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expression by the AP-1 family
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FOXP3 is the lineage-defining transcription factor for Tregs, a cell type critical

to immune tolerance, but the mechanisms that control FOXP3 expression in

Tregs remain incompletely defined, particularly as it relates to signals

downstream of TCR and CD28 signaling. Herein, we studied the role of IRF4

and BATF3, two transcription factors upregulated upon T cell activation, to the

conversion of conventional CD4+ T cells to FOXP3+ T cells (iTregs) in vitro. We

found that IRF4 must partner with BATF3 to bind to a regulatory region in the

Foxp3 locus where they cooperatively repress FOXP3 expression and iTreg

induction. In addition, we found that interactions of these transcription factors

are necessary for glycolytic reprogramming of activated T cells that is

antagonistic to FOXP3 expression and stability. As a result, Irf4 KO iTregs

show increased demethylation of the critical CNS2 region in the Foxp3 locus.

Together, our findings provide important insights how BATF3 and IRF4

interactions integrate activating signals to control CD4+ cell fate decisions

and govern Foxp3 expression.

KEYWORDS

Foxp3, BATF family, IRF4, super enhancer, regulatory T (Treg) cell, glycolytic
reprogramming, cell fate decision, TCR signaling
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Introduction

CD4+ regulatory T cells (Tregs) are essential to the

establishment and maintenance of peripheral tolerance and

can be produced in the thymus from developing T cells

(thymic or natural Tregs (tTreg)), in the periphery from naïve

T cells (peripheral Tregs (pTregs)), or in vitro from ex vivo naïve

T cells (induced Tregs (iTregs)). Tregs are defined primarily by

the expression of the master transcription factor FOXP3. Thus,

understanding the mechanisms that control FOXP3 expression

is critical to understanding the development of Tregs and the

maintenance of peripheral tolerance.

Skewing of recently activated CD4+ T cells to a Treg fate is

dependent on the integration of signals from the T cell receptor

(TCR), costimulatory molecules, and cytokines. The roles of the

cytokines IL-2 and TGF-b are well established as necessary

cytokines to FOXP3 expression in iTregs and pTregs.

Depending on the timing and signal strength, however,

costimulatory signaling from CD28 and OX40 can be

inhibitory to Treg differentiation (1, 2). The role of TCR

signaling in FOXP3 expression is well clearly defined with

conflicting reports regarding the positive or negative impact

on FOXP3 expression outside the thymus. This may be the result

of the intimacy of CD28 and TCR signaling, as it has been shown

that strong TCR signaling in the absence of CD28 can promote

Treg generation from naïve CD4+ T cells (3). In its presence,

however, strong TCR signaling is antagonistic to FOXP3

expression (4). In addition to these signals, FOXP3 expression

and the Treg phenotype are modulated by the metabolic profile,

with increased glycolysis and mTOR activation in response to

TCR and CD28 signaling inhibitory to FOXP3 expression (5).

At the gene level, the Foxp3 locus in both mice and humans

consists of at least 4 key enhancers, termed conserved non-

coding sequences (CNS) 0-3 (6, 7). CNS0 binds STAT5 in

response to IL-2 (8). Together with CNS3, it drives the 3D

architecture and activation of the Foxp3 gene (9). CNS1 lies

within the first intron and is not necessary for tTregs but

contains a TGF-b response elements that binds SMAD3 and is

necessary for pTregs and iTregs (6). CNS2 also lies within the

first intron and is bound by FOXP3 itself in a demethylation

dependent manner, allowing continued stability and expression

of FOXP3 (6). TET enzymes have been shown to be essential for

demethylation of the CNS2 region and the resultant FOXP3

stability (10, 11). Together, these enhancers span a large region

of open chromatin with an H3K27ac signature that expands

almost 15 kb upstream of the Foxp3 locus and has been

described as a super enhancer (7). While the roles of the

transcription factors SMAD3 and STAT5 in controlling the

Foxp3 locus are well studied, the role of transcription factors

downstream of TCR and CD28 signaling is less clear. Various

binding sites for AP-1, NFAT, and NFkB transcription factors

have been identified across the Foxp3 promoter and enhancers

and promote FOXP3 expression (12–14). However, how signals
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from the TCR and CD28 might limit FOXP3 expression remains

poorly understood.

Interferon regulatory factor 4 (IRF4) is a transcription factor

that is upregulated in relation to the strength of TCR signaling,

making it a rheostat to translate the strength of TCR signaling

into transcriptional programs (15). IRF4 is critical to full T cell

activation, metabolic upregulation, and function but binds DNA

weakly on its own and depends on interactions with other

transcription factors, such as the Basic Leucine Zipper ATF-

Like Transcription Factor (BATF), to fully carry out its

transcriptional program (15–20). BATF and BATF3 are

members of the AP-1 family of transcription factors that form

dimers with JUN family proteins and are pioneer transcription

factors in T cells (21, 22). BATF is expressed upon T cell

activation, particularly CD28 signaling, and is promoted by

OX40, IL-12 and IL-6 signaling while being inhibited by TGF-

b signaling (2, 19, 21, 23, 24). BATF3 is similarly upregulated in

T cells upon activation, and BATF and BATF3 are largely

considered redundant as they can compensate for each other’s

function (2, 25–28). They are critical to fully activated and

functioning T cells, prevention of exhaustion, Th17 lineage

differentiation, and can also impact T cell metabolic

reprograming (17, 20, 23, 29–31). IRF4 and BATF are

necessary for the effector functions of Tregs and have been

shown to cooperate to translate the strength of TCR signaling

into transcriptional programs (24, 32, 33). But how they

contribute to FOXP3 expression is not fully known.

We and others have previously identified BATF3 as a potent

inhibitor of FOXP3 (2, 28), but the molecular mechanisms

involved remain unclear. Here we show that BATF3 and IRF4

interactions are critical to FOXP3 inhibition and IRF4 binding

within the Foxp3 super enhancer in iTregs. BATF3 and IRF4

interactions additionally control FOXP3 expression and stability

by driving glycolytic remodeling of T cell metabolism upon

activation. Thus, Batf3 and IRF4 represent an important axis for

translating TCR signaling into CD4+ T cell fate decisions and

Treg biology.
Materials and methods

Mouse strains

All mice used were from the C57BL/6 genetic background

and were kept in the Houston Methodist Research Institute’s

Comparative Medicine facilities according to IACUC protocols.

