
Sungkyu Lee, Kyungsoo Park, Jieun Kim, Hyungyu Min & Rho H Seong*

Abstract

Proper control of immune responses by Foxp3+ regulatory T cells at
inflamed sites is crucial for the prevention of immunopathology.
TGF-b-induced Foxp3+ regulatory T (Treg) cells are generated in
inflammatory environments as well as in steady-state conditions.
Inflammatory cytokines such as IFN-c and IL-4 have an antagonis-
tic effect on Treg cell conversion. However, it is not known how
naive CD4+ T cells overcome the inhibitory environment in
inflamed sites to differentiate into Treg cells. Here, we show that
CCAAT/enhancer-binding protein (C/EBP) functions as a safeguard
that enhances Treg cell generation by dampening the inhibitory
effect of IFN-c and IL-4 on Foxp3 expression. We find that C/EBPb
is induced by retinoic acid and binds to the methyl-CRE sequence
in the Foxp3 TSDR to sustain its expression. C/EBPb-transduced
iTreg cells show more potent suppressive activity in mouse disease
models. We also reveal that C/EBPb-transduced human iTreg cells
exhibit more enhanced suppressor function. These results establish
C/EBP as a new molecular target for enhancing the formation and
stability of Treg cells in inflammatory environments.
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Introduction

Control of immune responses between inflammatory versus

regulatory responses is essential for ensuring immune defense

without pathologic consequences. Regulatory T cells (Treg) play

an indispensable role in maintaining the balance between

immunity and regulation in inflamed tissues [1,2]. Foxp3 is a

lineage-specific factor required for Treg differentiation and func-

tion [3–5].

Foxp3+ regulatory T cells are primarily generated in the thymus

(tTreg) or extrathymically at peripheral tissues (pTreg). They may

also be induced in vitro (iTreg) in the presence of transforming

growth factor b (TGF-b). Treg cells can be generated in inflammatory

conditions as well as in the steady states [6]. Treg cells generated at

inflammatory sites play an essential role in immune homeostasis

and in controlling the extents of immune-mediated pathology [7].

Excessive contraction of the number and/or function of Treg cells

can lead to immunopathology [8]. Peripheral differentiation of Treg

cells is profoundly antagonized by inflammatory cytokines, such as

IFN-c and IL-4 [9–11]. However, how naive CD4+ T cells overcome

the inhibitory environment and differentiate into Treg cells in

inflamed sites remains unclear.

Peripheral differentiation of Treg cells occurs mainly in the gut-

associated lymphoid tissues (GALT). Enhanced conversion of Treg in

the GALT is dependent on the ability of GALT dendritic cells to

produce TGF-b and retinoic acid [12,13]. Retinoic acid (RA) serves

as a potent cofactor for the peripheral induction of Treg cells [14,15].

In addition to increasing the frequency and stability of Treg, RA

allows peripheral generation of Treg to occur in conditions that

repress it, e.g., in the presence of inhibitory cytokines such as IFN-c
and IL-4 [16–18]. However, it is not known yet how RA functions in

these contexts.

CCAAT/enhancer-binding protein (C/EBP) comprises a family

of basic region–leucine zipper (bZIP) transcription factors with

six members: C/EBPa, b, c, d, e, and f. Among the members

that have transcriptional activation domain are those including

C/EBPa, b, d, and e. C/EBPc and f isoforms lack transactiva-

tion domain and function as dominant-negative inhibitors. It is

well established that there exists functional redundancy among

C/EBPa, b, d, and e in a variety of gene transcriptions. In this

study, we identified new roles of C/EBP in Treg cells for

enhancing their stability and generation in inflammatory envi-

ronments.

Results

Upregulation of the C/EBPs expression by RA

We first investigated whether retinoic acid affects the expression

level of C/EBPb during TGFb-induced Foxp3+ Treg differentiation.

Given the fact that RA can sustain peripheral generation of Treg cells

by overcoming the negative effects of inhibitory cytokines such as

IFN-c and IL-4 [16–18], we decided to observe the effect of RA on

C/EBPb expression in the conditions blocking or containing IFN-c
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and IL-4. Purified CD4+CD25�CD44� naı̈ve T cells from C57BL/6

mice were cultured in iTreg-polarizing conditions in vitro for 24 h in

the presence or absence of all-trans retinoic acid (ATRA) with or

without inhibitory cytokines, IFN-c and IL-4. Treatment of TGF-b
plus ATRA enhanced the expression of C/EBPb compared with stim-

ulation with TGF-b alone at both mRNA and protein levels (Fig 1A

and B). However, the addition of exogenous IFN-c and IL-4 made

little difference in the expression of C/EBPb compared to the addi-

tion of anti-IFN-c and anti-IL-4 antibodies. In addition, we found

that RA also increases the expression levels of C/EBPa and C/EBPd
(Fig EV1).

C/EBP functions in the presence of inhibitory cytokines

Next, we sought to determine which roles C/EBP plays in iTreg dif-

ferentiation. Based on our observation that C/EBP expression is

upregulated by RA, we hypothesized that C/EBP would regulate

Foxp3 expression in the presence of RA. Since there is a high possi-

bility of redundancy among C/EBP isoforms, we sought to disrupt

functional redundancy among family members by expressing domi-

nant-negative A-C/EBP, which inhibits the DNA binding of poten-

tially all C/EBP family members [19] and C/EBPf that is also a

dominant-negative inhibitor of C/EBP [20]. We ectopically

expressed dominant-negative C/EBP (A-C/EBP) and C/EBPf in

naı̈ve CD4+ T cells by retroviral transduction and cultured them in

iTreg-polarizing conditions with or without ATRA in the presence of

culture supernatant from CD4+CD25�CD44+ memory T cells stimu-

lated with anti-CD3 and anti-CD28 (hereafter referred to as culture

supernatant). Culture supernatant restrains Foxp3 induction as it

contains inhibitory cytokines, such as IFN-c and IL-4 [16,21].

