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clinical efficacy, a computed tomography (CT) scan was performed
a few days before enrollment and also after the treatment. In
some cases with partial responses, we observed that the enhanced
area decreased in size, and necrosis appeared at the center of
the tumor.

These encouraging clinical studies on advance lung cancers
and head and neck tumors warrant further evaluation of NKT
cell-targeted immunotherapy for survival benefit. In general, the
immunotherapy may be more effective in patients with low tumor
burden. Currently, we have been conducting a~GalCer/DC ther-
apy for stage IIA to IIIA lung cancer patients with small tumor
foci, including remaining micro-metastasis after radical surgery
or after receiving the established first-line therapy in collaboration
with National Hospital Organization.

FUTURE DIRECTIONS FOR NKT CELL-MEDIATED CANCER
THERAPY USING iPS-DERIVED NKT CELLS

Although an NKT cell-targeted therapy has been shown to have
significant clinical efficacy, only one third of patients are eligi-
ble in the case of advanced non-small lung cancer patients; the
frequency of NKT cells in the other patients is too low. To over-
come this problem, we established in vitro methods for generation
of unlimited numbers of functional NKT cells, which then can be
transferred into the patients whose endogenous NKT cell numbers
are limited.

Induced pluripotent stem (iPS) cells were generated from
mature NKT cells using Oct3/4, Sox2, Klf4, and ¢-Myc genes and
then were developed into functional NKT cells in vitro in the pres-
ence of IL-7 and FIt3L according to the conventional protocol
(42—44). The NKT cells generated in vitro from iPS-NKT cells were
functional in the in vivo setting using the experimental model of
OVA as an artificial tumor antigen (44). When NKT-KO mice were
reconstituted with iPS-derived NKT cells followed by immuniza-
tion with OVA and a-GalCer, we detected a 70-fold increase in
the number of OVA-specific IFN-y producing CD8* T cells above
that seen in the control mice (Figure 2A). Under these conditions,
the growth of the OVA-expressing EL4 (EG7) tumor cells was sup-
pressed (Figure 2B). Thus, the iPS-derived NKT cells are able to
function in vivo.

Before any clinical application of iPS-derived NKT cells, two
immunological issues need to be addressed, one is whether
GvHD is induced by NKT cells and the other is whether semi-
allogeneic NKT cells will work in vivo, because of the clinical
use of iPS-derived NKT cells under semi-allogeneic conditions.
To address the first question, iPS-derived NKT cells on a B6
background and B6 or BALB/c CD4 T cells were injected into
BALB/c RAG-KO mice. The results were very clear: only B6 CD4T
cells, but not iPS-derived B6 NKT cells or BALB/c CD4 T cells,
induced GvHD characterized by weight loss, diarrhea, skin dis-
ease development, or death after cell transfer. Concerning the
second issue of the functional potential of semi-allogeneic NKT
cells in vivo (129xB6) F1 NKT cells derived from cloned ES cells
established by nuclear transfer of mature NKT cells into unfer-
tilized eggs were injected into B6 NKT-KO mice and analyzed
for their adjuvant activity in the OVA model. Significant pro-
liferation of OVA-specific CD8 killer T cells was detected, even
though these cells are eliminated in a few days. The ability to

generate NKT cells using a simple in vitro culture system offers
a powerful approach for the establishment of optimal NKT cell
therapy. Our clinical application of the iPS-derived NKT cell
therapy program has now been selected as a Center for Clin-
ical Application Research on Specific Disease/Organ (Type B)
in the Research Center Network for Realization of Regenerative
Medicine, Japan.

FUTURE DIRECTIONS FOR THE NEXT GENERATION OF NKT
CELL-TARGETED THERAPY

For the establishment of the next generation of NKT cell-targeted
therapy, we developed artificial adjuvant vector cells to induce
both innate and long-term memory CD8T cell responses against
cancer. In this system, allogeneic NIH3T3 fibroblasts were used
as a vector cell, into which tumor antigen mRNA and CD1d
with a-GalCer were introduced. In the model experiment, we
used OVA mRNA as an artificial tumor antigen together with o-
GalCer/CD1d to induce the NKT cell-mediated adjuvant effects
in vivo in situ (Figure 2C) (22). The allogeneic artificial vec-
tor cells were destroyed by the host immune system soon after
inoculation and all materials carried by the cells were taken up
by the host DCs, which immediately stimulated host NKT cells
followed by induction of DC maturation and also by activa-
tion of innate NK cells and adaptive OVA-specific CD8 killer T
cells. Surprisingly, long-term memory CD8 T cell responses were
induced in an antigen-specific manner and persisted even 1 year
after the initial single injection and suppressed OVA-expressing
tumor cell metastasis (Figures 2D,E) (45). To test if this method
could be generalized, we used TRP-2, tyrosinase related protein-
2, which is a weak tumor antigen expressed by both mouse
and human melanoma cells as the tumor antigen, and success-
fully suppressed tumor growth in vivo. Therefore, the artificial
vector cells should be useful in the future for vaccines against
various tumors.

SUMMARY

Natural killer T cells bridge innate and adaptive immunity, which
enhances protective immune responses and also establishes long-
term memory responses. Therefore, NKT cells have important
therapeutic potential. In support of this notion, clinical trials on
NKT cell-targeted therapy have demonstrated clinical safety and
significant clinical efficacy in terms of prolonged median overall
survival time in lung cancer patients and achieved stable disease
status or partial responses in head or neck cancer patients.

