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The transcription factor Batf3 inhibits the
differentiation of regulatory T cells in the periphery

Wonyong Lee, Hyeong Su Kim, Soo Seok Hwang and Gap Ryol Lee

Naive CD4 T cells activated by antigen-presenting cells (APCs) undergo terminal differentiation in the periphery. Multiple
mechanisms determine their fates, that is, whether they differentiate into conventional T (Tconv) cells or regulatory T (Treg) cells.
The key event during Treg generation is expression of the transcription factor Foxp3, which is the lineage-determining regulator for
Treg differentiation and function. Here we show that the transcription factor Batf3 acts as a fate-decision factor with respect to
Tconv versus Tregs by restraining Treg differentiation. Batf3 was preferentially expressed in effector CD4 T cells but not in Treg
cells, and ectopic expression of Batf3 inhibited Foxp3 induction. Batf3-deficient CD4 T cells favorably differentiated into Treg cells
in vitro and in colonic lamina propria. Batf3 KO mice also showed enhanced Treg function in gut-associated immune disease
models (for example, ovalbumin tolerance and inflammatory bowel disease models). Batf3 bound to the CNS1 region of the Foxp3
locus and reduced expression of the gene. Thus, Batf3 is a transcriptional suppressor of Treg differentiation.
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INTRODUCTION
Regulatory T (Treg) cells maintain homeostasis of the immune
system by preventing excessive activation of immune cells,
which would otherwise damage the host.!” Thymus-derived
Treg (tTreg) cells differentiate during thymic development,
while peripherally derived Treg (pTreg) cells originate from
naive CD4 T cells in the periphery.!™ Although the origin may
be different, these Treg cells share key features, including
expression of the transcription factor forkhead box P3 (Foxp3)
and persistent expression of the surface markers CD25 and
cytotoxic T lymphocyte-associated molecule-4 (CTLA-4); they
are also capable of suppressing immune responses.'™ The
functional differences between these Treg subsets are currently
unclear, although some studies suggest that they each have
specific physiological roles.'=>>

Foxp3 determines the differentiation and maintenance of
Treg cells.%” Disruption of Foxp3 expression hampers Treg
differentiation, and Foxp3 deficiency is linked to fatal auto-
immunity in both mice and humans. In mice, the scurfy
mutation or experimental deletion of the Foxp3 gene causes
fatal autoimmune diseases. Likewise, mutation of the human
FOXP3 gene leads to the development of immune dysregula-
tion polyendocrinopathy enteropathy X-linked syndrome.-!!
However, ectopic expression of Foxp3 promotes the differ-
entiation of conventional T (Tconv) cells into Treg-like cells,
although the development of fully functional Treg cells requires

additional factors.'> Because of its decisive role in Treg
differentiation and function, strict regulation of Foxp3
expression is necessary to maintain both effective immunity
against pathogens and homeostasis of the immune system.

TCR stimulation and environmental queues play important
roles during pTreg development, which is preferentially driven
by low density and high-affinity TCR ligands.!* In addition,
TGEF-p and retinoic acid (RA) produced by APCs signal naive
CD4 T cells to differentiate into pTreg cells.'* Upon activation
in vitro by TGF-p and RA, induced Treg (iTreg) cells
also express Foxp3 and have immunosuppressive functions.
However, the Treg-specific demethylated region (TSDR), a
regulatory region of the Foxp3 locus,'> remains methylated in
iTreg cells; therefore, Foxp3 expression in iTreg cells is eventually
lost. Recent studies have revealed the importance of vitamin C in
the demethylation of TSDR by Tet enzymes.'®!”

Basic leucine zipper transcription factor ATF-like 3 (Batf3) is
a member of the AP-1 transcription factor family. Batf3 binds
to DNA along with c-Jun and nuclear factor of activated T cells
(NFAT), thereby competing with c-Fos to form a heterodimer
with c-Jun.!®!® Batf3 is important for the development of
CD8a* DCs in lymphoid tissues and CD103*CD11b~ DCs in
the periphery.?? Indeed, Batf3-deficient mice lose the ability to
cross-present antigens, making them susceptible to certain viral
infections and tumors.2! However, the function of Batf3 in
T cells has not been thoroughly examined.
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Here we examined the role of Batf3 in Treg differentiation.
We found that expression of Batf3 was selectively low in Treg
cells but not in effector CD4 T (Teff) cells and that ectopic
expression of Batf3 caused a marked reduction in the number
of Foxp3™ Treg cells. Batf3-deleted CD4 T cells had an
increased ability to differentiate into Treg cells in the presence
of a mixed cytokine milieu in vitro. Consistent with this
finding, Batf3 KO mice showed an elevated Treg population
in the mesenteric LNs (mLNs) and in the lamina propria (LP)
in BM chimeric mice when compared with WT mice.
Finally, Batf3 bound to CNS1 of the Foxp3 locus and
suppressed its transcription. These results demonstrate that
Batf3 has an important function in suppressing peripheral Treg
development.

MATERIALS AND METHODS

Mice

Batf3-deficient (Batf3 KO) mice on C57BL/6 and BALB/c backgrounds
and Foxp3-eGFP mice (in which the enhanced GFP gene is inserted
in the 3" of the Foxp3 gene and, thus, can be used for tracing
Foxp3-expressing cells) were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). BALB/c mice and C57BL/6 mice (5-8 weeks
old) were purchased from Samtako (Osan, Korea). C.B17-SCID mice
were purchased from OrientBio (Sungnam, Korea). Experiments with
live mice were approved by the Sogang University Institutional Animal
Care and Use Committee.