Foxp3gfp mice used have been previously described and contain

an IRES between Foxp3 and gfp allowing for easy identification

of FOXP3+ cells (34). Batf3 transgenic mice (Batf3 Tg) were

kindly provided by Dr. E.J. Taparowsky and were generated

similarly to described Batf Tg mice (35) and contain a myc-

tagged Batf3 behind the CD2 promoter for transgenic expression

in T cells. They were maintained as heterozygous transgenic
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mice by breeding with a WT partner and then PCR genotyping

for presence of the transgene in offspring. Irf4-/- (Irf4 KO) were

also previously generated as described (36). Irf4 KO and Batf3 Tg

mice were crossed with WT reporter mice to generate Foxp3gfp

strains similar to the WT mice. Irf4 KO and Batf3 Tg mice were

crossed with each other to produce Irf4 KO Batf3 Tg mice which

also contained the Foxp3gfp reporter. When possible, same-sex

WT and Irf4 KO littermates were used as controls in

experiments involving Batf3 Tg and Irf4 KO-Batf3 Tg mice.

Batf-/- (Batf KO), and Batf3-/- (Batf3 KO) mice were purchased

from Jackson labs. Batf KO and Batf3 KO were crossed to create

Batf/Batf3 double knockout (DKO) mice.
Treg differentiation

Spleens and lymph nodes were taken from 6–12-week-old

mice sacrificed according to IACUC protocol. Naïve CD4+ T

cells were isolated as CD25-CD4+ using magnet-activated cell

sorting (MACS). Cells were activated on 96 well flat-bottom

CD3-coated plates with soluble CD28 at 1ug/mL. Cells were

plated at a density of 0.1-0.15 million cells per well. T0 media

consisted of RPMI media supplemented with 10% FBS, 1% P/S,

1% HEPES buffer, and 0.1% b-mercaptoethanol (0.55 µM final

concentration). For iTreg media, the cytokines IL-2 and TGF-b
were added to final concentrations of 10 ng/mL and 3 ng/mL,

respectively. For 2-HG experiments, cells were cultured in iTreg

media with octyl-2-hydroxyglutarate dissolved in DMSO or with

an equivalent volume of DMSO. 2-HG was added to a final

concentration of 0.5 mM.
Retroviral transductions

Batf3, Batf, and Irf4, all with N-terminal flag, were cloned

into the pMYs-IRES-GFP retroviral vector. The empty vector

was used as a GFP control. Mutations were cloned into the Batf3

vector using the GeneArt Site-Directed Mutagenesis PLUS kit

and primers listed in Supplemental Table 1, according to

manufacturer protocol. Successful mutagenesis was confirmed

by Sanger sequencing. PE cells were transfected using

Lipofectamine 3000 according to manufacturer protocol. Viral

media was collected at 24, 48, and 72 hrs and stored at -80°C.

Naïve CD4+ T cells were activated overnight in cytokine-free

(T0) media. Polybrene was added to the thawed viral media at

1:1000 ratio. T0 media was removed from the cells and replaced

with 200 mL of the viral media. Cells were spun at 900 g for

90 min and then rested at 32°C for 4 hrs. The viral media was

then replaced with iTreg media. All transductions were

performed in non Foxp3gfp reporter cells to allow

confirmation of viral transduction through GFP expression.
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Immunoblots

CD4+ cells were cultured in iTreg or T0 media for 48 hrs,

collected, washed, and nuclear and cytoplasmic proteins

collected using Thermo Scientific NE-PER Nuclear and

Cytoplasmic Extraction Kit or RIPA buffers according to

manufacturer protocol. Extracted proteins were diluted in

Thermo Scientific 5X Lane Reducing Sample Buffer and run

out on Bio-Rad Mini-PROTEAN TGX Gels and transferred to

PVDF membrane using the semi-dry Trans-Blot Turbo transfer

system. Membranes were blocked with 5% milk or BSA and

incubated overnight with antibody diluted 1:1000 in 5% milk or

BSA at 4°C. Membranes were washed and incubated with anti-

rabbit or anti-mouse antibodies conjugated to HRP and then

captured using the KwikQuant system. Cytoplasmic/nuclear

fractionation was confirmed using b-actin, HDAC1, and H3

proteins. Antibodies used are listed in Supplemental Table 2.
Co-immunoprecipitation

CD4+ cells were transduced with Batf3 WT, Batf3 Mut, or

empty vector control and incubated in iTreg inducing

conditions for 48 hrs. Cells were washed and lysed in IP lysis

buffer according to manufacturer protocol. An aliquot was set

aside as whole cell lysate, and the remaining lysate was

incubated overnight with anti-flag antibody agarose-

conjugated beads. The lysate was removed, and beads were

washed 3x with PBS before resuspending the beads. Beads were

resuspended in Thermo Scientific 5X Lane Reducing Sample

Buffer, briefly heated, and then run on immunoblot according

to previous protocol.
Electrophoretic mobility shift
assay (EMSA)

293 T cells were transduced with pMYs-IRES-GFP vectors

containing flag-Batf3 WT, flag-Batf3 Mut, Junb, Irf4, or empty

vector. Nuclear proteins were collected using Thermo Scientific

NE-PER Nuclear and Cytoplasmic Extraction Kit according to

manufacturer protocol. Total protein levels were measured using

the Bio-Rad Protein Assay according to manufacturer protocol.

EMSA was completed with the Thermo Scientific Gel Shift Assay

according to manufacturer protocol. Total nuclear protein was

balanced in each assay using nuclear protein from GFP-

transduced cells. All assays were incubated with 1 mL anti-

IRF4 antibody diluted 1:10 in PBS to demonstrate super-shift

at IRF4 binding. Biotinylated DNA with the AICE sequence

from the CTLA4 gene was used to determine BATF3 and IRF4

binding (Supplemental Table 1).
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Flow cytometry