Enforced expression of A-C/EBP or C/EBPf slightly but significantly

reduced iTreg differentiation in the presence of culture supernatant

(Fig 1C). The addition of ATRA in the culture supernatant resulted

in a more significant reduction in iTreg differentiation of A-C/EBP or

C/EBPf-transduced cells (Fig 1C). However, in the presence of

neutralizing antibodies against IFN-c and IL-4, the downregulation

of Foxp3 expression by ectopic expression of A-C/EBP or C/EBPf in

the presence of culture supernatant was not observed in both the

presence and absence of ATRA (Fig 1D). This suggests that C/EBP

functions mainly in the presence of inhibitory cytokines, IFN-c and

IL-4. The function of C/EBP in iTreg differentiation was also con-

firmed when culture supernatant was replaced with fresh media

containing exogenous IFN-c, IL-4, and IL-2 (Fig 1E and F). No such

effects were found on GFP-negative cells, indicating a cell-intrinsic

regulation (Fig EV2).

C/EBPb confers complete resistance to inhibitory cytokines
during iTreg generation

We investigated the effect of ectopic expression of C/EBP in the

iTreg differentiation, reasoning that its enforced expression should

attenuate the effect of inhibitory cytokines on iTreg generation.

As expected, ectopic expression of C/EBPb resulted in complete

resistance to the suppression of Foxp3 expression by culture

supernatant (Fig 2A). This effect was observed as long as IFN-c,
IL-4, or both of them were present in culture supernatant, which

was also confirmed by addition of exogenous inhibitory cytoki-

nes (Fig 2B). The increased expression of Foxp3 in C/EBP

b-transduced cells was again confirmed by quantitative reverse

transcription–polymerase chain reaction (qRT–PCR; Fig 2C). We

compared the ability of C/EBPa, b, d, and e to regulate Foxp3

expression (Fig EV3). Whereas C/EBPd and C/EBPe caused only

a modest resistance, C/EBPa also conferred resistance to inhibi-

tory cytokines as C/EBPb. With C/EBPa expression, Foxp3

expression was little downregulated in the presence of inhibitory

cytokines compared to that in the presence of anti-IFN-c and

anti-IL-4 antibodies.

Next, to test whether the Foxp3+ populations in C/EBPb-trans-
duced cells that had been resistant to the inhibitory cytokines are

the real regulatory T cells with intact suppressive activity, we

performed an adoptive transfer experiment using CD45RBhigh

CD4+ T cells that induce colitis in immune-deficient mice [22].

Mice that received CD45RBhighCD4+ T cells alone developed a

wasting disease defined by progressive weight loss (Fig 2D),

severe colitis (Fig 2E and F), and splenomegaly (Fig 2G). Mice

co-transferred with control vector-transduced CD4+ T cells

cultured in the presence of TGF-b and culture supernatant were

partially protected from the disease. In contrast, mice co-trans-

ferred with C/EBPb-transduced CD4+ T cells cultured under the

same conditions did show significant relief from the disease,

suggesting considerable attenuation of the pathogenic activity of

CD45RBhighCD4+ T cells.

We also tested whether C/EBPb alone was sufficient to increase

Foxp3 expression in the absence of TGF-b. Less than 3% of C/EBPb-
transduced CD4+ T cells were Foxp3+, suggesting that C/EBPb
alone is not sufficient for inducing Foxp3 expression (Appendix

Fig S1).

Taken together, our findings suggest that C/EBPb is not responsi-

ble for the de novo generation of Foxp3+ iTreg cells, but rather

confers resistance to the inhibitory cytokines, IFN-c and IL-4 and

thereby ensures stable induction of Foxp3.

Regulation of Foxp3 expression by C/EBP in vivo

To demonstrate the effect of regulating C/EBP expression on periph-

eral generation of Treg cells in vivo, we investigated the effect of C/

EBP on Foxp3 induction using OVA323-339-specific DO11.10 TCR-

transgenic T cells deficient in recombination-activating gene 2

(Rag2). We transduced naive CD4+ T cells from Rag2�/� DO11.10

TCR-transgenic mice with the retrovirus and adoptively transferred

these cells into syngeneic wild-type recipient mice followed by intra-

venous injection of the OVA323-339 peptide. In this model, de novo

induction of Foxp3 is significantly interfered by IFN-c and IL-4 [9].

We observed that A-C/EBP expression repressed Foxp3 expression

in the transferred DO11.10 TCR-transgenic CD4+ T cells, whereas

C/EBPb expression robustly upregulated the level of Foxp3 expres-

sion in the mesenteric lymph nodes (Fig 3A).

Given the pronounced effect of C/EBP on iTreg differentiation in

the presence of inhibitory cytokines in vitro, we evaluated the asso-

ciation between the function of C/EBP and inhibitory cytokines

in vivo. Oral antigen administration impairs the development of

effector/memory TH2 cells and creates more favorable conditions

for Treg cell differentiation [23]. To address the Foxp3 expression

after oral administration in Rag2�/�DO11.10 adoptive transfer

system, the recipient mice were fed OVA in drinking water. When

comparing the Foxp3 expression in control vector-transduced cells,
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Figure 1. C/EBP functions in the presence of inhibitory cytokines.