Antibodies

The following antibodies were purchased from BioLegend (San Diego,
CA, USA): anti-CD3e (145-2Cl11; Cat. No. 100331), anti-CD28 (37.51;
Cat. No. 102112), anti-IFN-y (XMG1.2; Cat. No. 505827), anti-IL-4
(11B11; Cat. No. 504115), anti-CD8«x (53-6.7; Cat. No. 100735), anti-
I-A/I-E (M5/114.15.2; Cat. No. 107610), anti-NK-1.1 (PK136; Cat.
No. 108712), anti-CD25 (PC61; Cat. No. 102031), anti-TCRyd
(UC7-13D5; Cat. No. 107510) and anti-CD62L (MEL-14; Cat.
No. 104404). The following secondary antibodies were purchased
from Qiagen N.V. (Venio, Netherlands): BioMag goat anti-rat IgG
(Cat. No. 310107) and goat anti-mouse IgG (Cat. No. 310007). The
anti-Batf3 antibody (sc-162246) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA).

Flow cytometry

For naive CD4 T cell selection, magnetically selected CD4-enriched
splenocytes were labeled with CD25-FITC, CD62L-PE, and CD4-
PerCP/Cy5.5 antibodies (BioLegend). The cells were then subjected to
cell sorting (FACSAria) to obtain CD4*CD62L*CD25™ naive T cells.
A cell purity of more than 95% was routinely achieved. For cytokine
staining, activated T cells were re-stimulated with PMA (50 ng ml™ 1)
and ionomycin (1 pm) for 4 h and then stained using the Fixation and
Permeabilization Solution Kit with BD GolgiStop (BD Biosciences,
Franklin Lakes, NJ, USA). For transcription factor staining, the cells
were stained with an anti-Foxp3 antibody (eBioscience, Santa Clara,
CA, USA) using the Transcription Factor Staining Buffer Set
(eBioscience). Occasionally, the FOXP3 Fix/Perm Buffer Set (BioLe-
gend) was used to stain GFP-expressing cells. The cells were then
analyzed by flow cytometry (FACSCalibur).
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Ex vivo T-cell activation
The mice were killed, and naive CD4 T cells were isolated from
spleens using the mouse CD4"CD62L* T Cell Isolation Kit II
(Miltenyi Biotec, Bergisch-Gladbach, Germany; Cat. No. 130-093-
227). Briefly, spleens were minced, and red blood cells were removed
by treating the samples with ACK lysing buffer (Life Technologies,
Carlsbad, CA, USA; Cat. No. A10492-01). The remaining cells were
incubated with anti-CD8a, anti-I-A/I-E, anti-NK-1.1, anti-CD25 and
anti-TCRyd antibodies for 15 min at 4 °C and were then incubated
with BioMag goat anti-rat IgG and goat anti-mouse IgG antibodies for
negative selection. Antibody-bound cells were magnetically separated.
The enriched CD4" T cells were incubated with an anti-CD62L biotin-
attached antibody for 15min at 4°C, followed by an anti-biotin
microbead antibody for 15 min at 4 °C. The cells were passed through
an LS column (Miltenyi Biotec) for selection, collected and then
resuspended in RPMI 1640 culture medium (Life Technologies; Cat.
No. 22400-089) supplemented with 5% fetal bovine serum, 2-
mercaptoethanol (Life Technologies; Cat. No. 21985-023), MEM
amino-acid solution (Life Technologies; Cat. No. 11130-051), non-
essentill MEM amino-acid solution (Life Technologies; Cat. No.
11140-050), and penicillin—streptomycin solution (Life Technologies;
Cat. No. 15140-122). The cells were activated with plate-bound anti-
CD3e (5 ugml™1) and soluble anti-CD28 (2 pg ml~ 1) antibodies.
For differentiation of CD4 T cells, the following cytokines and
antibodies were added to the culture medium: 1ngml~!' mouse
recombinant IL-2 (eBioscience; Cat. No. 14-8021), 3.5 ng ml ™! mouse
recombinant IL-12 p70 (eBioscience; Cat. No. 14-8121) and 2 pg ml~!
anti-IL-4 antibody for Th1 differentiation; 1 ngml~! IL-2, 5 ngml~!
mouse recombinant IL-4 (eBioscience; Cat. No. 14-8041) and
2pgml~! anti-IFN-y antibody for Th2 differentiation; 2 ngml~!
human recombinant TGF-f1 (eBioscience; Cat. No. 14-8348),
50 ng ml™! mouse recombinant IL-6 (eBioscience; Cat. No.
14-8061), 10 ng ml~! mouse recombinant IL-1p (eBioscience; Cat.
No. 14-8012), 1ng ml~! mouse recombinant TNF-o (eBioscience;
Cat. No. 14-8321), 10 ygml~! anti-IFN-y antibody and 10 pgml~!
anti-IL-4 antibody for Thi17 differentiation; and 1ngml~! IL-2,
5ngml~! TGF-B1, 10 pgml~! anti-IFN-y antibody and 10 pgml~!
anti-IL-4 antibody for Treg differentiation. The cells were stimulated
for 2-3 days and then used for further experiments.

