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SUMMARY

The transcription factor Foxp3 dominantly controls
regulatory T (Treg) cell function, and only its contin-
uous expression guarantees the maintenance of full
Treg cell-suppressive capacity. However, transcrip-
tional regulators maintaining Foxp3 transcription
are incompletely described. Here, we report that
high E47 transcription factor activity in Treg cells re-
sulted in unstable Foxp3 expression. Under homeo-
static conditions, Treg cells expressed high levels
of the E47 antagonist Id3, thus restricting E47 activity
and maintaining Foxp3 expression. In contrast, stim-
ulation of Id3-deficient or E47-overexpressing Treg
cells resulted in the loss of Foxp3 expression in a
subset of Treg cells in vivo and in vitro. Mechanistic
analysis indicated that E47 activated expression of
the transcription factor Spi-B and the suppressor of
cytokine signaling 3 (SOCS3), which both downregu-
lated Foxp3 expression. These findings demonstrate
that the balance of Id3 and E47 controls the mainte-
nance of Foxp3 expression in Treg cells and, thus,
contributes to Treg cell plasticity.

INTRODUCTION

CD4+Foxp3+ regulatory T (Treg) cells are crucial for maintaining

immune homeostasis and peripheral tolerance due to their ability

to suppress T cell responses. Consequently, mice and humans

lacking Treg cells suffer from autoimmune and inflammatory

disorders (Sawant and Vignali, 2014). The transcription factor

Foxp3 is critical for Treg cell development and instrumental in

maintaining full Treg cell function (Sawant and Vignali, 2014).

Initiation and maintenance of Foxp3 expression are tightly

controlled epigenetically and by various transcriptional regula-
Cell Repo
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tors (Huehn and Beyer, 2015). Besides the Foxp3 promoter,

three conserved non-coding regulatory sequences (CNS1–3)

have been identified that control Foxp3 transcription. Of these,

the CNS2 region contains several demethylated CpG islands in

committed Treg cells and, thus, guarantees heritable mainte-

nance of Foxp3 expression (Huehn and Beyer, 2015). However,

Foxp3+ Treg cells have been suggested to dedifferentiate

into Foxp3� effector T cells, losing their suppressive capacity

and producing proinflammatory cytokines (Sawant and Vignali,

2014).

E47, together with E12, HEB, and E2-2, form the E protein

family of transcription factors, which upon homo- or heterodime-

rization with other helix-loop-helix (HLH) proteins regulate tran-

scription through binding to E boxes located in promoter or

enhancer regions of target genes (Murre, 2005). E protein activity

is restricted by heterodimerization with any member of the Id

protein family. Id proteins (Id1–4) also belong to the HLH family.

However, they lack the basic DNA-binding region; thus, the E-Id

heterodimer does not bind to DNA (Murre, 2005). The balance of

the E proteins E47 and HEB with the Id proteins Id2 and Id3 con-

trols T cell differentiation at various stages of T cell development

and specification (Gao et al., 2014; Jones and Zhuang, 2007;

Maruyama et al., 2011; Miyazaki et al., 2011, 2014; Rivera

et al., 2000; Yang et al., 2011).

In this study, we show that increased E47 activity led to the

downregulation of Foxp3 expression in established Treg cells.

Under homeostatic conditions, Treg cells expressed high levels

of Id3, contributing to stable Foxp3 expression by restricting

E47 activity. Interestingly, we found that E47 was not a direct

repressor of Foxp3 transcription but rather acted by activating

the expression of the transcription factor Spi-B. Both E47 and

Spi-B stimulated the expression of suppressor of cytokine

signaling (SOCS) 3 (SOCS3) that, in turn, hampered Foxp3 tran-

scription. These findings suggest that the balance of Id3 and E47

controls Foxp3 expression in established Treg cells and that a

dynamic regulation of this balance might contribute to Treg cell

plasticity.
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Figure 1. Id3 Maintains Foxp3 Expression in Treg Cells

(A) Percentage of Foxp3+ cells among transferred cells immediately before and 7 days after transfer (in spleen) of FACS-sorted Treg cells (CD4+

TCRb+CD8�CD45RBloCD25+) isolated from WT and Id3�/� mice (Thy1.2+) into WT mice (Thy1.1+) (n = 3).

(B) Percentage of Foxp3+ cells immediately before and after 3 days of in vitro anti-CD3/CD28 stimulation of FACS-sorted Treg cells (CD4+

TCRb+CD8�CD45RBloCD25+) isolated from WT and Id3�/� mice (n = 3–5).