The powerful treatment options for the future are to estab-
lish iPS cells that can generate unlimited numbers of NKT cells
with adjuvant activity in vitro and suppress tumor growth in vivo.
The other option is to establish the artificial adjuvant vector cells
containing tumor mRNA and a-GalCer/CD1d, which have been
shown to induce tumor-specific long-term memory CD8T cell
responses and to inhibit tumor growth even 1year after single
injection. Thus, these could be therapeutic candidates for the next
generation of NKT cell-targeted therapy.
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GATA-binding protein 3 (Gata3) controls the differentiation of naive
CDA T cells into T helper 2 (Th2) cells by induction of chromatin
remodeling of the Th2 cytokine gene lodi, direct transactivation of
115 and 1113 genes, and inhibition of Ifng. Gata3 also facilitates Th2
cell proliferation via additional mechanisms that are far less well
understood. We herein found that Gata3 associates with RuvB-like
protein 2 (Ruvbl2) and represses the expression of a CDK inhibitor,
cydin-dependent kinase inhibitor 2c (Cdkn2c) to facilitate the pro-
liferation of Th2 cells. Gata3 directly bound to the Cdkn2c locus in an
Ruvbl2-dependent manner. The defect in the proliferation of Gata3-
deficient Th2 cells is rescued by the knockdown of Cdkn2c, indicat-
ing that Cdkn2c is a key molecule involved in the Gata3-mediated
induction of Th2 cell proliferation. Ruvbl2-knockdown Th2 cells
showed decreased antigen-induced expansion and caused less air-
way inflammation in vivo. We therefore have identified a functional
Gata3/Ruvbl2 complex that regulates the proliferation of differen-
tiating Th2 cells through the repression of a CDK inhibitor, Cdkn2c.

master transcription factor | transcriptional regulation |
polycomb group complex

fter antigenic stimulation in a particular cytokine milieu,

naive CD4 T cells differentiate into various T helper (Th)
cell subsets including Th1, Th2, and Th17 cells (1, 2). The dif-
ferentiation of Th2 cells requires IL-4 stimulation, which leads to
Stat6 activation and the induction of GATA-binding protein 3
(Gata3) transcription (3, 4). In addition, the Ras-ERK MAPK
cascade controls Gata3 stability through the ubiquitin/protea-
some-dependent pathway (5, 6). Gata3 is expressed in T lym-
phocytes, and its expression is required for the CD4 versus CD8
lineage choice and at the p-selection checkpoint in the thymus (7,
8), as well as for Th2 cell differentiation in the periphery (9-12).

It has been known that activated CD4 T cells proliferate more
vigorously under the Th2 culture conditions where IL-4 is pres-
ent compared with the Thl conditions (13, 14). Gata3-deficient
Th2 cells show a substantially reduced BrdU incorporation, in-
dicating that Gata3 is involved in the regulation of Th2 cell ex-
pansion (15). However, no definitive analysis has yet been
reported regarding the molecular mechanisms underlying the
Gata3-mediated induction of Th2 cell proliferation.

T-cell proliferation following TCR signaling is stimulated by
the increase in the expression levels of CDK4/6 and cyclin D
(16). CDK inhibitors including the Ink4 family members Cdkn2a
(p16, inkda), Cdkn2b (pl5, inkdb), Cdkn2c (pl8, ink4c), and
Cdkn2d (p19, ink4d) negatively regulate the activity of the cyclin
D-CDK4/6 complex and block the G1-S phase transition, halting
cellular proliferation in nonimmune cells (17). Cdkn2c has been
implicated in the regulation of T-cell proliferation, supported by
the observation that T cells from Cdkn2c-deficient mice exhibit
a hyperproliferative phenotype in response to TCR stimulation
(18). Although expression of Cdkn2c is restrained by GATA3 in

18626-18631 | PNAS | November 12,2013 | vol. 110 | no. 46

mammary luminal progenitor cells, the transcriptional regulation
of this gene in Th2 cells is yet to be fully elucidated (19).

We herein identified a Gata3/RuvB-like protein 2 (Ruvbl2)
complex as a key regulatory mechanism of Th2 cell proliferation
via repression of Cdkn2c. Such a regulatory mechanism differs
from other cell types and might be uniquely specific for Th2-cell
proliferation. Ruvbl2 regulates the recruitment of Gata3 to the
Cdkn2c locus, and, together, they repress the expression of the
Cdkn2c. Moreover, the defect in the proliferation of Gata3-de-
ficient Th2 cells is rescued by knockdown of CdknZc, indicating
that Cdkn2c is a key molecule involved in the Gata3-mediated
induction of Th2 cells. Therefore, the Gata3/Ruvbl2 complex
plays a pivotal role in the proliferation of dlfferentlatmg Th2
cells via the repression of Cdkn2c.