Retroviral transduction

Packaging cells were transfected with MIEG3 (control) and pCL-eco
retroviral vectors using polyethylenimine (Polysciences, Warrington,
PA, USA). The viral supernatants were harvested 48 h after transfec-
tion and filtered through a 0.4-pm syringe filter. Naive CD4 T cells
were activated under predefined conditions for 24h and then
transduced by replacing the stimulation medium with polybrene-
containing viral supernatant. The cells were centrifuged at 700 g for
90 min at room temperature, and then the stimulation medium was
replaced. The cells were analyzed after incubation for 48 h.

Quantitative RT-PCR

Total RNA was isolated using Tri-reagent (Molecular Research Center,
Cincinnati, OH, USA) and then reverse transcribed using Topscript
reverse transcriptase (Enzynomics, Daejeon, Korea) according to the
manufacturer’s protocol. Quantitative PCR was performed using
HiFast Probe Lo-ROX (PCR Biosystems, London, UK) for dual-
labeled probes according to the manufacturer’'s protocols. The
sequences of the primers and probes used for qPCR are presented
in Supplementary Table 1.



Dual luciferase assay

The Foxp3 promoter and CNSI sequences were cloned into the pGL3-
basic vector. The pGL3, pRL as transfection control vector, and gene
expression vectors were transfected into EL4 mouse thymoma cells by
electroporation (Bio-Rad GenePulser X, exponential decay, 260V,
950 puF), and the cells were cultured in DMEM (Life Technologies)
supplemented with 10% FBS (Life Technologies) and 1% penicillin—
streptomycin (Life Technologies) at 37 °C overnight. The cells were
then stimulated by the addition of 50 ng ml~! PMA, 1 mm ionomycin
and/or 5 ng ml™! TGF-p to the culture medium for 4 h, and luciferase
activities were measured in the lysates using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA).

Ovalbumin tolerance assay

The ovalbumin (OVA) tolerance assay was performed as described
previously with modifications.?? Briefly, mice were sensitized to OVA
by two intraperitoneal (i.p.) injections (8 days apart) of 10 pg of OVA
(purity > 98%; Sigma Aldrich, St Louis, MO, USA) mixed with alum.
Ten days after the second immunization, the mice were challenged
with 12.5 mg of OVA by oral gavage every other day. The mice were
observed for 1 h after each challenge, and those excreting watery feces
were categorized as diarrhea positive. For the Treg depletion study,
250 pg of PC61 or isotype IgG antibody was injected i.p. on day 18
following challenge beginning on day 21.

Mixed bone marrow chimera

Batf3 KO mice on a C57BL/6 background and wild type (WT)
congenic CD45.1 mice younger than 6 months old were killed, and
bone marrow cells were harvested from the femur and tibia. Harvested
cells were mixed at a 1:1 ratio. Recipient Ragl KO mice were
irradiated in a split-dose manner with total 9.5 Gy of X-ray 3 h apart
using the X-ray irradiator M-150WE (Softex, Kanagawa, Japan)
Recipients were then anesthetized for donor cell transfer via retro-
orbital sinus injection. A total of 107 cells were transferred into each
mouse. Baytril (100 mg1~! was supplied ad libitum to the drinking
water for 2 weeks post irradiation. Eight weeks after cell transfer,
recipient mice were killed and analyzed for Treg differentiation in the
indicated organs.

Induction of inflammatory bowel disease

Inflammatory bowel disease induction was performed as previously
described?® with some minor modifications. CD4*CD62L*CD25~
naive T cells were retro-orbitally injected into 8-week-old C.B17-
SCID mice (5% 10° cells per mouse). The mice were weighed once
every 3—4 days after injection. On day 35 of inflammatory bowel
disease induction, the mice were killed, and colon inflammation was
determined using hematoxylin and eosin staining as well as gross
examination of the tissues.

Chromatin immunoprecipitation

Naive CD4 T cells were activated with plate-bound anti-CD3 and
soluble anti-CD28 antibodies in the presence of IL-2 (ThO condition).
Twenty-four hours later, FLAG-tagged Batf3 was retrovirally induced,
and the cells were cultured for 2 days. The cells were then harvested
and subjected to chromatin immunoprecipitation analyses.

Bisulfite sequencing

CD4*CD25" T cells from thymus were isolated by FACS, and their
genomic DNA was treated using the EZ DNA Methylation-Lightning
kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s
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protocol. Treated genomic DNA was amplified and cloned for
sequencing.>* The sequences of the primers used for PCR are
presented in Supplementary Table 1.

RESULTS

Differential expression of Batf3 between Teff and Treg cells
To identify novel T cell fate-determining factors, we first
performed microarray analysis to identify differential expres-
sion of transcription factors between Treg and Tconv cells,
reasoning that negative regulators would be expressed at low
levels in Treg cells. We identified Batf3 as one of the genes with
the lowest expression in Treg cells compared with other CD4 T
cell subsets, including Th1, Th2 and Th17 cells (Supplementary
Data). We confirmed the results by examining the expression
of Batf3 mRNA in cells differentiated from naive T cells in vitro
(Figure 1a). When we measured the kinetics of Batf3 expres-
sion by quantitative RT-PCR at different time points after
T-cell activation, we found that the amount of Batf3 transcript
in Teff cells gradually increased; however, it remained low in
Treg cells. The levels of Batf3 mRNA levels in Th1l and Th2
cells increased markedly between 48 and 72 h; this phenom-
enon was also observed in Th17 cells, albeit to a lesser extent.
However, the levels in Treg cells remained unchanged
(Figure 1b). Differential expression of Batf3 was also observed
in vivo when we examined splenocytes isolated from Foxp3¢“FP
reporter mice. CD4" T cells were divided into the following
three populations based on the expression of eGFP and the
naive T cell marker CD62L: naive T cells, effector-memory
T cells, and Treg cells. GFP"CD62L" effector-memory T cells
expressed the highest level of Batf3 mRNA, whereas Batf3
expression in GFP' Treg cells was comparable with that in
GFP~CD62L"* naive CD4 T cells (Figure 1¢), also supporting
selective low Batf3 expression in Treg cells in vivo.