(C) Percentage of Foxp3+ cells in cells that had not divided (0 div.) or divided 2–4 times (2–4 div.) after 3 days of in vitro anti-CD3/CD28 stimulation of FACS-sorted

Treg cells (CD4+TCRb+CD8�CD45RBloCD25+) isolated fromWT and Id3�/�mice based on their CFSE (carboxyfluorescein succinimidyl ester) level, as indicated

(n = 3–5, mean ± SEM; same cells as in B).

(legend continued on next page)
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RESULTS

Established Treg Cells Require Id3 for Maintaining
Foxp3 Expression
Treg cells express high levels of Id3, yet depleting Id3 in Treg

cells does not affect Treg cell development, homeostasis, or sur-

vival under conditions of continuous thymic output (Gao et al.,

2014; Miyazaki et al., 2014). To investigate a role for Id3 in pe-

ripheral Treg cells independent of thymic output, we transferred

Treg cells isolated from wild-type (WT) and Id3�/� mice into WT

Thy1.1 recipient mice. To rule out that, either as an intrinsic result

of Id3 deficiency or due to extrinsic changes in Id3�/� mice (Ver-

ykokakis et al., 2010), peripheral Id3�/� Treg cells are not func-

tional, we confirmed that Id3�/� Treg cells expressed important

Treg cell molecules (Ctla4, Il10, and Irf4) (Figure S1A) and were

able to suppress CD4+ T cell proliferation in vitro (data not

shown). We recovered equal or even increased numbers of

transferred Id3�/� cells 7 days post-transfer in the spleens of

host mice, confirming that lack of Id3 alone does not negatively

affect Treg cell survival (Figure S1B). However, a larger fraction

of Id3�/� Treg cells lost Foxp3 expression 7 days post-transfer,

compared to WT cells (Figure 1A). In agreement, a large subset

of Id3�/� Treg cells became Foxp3� after in vitro stimulation

with anti-CD3/CD28, while WT cells predominantly maintained

Foxp3 expression (Figure 1B). The decreased Foxp3 expression

in Id3�/� cells was greatest in Id3�/� Treg cells that had not

divided and, thus, was not due to increased abundance of

contaminating and proliferating Foxp3� cells (Figure 1C), nor

was it due to increased cell death, as we did not detect any

differences in the amount of viable cells after 3 days of stimula-

tion (Figure S1C). Since Id3�/� mice had a lower frequency of

CD62Lhi Treg cells compared to WT mice (data not shown),

we isolated CD62Lhi naive-like Treg cells (Smigiel et al., 2014)

to rule out the possibility that unstable Foxp3 expression in

Id3�/� Treg cells was secondary due to an increased abundance

of activated Treg cells. The abundance of Ctla4 and Irf4 tran-

scripts was comparable in WT and Id3�/� CD62Lhi Treg cells,

and Irf4 expression was reduced compared to bulk Treg cells,

confirming that we isolated naive-like Treg cells and that

WT and Id3�/� cells had a similar activation status (Figure S1D).

Transfer of these naive-like Treg cells together with naive

CD4+CD45RBhi T cells into Rag�/� mice resulted in greater

downregulation of Foxp3 in transferred Id3�/� compared to WT

Treg cells in the spleen and mesenteric lymph nodes (MLNs)

(Figure 1D). Co-transfer of WT Treg cells ameliorated the devel-

opment of colitis, while co-transfer of Id3�/� Treg cells did not

result in lower colitis scores compared to those of mice that

had received only effector T cells (Figure 1E). Thus, Id3�/� Treg
(D) Percentage of Foxp3+ cells in spleen and MLNs among transferred Treg ce

days 33–53 post-transfer or 2 days after mice had lost >20% of the

(CD4+TCRb+CD8�CD62LhiCD45RBloCD25+) isolated from WT and Id3�/� mice

Rag�/� mice (n = 5 experiments; each point corresponds to an individual mouse

(E) Colitis scores of Rag�/� mice that received only CD4+CD25�CD45RBhi effect

Id3�/� Treg cells (black circles) (n = 5 experiments; each point corresponds to an

mid-colon. Scale bars, 500 mm (top row) and 100 mm (bottom row).

*p < 0.05; **p < 0.01; ns, not significant, Student’s t test.

See also Figure S1.
cells lose expression of Foxp3 upon T cell receptor (TCR)

stimulation in vitro and after transfer into lymphoreplete and

lymphopenic mice in vivo, and this is accompanied by a reduced

capability to prevent inflammatory T cell responses.