Results

Identification of Ruvbl2 as a Molecule That Interacts with Gata3 in
Th2 Cells. Gata3 is well-established as a key transcription factor
involved in Th2-cell differentiation, but the nature of the func-
tional Gata3 complexes that control the various processes re-
quired for Th2-cell generation, including their proliferation, has
been unclear. To identity the functional components of the
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Gata3 complexes, we adopted a unique proteomics approach
using affinity purification from the material obtained from the
formaldehyde cross-linked Gata3 complex, in which associated
molecules with low affinity can be identified (20). The 3xFlag-
Gata3 complexes were precipitated efficiently by an anti-Flag
mAb from the 3xFlag-tagged Gata3-expressing Th2 cell line,
D10G4.1, and a mass-spectrometry analysis identified several
polypeptides, including Ruvbl2 (also known as reptin or Tip49b)
(Fig. 14). To confirm the association of Gata3 with Ruvbl2,
formaldehyde cross-linled cell extracts from the same cells were
subjected to immunoprecipitation with an anti-Flag mAb. Ruvbl2
was easily detected in the cross-linked Gata3 complexes, but not in
the non—cross-linked Gata3 complexes, thus indicating that there
is a low-affinity association of these two molecules in D10G4.1
cells (Fig. 1B). The interaction between Gata3 and Ruvbi2 was
also detected in non—cross-linked 293T cells in which Flag-tagged
Gata3 and Myc-tagged Ruvbl2 were overexpressed (Fig. 1C). To
address the direct molecular association of these two molecules,
a GST-pull-down assay with purified recombinant Gata3 and
Ruvbl2 was performed (Fig. 1D). The association of Gata3 with
Ruvbl2 persisted in the presence of ethidium bromide, suggesting
that the association is DNA-independent (Fig. S1). These results
indicate that Ruvbl2 is a bona fide Gata3-interacting molecule in
Th2 cells.
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Fig. 1. ldentification of Ruvbl2 as a molecule that interacts with Gata3 in
Th2 cells. (A) Total extracts from 3xFlag-Gata3-expressing cross-linked
D10G4.1 cells were subjected to affinity purification using a Flag mAb, fol-
lowed by SDS/PAGE and SYPRO Ruby staining. Several specific polypeptides
were identified by mass spectrometry as described in Materials and Meth-
ods. (B) The 3xFlag-Gata3-expressing D10G4.1 cells were treated with or
without formaldehyde as indicated (Cross-link + or —) before extraction. The
extracts were then immunoprecipitated (I.P.) with a Flag mAb, followed by
immunoblotting (I.B.) with an Ruvbl2 Ab (Upper). Total lysates were also
subjected to I.B. in parallel (Lower). (C) The 293T cells were transfected with
expression plasmids encoding Flag-tagged Gata3 and Myc-tagged Ruvbl2.
Two days later, the extracts were L.P. with a Flag mAb, followed by I.B. with
a Myc mAb (Upper). The total lysates were also subjected to 1.B. in parallel
(Lower). (D) GST or GST-Gata3 proteins were bound to glutathione
Sepharose 4B and incubated with purified Myc-tagged Ruvbl2. The bound
proteins were subjected to I.B. with an anti-Myc mAb (Upper). The inputs
represent 10% of the amount of protein used in the pull-down sample
{Lower). Three (C) and two (B and D) independent experiments were per-
formed, and similar results were obtained.
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Ruvhl2 Regulates the Proliferation of Th2 Cells. To identify the
function of Ruvbl2 in differentiating Th2 cells, carboxyfluorescein
diacetate succinimidyl ester (CFSE)-labeled naive CD4 T cells
were transfected with Ruvbl2 siRNA and were cultured under Th2
conditions in vitro. The cell division was significantly inhibited in
the Ruvbl2 knockdown (KD) cells, which was accompanied by
decreased generation of IL-4-producing Th2 cells (Fig. 24).
Ruvbl2 KD had no impact on the mRNA or protein expression of
Gata3 although efficient silencing of Ruvbl2 mRNA expression was
detected (Fig. S2 A and B). OX40-Cre—driven conditional Gata3
knockout (Gata3-deficient) Th2 cells showed a similar phenotype
as the Ruvbl2 KD Th2 cells (Fig. 2B). A substantial reduction in
BrdU incorporation was observed in the Ruvbl2 KD Th2 cells
(42.8% versus 21.6%) and also in Gata3-deficient Th2 cells (49.6%
versus 34.5%) (Fig. 2C). These results indicate that Ruvbl2 and
Gata3 positively regulate the proliferation of Th2 cells.

The Expression of Cdkn2c Is Repressed in a Gata3- and Ruvhl2-
Dependent Manner. Earlier reports demonstrated that Gata3
regulates cell cycle in luminal progenitor cells and neuroblas-
toma cell via control of Cdkn2c and Ccndl expression, re-
spectively (19, 21). Thus, we next assessed the expression of
Cdin2c and Cendl in primary Thl and Th2 cells from wild-type
or Gata3-deficient mice. Although Ccndl expression was not
detected in primary Th1 and Th2 cells, the expression of Cdkn2c
was lower in Th2 cells compared with Thl cells, and the de-
pletion of Gata3 in Th2 cells resulted in increased expression of
Cdkn2c (Fig. 34). Moreover, the Cdkn2c expression was up-
regulated in primary Th2 cells when Ruvbl2 was silenced by
siRNA (Fig. 3B). These results indicate that the expression of
CdknZ2c is repressed in primary Th2 cells in a Gata3- and Ruvbl2-
dependent manner.

To identify Gata3-bindng sites around the Cdkn2c locus, we
performed a chromatin immunoprecipitation assay, followed by
a massive parallel sequencing (ChIP-Seq) analysis using 3xFlag—
Gata3-expressing Th2 clone cells (D10G4.1). Statistics of the
tags generated for the experiment are summarized in Fig. S34.
The binding of 3xFlag-Gata3 at the previously validated Gata3-
binding sites (Th2 cytokine and Ccr8 loci) was confirmed (Fig. S3
B and C) (10, 11). From our ChIP-seq dataset, we identified two
Gata3-binding sites around the Cdkrn2c locus (Intron2 and +7.5-
kb regions) (Fig. S3D, Upper). In the differentiating Th2 cells,
Gata3 binding was detected only at the downstream region (+7.5
kb) of the Cdkn2c locus (Fig. 3C). Consistent with our results,
the strongest binding of Gata3 at the +7.5-kb region of Cdkn2c
was observed in primary Th2 cells compared with Thl and Th17
cells in the previously reported ChIP-seq analysis for endogenous
Gata3 (Fig. S3D, Lower) (11). We named the +7.5-kb region the
Gata3 binding site (G3BS). To assess whether the G3BS plays
a functional role in the Gata3-dependent transcriptional re-
pression of Cdkn2c, a 500-bp fragment spanning the Cdkn2c
G3BS (+7,261 ~ +7,760) (Fig. S4) was placed at the 5'-end of the
Cdkn2c promoter (—500), and luciferase reporter assays were
performed (Fig. 3D). The introduction of the G3BS substantially
repressed the transcriptional activity of the Cdkn2c promoter
whereas insertion of a G3BS with three mutations at the GATA
consensus binding sequence did not show any effects (Fig. 3D and
Fig. S4). These results indicate that Gata3 binds directly to the
Cdkn2c locus and represses the mRNA expression of CdknZc.

Knockdown of Cdkn2c Expression Rescued the Impaired Proliferation
of Gata3-Deficient Th2 Cells. Next, we examined whether Cdkn2c
plays an important role in the Gata3-mediated induction of Th2
cell proliferation. Naive CD4 T cells from Gata3-deficient mice
were stimulated under Th2 conditions for 2 d; then, the cells
were infected with a retroviral vector containing shRNA specific
for Cdkn2c. Four days after infection, the increased Cdkn2c
mRNA expression in Gata3-deficient Th2 cells was abrogated in
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Fig. 2. Ruvbl2 regulates the proliferation of Th2 cells. (A) A control or
Ruvbl2 siRNA was transfected into naive CD4 T cells, and the cells were la-
beled with CFSE. Then, the cells were stimulated with an immobilized anti-
TCRB mAb and anti-CD28 mAb under Th2 conditions for 3 d. The cells were then
restimulated and subjected to intracellular staining with an APC-conjugated
anti-IL-4 mAb (Left). The percentages of the cells in the gates representing the
number of cell divisions (nos. 1 to 7) are shown (Right). (B) Naive CD4 T cells from
WT or Gata3-deficient mice were labeled with CFSE and cultured under Th2
conditions for 3 d. The cells were then restimulated and subjected to 1.4
staining (Left). The percentages of the cells in the gates are shown (Right). (C)
A control or Ruvbl2 siRNA was transfected into naive CD4 T cells, and the cells
were stimulated with an immobilized anti-TCR mAb and anti-CD28 mAb under
Th2 conditions for 4 d (Left). Naive CDA T cells from WT or Gata3-deficient mice
were cultured under Th2 conditions for 5 d (Right). Representative intracellular
staining profiles for BrdU are shown with the percentages of cells in the gate.
Three independent experiments were performed and similar results were
obtained (A, B, and Q).