Batf3 inhibits the differentiation of iTreg cells

The difference in Batf3 expression between Teff and Treg cells
suggests that Batf3 plays an as-yet-unknown role in CD4
T cells, although a previous study reported that deletion of
Batf3 did not affect cytokine production by Tconv cells.?! To
explore the role of Batf3 in CD4 T-cell differentiation,
including that of Tconv and Treg cells, we induced ectopic
expression of Batf3 in various in vitro-differentiated CD4 T cell
subsets using a retroviral vector and then measured the
expression of well-known subset-specific regulators in each
subset. Ectopic expression of Batf3 did not alter the transcrip-
tion of T-bet, Gata3 or RORyt. However, we noted a significant
reduction in Foxp3 mRNA levels in iTreg cells after introduc-
tion of Batf3 (Figure 2a). Flow cytometry analysis confirmed
that ectopic expression of Batf3 reduced the frequency of iTreg
cells expressing Foxp3 protein (Figure 2b). Of note, IL-17A,
but not IFN-y or IL-4, levels increased in iTreg cells; this may
be due to reciprocal expression after a reduction in Foxp3.
We observed that Foxp3 expression was also reduced even in
non-transduced (GFP™) cells (Figure 2b), which was likely due
to soluble factors such as IL-17A affecting Foxp3 expression,
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in addition to an illusional effect from the relatively low GFP
expression in the empty vector (MIEG3) control.

To determine whether Batf3 also affects the stability of
Foxp3 expression in differentiated Treg cells, we performed
retroviral transduction of Batf3 into Treg cells isolated from
mouse spleen. However, the Foxp3" population in Batf3-
overexpressing Treg cells was comparable with that in Treg
cells transduced with an empty vector (Supplementary
Figure 1), suggesting that Batf3 most likely affects Foxp3
induction at the early stage of Treg differentiation, but not
during maintenance of the Treg population.

Batf3 inhibits the differentiation of Treg cells in vitro

The above results suggest that Batf3 acts as a negative regulator
of Treg differentiation. We next asked whether Batf3 could
affect Treg differentiation by examining Batf3 KO cells in vitro.
We stimulated naive CD4 T cells isolated from WT or Batf3
KO mice with varying concentrations of TGE-f. Interestingly,
naive CD4 T cells from Batf3 KO mice were better able to
induce TGF-p dose-dependent Foxp3 expression than their
WT counterparts (Figure 3a). The increase in the Foxp3-
positive population was not due to increased survival or
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proliferation of Batf3-deficient T cells (Supplementary
Figure 2). To identify the conditions under which Batf3 affects
Treg differentiation, we performed Treg differentiation experi-
ments using various cytokines. We found that IL-2 had no
effect on Treg differentiation in Batf3 KO cells (Figure 3b),
although Treg cells do require IL-2 for survival because they are
unable to synthesize it themselves.”> When we added antibodies
to block IFN-y and IL-4, both of which drive T cells toward
their effector fate, in the presence of TGF-p, we found that the
effect of the Batf3 deficiency on Treg differentiation was
abolished and that most cells from WT and Batf3 KO mice
expressed high levels of Foxp3. By contrast, the addition of
sub-optimal amounts of IL-12 or IL-4 reduced the percentage
of Foxp3-positive T cells in both WT and Batf3 KO mice.
Intriguingly, the proportion of the Foxp3-positive population
among Batf3-deficient T cells remained higher than that among
WT cells under these mixed cytokine conditions (Figure 3b),
indicating that Batf3 plays a role in such mixed cytokine
environments. These mixed cytokine environments are likely to
occur during inflammation in vivo; therefore, these results
suggest that Batf3 may play a decisive role in Treg versus Tconv
differentiation in vivo under these conditions.
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Figure 1 Batf3 is selectively upregulated in effector CD4 T cells but not in T regulatory cells (Treg cells). (a) RT-PCR analysis of Batf3
mRNA expression in in vitro-differentiated Th1l, Th2, Th17 and Treg cells. Hypoxanthine phosphoribosyltransferase (Hprf) mRNA was used
as a loading control. (b) Kinetics of Batf3 mRNA expression in Thl, Th2, Thl7 and Treg cells as measured by quantitative RT-PCR
(qRT-PCR). Batf3 expression levels were normalized to those of Gapdh. (c) FACS analysis of CD62L and eGFP expression (left panel), and
qRT-PCR analyses of Batf3 mRNA levels (right panel), in an enriched CD4* cell population isolated from the splenocytes of Foxp3¢GFP
mice. The population was sorted into three groups: Tnaive, GFP7/CD62L* naive CD4 T cells; Teffs-mem, GFP7/CD62L"~ effector/memory
T cells; and Treg cells, GFP* Treg cells. The mRNA expression levels were normalized to those of Gapdh. The data are representative of