High E47 Activity in Treg Cells Downregulates Foxp3
Expression
To unambiguously exclude secondary effects of germline Id3

deficiency and to determine whether Id3 maintains Foxp3

expression by restricting E47 activity, we analyzed the effect of

E47 overexpression on Foxp3 stability inWT Treg cells. In accor-

dance with the data from Id3�/� Treg cells, the percentage of

Foxp3-expressing cells was significantly less in Treg cells, which

had been transduced with a retroviral vector expressing E47-

IRES (internal ribosomal entry site)-Thy1.1 (pMIT-E47), than

in cells transduced with the control IRES-Thy1.1 (pMIT) vector

after 3 days of anti-CD3/CD28 stimulation (Figure 2A) and in vivo

after co-transfer of E47 and control-vector-transduced Treg

cells isolated from Foxp3-IRES-mRFP (monomeric red fluores-

cent protein) reporter mice (Wan and Flavell, 2005) (CD4+RPF+;

sort purity: > 99% Foxp3+) with CD4+CD25�CD45RBhi T cells

into Rag�/� mice (Figure 2B). Thus, in established Treg cells,

increased E47 activity downregulates Foxp3 expression.

Comparing Foxp3 expression in non-transduced cells (pMIT-

E47, Thy1.1�) cultured in the same well as E47-overexpressing

cells revealed that E47 repressed Foxp3 expression by a cell-

intrinsic mechanism, since no reduction of Foxp3 was observed

in non-transduced cells (Figure S2A). Finally, retroviral transduc-

tion of TCR-stimulated CD4+CD25� T cells with the pMIT or

pMIT-E47 vector and subsequent stimulation of these cells for

24 hr with transforming growth factor (TGF)-b to induce Foxp3

expression also resulted in much reduced recovery of Foxp3+

Treg cells among E47 compared to control-vector-transduced

cells (Figure S2B). Thus, in line with a role for E47 in suppressing

Foxp3 expression in established Treg cells in vitro and in vivo,

high levels of E47 activity also repressed Foxp3 expression

during the in vitro differentiation of Treg cells.

E47 Represses Foxp3 Transcription
To determine whether the observed E47-mediated reduction of

Foxp3+ cells was due to lower Foxp3 mRNA levels or resulted

from altered protein abundance, we quantitated Foxp3 transcript

levels and found that E47 overexpression in TGF-b-induced

Treg cells reduced Foxp3 mRNA abundance to about 50%

of cells transduced with the control construct (Figure 2C). To

confirm that E47 represses Foxp3 transcription and to identify

the Foxp3 regulatory elements affected by E47, we performed

luciferase reporter experiments. Besides the Foxp3 promoter,
lls (Thy1.2+) immediately before and at the endpoint of the experiment (either

ir original weight) after transfer of FACS-sorted naive-like Treg cells

(Thy1.2+) together with CD4+CD25�CD45RBhi effector T cells (Thy1.1+) into

).

or T cells (black squares) or that were co-transferred with WT (white circles) or

individual mouse). Representative micrographs show H&E-stained sections of
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Figure 2. E47 Downregulates Foxp3 Transcription

(A) Percentage of Foxp3+ cells among Thy1.1+ cells of in vitro anti-CD3/CD28-stimulated Treg cells transduced with retroviral vectors encoding IRES-Thy1.1

(pMIT) or E47-IRES-Thy1.1 (pMIT-E47) at 24, 48, and 72 hr post-transduction (n = 5, mean ± SEM).

(B) Percentage of Foxp3+ cells in spleen and MLNs among transferred (Thy1.2+) and transduced (Thy1.1+) Treg cells at the endpoint of the experiment (either

40 days post-transfer or 2 days after mice had lost >20% of their original weight) after transfer of retroviral-transduced FACS-sorted Treg cells

(CD4+RFP+Thy1.1+) isolated from Foxp3-RPFmice and transducedwith retroviral vectors encoding IRES-Thy1.1 (pMIT) or E47-IRES-Thy1.1 (pMIT-E47) together

with CD4+CD25�CD45RBhi effector T cells (Thy1.2�Thy1.1+) into Rag�/� mice (n = 2 experiments; each point corresponds to an individual mouse).

(legend continued on next page)
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several cis-regulatory elements in the Foxp3 locus referred to as