A Real-time qRT–PCR analysis of C/EBPb mRNA in CD4+ naïve T cells inactivated (naive) or cultured for 24 h under conditions as indicated with DMSO or ATRA
(all-trans retinoic acid). Data are representative of two independent experiments with consistent results and normalized with b-actin (mean and s.e.m. of
quadruplicates).

B Immunoblot analysis of C/EBPb in the nuclear fraction of naïve CD4+ T cells cultured for 2 days under conditions as indicated. The immunoblot was quantified
using ImageJ.

C–F Flow cytometry of intracellular Foxp3 staining in CD4+ naïve T cells transduced with control retrovirus (MigRI) or retrovirus encoding A-C/EBP or C/EBPf and
cultured for 2 days under conditions as indicated. Representative experiments are shown in the left panel and pooled data with mean values from 8 (C, E), 6 (D), or
7 (F) independent experiments are shown on the right. Dot plots are gated for CD4+GFP+ and numbers indicate percent Foxp3+ cells in the gate.

Data information: Statistical analysis was performed using unpaired two-tailed t-test (A), or (C–F) one-way ANOVA (*P < 0.05, ***P < 0.001, ****P < 0.0001; ns, not
significant).
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Figure 2.
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OVA feeding led to 2–3 times higher Foxp3 expression than did

intravenous administration (Fig 3A and B). In OVA-fed mice,

contrary to mice i.v injected with OVA, A-C/EBP or C/EBPb expres-

sion had little effect on Foxp3 expression (Fig 3B), which supports

that C/EBP functions in the inhibitory environments in vivo.

C/EBPb binds to the methyl-CRE sequence in the Foxp3 TSDR and
acts in a methylation-dependent manner

Recently, it has been shown that the DNA methylation status of the

Treg-specific demethylated region (TSDR) in the Foxp3 locus is criti-

cal for maintenance of Foxp3 expression [24–28]. Specifically, the

TSDR in tTreg cells is widely demethylated and pTreg also bears grad-

ually demethylated TSDR. In contrast, in vitro induced iTreg cells

carried methylated TSDR, which renders them unstable upon

restimulation in the absence of exogenous TGF-b.
Moreover, demethylated TSDR stabilizes Foxp3 expression in the

presence of inflammatory cytokines [29,30]. Bisulfite sequencing,

however, showed that ectopic expression of C/EBPb did not affect

the methylation status of the TSDR (Fig EV4A and B). CREB has

been reported to bind to CpG islands within the TSDR when this

region is demethylated [31] and stabilize Foxp3 expression in a

TSDR-dependent manner. Interestingly, CpG methylation of the CRE

sequence (TGAmCGTCA) creates C/EBP binding sites [32]. Thus, we

postulated that the novel function of C/EBPb might be mediated by

C/EBPb binding to the methyl-CRE sequence in the Foxp3 TSDR. We

performed electrophoretic mobility shift assay (EMSA) to examine

the DNA binding of C/EBPb to the methyl-CRE sequence of the TSDR

(Fig 4A). Jurkat cells transfected with C/EBPb displayed robust DNA

binding activity to the methyl-CRE sequence, which was completely

shifted by anti-C/EBPb antibodies. Chromatin immunoprecipitation

(ChIP) analysis of C/EBPb binding coupled with real-time quantita-

tive PCR showed its occupancy of the TSDR in TGF-b-stimulated

CD4+ T cells (Fig 4B). In addition, C/EBPb binding to the TSDR was

increased in TGF-b plus ATRA-stimulated CD4+ T cells (Fig 4B).

Furthermore, when we demethylated the CpG dinucleotides in the

genome using 5-azacytidine (5-aza), a cytosine analog that cannot

be methylated, C/EBPb binding to the TSDR diminished compared to

TGF-b plus ATRA-stimulated CD4+ T cells (Fig 4B). The observation

that CpG methylation in the CRE sequence facilitates preferential

binding of C/EBPb to the TSDR led us to test whether DNA methyla-

tion is required for the C/EBP-directed resistance to inhibitory cyto-

kines. The addition of 5-aza in the culture supernatant containing

ATRA during iTreg generation abrogated the loss of Foxp3 expression

by A-C/EBP or C/EBPf, which indicates that the methyl-CRE

sequence in the TSDR is critical for C/EBP to regulate Foxp3 expres-

sion (Figs 4C and EV5A). The importance of the DNA methylation

was also confirmed when culture supernatant was replaced with

fresh media containing exogenous IFN-c, IL-4, and IL-2 (Figs 4D and

EV5B). We also confirmed decreased DNA methylation in the TSDR

by 5-aza (Fig EV5C).

Significant attenuation of experimental autoimmune
encephalitis and colitis by C/EBPb-transduced iTreg cells

One obstacle to making therapeutic use of iTreg cells generated

in vitro is that they have the propensity to be unstable and lose

Foxp3 expression. In light of our observation that C/EBPb confers

complete resistance to inhibitory cytokines during the course of iTreg

generation, we asked whether C/EBPb has the capacity to protect

Treg identity by preserving its stable Foxp3 expression. To address

this, we ectopically expressed C/EBPb in naı̈ve CD4+ T cells from

Foxp3GFP mice by retroviral transduction and cultured them in the

presence of TGFb, anti-IFN-c, and anti-IL-4 Abs. We sorted Foxp3/

GFP+ cells and cultured them without TGF-b but in the presence of

T-cell-polarizing cytokines for additional 2 days. The addition of IL-

4 greatly downregulated Foxp3 expression of control iTreg cells

(Fig 5A). IL-6 and IL-12, albeit to a lesser degree, also destabilized

Foxp3 expression. Of note, C/EBPb-transduced iTreg cells faithfully

maintain Foxp3 expression.