two independent experiments (mean +s.e.m., n=3; Student’s t-test).
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Figure 2 Ectopic expression of Batf3 represses Foxp3 production. (a) Naive CD4 T cells were activated and transduced with a control
retroviral vector (MIEG3) or a Batf3-retroviral vector, and then cultured for 3 days under ThO, Thl, Th2, Thl7 and Treg differentiation
conditions. Cells were harvested, and total RNA was isolated. Levels of mMRNA encoding master regulators in each subset were analyzed by
gRT-PCR. The data were collected from six independent experiments (mean +s.e.m. Student’s ttest; n.s., not significant). (b) Naive CD4
T cells were activated and transduced with a control retroviral vector (MIEG3) or a Batf3-retroviral vector and then cultured for 5 days
under Treg differentiation conditions. Levels of Foxp3 protein and cytokines were measured by intracellular staining. The data are
representative of two independent experiments, each with similar results.

Batf3 inhibits Treg cell generation in vivo

We next examined whether Batf3 also blocks in vivo Treg
differentiation. To achieve this goal, we compared the percen-
tage of Treg cells among the different CD4™ T-cell populations
in multiple lymphoid organs from WT and Batf3 KO mice.
The percentages of Foxp3* CD4 T cells in the thymus, mLNs
and colonic LP in Batf3-deficient mice were markedly higher
than those in WT control mice (Figure 4a). Of note, the
increased proportion of Treg cells in the thymus of Batf3 KO

mice did not necessarily result in a higher percentage of Treg
cells in the spleen and peripheral lymph nodes.

The effect of Batf3 on DC development is well established;’!
thus the increased frequency of Treg cells in lymphoid
tissues could be secondary to a deficiency of certain types of
DC. To elucidate whether the effect of Batf3 is genuinely
intrinsic to T cells, we generated a mixed BM chimera by
transferring Batf3 KO (CD45.2%) and congenic WT (CD45.1%)
BM cells into Ragl-deficient mice and then examined Treg
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differentiation. Batf3-deficient cells in the colonic LP of
chimeric mice had a higher propensity to develop into Treg
cells than WT cells (Figure 4b), demonstrating that Batf3-
mediated inhibition of Treg differentiation is T cell-intrinsic.
Given that pTreg cells are generated mainly in gut-associated
lymphoid tissues via stimulation by the gut flora,?® these results
also suggest that Batf3 inhibits the generation of pTreg cells in

Batf3 deficiency enhances Treg cell induction and function
in vivo

We next examined whether the skewed differentiation toward
Treg cells in Batf3-deficient T cells has a physiological role in
gut-related animal disease models. To test this hypothesis,
we used an OVA-induced oral tolerance model. In this
model, OVA-immunized BALB/c mice develop acute diarrhea

the gut. in response to intragastric OVA challenge, unless they are
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Figure 3 Batf3 inhibits Treg cell differentiation under mixed cytokine conditions /n vitro. (@) Foxp3 staining of naive CD4 T cells from WT
and Batf3 KO mice stimulated with various concentrations of hTGF-p1 for 3 days. (b) Foxp3 staining of naive CD4 T cells from WT and
Batf3 KO mice stimulated with cytokines (hTGF-p1, 5ngml=1; IL-2, 1 ngml~1; IL-12, 0.35 ngml~!; and IL-4, 0.5 ng mI~!) and blocking
antibodies (anti-IFN-y and anti-IL-4; each at 10 pgml~1) for 3 days. The numbers in the figure indicate the percentage of Foxp3* cells.

The data are representative of two independent experiments, each with similar results.
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Figure 4 Increased Treg cell population in Batf3-deficient mice. (@) The frequencies of Foxp3* T cells in the thymus, spleen, peripheral
LNs (pLNs), mesenteric LNs (mLNs) and colonic lamina propria (LP) from 8- to 10-week-old WT and Batf3 KO mice. Cells were gated on
CD4+ T cells. The data on the left are representative of four to seven independent experiments. The data on the right present the average
of these independent experiments (mean+s.e.m., n=4-7, Student’s t-test; ***P<0.001, n.s., not significant). (b) Schematic diagram of
mixed bone marrow chimera and composition of CD4*Foxp3* T cells from several lymphoid organs of recipient mice (mean+s.e.m., n=4,
Student’s ttest; *P<0.05, n.s., not significant).
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n=22-26/group. ***P<0.0001, log-rank test). (b) Upper panels: FACS analysis of the frequency of Foxp3* T cells in the thymus, spleen,
mLNs, and colonic LP from the WT and Batf3 KO OVA-challenged mice in a. Lower panels: statistical analysis of the data shown above.
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mice were immunized and intraperitoneally injected with 250 pg of PC61 or isotype IgG antibody before challenge as described in a.