CNS1–3 have been reported (Figure S3A). CNS1 is critical for the

TGF-b-induced Foxp3 expression, CNS2 is critical for the herita-

ble maintenance of Foxp3 expression, and CNS3 controls the

thymic de novo induction of Foxp3 expression (Huehn and

Beyer, 2015). Since Id3�/� mice have normal numbers of thymic

Foxp3+ Treg cells (Gao et al., 2014; Miyazaki et al., 2014),

we focused our analysis on the Foxp3 promoter, CNS1, and

CNS2. E47 expression suppressed the activity of a reporter

containing the Foxp3 promoter and both CNS1 and CNS2 in a

dose-dependent manner (Figure 2D), clearly supporting our hy-

pothesis that E47 represses Foxp3 transcription. More detailed

analysis revealed that E47 repressed the activity of both the

Foxp3 promoter and the CNS2 enhancer, while CNS1 enhancer

activity was unaffected by E47 (Figures S3B–S3E). In silico anal-

ysis predicted the presence of two conserved putative E47-bind-

ing sites in the CNS2 enhancer and none in the Foxp3 promoter

(Figure S3A). However, mutation of both putative E boxes did not

abolish the inhibitory effect of E47 on the Foxp3-promoter-

CNS1-CNS2 construct (Figure 2E), suggesting that E47 does

not directly bind to CNS2 for suppressing Foxp3 transcription.

To investigate whether binding of E47 to the DNA is required

for E47-mediated Foxp3 repression or whether E47 functions

through other mechanisms (e.g., by sequestering positive regu-

latory factors, such as the cofactor p300/CBP), we analyzed

the effect of an E47 mutant, E47R558K, which can dimerize and

interact with potential cofactors but cannot bind to the DNA (Vor-

onova and Baltimore, 1990). This mutant did not inhibit luciferase

expression using the Foxp3-promoter-CNS1-CNS2 reporter

construct (Figure 2F), and it did not affect the maintenance of

Foxp3 expression in Treg cells (Figure 2G), confirming that E47

binds to the DNA to indirectly mediate Foxp3 downregulation

and that overexpression of E47 does not function by depriving

the system of positive regulatory factors.

E47 Activates Expression of Spi-B, which Suppresses
Foxp3 Expression in Treg Cells
To identify immediate E47 target genes in Treg cells and to

identify potential negative regulators of Foxp3 transcription,

we compared the gene expression profiles of TGF-b-induced

Treg cells, which had been transduced with a tamoxifen

(OHT)-inducible pMIT-E47-ER (endoplasmic reticulum) or con-

trol pMIT-bHLH (basic HLH)-ER vector and treated with OHT

for 6 hr. 44 genes were activated, and only four genes were

repressed by more than 1.5-fold in pMIT-E47-ER- compared

to pMIT-bHLH-ER-transduced cells (Figure 3A). Specifically,

we found greater expression of the transcription factors
(C) qRT-PCR analysis of Foxp3 mRNA transcripts in Thy1.1+ cells from WT CD4+

CD28 and TGF-b at 24 hr post-transduction (n = 6, mean ± SEM).

(D–F) Luciferase reporter assay in RLM-11-1 cells transiently transfected with (D)

E47 (black bars) or control (white bar) expression vectors, (E) the WT or CNS2-mu

bars) expression vectors and (F) the indicated WT Foxp3 reporter construct togeth

after 18 hr of P/I stimulation. Normalized luciferase activities are shown as fold

expression vector (n R 3, mean ± SEM).

(G) Percentage of Foxp3+ cells among Thy1.1+ cells of in vitro anti-CD3/CD28-s

(pMIT), E47-IRES-Thy1.1 (pMIT-E47), or E47R558K-IRES-Thy1.1 (pMIT-E47R558K)

*p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant, Student’s t test.

See also Figures S2 and S3.
Mxd1, Ikzf3, E2f2, Smad3, Spib, and Klf4 in E47-overexpress-

ing cells than in control cells (Figure 3A). To determine whether

any of the E47-activated transcription factors repressed Foxp3

transcription, we tested their influence on Foxp3 transcription in

TGF-b-induced Treg cells by retroviral transduction. Analysis of

Foxp3 expression 24 and 72 hr after retroviral transduction re-

vealed that MXD1, IKZF3, E2F2, or SMAD3 overexpression did

not alter the amount of Foxp3+ cells among transduced cells

(Figure S4). In contrast, only about 15% of cells transduced

with a retrovirus expressing Spi-B (pMIT-SpiB) were Foxp3+,

whereas 30%–40% of control-virus-transduced (pMIT) cells

expressed Foxp3 (Figure 3B). Quantification of Foxp3

mRNA abundance in TGF-b-induced Treg cells transduced

with an OHT-inducible pMIT-SpiB-ER vector confirmed that

Spi-B acts by repressing Foxp3 transcription (Figure 3C).

Finally, we found a significantly lower percentage of Foxp3+

Treg cells upon transduction of Treg cells with the vector

expressing Spi-B than in control-transduced cells after 3 days

of anti-CD3/CD28 stimulation (Figure 3D) and in vivo after

co-transfer of Spi-B and control-vector-transduced Treg cells

isolated from Foxp3-IRES-mRFP reporter mice (CD4+RPF+;

Sort purity: > 99% Foxp3+) with CD4+CD25�CD45RBhi T cells

into Rag�/� mice (Figure 3E).