the cells in which shCdknZ2c had been introduced (Fig. 3E). We
also found that the decreased BrdU incorporation and cell di-
vision in the Gata3-deficient Th2 cells compared with WT cells
was restored by the introduction of shCdkn2c (Fig. 3 F and G).
Interestingly, the restoration in IL-4 production was not ob-
served by introduction of shCdkn2c in Gata3-deficient Th2 cells
(Fig. 3H). These results indicate that Cdkn2c is specifically
critical for the Gata3-mediated induction of the proliferation of
Th2 cells.

The Transactivation Domain of Gata3 Is Required for the Association
with Ruvbl2 and the Repression of Cdkn2c Expression. The GATA
family transcriptional factors (Gatal to -6) typically bind to
a consensus motif (A/T)GATA(A/G) and regulate the specifi-
cation and differentiation of numerous tissues. All GATA family
members share two highly conserved C2H2-type zinc fingers,
both of which are involved in DNA binding and protein—protein
interactions (22, 23). Two transactivation domains are also known
to be important for the function of Gata3 (24).

We examined which domains of Gata3 were important for the
binding to Ruvbl2. Flag-tagged wild-type or deletion mutants of
Gata3 (as depicted in Fig. S5 A, Upper and B, Upper) were
cotransfected with Myc-tagged Ruvbl2 into 293T cells; then, the
interaction was assessed by immunoprecipitation with a Flag
mAb and subsequent immunoblotting with a Myc mAb. The
association with Ruvbl2 was almost completely abrogated by the
deletion of amino acids 65-178 (dTA), which is the region
around the two transactivation domains of Gata3 (Fig. S5.A4 and

18628 | www.pnas.org/cgi/doi/10.1073/pnas.1311100110

B), thus indicating that the transactivation domains of Gata3 are
important for binding to Rubvl2. To further examine whether
these regions of Gata3 are important for the expression of Cdkn2c,
we generated a stable Gata3 knockdown T-cell line. shRNAs
against Gata3 or Ruvbl2 were introduced into a mouse T-cell line
6841 using a lentivirus system. As expected, the expression of
Cdkn2c was up-regulated in the Gata3 or Ruvbl2 knockdown 68—
41 cells (Fig. S5C). We then expressed WT or dTA mutant Gata3
in these Gata3 knockdown 68-41 cells using a retrovirus system.
Both the WT and dTA mutant Gata3 were substantially expressed
in the Gata3 knockdown 68-41 cells (Fig. S5, Upper). As shown
in Fig. 85D, Lower, WT Gata3 repressed the Cdkn2c expression
whereas the dTA mutant did not repress the expression of Cdkn2c.
These results indicate that the transactivation domain of Gata3 is
required for the repression of Cdkn2c expression.

Ruvbli2 Is Necessary for the Recruitment of Gata3 to the Cdkn2c Locus
in Th2 Cells. To further investigate the molecular requirements for
the Gata3-mediated repression of Cdkn2c expression in primary
T cells, we used differentiating Th2 cells from Gata3-deficient
mice. The introduction of WT Gata3 reduced the expression of
Cdkn2c whereas the dTA mutant did not show any effect in the
Gata3-deficient Th2 cells (Fig. 44). The binding of the Gata3
dTA mutant to the Cdkn2c G3BS region was significantly com-
promised (Fig. 4B, Left). In contrast, the binding of the Gata3
dTA to the Th2 cytokine gene loci at the CGRE region was not
compromised (Fig. 4B, Right), thus indicating that the Gata3
dTA mutant had a preserved DNA binding activity. In addition,
a ChIP assay for endogenous Gata3 revealed that the Gata3
binding at the Cdkn2c G3BS region was impaired in Ruvbl2 KD
Th2 cells (Fig. 4C). Thus, Ruvbl2 appears to regulate the binding
of Gata3 to the Cdnk2c G3BS region in Th2 cells. Taken together,
these results suggest that the association of Ruvbl2 with Gata3 is
required for the binding of Gata3 to the Cdkn2c G3BS region.

Repressive Histone Modifications at the Cdkn2c Locus Induced by the
Expression of Gata3 and Ruvbl2. We previously reported that the
polycomb group (PcG) gene product, Bmil, associates with
Gata3 and controls the stability of the Gata3 protein in Th2 cells
(25). In addition, Ruvbl2 was previously shown to be a compo-
nent of the PcG complex in Drosophila (26, 27). Thus, we next
investigated the histone modifications at the Cdkn2c locus, par-
ticularly histone H3-K27 trimethylation (H3-K27 Me3) and
H2A-K119 monoubiquitination (H2A-K119 Ub), which are re-
pressive marks known to be induced by PcG complexes. In-
terestingly, the H3-K27 Me3 and H2A-K119 Ub signals at the
Cdkn2c locus, including the promoter, intron2, and G3BS
regions, were higher in Th2 cells compared with Thl and Gata3-
deficient Th2 cells (Fig. 4 D and E). In addition, as shown in Fig.
4F, these histone modifications at the Cdkn2c promoter were
significantly reduced in Ruvbl2 KD Th2 cells. Thus, repressive
histone modifications at the Cdkn2c locus correlate strongly with
both Gata3 and Ruvbl2 expression.