To determine whether the increased stability of C/EBPb-trans-
duced iTreg cells would benefit their suppressive function, we first

investigated their capacity to suppress proliferation of responder

CD4+ T cells in vitro. For this, CFSE-labeled responder cells were

cocultured with control or C/EBPb-transduced iTreg cells. Remark-

ably, C/EBPb-transduced iTreg cells exhibited a higher suppressive

activity compared to control iTreg cells (Fig 5B).

Next, we assessed an enhanced suppressor capacity by C/EBPb-
transduced iTreg cells in vivo during experimental autoimmune

encephalitis, an animal model of multiple sclerosis. We transduced

naı̈ve CD4 T cells from CD45.2+ 2D2 Foxp3GFP mice with either an

expression vector for C/EBPb or a control vector and cultured these

cells in the presence of TGF-b, anti-IFN-c, and anti-IL-4 Abs. T cells

from 2D2 Foxp3GFP mice express a transgenic TCR with specificity for

the myelin oligodendrocyte glycoprotein amino acids 35–55 (MOG35–

55) as well as a Foxp3GFP reporter. We purified Foxp3/GFP+

◀ Figure 2. C/EBPb confers complete resistance to inhibitory effect of IFN-c and IL-4 on iTreg generation.

A, B Flow cytometry of intracellular Foxp3 staining in CD4+ naïve T cells transduced with control retrovirus (MigRI) or retrovirus encoding C/EBPb and cultured for
2 days under conditions as indicated. Representative experiments are shown in the upper panel and pooled data from 4 (A), 3 (B) independent experiments are
shown in the bottom. Dot plots are gated for CD4+GFP+ and numbers indicate percent Foxp3+ cells in the gate. Error bars represent mean � s.e.m.

C Real-time qRT–PCR analysis of FACS-sorted GFP+ cells from CD4+ naïve T cells transduced with control retrovirus (MigRI) or retrovirus encoding C/EBPb and
cultured for 2 days in the conditions as indicated. Data are representative of two independent experiments with consistent results and normalized with b-actin
(mean � s.e.m. of triplicates).

D Body weight of RAG-2�/� mice after transfer with 5 × 105 CD4+CD45RBhigh cells alone (circles) or with 2 × 105 FACS-sorted CD4+GFP+ cells transduced with control
retrovirus (MigRI) (squares) or retrovirus encoding C/EBPb (triangles) and cultured for 2 days in the presence of TGF-b and culture supernatant. Each time point
contains three (circles) or four (squares and triangles) mice in each group. Error bars represent mean � s.d.

E Hematoxylin and eosin staining of the distal colons of mice (scale bars, 200 lm)
F, G Each symbol represents an individual mouse. Small horizontal lines indicate the mean (error bars, s.e.m.). (F) Histological scores. (G) Comparison of the spleen

weight.

Data information: Statistical analysis was performed using paired two-tailed t-test (A, B), one-way ANOVA (D, G), or Kruskal–Wallis test (F) (*P < 0.05, **P < 0.01,
***P < 0.001; ns, not significant).
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populations and transferred those cells into RAG2�/� mice with naı̈ve

CD4 T cells from CD45.1+ 2D2 mice. After immunization with

MOG35–55 peptide, mice that received CD45.1+ 2D2 CD4 T cells

together with C/EBPb-transduced CD45.2+ 2D2 Foxp3/GFP+ iTreg

cells exhibited an attenuated disease phenotype (Fig 5C), significantly

lower IL-17A production in CD4 T cells from spinal cords (Fig 5D)

and considerable reduction in numbers of IL-17A-producing cells infil-

trated in the spinal cords (Fig 5E) compared to mice that received

CD45.1+ 2D2 CD4 T cells alone or with control vector-transduced

CD45.2+ 2D2 Foxp3/GFP+ iTreg cells. Strikingly, C/EBPb-transduced
iTreg cells retained more of the Foxp3 expression (Fig 5F), suggesting

that C/EBPb-mediated stabilization of Foxp3 expression acted as a

major factor to attenuate the severity of the disease.

To further document the suppressive activity of C/EBPb-transduced
iTreg cells, we induced colitis by transferring CD45RBhighCD4+ T cells

to RAG2�/� mice and compared the suppressive activity between

control and C/EBPb-transduced iTreg cells. As anticipated, we observed

a substantially improved suppressive activity of C/EBPb-transduced
iTreg cells, which was verified based on weight loss (Fig 5G) and histo-

logical scoring (Fig 5H and I). We also confirmed a higher level of

Foxp3 expression in C/EBPb-transduced iTreg cells (Fig 5J).

C/EBPb stabilizes FOXP3 expression in human CD4 T cells

To examine the possibility that C/EBPb may confer resistance to

inhibitory cytokines in human iTreg cells as well, we isolated naı̈ve

CD4+CD25�CD45RA+ T cells from human peripheral blood, ectopi-

cally expressed C/EBPb by retroviral transduction and cultured

them in iTreg-polarizing conditions (Fig 6A). We found that, in the

presence of TGF-b, C/EBPb-transduced human CD4+ T cells were

significantly resistant to the inhibitory effect of IFN-c and IL-4 on

the FOXP3 expression, whereas control vector-transduced human

A

B

Figure 3. C/EBP is critical for the regulation of Foxp3 expression in vivo during iTreg generation.