To determine whether, also under endogenous conditions,

high levels of E47 activated Spib expression in Treg cells, we

quantified the amount of Spib mRNA in Id3�/� compared to

WT Treg cells and found that Spib mRNA levels were increased

in Id3�/� compared to WT Treg cells after 3 days of in vitro stim-

ulation with anti-CD3/CD28 (Figure 3F). In line with this, Spib

mRNA levels were substantially higher in E47-overexpressing

than in control-transduced Treg cells (Figure 3G).

E47 and Spi-B Negatively Affect Foxp3 Expression by
Activating SOCS3 Expression
To investigate whether E47 or Spi-B alone was sufficient to

repress Foxp3 transcription, we analyzed Foxp3 mRNA abun-

dance uponOHT-mediated induction of E47 or Spi-B in the pres-

ence of the protein synthesis inhibitor cycloheximide (CHX).

Interestingly, Foxp3 mRNA abundance was not altered upon

E47 or Spi-B activation in the presence of CHX (Figure 4A), sug-

gesting that both activate the de novo synthesis of molecules

that downregulate Foxp3 transcription. To determine whether

E47 and Spi-B are co-dependent for repressing Foxp3 tran-

scription, we analyzed whether Spi-B acts by activating E47

transcription. While E47 was able to activate Spib transcription

independently of de novo protein synthesis in the presence of

CHX, E47 mRNA abundance was not altered in OHT-treated
CD25� cells transduced with pMIT or pMIT-E47 and stimulated with anti-CD3/

the indicated WT Foxp3 reporter construct together with increasing amounts of

tated Foxp3 reporter construct together with E47 (black bars) or control (white

er with WT or mutant E47 (black bars) or control (white bar) expression vectors

changes compared to the mean luciferase activity in the absence of the E47

timulated Treg cells transduced with retroviral vectors encoding IRES-Thy1.1

at 72 hr post-transduction (n = 3, mean ± SEM).
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Figure 3. Spi-B Represses Foxp3 Expression in Treg Cells

(A) Heatmap of genes that are differentially expressed (>1.5-fold) in TGF-b-induced Treg cells, transduced with pMIT-E47-ER compared to pMIT-bHLH-ER-

transduced cells, and treated with OHT for 6 hr.

(B) Percentage of Foxp3+ cells among Thy1.1+ cells of WT CD4+CD25� cells transduced with pMIT or pMIT-SpiB and stimulated with anti-CD3/CD28 and TGF-b

at 24 and 72 hr post-transduction (n = 6, mean ± SEM). Displayed FACS blots represent cells at 24 hr post-transduction.

(C) qRT-PCR analysis of Foxp3mRNA transcripts in Thy1.1+ cells fromWTCD4+CD25� cells transduced with pMIT-SpiB-ER and stimulated with anti-CD3/CD28

and TGF-b in the absence or presence of OHT for 24 hr (n = 3, mean ± SEM).

(D) Percentage of Foxp3+ cells among Thy1.1+ cells of in vitro anti-CD3/CD28-stimulated Treg cells transduced with pMIT or pMIT-SpiB at 72 hr post-trans-

duction (n = 9, mean ± SEM).

(E) Percentage of Foxp3+ cells in spleen and MLNs among transferred (Thy1.2+) and transduced (Thy1.1+) Treg cells at the endpoint of the experiment (either

40 days post-transfer or 2 days after mice had lost >20% of their original weight) after transfer of retroviral-transduced FACS-sorted Treg cells

(CD4+RFP+Thy1.1+) isolated from Foxp3-RPF mice and transduced with retroviral vectors encoding IRES-Thy1.1 (pMIT) or SpiB-IRES-Thy1.1 (pMIT-SpiB)

together with CD4+CD25�CD45RBhi effector T cells (Thy1.2�Thy1.1+) into Rag�/� mice (n = 2 experiments; each point corresponds to an individual mouse).

(F) qRT-PCR analysis of Spib mRNA transcripts in WT and Id3�/� Treg cells stimulated with anti-CD3/CD28 for 72 hr (n = 3, mean ± SEM).

(G) qRT-PCR analysis of SpibmRNA transcripts in Thy1.1+ cells isolated fromWT Treg cells (CD4+CD25+) transduced with pMIT or pMIT-E47 and stimulated with

anti-CD3/CD28 at 72 hr post-transduction (n = 3, mean ± SEM).

*p % 0.05; **p % 0.01; ***p < 0.001, Student’s t test.