Cells were washed and stained for surface markers and cell

viability. Cell were then fixed with eBioscience FoxP3/

Transcription Factor Staining Buffer Set or BD Phosflow

according to manufacturer protocol and stained for internal

markers. Proliferating assays were run by staining cells with

CellTrace Violet before culture. Antibodies used are listed in

Supplemental Table 2.
Chromatin immunoprecipitation

For ChIP-qPCR, WT, Batf3 Tg, Irf4 KO, and Irf4 KO-Batf3

Tg cells were cultured for 48 hrs under iTreg conditions. At 48

hrs, cells were collected, washed, checked to ensure cell viability

>85% with trypan blue, and then flash frozen until further

processing. Cells were processed using the Active Motif ChIP-

IT PBMC kit according to manufacturer instructions. Cells were

sonicated on QSonica800R3 at 90% amplitude for 1 hr total

sonication time. Fragmentation was checked on 1.5% agarose

gel. ChIP was conducted using antibodies in Supplemental

Table 2. qPCR was run with SYBR green according to

manufacturer protocol. Primers are listed in Supplemental

Table 1. For ChiP-seq DKO cells were transduced with flag-

Batf3WT, flag-Batf3Mut, or GFP vectors, cultured for 24 hrs in

iTreg conditions, and then FACS sorted for viral positive cells by

taking GFP positive cells. After sorting, cells were washed and

flash frozen, and sent to Active Motif for IRF4 ChIP-seq.
Glycolytic rate assay

Naïve WT, DKO, and Irf4 KO CD4+ T cells were activated

and cultured for 48 hrs in T0 conditions. Cells were collected,

washed, counted, and plated on Agilent Seahorse XF96 PDL-

coated microplates according to manufacturer’s instructions at a

density of 0.1 million cells per well. Assay media consisted of

Agilent RPMI XF media with glucose, pyruvate, and glutamate

added to final concentrations of 2.5 µM, 1 µM, and 2 µM,

respectively. Glycolytic Rate Assay Kit was run on Seahorse XFe

96 according to manufacturer protocol. Each sample consisted of

4-6 technical replicates per run across three independent

experiments. The averages of each independent experiment

were then averaged together for statistical analysis and

figure generation.
Bisulfite sequencing

Bisulfite sequencing was completed as previously

described (10).
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iTreg stability assay

Naïve CD4+ T cells were differentiated in iTreg conditions

on flat-bottom CD3 coated plates with soluble CD28. At 72 hrs,

% FOXP3+ was measured by flow cytometry. Cells were

collected, washed, counted, and then recultured in T0

conditions with CD3-negative mitomycin-treated splenocytes

as antigen presenting cells (APCs) to provide CD28

costimulation and soluble anti-CD3 antibody at 1.5 µg/mL

concentration for TCR stimulation. Cells were cocultured at a

1:1 ratio of APC:iTreg in round-bottom plates. After 72 hrs, cells

were again collected, washed, and % FOXP3+ of live CD4+ T

cells was determined. % initial FOXP3 expression was calculated

as the FOXP3+ % after coculturing in T0 conditions with APCs

divided by the FOXP3+ % before coculture.
Statistical analysis

All statistics were completed and figures generated in the

program GraphPad Prism. Tests for statistical significance were

performed using unpaired two-tailed Student’s T test. p<0.05,

**p<0.01, ***p<0.001, ns, not significant (p>0.05).
Results

BATF and BATF3 expression limit
iTreg conversion

In CD4+ T cells cultured under iTreg-inducing conditions

(i.e., TGF-b + IL-2), overexpression of BATF3 using a transgenic

(Batf3 Tg) model significantly inhibited FOXP3 expression

(Figure 1A). Knockout of BATF3 did not significantly increase

FOXP3 expression, but knockout of BATF or double knockout

(DKO) of both BATF and BATF3 did increase FOXP3 expression.

Although it did not reach statistical significance, DKO

consistently demonstrated slightly increased FOXP3 expression

compared to Batf KO (Figure 1A) indicating that although BATF

is likely the dominant transcription factor expressed in our model,

BATF and BATF3 can compensate for each other. Accordingly,

retroviral overexpression of BATF3 or BATF inhibited FOXP3

expression (Figure 1B; Supplementary Figure 1A). We chose to

primarily utilize overexpression of BATF3 due to the availability

of our Batf3 Tg model and use BATF3 to represent the Batf/3

family of transcription factors.
BATF3 is dependent on IRF4 to
inhibit FOXP3

Because BATF3 is known to interact with IRF4, we sought to

understand what role IRF4 might play in the inhibition of
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FOXP3 expression by BATF3. To do so, we crossed Irf4

knockout (Irf4 KO) and Batf3 Tg mice to create Irf4 KO-Batf3

Tg mice. Overexpression of BATF3 without IRF4 failed to

inhibit FOXP3 expression (Figure 1C). Similar to DKO cells,

Irf4 KO T cells were more readily induced to become FOXP3+

iTregs compared to WT cells (Figure 1D). In contrast to BATF3,

retroviral overexpression of IRF4 did not significantly reduce

FOXP3 expression (Supplementary Figure 1B). Retroviral

overexpression of BATF3 in Irf4 KO cells was also unable to

inhibit FOXP3 expression (Figure 1E). These data indicate that

both BATF3 and IRF4 control FOXP3 expression, and that

BATF3 inhibits FOXP3 in an IRF4-dependent manner.
BATF3 inhibition of FOXP3 is dependent
on interactions with IRF4

As Irf4 KO cells were more easily induced to FOXP3

expression, we sought to further understand if the IRF4-

dependent manner of BATF3-mediated FOXP3 inhibition was
Frontiers in Immunology 05
due specifically to interactions of IRF4 with BATF3 or due to

other cell-intrinsic factors within the Irf4 KO cells. We

confirmed that BATF3 is able to enter the nucleus in the

absence of IRF4 (Figure 2A). IRF4 binds the DNA weakly on

its own, and four specific residues on BATF have been shown to

be critical to IRF4’s ability to bind AP-1/IRF composite elements

(AICE) (25). To test the importance of BATF3/IRF4

interactions, we cloned mutations into the four analogous

residues in BATF3 (H57Q, E58A, Q65D, E79K. Batf3 Mut).

CoIP demonstrated that the Batf3 mutations did not inhibit

BATF3’s ability to partner with JUNB but decreased its

interactions with IRF4 (Figure 2B). EMSA assays confirmed

that BATF3 and JUNB heterodimers are able to bind to the

AICE sequence without IRF4 and allow the integration of IRF4

into these sequences. Similarly, BATF3 Mut/JUNB was able to

bind the known AICE DNA sequence but decreased the ability

of IRF4 to do so (Figure 2C). In contrast to BATF3 WT, BATF3

Mut did not significantly reduce FOXP3 expression (Figure 2D).