A, B Flow cytometry of intracellular Foxp3 staining of mesenteric lymph node cells of Balb/c mice that received RAG2�/�DO11.10 CD4+ naïve T cells transduced with
control retrovirus (MigRI) or retrovirus encoding A–C/EBP or C/EBPb. (A) The recipients were immunized via intravenous injection with OVA323–339 peptide (20 lg) 1
and 3 days after transfer of transduced cells and analyzed 5 days after the first immunization. (B) The recipients were fed 1% OVA solution in drinking water for 5
consecutive days. Representative experiments are shown in the left panel and pooled data from 4 (A) or 3 (B) independent experiments with mean values shown on
the right. Dot plots are gated for CD4+KJ.1.26+GFP+ (top) or CD4+KJ.1.26+GFP� (bottom) and numbers indicate percent Foxp3+ cells in the gate. Statistical analysis
was performed using one-way ANOVA (*P < 0.05, **P < 0.01; ns, not significant).
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CD4 T cells were more susceptible to the repressive effect of inhibi-

tory cytokines on the FOXP3 expression.

Next, we cocultured C/EBPb-transduced human iTreg cells with

CFSE-labeled responder naı̈ve CD4 T cells to compare their suppressive

activity to that of control vector-transduced iTreg cells. We found that

C/EBPb-transduced human iTreg cells exerted far more potent suppres-

sor function than did control vector-transduced iTreg cells (Fig 6B).

Discussion

The presence of inhibitory cytokines such as IFN-c and IL-4 poses a

significant obstacle to peripheral differentiation of Treg cells during

inflammation. Evidence indicates that differentiating Treg cells are

equipped with a self-protective program that prevents the produc-

tion of inhibitory cytokines by themselves and allows cells to

commit to the Treg cell lineage [33]. However, given that IFN-c and

IL-4 are secreted in multiple lineages of cells in inflamed sites, the

mechanism that blocks the production of inhibitory cytokines by dif-

ferentiating T cells does not ensure their commitment to the Treg cell

lineage. Here, we have demonstrated that C/EBPb ensures stable

induction of Treg cells by overcoming the presence of inhibitory

cytokines in both mouse and human systems.

Stabilization of Foxp3 expression is attributed to the epigenetic

regulation of the TSDR in Foxp3 locus. The TSDR is substantially

demethylated in tTreg cells, but is fully methylated in vitro derived

iTreg cells. Although in vivo derived pTreg cells exhibit a demethy-

lated TSDR, it appears to be fully demethylated in several weeks.

Importantly, demethylated TSDR is responsible for protecting

Foxp3 expression in inflammatory cytokine conditions that restrain

Treg generation [30]. A number of transcription factors such as

Ets-1, CREB/ATF, and Foxp3 itself bind to the TSDR only when

the region is demethylated [27,31,34]. Notably, all of these

transcription factors fail to bind to the TSDR when the region is

methylated.

Identification of the molecular mechanism underlying the C/

EBPb-mediated resistance to the repression of Foxp3 expression by

inhibitory cytokines is particularly important, considering the recent

active debate on Treg lineage stability and Treg cell therapy. Although

we cannot rule out the possibility of other indirect mechanisms by

which C/EBPb mediates the resistance to inhibitory cytokines, the

specific association of C/EBPb with the Foxp3 TSDR suggests that

Foxp3 is a direct target gene of C/EBPb. Interestingly, we found that

the ability of C/EBPb to counteract the repression of Foxp3 expres-

sion by inhibitory cytokines is dependent on the binding of C/EBPb
to the methylated Foxp3 TSDR. The TSDR of pTreg seems to be

◀ Figure 4. C/EBPb binds to methyl-CRE sequence in the Foxp3 TSDR and acts in a methylation-dependent manner.

A EMSA of nuclear extracts of Jurkat cells transfected with indicated expression vectors and assessed with a probe covering the putative unmethyl- or methyl-CRE
sequence in the TSDR.

B ChIP-qPCR assay of C/EBPb on the Foxp3 TSDR in naïve CD4+ T cells cultured for 2 days under conditions as indicated. Data are representative of two independent
experiments with consistent results (mean � s.e.m. of triplicates).

C, D Flow cytometry of intracellular Foxp3 staining in CD4+ naïve T cells transduced with control retrovirus (MigRI) or retrovirus encoding C/EBPb and cultured for
2 days under conditions as indicated. Representative experiments are shown in the left panel and pooled data from 4 (C) or 5 (D) independent experiments with
mean values are shown on the right. Dot plots are gated for CD4+GFP+ and numbers indicate percent Foxp3+ cells in the gate.

Data information: Statistical analysis was performed using one-way ANOVA (B–D). (*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant).

▸Figure 5. Significant attenuation of experimental autoimmune encephalitis by C/EBPb-transduced iTreg cells.

A CD4+ naïve T cells from Foxp3EGFP mice were transduced with control retrovirus (MIN) or retrovirus encoding C/EBPb (MIN-C/EBPb) and stimulated with anti-CD3
and anti-CD28 for 2 days in the presence of TGF-b, anti-IFN-c, and anti-IL-4 Abs. GFP+(Foxp3+) hNGFR+ T cells were sorted to high purity (0 h) and restimulated
with anti-CD3 and anti-CD28 for 2 days in the presence of IL-4, IL-6, IL-12, or none. Foxp3 expression was assessed based on GFP expression. Data are
representative of two independent experiments with consistent results.