(n=9/group; *P<0.05, log-rank test).

protected by preformed Treg cells induced by oral tolerance.??
We postulated that if Batf3-deficient T cells preferentially
develop into Treg cells upon initial stimulation, then Batf3
KO mice would be protected from diarrhea, even without the
pre-conditioning step. We observed that all WT mice showed
signs of diarrhea within 10 days of OVA treatment; however,
Batf3-deficient mice showed a strong resistance to diarrhea

Experimental & Molecular Medicine

(Figure 5a). Consistent with the data from naive mice, antigen-
experienced Batf3 KO mice also maintained higher Treg
percentages in mLNs and colonic LP than their WT counter-
parts (Figure 5b). Therefore, we next tested whether resistance
to diarrhea is a bona fide effect of Treg cells. A Treg-depleting
monoclonal antibody was used to eliminate Treg cells from
antigen-sensitized Batf3 KO mice. Upon subsequent challenge,
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Figure 6 Batf3-deficient naive CD4 T cells transferred into lymphopenic mice suppress colitis. (a) Body weights of C.B.17-SCID mice after
adoptive transfer of PBS (control) or CD4*CD62L*CD25~ naive T cells isolated from WT or Batf3 KO mice. Weight loss was measured
every 3—-4 days after injection of the cells (mean +s.e.m., n=4 animals/group; P<0.001, one-way ANOVA). The data are representative of
three independent experiments, each with similar results. (b) Hematoxylin and eosin staining and (c) gross morphology of colon samples
from C.B.17-SCID mice injected with PBS (control) or CD4*CD62L*CD25~ naive T cells isolated from WT or Batf3 KO mice. Mice were
killed on day 35 post induction of inflammatory bowel disease (scale bar, 10 um). (d) Weights of the spleens from C.B.17-SCID mice
injected with PBS (control) or CD4+*CD62L*CD25™ naive T cells isolated from WT or Batf3 KO mice. The mice were killed on day 35 post
induction of inflammatory bowel disease (mean+s.e.m., n=4 animals per group; *P<0.05, one-way ANOVA).

the majority of these mice became susceptible to diarrhea
(Figure 5¢). This result suggests that tolerance to antigens in
Batf3 KO mice was due to Treg-dependent immunosuppres-
sion, which did not require pre-acquired oral tolerance.
Because naive Batf3 KO mice already maintain higher levels of
Treg cells in the gut, there is a possibility that protection from
OVA-induced diarrhea could be due to the immunosuppressive
effect of pre-existing polyclonal Treg cells rather than to antigen-
specific Treg cells newly generated by sensitization. To test this
possibility, we used a T cell transfer-induced colitis model. WT
naive T cells transferred to immunodeficient mice differentiate

into pathogenic effector cells and induce colitis.”” If Batf3-
deficient naive CD4 T cells have a greater tendency to
differentiate into protective Treg cells rather than pathogenic
Teff cells in recipient mice, then the pathogenicity of the disease
would be reduced. In fact, weight loss due to colitis was
alleviated in mice harboring Batf3-deleted T cells (Figure 6a).
Histological examination of Batf3 KO T cell-transferred mice
revealed reduced inflammation in the gut (Figure 6b and ¢) and
spleen (Figure 6d). Therefore, we concluded that deletion of
Batf3 protected hosts from gut-associated inflammatory diseases
in a Treg-dependent and T cell-specific manner.

Experimental & Molecular Medicine
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Batf3 binds to the CNS1 region of the Foxp3 locus and
inhibits transcription of the gene

Finally, we explored the molecular mechanisms underlying
Batf3-mediated regulation of Treg differentiation. A previous
study showed that Batf3-deficient Teff cells have no defects in
cytokine production.’! We also found no differences in
cytokine production between WT and Batf3 KO Teff cells
(Supplementary Figure 3). Therefore, we considered the

possibility that Batf3 might directly target the Foxp3 locus to
inhibit Treg differentiation. Foxp3 induction in iTreg cells
by TGF-B correlates with histone H3K4 trimethylation
(H3K4-me3) on CNSI of the Foxp3 locus.> Therefore, we
examined whether deletion of Batf3 has any effect on histone
modification at the locus. Indeed, TGF-B-treated CD4™ T cells
from Batf3-deficient mice showed higher levels of H3K4-me3
across the Foxp3 locus than those from WT mice (Figure 7a).
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Next, we examined whether Batf3 directly binds to and
regulates the Foxp3 locus. Naive CD4 T cells were transduced
with a Batf3-FLAG retroviral vector, and chromatin immuno-
precipitation analyses with an anti-FLAG antibody were
performed to examine the binding of Batf3 to the Foxp3 locus.
Batf3 selectively bound to the CNS1 region of the Foxp3 locus,
but not to the promoter or the intron 5-6 regions (Figure 7b).
Multiple AP-1-binding sites have been identified on the
promoter,”® CNS1,”° and CNS23° of the Foxp3 locus. In
particular, CNSI is essential for TGF-f-dependent pTreg
differentiation in gut-associated lymphoid tissues but is dis-
pensable for tTreg development;!® it also contains a NFAT:
AP-1-binding site that is critical for its enhancer activity.?’
Therefore, we measured Batf3-induced changes in the activity
of CNS1 using a transient reporter assay. The Foxp3 promoter
and CNS1 greatly increased luciferase activity upon combined
stimulation with PMA, ionomycin, and TGF-f; however,
concomitant expression of Batf3 significantly reduced the
activity of CNS1 (Figure 7c). This effect was abolished when
the AP-1 site was deleted from CNS1 (Figure 7c). These results
indicate that Batf3 regulates Foxp3 expression by directly
binding to and suppressing the enhancer activity of CNSI at
the Foxp3 locus.