See also Figure S4.
pMIT-SpiB-ER compared to control-transduced Treg cells

(Figure 4B). These data suggest that E47 acts upstream by

directly activating Spib transcription, and, once its expression
2832 Cell Reports 17, 2827–2836, December 13, 2016
is induced, Spi-B-mediated repression of Foxp3 transcription

does not require E47. Next, we hypothesized that both E47

and Spi-B act through activating the expression of a common
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Figure 4. E47 Represses Foxp3 Expression in Treg Cells via SOCS3

(A–C) qRT-PCR analysis of (A) Foxp3, (B) Spib or E47 and (C) Socs3mRNA transcripts in Thy1.1+ cells fromWT CD4+CD25� cells transduced with pMIT-E47-ER

or pMIT-SpiB-ER and stimulated with anti-CD3/CD28 and TGF-b for 24 hr in the absence or presence of OHT and CHX as indicated (n : 2, mean ± SEM).

(D) qRT-PCR analysis of Socs3 mRNA transcripts in WT and Id3�/� Treg cells stimulated with anti-CD3/CD28 for 72 hr (n = 4, mean ± SEM).

(E) Percentage of Foxp3+ cells among Thy1.1+ cells of WT CD4+CD25� cells transduced with pMIT or pMIT-SOCS3 and stimulated with anti-CD3/CD28 and

TGF-b at 24 and 72 hr post-transduction (n = 7, mean ± SEM). Displayed FACS blots represent cells at 24 hr post-transduction.

(F) Percentage of Foxp3+ cells among Thy1.1+ cells of in vitro anti-CD3/CD28-stimulated Treg cells transduced with pMIT or pMIT-SOCS3 at 72 hr post-

transduction (n = 6, mean ± SEM).

(G) Percentage of Foxp3+ cells among Thy1.1+ cells of control (Socs3fl/fl) or SOCS3-deficient (Socs3fl/fl lck cre) in vitro anti-CD3/CD28-stimulated Treg cells

transduced with pMIT or pMIT-E47 at 24 and 72 hr post-transduction (n = 2, mean ± SEM).

(H) Schematic model for the E47-mediated Foxp3 repression.

*p % 0.05; **p % 0.01; ns, not significant, Student’s t test.
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transcriptional regulator and focused on SOCS3 and KLF4,

as both were regulated by E47 as shown in our microarray

data. Most interestingly, we found that Socs3mRNA abundance

was increased upon OHT-induced Spi-B activation (Figure 4C),

while there was no change in Klf4mRNA levels (data not shown).

Importantly, Socs3 mRNA abundance was also increased in

Id3�/� compared to WT Treg cells after 3 days of in vitro stim-

ulation with anti-CD3/CD28 (Figure 4D). Interestingly, SOCS3

overexpression decreased the percentage of Foxp3+ cells after

retroviral transduction of TGF-b-induced Treg cells (Figure 4E)

and in ex vivo isolated Treg cells (Figure 4F).

Finally, to test whether the E47-mediated downregulation of

Foxp3 expression is mediated by SOCS3, we retroviral-trans-

duced control (Socs3fl/fl) and Socs3-deficient (Socs3fl/fl lck cre)

Treg cells with the control or E47 vector and determined the

amount of Foxp3+ Treg cells after in vitro stimulation with anti-

CD3/CD28. As demonstrated before, 72 hr after stimulation,

the percentage of Foxp3+ cells was significantly less in pMIT-

E47 compared to pMIT-transduced Treg cells (Figure 4G). In

striking contrast, in Socs3-deficient Treg cells, E47 overexpres-

sion did not reduce the amount of Foxp3+ cells compared to con-

trol-vector-transduced cells (Figure 4G), demonstrating that

SOCS3 was necessary for the E47-driven downregulation of

Foxp3 expression.

DISCUSSION

Here, we showed that the transcriptional regulator Id3 guaran-

tees stable Foxp3 expression in Treg cells. Specifically, we found

that E47, whose transcriptional activity is controlled by Id3,

downregulated Foxp3 transcription by activating other regula-

tory proteins, and we identified the E47 target Spi-B as a

repressor of Foxp3 transcription. Both increased E47 and

Spi-B activity resulted in increased Socs3 expression in Treg

cells, which, in turn, repressed Foxp3 expression (Figure 4H).