B Flow cytometry of CFSE-labeled CD45.1+CD4+ T cells stimulated 3 days alone or together with CD45.2+GFP(Foxp3)+NGFR+-sorted CD4+ naïve T cells from Foxp3EGFP

mice transduced with control retrovirus (Min) or retrovirus encoding C/EBPb and cultured for 3 days in the presence of TGF-b, anti-IFN-c, and anti-IL-4 Abs.
Histograms are gated for CD45.1+. The ratios shown are responder to suppressor. Data are representative of two independent experiments with consistent results.

C EAE disease course of RAG2�/� mice that received CD45.1+2D2CD4+ naive T cells alone or together with CD4+GFP/Foxp3+ iTreg cells from CD45.1�2D2CD4+GFP
(Foxp3)+ naïve T cells transduced with either control retrovirus (MIN) or retrovirus encoding C/EBPb; cultured in the presence of TGF-b, anti-IFN-c, and anti-IL-4
Abs; and sorted based on GFP/Foxp3 expression. The recipients were immunized with myelin oligodendrocyte glycoprotein peptide (100 lg) 1 day after transfer.
Data show mean � s.e.m. of the EAE clinical score of 9 (day 1 to day 11), 5 (day 12 to day 16), or 4 (day 17 to day 20) mice of each group.

D, E (D) The percentage of IL-17-producing cells in CD45.1+Vb11+ CD4+ T cells in the spinal cords 11 days after transfer. (E) The absolute number of IL-
17A+CD45.1+Vb11+CD4+ T cells in the spinal cords 11 days after transfer. Each symbol represents an individual mouse. Small horizontal lines indicate the mean
(error bars, s.d.).

F Flow cytometry of Foxp3 staining of splenic cells. Histograms are gated for CD45.1�CD4+Vb11+. Data are representative of two independent experiments with
consistent results.

G Body weight of RAG-2�/� mice after transfer with 5 × 105 CD45.1+CD4+CD45RBhigh cells alone (circles) or with 2 × 105 FACS-sorted CD45.1�CD4+GFP(Foxp3)+NGFR+

cells transduced with control retrovirus (Min)(filled rectangles) or retrovirus encoding C/EBPb (empty rectangles) and cultured for 2 days in the presence of TGF-b,
anti-IFN-c, and anti-IL-4 Abs. Each time point contains three mice in each group. Error bars represent mean � s.e.m.

H Hematoxylin and eosin staining of the distal colons of mice (scale bars, 200 lm).
I Histological scores. Each symbol represents an individual mouse. Small horizontal lines indicate the mean (error bars, s.e.m.).
J The percentage of Foxp3+ cells in CD45.1�CD4+ T cells in colonic lamina propria 11 weeks after transfer.

Data information: Statistical analysis was performed using one-way ANOVA (C–E) or unpaired two-tailed t-test (G, I) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001;
ns, not significant).
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gradually demethylated during the course of differentiation. The

complete development of pTreg equipped ultimately with deme-

thylated TSDR might need to be preceded by the unique methy-

lation-dependent C/EBP activity to protect Foxp3 expression from

inhibitory cytokines at the early stages of its development. Identifi-

cation of the mechanisms that lead to the demethylation of the

TSDR may be crucial for the generation of stable iTreg populations

aimed at the treatment of a variety of diseases. Our findings,

however, suggest a novel way of increasing the stability of iTreg

cells without modulating the methylation status of the TSDR, but

rather by regulating the level of C/EBP expression.

It has been reported that RA controls TGF-b-induced Treg dif-

ferentiation by multiple mechanisms [14,16,17]: that is, not only

does RA enhance Foxp3 expression independently of inhibitory

cytokines, but also attenuates the negative effect of inhibitory

cytokines on Foxp3 induction. However, no mechanistic explana-

tion on whether the dual roles of RA in Foxp3 expression originate

from a common route or disparate pathways was provided. Regard-

ing this complex problem, we have also uncovered the existence of

a novel molecular mechanism by which C/EBPb elevated by retinoic

acid counteracts the repression of Foxp3 expression by inhibitory

cytokines.

A

B

Figure 6. Human C/EBPb also confers resistance to inhibitory effect of IFN-c and IL-4 on human iTreg generation.

A Flow cytometry of intracellular FOXP3 staining (right) or isotype control (left) in human CD4+CD25�CD45RA+ naïve T cells transduced with control retrovirus (Min) or retrovirus
encoding hC/EBPb and cultured for 2 days under conditions as indicated. Representative experiments are shown in the left panel and pooled data with mean � s.e.m. are
shown on the right. Histograms are gated for CD4+NGFR+. Statistical analysis was performed using unpaired two-tailed t-test (*P < 0.05; ns, not significant).