Thus, BATF3/IRF4 interactions are critical to BATF3-mediated

inhibition of FOXP3 expression.
A

B

D E

C

FIGURE 1

BATF3 and IRF4 on FOXP3 expression (A, C, D) Naïve CD4+ T cells were cultured for 72 hours in iTreg-inducing conditions. % FOXP3 shown as
percentage of live CD4+ cells that are FOXP3+. n = 3. Data displayed as mean + S.D. (B, E) WT or Irf4 KO naïve CD4+ T cells were activated
overnight under T0 conditions and then transduced with either Batf3-flag or empty vector (Ctrl) GFP virus. Following transduction, cells were
cultured in iTreg-inducing conditions for 48 hours. % FOXP3 shown as percentage of virus+ cells. n = 5 (B) or 3 (E). Data displayed as mean +
S.D. Differences in FOXP3 expression were determined using unpaired two-tailed Student’s T test. *p<0.05, **p<0.01, ***p<0.001, ns, not
significant (p>0.05).
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BATF3/IRF4 interactions alter global IRF4
binding, including in the FOXP3
super enhancer

Taken together, these data support the hypothesis that

elevated expression of BATF3 recruits IRF4 to key DNA

sequences that inhibit FOXP3 expression. To test this

hypothesis, we overexpressed BATF3 WT and BATF3 Mut in

DKO CD4+ T cells and performed ChIP-seq for IRF4. The use of

DKO T cells ensures that endogenous BATF or BATF3 do not

alter the IRF4 binding profile. We observed that the total

number of IRF4 binding peaks was reduced by BATF3 Mut,

with a majority of IRF4 binding in the BATF3 Mut sample

shared with BATF3WT whereas the majority of IRF4 binding in

the BATF3 WT was unique (Figure 3A). We utilized a homer

motif analysis to confirm that IRF4 bound primarily at AP-1/

BATF binding sites. The top motifs of IRF4 binding in both

BATF3 WT and BATF3 Mut conditions were variations of the

AP-1/BATF/JUNB binding motif. However, we found that the

percentage of target sequences with the motif was dramatically
Frontiers in Immunology 06
decreased with BATF3 Mut overexpression compared to BATF3

WT, consistent with BATF3 being a necessary binding partner

for IRF4 in T cells. In contrast, the top non-AP-1 motif that IRF4

bound, RUNX, was approximately equally represented in both

BATF3 WT and BATF3 Mut samples (Figure 3B).

No IRF4 binding peaks were found within the Foxp3 gene

body or the known Foxp3 enhancers CNS0, CNS1, CNS2, or

CNS3. However, IRF4 did bind a cis-regulatory elements

(cCREs), identified by the ENCODE consortium as E0923691,

located approximately 14kb upstream of the Foxp3 TSS in a

BATF3-interaction dependent manner (Figure 3C). This locus is

found within the Foxp3 super enhancer previously identified by

Kitagawa et al. (7) As CNS1 has been identified as the critical

enhancer for TGF-bmediated FOXP3 expression, we performed

ChIP-qPCR for H3K27ac of the CNS1 region to determine how

BATF3 and IRF4 binding within the Foxp3 super enhancer alter

activation of this enhancer. Concordant with our FOXP3

expression results, overexpression of BATF3 significantly

decreased H3K27ac of CNS1 in an IRF4-dependent manner

(Figure 3D). Thus, BATF3 overexpression recruits IRF4 to the
A B

D

C

FIGURE 2

BATF3/IRF4 interactions are necessary for BATF3-mediated FOXP3 inhibition. (A) Naïve CD4+ T cells were activated and differentiated in iTreg-
inducing conditions. After 48 hours, cells were collected and nuclear and cytoplasmic proteins extracted. Blot representative of 2 independent
experiments. (B) WT naïve CD4+ T cells were activated overnight in To conditions and then transduced with empty vector (Ctrl), WT Batf3-flag
(Batf3 WT), or mutant Batf3-flag (Batf3 Mut) virus. Cells were incubated for 48 hours in iTreg conditions before extracting proteins using IP lysis
buffer. A sample of the whole cell lysate (WCL) was taken, and then the remaining samples were immunoprecipitated using anti-FLAG antibody.
IP and WCL samples run on western blot stained with anti-FLAG, anti-IRF4, and anti-JUNB (short and long exposures). Blot representative of 2
independent experiments. (C) 293 T cells were transduced with viruses containing respective proteins or empty vector (Ctrl). Nuclear protein
was extracted after 48 hrs. Biotin-labeled DNA containing the BATF/IRF4 AICE binding motif from the ctla4 gene was incubated with the
respective nuclear extracts and anti-IRF4 antibody before running in electromobility shift assay (EMSA). Neg ctrl AICE is non-biotin labeled and
added 200:1 against biotin labeled. Blot representative of 3 independent experiments. (D) WT naïve CD4+ T cells were activated overnight in T0
conditions and then transduced with respective viruses. Cells were incubated for 48 hours in iTreg conditions. % FOXP3 shown as percentage of
virus+ cells. n = 4. Data displayed as mean + S.D. Differences in FOXP3 expression were determined using unpaired two-tailed Student’s T test.
***p<0.001, ns, not significant (p>0.05).
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Foxp3 super enhancer and prevents activation of CNS1 to

prevent FOXP3 expression.
BATF3 and IRF4 interactions are
necessary for glycolytic remodeling of
activated T cells

In addition to binding within the Foxp3 super enhancer, we

sought to determine if additional cellular processes under the

control of BATF3 and IRF4 interactions contribute to FOXP3

inhibition. To assess this, we compiled the list of genes from our

ChIP-seq data which were only bound by IRF4 with BATF3WT.

This list of 2,371 genes was analyzed by gene ontology analysis

for biological processes (37, 38). Significantly enriched processes

were determined as p<0.05 using the Benjamini-Hochberg

procedure correction for False Discovery Rate in multiple

analyses. Among the biological processes most significantly

enriched in IRF4 binding by BATF3/IRF4 interactions were

cellular metabolic processes (FDR = 0.00231), implying that

IRF4 binding is critical to cellular metabolic reprograming

(Figure 4A). Thus, we hypothesized that metabolic

upregulation in response to TCR signaling may represent an
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additional axis through which BATF3/IRF4 interactions control

FOXP3 expression and stability.