Loss of Foxp3 expression has been observed in subsets of

Treg cells under chronic inflammatory conditions (Sawant and

Vignali, 2014). We show here that a subset of Id3-deficient or

E47-overexpressingTregcells lost Foxp3expressionupon in vivo

adoptive transfer or TCR stimulation in vitro. Mechanistically, we

found that E47 repressed Foxp3 transcription by acting on the

Foxp3 promoter and the CNS2 enhancer and that the E47-

mediated Foxp3 downregulation occurred independently of

cell division. Therefore, although CNS2 is responsible for the

heritable maintenance of Foxp3 transcription by propagating de-

methylated CpG islands, we propose that E47-mediated Foxp3

repression is not triggered by deficient propagation of CNS2 de-

methylation but, rather, by an active mechanism. Interestingly,

NFAT (nuclear factor of activated T cells)-triggered interaction

of the Foxp3 promoter and CNS2 enhancer partially restricts

loss of Foxp3 expression in response to environmental cues

such as TCR activation or cytokines (Li et al., 2014). Although

Nfat expression levels were not altered at 6 hr of E47 overexpres-

sion (data not shown), itmight bepossible that theE47-mediated,

increased SOCS3 levels result in differential abundance of pro-

teins required for Foxp3-promoter-CNS2-enhancer looping.

It has been shown that Treg cells that lost Foxp3 expression

possess reduced suppressive activity and produce pro-inflam-
2834 Cell Reports 17, 2827–2836, December 13, 2016
matory cytokines, such as interleukin (IL)-17, interferon (IFN)-g,

and others (Bailey-Bucktrout et al., 2013; Sawant and Vignali,

2014). In accordance, co-transfer of Id3-deficient Treg cells

together with naive CD4+ T cells into Rag�/� mice did not effi-

ciently control the development of colitis. However, we did not

find any evidence of increased cytokine production by these

Id3-deficient, Foxp3-negative cells (data not shown) and pro-

pose that the defective control of inflammatory disease results

from reduced numbers of potent Foxp3+ suppressor cells

caused by Foxp3 downregulation in the absence of Id3. Thus,

Id3 expression in Treg cells is important for the maintenance of

Foxp3 expression in Treg cells in vivo, and, consequently, Id3

is indispensable for the maintenance of Treg-cell-suppressive

function.

To further define the E47-mediated transcriptional network in

Treg cells, we first identified the Ets-family transcription factor

Spi-B as a negative regulator of Foxp3 expression. Interestingly,

enforced expression of Spi-B prevents b-selection, as does

elevated E protein activity in Id3�/� mice, suggesting that, also

in developing T cells, Spib is regulated by E proteins (Lefebvre

et al., 2005; Rivera et al., 2000). Our study showed that, in Treg

cells, E47 and Spi-B both activated Socs3 transcription, and, at

least in the case of E47, this was absolutely necessary for its

repressive effect on Foxp3 in established Treg cells. It will be

interesting to determine whether there are SOCS3-independent

roles for Spi-B impacting Foxp3 expression, whether E47 and

Spi-B need to act cooperatively for inducing Socs3 transcription,

andwhether there isSpi-B-independentSocs3 activationbyE47.

As changes in cytokine signaling are likely to be instrumental

for the instability of Foxp3 expression in Treg cells during inflam-

mation and infection, the cytokine-induced signal transducer

and activator of transcription (STAT) proteins have been impli-

cated in this mechanism (Sawant and Vignali, 2014). Specifically,

IL-2 driven STAT5 activity prevented the loss of Foxp3

expression in antigen-specific Treg cells during inflammatory

autoimmune response (Bailey-Bucktrout et al., 2013), while

STAT3 promoted the loss of Foxp3 expression in Treg cells in

acute graft versus host disease (Laurence et al., 2012). STAT

activation is hampered by the SOCS proteins. SOCS3 triggered

Foxp3 downregulation in Treg cells as shown previously (Pil-

lemer et al., 2007) and, most interestingly, Socs3 expression

was upregulated by both high E47 and high Spi-B activity.

SOCS3 predominantly controls STAT3 activity; however, it has

also been implicated in controlling other STATs and pathways

unrelated to STAT activity (Carow and Rottenberg, 2014).

STAT transcription factors bind to the Foxp3 gene locus. Specif-

ically, STAT3 and STAT5 compete with shared DNA sequences

in the Foxp3 CNS2 region (Basu et al., 2015), and while STAT5

and STAT1 activate Foxp3 transcription (Burchill et al., 2007;

Ouaked et al., 2009), increased STAT3 binding has been corre-

lated with Foxp3 repression (Laurence et al., 2012; Zheng

et al., 2010). However, further studies are needed to define the

SOCS3 target and to understand the role and balance of STAT

proteins in Treg cells with an altered Id3-E47 balance.

In conclusion, the present study identified E47, Spi-B, and

SOCS3 as repressors of Foxp3 transcription in Treg cells.