Although Batf3 suppressed CNS1 function, it did not
completely block reporter activity. We postulated that this
phenomenon was a consequence of Batf3 competition with
c-Fos to form heterodimers with c-Jun. As c-Fos expression is
induced by the protein kinase C (PKC) pathway independently
of Ca?* signaling, we next assessed the suppressive activity of
Batf3 in the presence/absence of PMA, which activates PKC.
Batf3 suppressed the activity of CNSI under different stimula-
tion conditions in a dose-dependent manner (Figure 7d). The
relative reduction of luciferase activity by Batf3 was greatest
when cells were stimulated with TGF-p and ionomycin; the
addition of PMA counteracted the effect of Batf3 (Figure 7e).
These results suggest that Batf3 represses Foxp3 expression by
competing with c-Fos for binding to CNS1 of the Foxp3 locus.

<
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DISCUSSION

Treg cells have attracted much attention due to their crucial
role in immunological tolerance. Because the expression of
Foxp3 is the key step in Treg cell commitment, many studies
have focused on the mechanism(s) underlying Foxp3 induction
in T cells. Here, we present a novel mechanism of Foxp3
repression in which the transcription factor Batf3 represses
Foxp3 expression at the transcriptional level and, consequently,
inhibits Treg differentiation. We found that Batf3 binds to a
conserved AP-1 site on CNS1 of the Foxp3 locus and
suppresses transcription of the Foxp3 gene, thereby blocking
Treg differentiation. However, deletion of the Batf3 gene did
not induce robust Treg differentiation, suggesting that trigger-
ing Foxp3 expression is protected by multiple mechanisms.
Maintaining suppressive epigenetic modification of the Foxp3
locus, such as DNA methylation, could be one such protective
feature.? Nevertheless, deletion of the Batf3 gene did make the
Foxp3 locus more permissive to transcription under conditions
that were less favorable for Treg differentiation. Previous
reports describe the relationship between the strength of the
TCR signal and Treg development, showing that intensive TCR
stimulation is a prerequisite for Treg development.!®3!32 As
the activation of AP-1 is a major consequence of the TCR
signaling cascade, and as Batf3 is a transcriptional repressor of
AP-1 due to lack of a transactivation domain,>® Batf3 might
negatively modulate the strength of the TCR signal in the
nucleus during initial T-cell activation.

We focused on the effect of Batf3 on pTreg development in
gut-associated lymphoid tissue based on our observations using
the bone marrow chimera model. However, there is an
ongoing debate whether clonal Tregs are peripherally
differentiated®® or have a thymic origin.>* Both claims are
based on the same technology of TCR sequencing, which
became available in recent years. However, due to technical
difficulty, this technique limits TCR diversity and cannot
represent a complete repertoire of clonal Tregs. In fact,
recent research has shown that the maintenance of intestinal
homeostasis is heavily dependent on a complete repertoire of
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Figure 7 Batf3 inhibits transcription of the Foxp3 gene by binding to the CNS1 region. (a) Chromatin immunoprecipitation of H3K4me3
on the Foxp3 locus. Naive CD4 T cells from WT and Batf3 KO mice were activated with IL-2 and hrTGF-f1. H3K4me3 in the region
spanning —2 to +10 kb of the transcription start site of the Foxp3 locus was measured. The data are representative of three independent
experiments (mean+s.e.m., n=3; *P<0.05, **P<0.005, ***P<0.001, Student’s ttest). (b) Chromatin immunoprecipitation analysis of
Batf3 binding to CNS1, the promoter and intron 5-6 regions of the Foxp3 locus. Naive CD4 T cells were transduced with a Batf3-FLAG
retroviral vector or with empty vector as a control. The data are expressed as the average of two independent experiments (mean +s.d.,
Student’s ttest; n.s., not significant). (c) Luciferase activity of pGL3 vectors containing the Foxp3 promoter, promoter-CNS1 or the
AP-1-deleted promoter-CNS1 region. The vectors were transfected into EL4 cells. Control cells were transfected with an empty vector. One
day after transfection, cells were stimulated with TGF-p (5 ng mi—1), PMA (P; 50 ng mi—1) and ionomycin (I; 1 mm) for 4 h as indicated,
and luciferase activity was measured in the lysates. The data are expressed as the mean of six independent experiments (mean +s.d.,
Student’s t-test). (d) Luciferase activity of pGL3 vectors containing the Foxp3 promoter-CNS1 region in EL4 cells co-transfected with
the indicated amounts of a Batf3 expression vector. One day after transfection, cells were stimulated with TGF-p (5ngmli~1), PMA
(P; 50 ngml~1) and/or ionomycin (I; 1 mm) as indicated, and luciferase activity was measured in the lysates. The data are expressed as
the mean of five independent experiments (mean+s.e.m. P<0.0001, two-way ANOVA). (e) Reduced reporter activity upon transfection
of a Batf3 expression vector. The data from d were normalized against the corresponding control (Batf3-negative expression vector)
(mean +s.e.m.; Student’s t-test).
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TCRs.» Moreover, studies using the putative tTreg marker
Helios or Nrp-1 and a pTreg-deficient CNS1-KO mice model
consistently showed that clonal Tregs are mostly peripherally
derived.?® Therefore, it is reasonable to argue that the increase
in clonal Treg cells from Batf3-deleted bone marrow most
likely originated from peripheral T cells.