B Flow cytometry of CFSE-labeled human CD4+CD25� T cells (responder) stimulated 4 days alone or together with NGFR+-sorted human CD4+CD25�CD45RA+ naïve T
cells (suppressor) transduced with control retrovirus (Min) or retrovirus encoding hC/EBPb and cultured for 5 days in the presence of hTGF-b, anti-hIFN-c, and anti-
hIL-4 Abs. Histograms are gated for CFSE+. The ratio of responder to suppressor is 1:0.2 (top) or 1:0.4(bottom). Data are representative of two independent
experiments with consistent results.
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Our data presented in this study demonstrate that C/EBPa, d,
and e are also able to confer resistance to inflammatory cytokines,

IFN-c and IL-4, albeit C/EBPb is the most potent. This result implies

the functional redundancy among them. In line with this result, we

observed no differences in Foxp3 expression in C/EBPb-deficient
CD4 T cells even in the presence of inflammatory cytokines and RA

(Appendix Fig S2). Considering the functional redundancy among

C/EBP family members, single-gene knockout may not be sufficient

to uncover the physiological roles of C/EBP family members. Thus,

relatively normal differentiation of iTreg cells in C/EBPb-deficient
CD4 T cells appears to be mainly due to the availability of C/EBPa,
d, and e. The upregulation of C/EBPa and d expression by RA makes

them likely alternatives to C/EBPb. However, the functional redun-

dancy among C/EBP members remains to be investigated further in

detail. Nevertheless, our findings suggest that C/EBP targeting can

be applied for novel applications treating inflammatory diseases.

Materials and Methods

Mice

Balb/c and C57BL/6 mice were purchased from The Jackson Labo-

ratory. Foxp3EGFP mice and 2D2 TCR-transgenic mice were kindly

provided by T. A. Chatila (the University of California at Los Ange-

les) and Dong-Sup Lee (Seoul National University), respectively. All

mice were bred and maintained in specific pathogen-free barrier

facilities at Seoul National University and were used according to

protocols approved by the Institutional Animal Care and Use

Committees (IACUC) of Seoul National University.

Antibodies and reagents

The Abs against CD3e (2C11), CD28 (37.51), APC- or PE-conjugated

CD-25 (PC61), PE- or biotin-conjugated human CD271, PE-conju-

gated DO11.10 (KJ1.26), PE-conjugated Vb11 (RR3-15), and

biotin-conjugated Va3.2 [b,c] (RR3-16) from BD Pharmingen;

PE-Cy7-conjugated CD4 (GK1.5), APC-conjugated Foxp3 (FJK-16s),

biotin-conjugated CD44 (IM7), FITC-conjugated CD44 (IM7), IL-4

(11B11), and IFN-c (XMG1.2) from eBiosciences; TGF-b1,2,3
(1D11); C/EBPb (C-19), from Santa Cruz. RhTGF-b1 from eBio-

sciences, mIL-6, mIFN-c, mIL-4 from Peprotech, and all-trans

retinoic acid, 5-azacytidine from Sigma.

Cell sorting

Naı̈ve CD4+ T cells (CD4+CD25�CD44�) and memory CD4+ T cells

(CD4+CD25�CD44+) from spleen and lymph node cells of 8- to 12-

week-old C57BL/6 mice [35] were purified using FACS Aria II (BD)

or SH800 Cell Sorter (Sony). The purity of naı̈ve and memory CD4+

T cells was consistently >98 and 95%, respectively.

T-cell differentiation in vitro

All cultures for T cells used RPMI-1640 medium supplemented with

10% FBS, 2 mM glutamine, 100 U/ml penicillin, 100 lg/ml strepto-

mycin, and 55 lM 2-mercaptoethanol [36]. CD4+ T cells were acti-

vated with plate-bound anti-CD3 (3 lg/ml) and soluble anti-CD28

(0.5 lg/ml) antibodies. Concentrations of cytokines and antibodies

are as follows: 5 ng/ml TGF-b, 10 U/ml IL-2, 10 ng/ml IFN-c,
1 ng/ml IL-4, 10 ng/ml IL-6, 10 ng/ml IL-12, 5 lg/ml anti-IFN-c,
5 lg/ml anti-IL-4, 10 lg/ml anti-TGF-b, 1 lM 5-aza, 100 nM ATRA.

Culture supernatant was harvested after 48 h from cultures

of memory CD4+ T cells activated with plate-bound anti-CD3

(3 lg/ml) and anti-CD28 (3 lg/ml) antibodies.

Retroviral transduction

Naı̈ve CD4+ T cells were stimulated for 24 h with plate-bound anti-

CD3 (3 lg/ml) and soluble anti-CD28 (1 lg/ml) together with

soluble anti-IFN-c (5 lg/ml), anti-IL-4 (5 lg/ml), and anti-TGF-b
(10 lg/ml), and spin-infected for 1 h with retroviral supernatant

containing 6 lg/ml polybrene from Phoenix packaging cells trans-

fected with retroviral expression plasmids.

Intracellular staining

CD4+ T cells were fixed with cytofix/permeabilization solution

(BD), stained with anti-Foxp3-APC, and analyzed on FACS Canto II

(BD). In human cells, Foxp3 staining kit (eBioscience) was used.

Quantitative real-time PCR

Quantitative real-time PCR was performed on ABI StepOnePlus real-

time PCR system using SYBR green PCR master mix (Applied

Biosystems).