Spi-B expression is directly activated by E47, whose activity is

normally restricted in Treg cells by high levels of Id3. Thus,



modulating the Id3-E47 balance in Treg cells may be utilized to

transiently prevent exaggerated immune suppression by Treg

cells and therefore be important in supporting immune re-

sponses. In contrast, a deregulated Id3-E47 balance in Treg cells

might result in autoimmunity through diminished Treg cell func-

tion; thus, therapeutic interference with the Id3-E47-Spi-B-

SOCS3 network might provide useful for the therapy of

immune-mediated disease.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 mice were purchased from Charles River Laboratories. Rag�/� and

Thy1.1 mice were obtained from institutional breeding colonies. Id3�/� and

Foxp3-IRES-mRFP mice have been described previously (Rivera et al.,

2000; Wan and Flavell, 2005). Socs3fl/fl lck cre mice were generated as

described previously (Carow et al., 2013), using Socs3fl/fl mice containing

loxP-flanked Socs3 alleles (Yasukawa et al., 2003). Mice were housed and

bred in specific pathogen-free conditions, and all experiments were performed

on 7- to 12-week-old mice. All animal experiments were approved and per-

formed in accordance with the guidelines of the local animal care and use

committees and the Regierungspräsidium Freiburg.

Flow Cytometry and Cell Sorting

For details of FACS analysis and cell sorting, refer to Supplemental Experi-

mental Procedures.

In Vitro T Cell Stimulation

For analyzing Foxp3+ stability in ex-vivo-isolated Treg cells, MACS (magnetic-

activated cell sorting)- or FACS-sorted Treg cells were stimulated using

plate-bound anti-CD3 (2C11; 2 mg/mL) and anti-CD28 (37.51; 1 mg/mL) in

the presence of IL-2 (500 U/mL) and blocking antibodies against IL-4

(11B11; 1 mg/mL) and IFN-g (XMG1.2; 1 mg/mL). For TGF-b-driven induction

of Foxp3+ Treg cells, MACS-isolated CD4+CD25� T cells were additionally

stimulated with TGF-b1 (5 ng/mL, R&D Systems).

Retroviral Transduction

MACS-sorted CD4+CD25� or CD4+CD25+ T cells, which had been activated

overnight on anti-CD3/CD28-coated plates, were resuspended in retroviral

supernatant and centrifuged at 3,000 rpm at 30�C for 90 min in the presence

of polybrene (1 mg/mL; Sigma) and IL-2. For retrovirus production, refer to

Supplemental Experimental Procedures.

Adoptive T Cell Transfer Model of Colitis

Rag�/� mice received 4 3 105 FACS-sorted CD4+CD45RBhi T cells (Thy1.1)

by intraperitoneal (i.p.) injection, either alone or in combination with 4 3

104 FACS-sorted WT or Id3�/� Treg cells (CD4+TCRb+CD8�CD62Lhi

CD45RBloCD25+), or with 3.4 3 104 retrovirally transduced Treg cells isolated

from Foxp3-IRES-RFP and FACS sorted 24 hr after retroviral transduction and

in vitro culture as CD4+RFP+Thy1.1+. For details of disease analysis, refer to

Supplemental Experimental Procedures.

RT-PCR

Total RNA was isolated using either the RNeasy Mini Kit (QIAGEN) or TRIzol

(Invitrogen). cDNA was prepared with oligo(dT) primers using the First Strand

cDNA Synthesis Kit (Thermo Scientific), including DNase I treatment.

qPCR was performed with the FastStart Universal SYBR Green Master Kit

(Roche) on the Mastercycler ep Gradient S (Eppendorf) with gene-specific

primers listed in the Supplemental Experimental Procedures. Hypoxanthine

guanine phosphoribosyl transferase 1 (Hprt1) transcript levels were used for

normalization.

Microarray Analysis

Total RNA was isolated from transduced and sorted cells with the RNeasy

Kit (QIAGEN), labeled, amplified, and hybridized to Mouse Genome 430 2.0
Arrays (Affymetrix). Probe-level expression values were calculated using

RMAExpress (http://rmaexpress.bmbolstad.com). Further analysis was per-

formed with the DChip analyzer (www.dchip.org). For cell preparation, refer

to Supplemental Experimental Procedures.

Luciferase Reporter Assay

RLM-11-1 cells (Polansky et al., 2010) were transfected by electroporation,

rested for 4 hr, and stimulated with phorbol 12-myristate 13-acetate (PMA)

and ionomycin as indicated, and luciferase activities were measured 18 hr

post-stimulation with the Renilla-Juice KIT (PJK GmbH) and homemade Firefly

substrate. For further details, refer to Supplemental Experimental Procedures.

Statistical Analyses

Statistical analyses were performed with Student’s t test or one-way ANOVA,

as indicated in the figure legends, using Prism 6 software (GraphPad Soft-

ware). All p values <0.05 were considered significant.
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