The Role of Ruvbi2 in Antigen-Induced Expansion of Th2 cells and
Subsequent Induction of Allergic Airway Inflammation in Vivo. Fi-
nally, we investigated the in vivo physiological role of Ruvbl2
using a Th2 cell-dependent allergic airway inflammation model
(28). Ruvbl2 KD Th2 cells or control cells generated by in vitro
culture from DO11.10 Tg mice were i.v. injected into normal
BALB/c mice. The mice were challenged twice by inhalation with
1% (wt/vol) OVA (Fig. S6). Before inhalation, control and Ruvbl2
KD Th2 cells were similarly detectable in the lung (Fig. 54). A
dramatic increase in the number of transferred Th2 cells (KJ1*
cells) was induced by OVA inhalation (Fig. 54, Right, black bars),
and the increase was significantly impaired when Ruvbl2 was
knocked down (Fig. 54, Right). A significant decrease in the
infiltration of inflammatory cells, including eosinophils, in the

Hosokawa et al.



/|

Fig. 3. The expression of Cdkn2c controls the Gata3- A Cdkn2c

dependent Rroliferation of Th2 ce!ls‘. gA) Naiye 4T [E— Th2WT  [shCont.
cells from either WT or Gata3-deficient mice were OTh2 WT

iti ETh2 Gata3 KO shCont.
cultured under Th1 or Th2 conditions for 5 d, and the ot P<0j) 16 Th2 Gata3 KO

expression levels of Cdkn2c mRNA in Th1 WT, Th2
WT, or Th2 Gata3 KO cells were determined by

[ 15 3.0
Relative expression {(/{Hprt)

E Cdkn2c

shCdkn2c *x 1 P<0.01

0 7020 3.0
RT-gPCR. The relative expression (/Hprt) is shown with B Cdkn2c F Relative expression (/Hprt)
SDs. **P < 0.01 by Student t test. (B) Naive CD4 T cells
were transfected with control or Ruvbl2 siRNA, and _l: Emg 22333&2 Tha wr Th2 Gata3 KO Th2 Gatas KO
cultured under Th2 conditions for 4 d; then, the ex- ox: P<0.01 37.9% 20.8%

pression levels of Cdkn2c mRNA were determined by
RT-gPCR. (C) Naive CD4 T cells from WT or Gata3-

1.0 X
Relative expression (/Hprt)

Gata3 ChiP

38.5%

deficient mice were cultured under Th1 or Th2 con-
ditions for 3 d. The binding of Gata3 to the Cdkn2c
locus was determined by a ChIP assay with a gPCR
analysis. The relative intensities (input) are shown
with SDs. (D) D10G4.1 cells were transfected with the
indicated reporter constructs. Two days after trans-
fection, the cells were assayed for luciferase activity.
The data indicate the mean values of three in-

e
kS

Relative intensity (/ input)
=3
N

0
dependent experiments with SDs. (E) Naive CD4 1P: Cont. Gata3 Cont.
T cells from WT or Gata3-deficient mice were cul- +7.5kb (G3BS)
Cdkn2c

tured under Th2 conditions for 2 d and then infected
with a retroviral vector encoding a control shRNA or
shCdkn2c bicistronically with a GFP gene. Four days
later, the retrovirus-infected GFP-expressing cells
were purified, and the levels of Cdkn2c mRNA were
measured by RT-gPCR. (F) The BrdU incorporation in
a portion of the same cultured cells used in £ was
determined. (G) The same cultured cells used in £
were labeled with Cell Proliferation Dye eFluor 670

BThiWT
DOTh2 WT
ETh2 Gata3 KO|

Intron2

Luciferase assay (D10G4.1)

0
Relative luciferase intensity (/TK-RL)

Cell number

BudU

»

e WT shCont.

wee Gatad KO shCont.
== Gata3 KO shCdkn2c
=== After labeling

Cell number

Gat

X

Th2 Gata3 KO
shCdkn2c

5%

Th2 WT
shCont.

Th2 Gata3 KO
shCont.

6.4%

30.1%

“;T]
Cell number

*x: P<0.01 .

on day 3 after stimulation. Two days later, cell division was assessed by FACS. Numbers represent mean fluorescent units. (H) The same cultured cells used in £ were
stimulated with immobilized TCRB mAb and subjected to IL-4 staining, followed by FACS analysis. The percentages of IL-4-producing cells are shown. Four (4), three
(B, C, E, and F), and two (D, G, and H) independent experiments were performed, and similar results were obtained.

bronchioalveolar lavage (BAL) fluid was observed in the Ruvbl2
KD group in comparison with the control group (Fig. 5B). His-
tological analysis showed that mononuclear cell infiltration into
the peribronchiolar regions of the lung was also modest in the
Ruvbl2 KD animals (Fig. 5C, Upper). The levels of mucus hy-
perproduction and Goblet-cell metaplasia assessed by PAS staining
were lower in the bronchioles of the Ruvbl2 KD group (Fig. 5C,
Lower). These results indicate that Ruvbl2 regulates antigen-in-
duced Th2 cell expansion and subsequent induction of allergic
airway inflammation in vivo.

Discussion

We have herein identified a mechanism by which Gata3 facili-
tates the proliferation of differentiating Th2 cells. Gata3 asso-
ciates with Ruvbl2 to form a unique repressive complex and
represses the expression of a CDX inhibitor, Cdkn2c, via direct
binding to the downstream region of the Cdkn2c gene (Fig. S7B).
The discovery of the unique repressive Gata3/Ruvbl2 complex
and the critical role of Ruvbl2 in the repression of Cdkn2c ex-
pression allow for mechanistic insight into the process of Th2-
cell differentiation and proliferation.

Cdkn2c is a gene encoding p18 (ink4c), a member of the Ink4
family of cyclin-dependent kinase inhibitors. Ink4 family proteins
bind to Cdk4 and Cdk6 to prevent the assembly of catalytically
active cyclin D-CDK4/6 complexes and block the G1-S phase
transition (17). Our results are consistent with the observation
that Cdkn2c-deficient mice showed a hyperproliferative pheno-
type in response to TCR stimulation (18). In luminal progenitor
cells, Gata3 was shown to directly bind to the promoter and in-
tron of Cdkn2c and repress its expression to regulate the cell
cycle (19). In addition, the involvement of Gata3 in the activa-
tion of Cyclin D1 (encoded by Ccndl) in neuroblastoma cell lines
and cell cycle entry in long-term repopulating hematopoietic
stem cells were reported in previous studies (21, 29). Therefore,
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Gata3 appears to regulate the proliferation of various cell types
through several distinct mechanisms.