Glycolysis is dramatically upregulated following T cell

activation and is inhibitory toward FOXP3 expression. To

determine the impact of BATF3 and IRF4 on glycolysis, we

performed a glycolytic rate assay on WT, DKO, and Irf4 KO

cells. Irf4 KO and DKO T cells showed a significant decrease in

glycolytic activity at baseline and in the absence of the electron

transport chain, demonstrating a critical role for these

transcription factors in glycolytic upregulation upon T cell

activation (Figure 4B). We confirmed the importance of IRF4 to

T cell metabolism by examining phosphorylation of metabolic

mediators in WT and Irf4 KO cells cultured under T0 or iTreg

conditions for 24 or 48 hrs. The decrease in glycolytic rate is

accompanied by a decrease in mTOR activity, as measured in 4E-

BP1 phosphorylat ion, and an increase in AMPKa
phosphorylation (Figure 4C). These alterat ions in

phosphorylation were seen whether Irf4 KO cells were cultured

in T0 or iTreg conditions, demonstrating an inherent defect in

cellular energy levels without IRF4 that is independent of iTreg

conversion. These differences in metabolic states were observed at

48 hrs, but not 24 hrs, indicating that IRF4 is critical to sustained

metabolic remodeling in response to TCR signaling (Figure 4C).
A B

DC

FIGURE 3

IRF4 ChIP-seq and H3K27ac ChIP-qPCR. (A–C): Naïve DKO CD4+ T cells were activated overnight in T0 conditions before transduction with
Batf3 WT or Batf3 Mut viruses. Transduced cells were cultured in iTreg media for 24 hrs before collection, sorting for virus + cells, and then
fixing for ChIP-seq of IRF4. (A) Number of unique IRF4 binding peaks in cells transduced with Batf3 WT or Batf3 Mut. (B) IRF4 binding motifs in
Batf3 WT and Batf3 Mut transduced cells. (C) IRF4 binding in the Foxp3 super enhancer and locus. Differential IRF4 binding peak marked with
red box. Super enhancer as defined by Kitagawa et al. Encode cCREs as displayed in UCSC browser. CNS0-3 marked with gray boxes. (D) Naïve
CD4+ T cells were activated and differentiated in iTreg inducing media for 48 hrs before ChIP-qPCR for H3K27ac of CNS1 of the Foxp3 locus.
Data expressed as mean and S.D. of % input normalized to WT % input of 4 independent experiments. Statistical significance calculated using
unpaired two-tailed Student’s T test. **p<0.01, ***p<0.001, ns, not significant (p>0.05).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.966364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Arnold et al. 10.3389/fimmu.2022.966364
BATF3/IRF4 mediated glycolytic
reprograming prevents stable
FOXP3 expression

AMPK has been shown to phosphorylate and stabilize TET2,

which is necessary for demethylation of CNS2 and stable FOXP3

expression (39). Our findings that IRF4 contributes to the

sustaining of glycolytic metabolism with the resulting

phosphorylation of AMPKa suggest that the metabolic

reprogramming under IRF4 and BATF3 may contribute to
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FOXP3 stability. Bisulfite sequencing of WT and Irf4 KO

iTregs confirmed that Irf4 KO T cells have greater

demethylation of CNS2 (Figure 5A). We tested the stability of

FOXP3 expression by differentiating iTregs for 72 hrs and then

restimulating with APCs in T0 conditions. We found that Irf4

KO and DKO iTregs maintained greater FOXP3 expression

(Figure 5B), consistent with increased demethylation of CNS2.

Addition of the TET enzyme inhibitor 2-hydroxyglutarate

significantly decreased FOXP3 expression in Irf4 KO and

DKO cells, demonstrating the importance of TET enzymes to
A

B

C

FIGURE 4

BATF3/IRF4 interactions necessary for maintenance of cellular metabolism upon T cell activation. (A) Gene ontology analysis of pathways
enriched by BATF3/IRF4 interactions generated from list of genes bound by IRF4 only in Batf3 WT sample. Data presents all upregulate
pathways with –Log(FDR) < 0.05. FDR calculated by Benjamini-Hochberg False Discovery Rate. Metabolic pathways highlighted in orange. (B)
Glycolytic rate for CD4+ T cells activated and cultured for 48 hrs in T0 conditions. GlycoPER represents proton efflux rate due to glycolysis.
Data represents mean and S.D. of 3 independent experiments, each consisting of 4-6 technical replicates averaged together. Statistical
significance calculated using unpaired two-tailed Student’s T test for the three averages of the independent experiments. *p<0.05, **p<0.01,
***p<0.001, ns, not significant (p>0.05). (C) Western Blot of WT or Irf4 KO CD4+ T cells activated and cultured for 24 or 48 hrs in iTreg or T0
conditions and stained for respective phosphorylated or total proteins. Representative of 2 independent experiments.
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the expression and stability of FOXP3 expression in Irf4 KO and

DKO cells (Figure 5C). Thus, IRF4 and BATF3 constrain FOXP3

expression and stability in recently activated CD4+ T cells

through the maintenance of glycolytic reprogramming

which in turn limits AMPKa phosphorylation and TET

enzyme stabilization.
Discussion

Activation of CD4+ T cells, and their polarization toward

an inflammatory or regulatory phenotype, is a critical axis of

immune regulation. Herein, we investigated to role of IRF4 and

BATF3, two complementary transcription factors known to be

upregulated in response to TCR and CD28 signaling.

Inhibition of FOXP3 is positively correlated with the

expression of BATF or BATF3. This inhibition is dependent
Frontiers in Immunology 09
on direct interactions of BATF transcription factors with IRF4.

In contrast, high IRF4 expression without a corresponding

increase in BATF/3 did not significantly reduce FOXP3

expression, but its absence allowed potent conversion of cells

to iTregs, similar to DKO of BATF and BATF3. These data

indicate that inhibition of FOXP3 is primarily determined by

expression of BATF/3, which likely outcompete FOS for JUN

binding and allow integration of IRF4 into AP-1 sequences that

inhibit FOXP3 expression. IRF4 has been identified as a

rheostat for strength of TCR signaling, and BATF is reported

to be upregulated in response to CD28 signaling and other

cytokine cues but downregulated in response to TGF-b (15, 19,

23). Thus, BATF/3 levels resulting from costimulation through

CD28, particularly in the absence of TGF- b, may be critical to

determining FOXP3 expression in activated CD4+ cells, and

consequently the Treg phenotype, consistent with reports that

TCR signaling is conducive to FOXP3 expression in the
A B

C

FIGURE 5

Control of FOXP3 expression through CNS2 methylation. (A) % CpG demethylation of the CNS2 Foxp3 enhancer. Irf4 KO and WT CD4+ T cells
were activated and differentiated for 72 hrs in iTreg media before bisulfite sequencing of the CNS2 region. Data expressed as mean + S.D. of 3
independent experiments. (B) FOXP3 stability: Naïve CD4+ T cells were activated and differentiated for 72 hrs in iTreg media before being
reactivated by APCs and recultured for 72 hrs in T0 media. Data expressed as mean and S.D. of % of FOXP3 expression before reactivation by
APC. n=3. ((C)) FOXP3 expression of cells activated and differentiated for 72 hrs in iTreg media in the presence of 0.5 mM Octyl-2HG or DMSO
vehicle control. Data expressed as mean + S.D of 2 independent experiments. Statistical significance determined by unpaired two-tailed
Student’s T test. *p<0.05, **p<0.01, ***p<0.001, ns, not significant (p>0.05).
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absence of CD28 signaling and that anergic cells, which

experience TCR signaling in the absence of CD28, may be

Treg precursors (3, 40).