The PCR primers used are as follows: C/EBPa forward, 50-CGCAA
GAGCCGAGATAAAGC-30; C/EBPa reverse, 50-CACGGCTCAGCTGTT
CCA-30; C/EBPb forward, 50-AGCGGCTGCAGAAGAAGGT-30; C/EBPb
reverse, 50-GGCAGCTGCTTGAACAAGTTC-30; C/EBPd forward, 50-CA
TCGACTTCAGCGCCTACA-30; C/EBPd reverse, 50-GCTTTGTGGTTGC
TGTTGAAGA-30; C/EBPe forward, 50-CCTGCAGTCCCCTTCTCAAG-30;
C/EBPe reverse, 50-TCACGTCGCAGTCGGTACTC-30; Foxp3 forward,

50-GGACAGACCACACTTCATGCA-30; Foxp3 reverse, 50-GCTGAT
CATGGCTGGGTTGT-30; b-actin forward, 50-CAACGAGCGGTTCC
GATG-30; b-actin reverse, 50-GCCACAGGATTCCATACCCA-30.

Experimental colitis model

RAG-2�/� mice were injected intravenously with CD4+CD45RBhigh

cells (5 × 105) alone or together with FACS-sorted CD4+GFP+ cells

(2 × 105) infected with control retrovirus (MigRI) or C/EBPb-encoding
retrovirus and cultured for 2 days in the presence of TGF-b and culture

supernatant. Mice were observed daily and weighed weekly. 12 weeks

after cell transfer, mice were sacrificed for histological analysis. Tissue

samples from distal portion of the large intestine were prepared and

fixed in 10% formalin. Fixed tissues were embedded in paraffin and

were cut into 6-lm sections and stained with hematoxylin and eosin.

Histopathology was scored by a pathologist in a blinded fashion as a

combination of intestinal inflammation (score 0–5), neutrophil infiltra-

tion (score 0–4), and gland epithelial hyperplasia (score 0–4).

Oral or intravenous administration of OVA

Naive CD4+DO11.10+CD44�CD25� cells isolated from Rag2�/�

DO11.10 mice were transduced with the retrovirus and were
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adoptively transferred into Balb/c recipient mice by i.v injection

1 day before antigen administration. For oral antigen adminis-

tration, the recipient mice were fed 1% OVA (GradeV; Sigma-

Aldrich) solution dissolved in drinking water for 5 consecutive

days for oral antigen administration, or immunized by i.v.

injection of 20 lg of OVA323–339 peptide in PBS saline 1 and

3 days after adoptive transfer for intravenous administration.

Six days after adoptive transfer, mesenteric lymph nodes were

harvested from recipient mice and analyzed.

Experimental autoimmune encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE) was induced by

adoptive transfer of naive CD4+Vb11+Va3.2+CD44�CD25� cells

isolated from 2D2 mice into Rag2�/� mice by i.v injection. One day

later, the recipient mice were immunized by subcutaneous injection

of 200 lg myelin oligodendrocyte glycoprotein, amino acids 35–55

in complete Freund’s adjuvant.

Chromatin immunoprecipitation assays

ChIP assay was carried out according to the manufacturer’s guide

(Upstate/Millipore). The PCR primer set used is as follows:

Foxp3 TSDR forward, 50-ACAGAATCGATAGAACTTGGGTTTT-30;
Foxp3 TSDR reverse, 50-CGAGAAGTGGCTAGTCTATCCTGTA-30.

Bisulfite sequencing

Methylation analysis was performed using Methyl Detector kit

(Active Motif) according to manufacturer’s protocols.

PCR products were performed using PfuTurbo Cx hotstart DNA

polymerase (Stratagene) with the primer set (Foxp3 CNS2 forward,

50-TTTTGGGTTTTTTTGGTATTTAAGA-30; Foxp3 CNS2 reverse, 50-
TTAACCAAATTTTTCTACCATTAAC-30). PCR products were T/A

cloned into the pGEM-T easy vector (Promega). Recombinant plas-

mids from the individual bacterial colonies were purified and

sequenced.

Electrophoretic mobility shift assay

The DNA binding reaction was performed in a total volume of

20 ll containing nuclear extracts (3 lg), end-labeled probe, and

2 lg of poly(dI-dC) in binding buffer containing 10 mM HEPES

(pH 7.9), 80 mM KCl, 0.05 mM EDTA, 1 mM MgCl2, 1 mM

dithiothreitol, and 6% glycerol. The DNA–protein complex was

resolved in a nondenaturing 5% polyacrylamide gel in 0.5× TBE

buffer.

The following oligonucleotides were used as probes: Foxp3 CNS2

methyl-CRE forward, 50-CCGGCCGCCATGAmCGTCAATGGCAGAA

A-30; Foxp3 CNS2 methyl-CRE reverse, 50-TTTCTGCCATTGAmCGT

CATGGCGGCCGG-30; Foxp3 CNS2 unmethyl-CRE forward, 50-CC
GGCCGCCATGACGTCAATGGCAGAAA-30; Foxp3 CNS2 unmethyl-

CRE reverse, 50-TTTCTGCCATTGACGTCATGGCGGCCGG-30

Human T-cell isolation and in vitro stimulation

Human adult blood samples were anonymously provided by the

Blood Center of the Korean Red Cross, Seoul, under the

approval of the Institutional Review Board with consent for

research use. Experiments involving human blood were approved

by the Institutional Review Board at Seoul National University

(SNUIRB No. 1502/001-013). PBMCs were prepared from venous

blood from healthy adult donors by Ficoll-Hypaque density gradi-

ent centrifugation. Human-purified CD4 T cells were stimulated

with Dynabeads Human T-Activator CD3/CD28 in a bead-to-cell

ratio of 1:1.

Statistics

Independent two-tailed t-test was used for analysis of two groups.

When comparing more than two groups, one-way ANOVA was

used. In the case where the data are non-parametric, Kruskal–Wallis

test was performed.

Expanded View for this article is available online.
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