Ruvbl2, a paralogue of Ruvbll, was identified independently
in multiple organisms and is implicated in many cellular path-
ways. Ruvbll and Ruvbl2 were both initially found as proteins
that interacted with the TATA-box binding protein (Tbp) in
Drosophila, yeast, and humans (30, 31). Ruvbll and Ruvbl2 be-
long to the AAA™ (ATPase associated with multiple activities)
ATPase family, have an ATPase domain with Walker A and
Walker B motifs, and are conserved in different species. Ruvbl1
and Ruvbl2 are involved in the transcription of over 5% of yeast
genes, many of which are directly involved in cell-cycle regula-
tion (32). In addition to Tbp, the Ruvbll and Ruvbl2 have also
been found to interact with various transcription factors, in-
cluding c-Myc, B-catenin, and E2f, all of which are critical in the
regulation of cell growth, proliferation, and apoptosis (30, 31).
Previous reports have identified Ruvbl2 in various chromatin
remodeling complexes, such as Tip60, Swrl, Baf, Ino80, and PcG
molecule complexes. Moreover, mice heterozygous for a Ruvbi2
mutation showed impaired T-cell development and maximal T-
dependent antibody responses (33). The expression of Ruvbi2
thus appears to play a critical role in the expansion of T cells
in vivo.

Because Gata3 binding to the Cdkn2c locus is significantly
lower in the absence of Ruvbl2, Gata3-mediated repression of
Cdkn2c expression is dependent on Ruvbl2-Gata3 interaction
(Fig. 4 and Fig. S5). With regard to the mechanisms by which
Ruvbl2 controls Gata3 binding to the Cdkn2c locus, two possi-
bilities should be considered. One is that the association of
Gata3 with Ruvbl?2 has an effect on the DNA binding activity of
Gata3, and the other is that Ruvbl2 recruits chromatin-remod-
eling complexes altering the accessibility of the Cdkn2c locus to
Gata3 (31). The binding of the Ruvbl2 to the Cdkn2c locus was
comparable in Thl and Th2 cells (Fig. $74), indicating that the
binding of Ruvbl2 to the Cdkn2c locus is Gata3-independent.
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Fig. 4. Ruvbl2 is necessary for the recruitment of Gata3 at the Cdkn2c locus in developing Th2 cells. (A) Naive CD4 T cells from Gata3-deficient mice were
stimulated under Th2 conditions for 2 d and then infected with a retroviral vector carrying WT or mutant (dTA) Gata3 cDNAs. Three days later, the retrovirus-
infected GFP-expressing cells were purified, and the levels of mRNA of Cdkn2c were measured by RT-gPCR. **P < 0.01 by Student ¢ test. (B) The binding of Gata3
WT or dTA to the Cdkn2c G3BS and Th2 cytokine loci (CGRE region) were determined by the ChiP assay with a gPCR analysis using the same cells shown in A. (C) A
control or Ruvbi2 siRNA was transfected into naive CD4 T cells, and the cells were stimulated under Th1 or Th2 conditions for 3 d. The binding of Gata3 to the
Cdkn2c locus was determined. (D) A schematic representation of the Cdkn2c locus. The locations of primers and exons are indicated. (£) Naive CD4 T cells from WT
or Gata3-deficient mice were cultured under Th1 or Th2 conditions for 5 d. The status of H3-K27 Me3 and H2A-K119 Ub at the Cdkn2c and Hprt loci was de-
termined by a ChiP assay, using specific primers to detect the indicated regions. **P < 0.01, *P < 0.05 by Student ¢ test. (F) A control or Ruvbl2 siRNA was transfected
into naive CD4 T cells, and the cells were stimulated under Th2 conditions for 4 d. The status of H3-K27 Me3 and H2A-K119 Ub at the Cdkn2c and Hprt promoters
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Thus, our findings may support the latter hypothesis, Ruvbl2 The recent genome-wide analyses indicated that GATA family
might associate with Gata3 at the Cdkn2c locus to facilitate and  transcription factors mediate both activating and repressive gene
stabilize the DNA binding of Gata3 (Fig. S7B). regulation (10, 11, 34-36). Interestingly, most of the GATA
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Fig. 5. Ruvbl2 regulates OVA-induced Th2 cell expansion and allergic airway inflammation in vivo. (A) A control or Ruvbl2 siRNA was transfected into naive
CD4 T cells from DO11.10 Tg mice, and the cells were stimulated under Th2 conditions. On day 4, cells were i.v. transferred into BALB/c mice, and the mice
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binding sites are localized at intragenic or intergenic regions
where they can function as distal enhancers or silencers (11,
34-36). We have recently reported that Gata3 organizes a Gata3/
Chd4/p300 activating complex at the enhancer regions of Th2
cytokine loci and a Gata3/Chd4-NuRD repressive complex at the
intron 1 of 7bx21 locus in Th2 cells and, thus, simultaneously
positively regulates the expression of the Th2 cytokine genes and
negatively regulates the 7bx21 locus (37). In the current study,
we found that Gata3 binds to the downstream region of the
Cdkn2c locus (+7.5 kb from the transcriptional start site) and
down-regulates the expression of Cdkn2c (Fig. 3). The introduction
of a fragment spanning the Cdkn2c G3BS specifically repressed the
transcriptional activity of the Cdkn2c promoter (Fig. 3D). Thus, the
G3BS downstream of the Cdkn2c may have a Gata3-dependent
intergenic silencer activity that affects the expression of CdknZc.

In summary, our results indicate that the Gata3/Ruvbl2 com-
plex plays a crucial role in the regulation of Th2-cell pro-
liferation by repressing the expression of a CDK inhibitor, CdknZ2c.
This finding highlights a unique molecular mechanism that controls
the process of the proliferation during Th-cell differentiation.