We found IRF4 binds to a regulatory region upstream within

the Foxp3 super enhancer in a BATF3 dependent manner.

BATF3-dependent binding of IRF4 at this region coincides

with decreased H3K27ac acetylation of the TGF-b sensitive

enhancer CNS1, which also lies within the Foxp3 super

enhancer. BATF3-mediated closure of CNS1 dramatically

decreases conversion to FOXP3+ cells despite the presence

TGF-b and IL-2. Thus, this regulatory element represents a

potential silencer region that imbues TCR/CD28-signaling-

dependent inhibition of FOXP3 through BATF/IRF4

transcription factors. Super enhancer regulation is still poorly

understood, but hierarchical control wherein pioneer enhancer

regions allow activation of subsequent regions and super

enhancer formation has been demonstrated, including in the

Foxp3 locus (9). Accordingly, BATF3 and IRF4 binding within

the super enhancer may represent a mechanism of hierarchical

control of the super enhancer, although additional studies will be

needed to confirm the importance of this locus to the Foxp3

super enhancer formation and silencing.

We additionally found that BATF family and IRF4

interactions are necessary to sustaining the glycolytic metabolic

remodeling that occurs upon T cell activation, with severe

decreases in both basal and maximum glycolysis and an

increase in AMPKa phosphorylation observed in the absence of

these transcription factors. Changes in phosphorylation of

AMPKa and 4E-BP1 were present at 48 hrs but not at 24 hrs,

consistent with the expression of BATF/IRF4 upon, not before, T

cell activation. AMPKa acts as an inhibitor of mTOR and

promotes fatty acid oxidation and TET stabilization –

conditions which are favorable to FOXP3 expression and

demethylation of CNS2 (41, 42). Several papers have previously

demonstrated the importance of this demethylation to the Th17/

iTreg axis (43, 44), and BATF and IRF4 are known to promote the

Th17 phenotype. Taken together, these data provide a metabolic

mechanism whereby IRF4 and BATF transcription family

members translate activating signals from the TCR and CD28

into metabolic commitment of Teff functions and inhibition of

FOXP3. The lack of this commitment allows for demethylation of

CNS2 and commitment to a regulatory phenotype.

Our studies highlight the importance of interactions between

BATF transcription factors and IRF4 in T cell fate decisions after

activation, particularly inhibition of FOXP3 and commitment to

an effector T cell lineage. They do this both by directly

interacting at the Foxp3 locus and by upregulating cellular

metabolic pathways. Our studies have focused primarily on the

role of these transcription factors in iTregs. Additional studies

will be needed to understand their roles in both peripheral and

thymic Tregs in vivo, as well as how balancing the expression of

these transcription factors upon T cell activation integrates with

other signals and cellular processes to allow functional iTreg
Frontiers in Immunology 10
development. Such an understanding may yield important

insights into how activated T cells are driven toward

inflammatory or regulatory phenotypes and the resultant

regulation of the immune system.
Data availability statement

The datasets presented in this study have been deposited in

NCBI's Gene Expression Omnibus and are accessible through

GEO Series accession number GSE211182 (https://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE211182).
Ethics statement

The animal study was reviewed and approved by Houston

Methodist Animal Care Committee.
Author contributions

PA oversaw, designed, and conducted the experiments and

wrote the manuscript. MW, LZ, and YY assisted in conducting

various experiments. XX assisted in designing, completion, and

interpretation of many of the experiments. XC assisted in the

design of CoIP and EMSA experiments. GW assisted in vector and

plasmid generation. XZ conducted many experiments necessary

for hypothesis generation and helped construct plasmids and

primers. AZ and DH assisted in the design, completion, and

interpretation of metabolic experiments. WC provided valuable

discussion in interpreting results and designing figures. XL

oversaw the experiments, interpreted results, and helped edit

figures and write the manuscript. All authors contributed to the

article and approved the submitted version.
Funding

This work was supported by the NIH grants R01AI106200

and R01AI129906.
Acknowledgments

We acknowledge the flow cytometry core at Houston

Methodist Research Institute for excellent service and Laurie

Minze for operational support. We thank the many members of

the Houston Methodist Immunobiology and Transplant Center

for insightful discussion.
frontiersin.org

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE211182
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE211182
https://doi.org/10.3389/fimmu.2022.966364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Arnold et al. 10.3389/fimmu.2022.966364
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Immunology 11
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.966364/full#supplementary-material
References
1. Benson MJ, Pino-Lagos K, Rosemblatt M, Noelle RJ. All-trans retinoic acid
mediates enhanced T reg cell growth, differentiation, and gut homing in the face of
high levels of co-stimulation. J Exp Med (2007) 204:1765–74. doi: 10.1084/
jem.20070719

2. Zhang X, Xiao X, Lan P, Li J, Dou Y, Chen W, et al. OX40 costimulation
inhibits Foxp3 expression and treg induction via BATF3-dependent and
independent mechanisms. Cell Rep (2018) 24:607–18. doi: 10.1016/
j.celrep.2018.06.052

3. Gottschalk RA, Corse E, Allison JP. TCR ligand density and affinity
determine peripheral induction of Foxp3 in vivo. J Exp Med (2010) 207:1701–11.
doi: 10.1084/jem.20091999

4. Molinero LL, Miller ML, Evaristo C, Alegre M-L. High TCR stimuli prevent
induced regulatory T cell differentiation in a NF-kB-dependent manner. J Immunol
Baltimore Md 1950 (2011) 186:4609–17. doi: 10.4049/jimmunol.1002361

5. Sauer S, Bruno L, Hertweck A, Finlay D, Leleu M, Spivakov M, et al. T Cell
receptor signaling controls Foxp3 expression via PI3K, akt, and mTOR. Proc Natl
Acad Sci USA (2008) 105:7797–802. doi: 10.1073/pnas.0800928105

6. Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, Rudensky AY, et al.
Role of conserved non-coding DNA elements in the Foxp3 gene in regulatory T-
cell fate. Nature (2010) 463:808–12. doi: 10.1038/nature08750

7. Kitagawa Y, Ohkura N, Kidani Y, Vandenbon A, Hirota K, Kawakami R, et al.
Guidance of regulatory T cell development by Satb1-dependent super-enhancer
establishment. Nat Immunol (2017) 18:173–83. doi: 10.1038/ni.3646

8. Dikiy S, Li J, Bai L, Jiang M, Janke L, Zong X, et al. A distal Foxp3 enhancer
enables interleukin-2 dependent thymic treg cell lineage commitment for robust
immune tolerance. Immunity (2021) 54:931–946.e911. doi: 10.1016/
j.immuni.2021.03.020

9. Kawakami R, Kitagawa Y, Chen KY, Arai M, Ohara D, Nakamura Y, et al.
Distinct Foxp3 enhancer elements coordinate development, maintenance, and
function of regulatory T cells. Immunity (2021) 54:947–961.e948. doi: 10.1016/
j.immuni.2021.04.005

10. Chen S, Zhang L, Ying Y, Wang Y, Arnold PR, Wang G, et al. Epigenetically
modifying the Foxp3 locus for generation of stable antigen-specific tregs as cellular
therapeutics. Am J Transplant (2020) 20:2366–79. doi: 10.1111/ajt.15845

11. Yue X, Trifari S, Äijö T, Tsagaratou A, Pastor WA, Zepeda-Martıńez JA,
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17. Seo H, González-Avalos E, Zhang W, Ramchandani P, Yang C, Lio CJ, et al.
BATF and IRF4 cooperate to counter exhaustion in tumor-infiltrating CAR T cells.
Nat Immunol (2021) 22:983–95. doi: 10.1038/s41590-021-00964-8

18. Mahnke J, Schumacher V, Ahrens S, Käding N, Feldhoff LM, Huber M, et al.
Interferon regulatory factor 4 controls TH1 cell effector function and metabolism.
Sci Rep (2016) 6:35521. doi: 10.1038/srep35521

19. Wu J, Zhang H, Shi X, Xiao X, Fan Y, Minze LJ, et al. Ablation of transcription
factor IRF4 promotes transplant acceptance by driving allogenic CD4+ T cell
dysfunction. Immunity (2017) 47:1114–1128.e1116. doi: 10.1016/j.immuni.2017.11.003

20. Glasmacher E, Agrawal S, Murphy TL, ZengW, Vander Lugt B, Khan AA, et al.
A genomic regulatory element that directs assembly and function of immune-specific
AP-1-IRF complexes. Science (2012) 338:975–80. doi: 10.1126/science.1228309

21. PhamD, Moseley CE, GaoM, Savic D,Winstead CJ, SunM, et al. Batf pioneers
the reorganization of chromatin in developing effector T cells. via Ets1-Dependent
Recruitment Ctcf Cell Rep (2019) 29:1203–1220.e1207. doi: 10.1016/j.celrep.2019.09.064

22. Deppmann CD, Thornton TM, Utama FE, Taparowsky EJ. Phosphorylation
of BATF regulates DNA binding: a novel mechanism for AP-1 activator protein-1
regulation. Biochem J (2003) 374:423–31. doi: 10.1042/BJ20030455

23. Kuroda S, Yamazaki M, Abe M, Sakimura K, Takayanagi H, Iwai Y, et al.
Basic leucine zipper transcription factor, ATF-like BATF regulates epigenetically
and energetically effector CD8 T-cell differentiation via Sirt1 expression. Proc Natl
Acad Sci (2011) 108:14885–9. doi: 10.1073/pnas.1105133108

24. Xu C, Fu Y, Liu S, Trittipo J, Lu X, Qi R, et al. BATF regulates T regulatory
cell functional specification and fitness of triglyceride metabolism in restraining
allergic responses. J Immunol Baltimore Md 1950 (2021) 206:2088–100.
doi: 10.4049/jimmunol.2001184

25. Tussiwand R, Lee WL, Murphy TL, Mashayekhi M, KcW, Albring JC , et al.
Compensatory dendritic cell development mediated by BATF-IRF interactions.
Nature (2012) 490:502–7. doi: 10.1038/nature11531

26. Murphy TL, Tussiwand R, Murphy KM. Specificity through cooperation:
BATF-IRF interactions control immune-regulatory networks. Nat Rev Immunol
(2013) 13:499–509. doi: 10.1038/nri3470

27. Schleussner N, Merkel O, Costanza M, Liang HC, Hummel F, Romagnani C,
et al. The AP-1-BATF and -BATF3 module is essential for growth, survival and
TH17/ILC3 skewing of anaplastic large cell lymphoma. Leukemia (2018) 32:1994–
2007. doi: 10.1038/s41375-018-0045-9

28. Lee W, Kim HS, Hwang SS, Lee GR. The transcription factor Batf3 inhibits
the differentiation of regulatory T cells in the periphery. Exp Mol Med (2017) 49:
e393–3. doi: 10.1038/emm.2017.157

29. Shin B, Benavides GA, Geng J, Koralov SB, Hu H, Darley-Usmar VM, et al.
Mitochondrial oxidative phosphorylation regulates the fate decision between
pathogenic Th17 and regulatory T cells. Cell Rep (2020) 30:1898–1909.e1894.
doi: 10.1016/j.celrep.2020.01.022