The selective effects of Batf3 on clonal Treg development but
not on other Tregs can be explained by the mechanism by
which Batf3 suppresses the Foxp3 locus in a CNS1-dependent
manner. Because the AP-1 site on CNS1 is essential for pTreg
differentiation but dispensable for tTreg, and the majority of
splenic Tregs have a thymic origin while cLP is highly enriched
with peripherally differentiated Tregs, the repression of Foxp3
expression by Batf3 can be prominent in peripheral tissues. It is
also noteworthy that Batf3 induction in T cells is linked to the
presence of proinflammatory cytokines. Because the expression
of Batf3 was higher in effector subsets than in Treg cells, and
because the suppression of Foxp3 induction by effector
cytokines was diminished by Batf3 deficiency, we speculated
that Batf3 expression was influenced by effector cytokines.
Recently, Kuwahara et al.” identified several binding sites for
another basic leucine zipper transcription factor, Bach2, on the
Batf3 locus including its promoter, and explained that Batf3,
along with Batf and Irf4, can be induced by the IL-4/Stat6
signaling pathway, supporting our speculation. Mucosal
surfaces are in constant contact with the microbiota and
environmental antigens that create a great risk of inflammation.
In particular, the Th2 cytokine IL-4 is well known for its
activity in many allergic diseases on mucosal surfaces.
We postulate that Batf3 might prevent CD4 T cells
from differentiating into Treg cells in the presence of
pro-inflammatory cytokines.

Although our report primarily focused on pTreg
development, we also noted an increased Treg frequency in
the thymus of Batf3 KO mice. This result is consistent with
other reports®® showing that a lack of Batf3-dependent DCs is
not the cause of increased tTreg numbers because other APCs
function redundantly in the thymic T-cell selection process.
Therefore, the increased tTreg population in the thymus is
most likely due to a T cell-intrinsic effect. As CNS1 is
dispensable for tTreg differentiation,'® the mechanism under-
lying Batf3-regulated Treg development in the thymus would
differ from that in the periphery. The effect of Batf3 deletion in
the thymus is CNS2-dependent because we observed increased
levels of TSDR demethylation in differentiating tTreg cells
isolated from Batf3-deficient mice (Supplementary Figure 4).
It is also intriguing that the increased tTreg output is
not maintained in the spleen and other peripheral lymph
nodes. The mechanism by which Batf3 is involved in the
positive selection of T cells in the thymus requires
further study.

Although increased Treg populations were observed in the
thymus, mLN and cLP in germline Batf3 KO mice, they were
observed only in the cLP in Batf3 KO bone marrow-transferred
chimeric mice. The reason for this difference is not clear.
One possible explanation is a difference in neonatal tolerance.

Experimental & Molecular Medicine

Until 2 weeks after birth, the mouse immune system is highly
permissive to antigens, which is termed neonatal tolerance.
It has also been shown that perinatally generated tTregs are
essential for suppressing autoimmunity.’® The potential
responsibility of gut-associated antigens for the increased Treg
population resulting from neonatal tolerance could explain
the increase in Treg cells observed in the thymus, mLN and
cLP but not in other lymphoid tissues of Batf3 KO mice.
As thymocytes derived from donor bone marrow in chimeric
mice are generated postnatally beyond the critical time period,
the difference in Treg enrichment in the thymus and mLN in
chimeric mice will be reduced.

We observed enhanced H3K4 trimethylation in Batf3 KO
Treg cells. However, we do not consider this result as an
evidence of the function of Batf3 as an epigenetic modifier,
but only as evidence of more active Foxp3 transcription in
Batf3-deficient T cells. It is still possible that Batf3 might
interact with other transcription factors or cofactors to modify
the epigenetic status. Treatment with PMA interfered with the
suppressive effect of Batf3. However, activation of the Ca®*
signaling pathway in addition to TGF-f induced greater
reporter activity; however, the suppressive effect of Batf3 was
even more prominent. The transcription factor downstream of
the Ca’" signaling pathway, NFAT, functions not only in Teff
but also in Treg differentiation and maintenance® and the
suppressive phenotype,*! which has been well documented.
It is noteworthy that Batf3 more effectively represses Foxp3
reporter activity induced by NFAT and Smad than c-Fos,
possibly due to the nature of the competition for the hetero-
dimerization partner c-Jun. Therefore, it is likely that competi-
tion between Batf3 and Fos could provide a means of
fine tuning, rather than Batf3 functioning as a dominant
suppressive mechanism in T-cell fate decisions.

Batf, another AP-1 transcription factor that is highly
homologous to Batf3, is also involved in the differentiation of
B and T lymphocytes.*>*3 In particular, Batf functions during
terminal differentiation of several CD4" T-cell subsets, includ-
ing Th2, Th17 and follicular helper T cells. A previous study
showed that Batf-deficient CD4" T cells express higher levels of
Foxp3 than WT CD4* T cells under suboptimal concentrations
of TGF-B.** We also observed that Batf affected Treg differ-
entiation in a manner similar to Batf3 (Lee W, unpublished
data). It is possible that both Batf and Batf3 function as
redundant suppressors of Foxp3. However, as Batf3 does not
affect the function of other effector subsets, targeting Batf3
would be Treg-specific and a potent strategy for gene therapy
for certain T-cell-mediated diseases.

In summary, we have identified a novel function of Batf3 as
a transcriptional repressor of the Foxp3 gene in CD4 T cells.
Understanding the regulation of Foxp3 is critically important,
as the differentiation of Treg cells is crucial for maintaining
immune homeostasis. Moreover, the specific function of Batf3
function that is restricted to Treg cells, but not to other CD4
T cells, could be a target for therapeutic applications.
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