Materials and methods

Mice. C57BL/6 and BALB/c mice were purchased from CLEA Co. Conditional
Gata3-deficient mice and OX40-Cre transgenic mice were kindly provided
by Dr. William E. Paul (National Institutes of Health, Bethesda, MD) and
Dr. Nigel Killeen (University of California, San Franciso, CA), respectively.
Anti-ovalbumin (OVA)-specific TCR-af (DO11.10) transgenic (Tg) mice were
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provided by Dr. Dennis Loh (Washington University, St. Louis, MO). All mice
were maintained under specific pathogen-free conditions and were used at
6-8 wk of age. All animal experiments were approved by the Chiba Uni-
versity Review Board for Animal Care.

The Generation of Th1 and Th2 Cells. Th1 and Th2 cells were generated as
described previously (38). In brief, CD4 T cells with a naive phenotype
(CD44"") were purified using a FACSAria instrument (Becton Dickinson)
yielding a purity of >98% and were stimulated with 3 pg/mL immobilized
anti-TCRB mAb plus 1 pg/mL anti-CD28 mAb under the Th1 or Th2 conditions
in vitro.

Detailed descriptions of all materials and methods are provided in §/
Materials and Methods.
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SUMMARY

After antigen encounter by CD4* T cells, polarizing
cytokines induce the expression of master regulators
that control differentiation. Inactivation of the histone
methyltransferase Ezh2 was found to specifically
enhance T helper 1 (Th1) and Th2 cell differentiation
and plasticity. Ezh2 directly bound and facilitated
correct expression of Thx21 and Gata3 in differenti-
ating Th1 and Th2 cells, accompanied by substantial
trimethylation at lysine 27 of histone 3 (H3K27me3).
In addition, Ezh2 deficiency resulted in spontaneous
generation of discrete IFN-y and Th2 cytokine-pro-
ducing populations in nonpolarizing cultures, and
under these conditions IFN-y expression was largely
dependent on enhanced expression of the transcrip-
tion factor Eomesodermin. In vivo, loss of Ezh2
caused increased pathology in a model of allergic
asthma and resulted in progressive accumulation of
memory phenotype Th2 cells. This study establishes
a functional link between Ezh2 and transcriptional
regulation of lineage-specifying genes in terminally
differentiated CD4™ T cells.

INTRODUCTION

Upon encountering antigen, naive CD4* T cells differentiate into
discrete subsets of effector T helper (Th) cells, a process
controlled by the cytokines present during activation. Th cell
subsets including Th1, Th2, Th9, and Th17 then induce different
types of immune responses (Reiner, 2007; Zhu et al., 2010).
Interferon gamma (IFN-vy)-producing Th1 cells are essential for
immunity to intracellular pathogens, and interleukin 4 (IL-4)-,
IL-5-, and [L-13-producing Th2 cells promote immunity to
parasitic worms and also allergic inflammation. Expression of
lineage-specifying transcription factors is required for Th cell
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differentiation. T-bet (encoded by Thx27) can induce Thi cell
differentiation (Szabo st al., 2000), and Gata3 is required and
sufficient for differentiation of Th2 cells (Yamashita et al., 2004;
Zheng and Flavell, 1997). In addition, a transcription factor
related to T-bet called Eomesodermin (Eomes) can also induce
IFN-y production in Th cells under some conditions (Suto
et al., 2006; Tofukuji et al., 2012; Yang et al., 2008). Appropriate
expression of these transcription factors and the effector cyto-
kines they control is therefore essential for proper immunoregu-
lation. Th1 and Th2 cell differentiation programs possess strong
feed-forward mechanisms to maintain polarization (Hosokawa
etal., 2013; Hwang et al., 2005; Usui et al., 2003) and are gener-
ally considered to represent stable lineages of differentiated
effector cells. However, it is also becoming apparent that appre-
ciable levels of functional plasticity exist among the Th cell sub-
sets (Kanno et al., 2012; O'Shea and Paul, 2010).

Epigenetic histone modifications provide cells with the ability to
maintain specific phenotypic traits independently of changes to
the primary DNA sequence. Several epigenetic modifications
have been found to correlate with gene expression in Th cells (An-
seletal., 2006; Kanno etal., 2012; Léhning et al., 2002; Nakayama
and Yamasghita, 2008; Wei et al., 2008), with repressed genes
frequently associated with increased levels of trimethylation of
lysine 27 on histone 3 (H3K27me3). Polycomb proteins form two
major repressive complexes: polycomb repressive complex 1
(PRC1) and PRC2. Interestingly, CD4* T cells lacking the PRC1
proteins Mel-18, Bmi1, and Ring1B exhibited impaired differenti-
ation into Th2 cells, partially because of failure of these cells to
inhibit cell death pathways (Kimura et al., 2001; Suzuki et al,,
2010; Yamashita et al., 2008) and also because of the roles of
Bmi1 (Hosokawa et al., 2006) and possibly Mel-18 (Kimura et al.,
2001) in stabilization of the Gata3 protein. The polycomb proteins
Enhancer of Zeste Homolog 1 (Ezh1) and Ezh2 form two closely
related PRC2 complexes that can trimethylate H3K27 and are
required for maintenance of cellular identity at several stages of
development (Di Meglio et al., 2013; Ezhkova et al., 2009; Hira-
bayashi et al., 2009; G'Carroll et al., 2001; Shen et al., 2008; Su
et al., 2003). Ezh2 is highly expressed in CD4* T cells and binds
to the Gata3 locus prior to Th2 cell differentiation (Onodera
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etal., 2010). In addition, the position of Ezh2 occupancy at the /4
and /113 loci was found to spatially correlate with the presence of
H3K27me3 in Th1 cells (Koyanagi et al., 2005). In contrast, it has
been suggested that Ezh2 is important for efficient actin polymer-
ization and TCR-induced proliferation of peripheral CD4* T cells,
and this study detected no evidence of decreased H3K27me3 in
unstimulated Ezh2-deficient CD4™ T cells (Su et al., 2005). Addi-
tionally, an unconventional role for Ezh2 in the positive regulation
of cytokine genes in Th cells has been suggested (Jacob et al,,
2008). Thus, it remains unresolved whether Ezh2 retains its canon-
ical role as a genetic repressor in CD4* T cells.