30. Ciofani M, Madar A, Galan C, Sellars M, Mace K, Pauli F, et al. A validated
regulatory network for Th17 cell specification. Cell (2012) 151:289–303.
doi: 10.1016/j.cell.2012.09.016
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.966364/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.966364/full#supplementary-material
https://doi.org/10.1084/jem.20070719
https://doi.org/10.1084/jem.20070719
https://doi.org/10.1016/j.celrep.2018.06.052
https://doi.org/10.1016/j.celrep.2018.06.052
https://doi.org/10.1084/jem.20091999
https://doi.org/10.4049/jimmunol.1002361
https://doi.org/10.1073/pnas.0800928105
https://doi.org/10.1038/nature08750
https://doi.org/10.1038/ni.3646
https://doi.org/10.1016/j.immuni.2021.03.020
https://doi.org/10.1016/j.immuni.2021.03.020
https://doi.org/10.1016/j.immuni.2021.04.005
https://doi.org/10.1016/j.immuni.2021.04.005
https://doi.org/10.1111/ajt.15845
https://doi.org/10.1084/jem.20151438
https://doi.org/10.1002/eji.201040712
https://doi.org/10.1016/j.immuni.2009.10.006
https://doi.org/10.4049/jimmunol.176.6.3593
https://doi.org/10.1038/ni.2710
https://doi.org/10.1038/nature11530
https://doi.org/10.1038/s41590-021-00964-8
https://doi.org/10.1038/srep35521
https://doi.org/10.1016/j.immuni.2017.11.003
https://doi.org/10.1126/science.1228309
https://doi.org/10.1016/j.celrep.2019.09.064
https://doi.org/10.1042/BJ20030455
https://doi.org/10.1073/pnas.1105133108
https://doi.org/10.4049/jimmunol.2001184
https://doi.org/10.1038/nature11531
https://doi.org/10.1038/nri3470
https://doi.org/10.1038/s41375-018-0045-9
https://doi.org/10.1038/emm.2017.157
https://doi.org/10.1016/j.celrep.2020.01.022
https://doi.org/10.1016/j.cell.2012.09.016
https://doi.org/10.3389/fimmu.2022.966364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Arnold et al. 10.3389/fimmu.2022.966364
31. Schraml BU, Hildner K, Ise W, Lee W-L, Smith WA-E, Solomon B, et al.
The AP-1 transcription factor batf controls TH17 differentiation. Nature (2009)
460:405–9. doi: 10.1038/nature08114

32. Iwata A, Durai V, Tussiwand R, Briseño CG,Wu X, Grajales-Reyes GE, et al.
Quality of TCR signaling determined by differential affinities of enhancers for the
composite BATF-IRF4 transcription factor complex. Nat Immunol (2017) 18:563–
72. doi: 10.1038/ni.3714

33. Alvisi G, Brummelman J, Puccio S, Mazza EMC, Tomada EP, Losurdo A,
et al. IRF4 instructs effector treg differentiation and immune suppression in human
cancer. J Clin Invest (2020) 130:3137–50. doi: 10.1172/JCI130426

34. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature (2006) 441:235–8. doi: 10.1038/nature04753

35. Thornton TM, Zullo AJ, Williams KL, Taparowsky EJ. Direct manipulation
of activator protein-1 controls thymocyte proliferation in vitro. Eur J Immunol
(2006) 36:160–9. doi: 10.1002/eji.200535215

36. Mittrücker HW,Matsuyama T, Grossman A, Kündig TM, Potter J, Shahinian
A, et al. Requirement for the transcription factor LSIRF/IRF4 for mature b and T
lymphocyte function. Science (1997) 275:540–3. doi: 10.1126/science.275.5299.540

37. Carbon S, Douglass E, Good BM, Unni DR, Harris NL, Mungall CJ, et alThe
gene ontology resource: enriching a GOld mine. Nucleic Acids Res (2021) 49:D325–
d334. doi: 10.1093/nar/gkaa1113
Frontiers in Immunology 12
38. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al.
Gene ontology: tool for the unification of biology. the gene ontology consortium.
Nat Genet (2000) 25:25–9. doi: 10.1038/75556

39. Wu D, Hu D, Chen H, Shi G, Fetahu IS, Wu F, et al. Glucose-regulated
phosphorylation of TET2 by AMPK reveals a pathway linking diabetes to cancer.
Nature (2018) 559:637–41. doi: 10.1038/s41586-018-0350-5

40. Kalekar LA, Schmiel SE, Nandiwada SL, Lam WY, Barsness LO, Zhang N,
et al. CD4+ T cell anergy prevents autoimmunity and generates regulatory T cell
precursors. Nat Immunol (2016) 17:304–14. doi: 10.1038/ni.3331

41. Steinberg GR, Carling D. AMP-activated protein kinase: the current
landscape for drug development. Nat Rev Drug Discov (2019) 18:527–51.
doi: 10.1038/s41573-019-0019-2

42. Shi H, Chi H. Metabolic control of treg cell stability, plasticity, and tissue-
specific heterogeneity. Front Immunol (2019) 10:2716. doi: 10.3389/
fimmu.2019.02716

43. Nakatsukasa H, Oda M, Yin J, Chikuma S, Ito M, Koga-Iizuka M, et al. Loss
of TET proteins in regulatory T cells promotes abnormal proliferation, Foxp3
destabilization and IL-17 expression. Int Immunol (2019) 31:335–47. doi: 10.1093/
intimm/dxz008

44. Xu T, Stewart KM, Wang X, Liu K, Xie M, Ryu JK, et al. Metabolic control of
TH17 and induced treg cell balance by an epigenetic mechanism. Nature (2017)
548:228–33. doi: 10.1038/nature23475
frontiersin.org

https://doi.org/10.1038/nature08114
https://doi.org/10.1038/ni.3714
https://doi.org/10.1172/JCI130426
https://doi.org/10.1038/nature04753
https://doi.org/10.1002/eji.200535215
https://doi.org/10.1126/science.275.5299.540
https://doi.org/10.1093/nar/gkaa1113
https://doi.org/10.1038/75556
https://doi.org/10.1038/s41586-018-0350-5
https://doi.org/10.1038/ni.3331
https://doi.org/10.1038/s41573-019-0019-2
https://doi.org/10.3389/fimmu.2019.02716
https://doi.org/10.3389/fimmu.2019.02716
https://doi.org/10.1093/intimm/dxz008
https://doi.org/10.1093/intimm/dxz008
https://doi.org/10.1038/nature23475
https://doi.org/10.3389/fimmu.2022.966364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Suppression of FOXP3 expression by the AP-1 family transcription factor BATF3 requires partnering with IRF4
	Introduction
	Materials and methods
	Mouse strains
	Treg differentiation
	Retroviral transductions
	Immunoblots
	Co-immunoprecipitation
	Electrophoretic mobility shift assay (EMSA)
	Flow cytometry
	Chromatin immunoprecipitation
	Glycolytic rate assay
	Bisulfite sequencing
	iTreg stability assay
	Statistical analysis

	Results
	BATF and BATF3 expression limit iTreg conversion
	BATF3 is dependent on IRF4 to inhibit FOXP3
	BATF3 inhibition of FOXP3 is dependent on interactions with IRF4
	BATF3/IRF4 interactions alter global IRF4 binding, including in the FOXP3 super enhancer
	BATF3 and IRF4 interactions are necessary for glycolytic remodeling of activated T cells
	BATF3/IRF4 mediated glycolytic reprograming prevents stable FOXP3 expression

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