Here we show that Ezh2 has important functions as a
repressor of gene expression during Th cell differentiation.
Ezh2 bound strongly to genes encoding the transcription factors
T-bet, Eomes, and Gata3, controlled differentiation into Tht
and Th2 effector cells, and regulated plasticity of these subsets
after differentiation. In vivo, Ezh2-deficient (Ezh22SET/ASET) Tho
cells caused enhanced pathology in a mouse model of allergic
asthma, and CD4*-specific Ezh2 deficiency resulted in progres-
sive accumulation of memory phenotype Th2 cells. These data
indicate that Ezh2 plays an essential role in regulating both differ-
entiation and stability of effector function in CD4* T cells.

RESULTS

The Histone H3K27 Methyltransferase Ezh2 Controls
Differentiation of Th1 and Th2 Celis

To directly assess the role of Ezh2 during Th cell differentiation,
we used mice in which the Ezh2 SET domain (responsible for
H3K27 methyltransferase activity of Ezh2) was conditionally
deleted (Hirabayashi et al., 2009) in CD4* T cells by expression
of Cre-recombinase under control of the Cd4 promoter (herein
referred to as Ezh22SEV/ASET or Ezh2-deficient cells). The trun-
cated Ezh2 ASET protein could be detected in Ezh2®SET/ASET
CD4™" T cells, but expression was much lower compared to the
levels of native Ezh2 in wild-type (WT) cells (Figure S1A available
online). Mice with CD4™ T cell-specific Ezh2 deficiency (6 weeks
old, young adult) had normal proportions of CD4" and CD8"
T cells in the spleen and thymus (Figure S1B) and normal expres-
sion of T cell-associated surface markers on CD4™ T cells (Fig-
ure 81C). In addition, we did not observe any defects in IL-2
production (Figure S1D) or initial proliferation of Ezh2SEV/ASET
CD4* T celis (Figures S1E and S1F). We first investigated whether
loss of Ezh2 could affect Th cell differentiation. Ezh2-deficient Th
cells produced markedly more IFN-y in cultures with titrated
doses of the Th1 cell-inducing cytokine IL-12 (Figures 1A and
1C). Likewise, more IL-4, IL-5, and IL-13 were produced in cul-
tures with the Th2 cell-inducing cytokine IL-4 (Figures 1B and
1D). Interestingly, enhanced IFN-y production by Ezh2-deficient
cells was still observed without addition of IL-12, and this could
be inhibited by IL-4 (Figure 1B). In addition, compared to WT cells,
increased amounts of IFN-v, IL-4, IL-5, and IL-13 were produced
by Ezh2-deficient CD4* T cells activated via the TCR without any
exogenously added cytokines (Figure 1E). Importantly, as shown
by intracellular staining, the majority of IFN~y- and IL-4-producing
cells were mutually exclusive, indicating that loss of Ezh2 does
notdisable Th cell polarization (Figures 1Aand 1B). We also inves-
tigated the effect of 3-Deazaneplanocin A (DZNep), a specific in-
hibitor of histone methyltransferase activity. This agent has been
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shown to inhibit Ezh2 and reactivate polycomb repressed genes
in cancer cells (Tan et al., 2007) and to preferentially decrease
H3K27me3 in T lymphocytes (He et al., 2012). Treatment of
CD4* T cells with low concentrations of DZNep (7.5 and 15 nM)
during differentiation resulted in a dose-dependent increase in
the production of IFN-y or of IL~4, IL-5, and IL-13 under Th1 or
Th2 cell-inducing conditions, respectively (Figures 1F and 1G).
These data indicate that inhibition of Ezh2 activity via genetic
inactivation or chemical inhibition strongly enhances cytokine
production and differentiation of Th1 and Th2 cells.

Loss of Ezh2 Results in Enhanced Th1i and Th2 Cell
Polarization with Increased Expression of T-bet and
Gata3

To determine whether cytokine expression in Ezh2-deficient cells
coincided with expression of lineage-specifying transcription
factors at the single-cell level, we analyzed expression of T-bet
together with IFN-y and of Gata3 together with IL-4 (Figures 2A
and 2B). Ezh2-deficient cells again showed markedly increased
cytokine production. Importantly, those cells that produced
IFN-v also expressed higher amounts of T-bet, and the cells
that produced IL-4 expressed higher amounts of Gata3. We
also found enhanced expression of Thx21 and Gata3 mRNA at
all of the concentrations of polarizing cytokines tested (Figures
2C and 2D). To further analyze the contribution of T-bet to
the enhanced IFN-y production by Ezh2-deficient cells, we
compared WT, Tbx217/~, Ezh22SEVASET and cells doubly defi-
cient for Ezh2 and T-bet (Ezh2*SE72SETTpx21~/7) differentiated
under Th1 cell-inducing conditions. We detected an approxi-
mate 50% reduction in IFN-y production by Thx21~/~
Th1 cells compared to WT cells, and again IFN-y production by
Ezh2ASET/ASET gells was markedly enhanced. In double-deficient
Ezh2ASEVASETTHy21~/~ cells, the enhanced IFN-y production
induced by loss of Ezh2 was substantially reduced (Figure 2E),
indicating that the increased expression of IFN-y in Th1 polarized
Ezh2-deficient cells is largely dependent on T-bet. To assess the
contribution of Gata3 to Th2 cytokine production, we used Gata3
siRNA to knock down Gata3 expression in Ezh2-deficient cells
differentiated under Th2 cell polarizing conditions. Gata3 siRNA
abolished [L-4, IL-5, and IL-13 production by Ezh2-deficient
Th2 cells (Figure 2F). These data indicate that Gata3 is required
for enhanced Th2 cytokine production in cells lacking Ezh2 and
confirm that Ezh2-deficient cells are unable to bypass the
requirement for Gata3 in Th2 cytokine expression. In contrast
to the large enhancement of Th1 and Th2 cell differentiation, we
detected only a very small increase in IL-17 production when
comparing WT and Ezh2-deficient cells differentiated under
Th17 cell-inducing conditions, and the expression of Roryt was
also only slightly increased (Figures S2A and S2B). In addition,
we found no enhancement, but rather a decrease in differentia-
tion into Th9 and iTreg cells by Ezh2-deficient CD4* T cells (Fig-
ures S2C and S2D). Interestingly, under Th17, Th9, and also iTreg
cell-inducing conditions, we again detected more IFN-y produc-
tion by Ezh2-deficient cells compared to WT cells.

Genome-wide Analysis of Ezh2 Binding in Th1 and Th2
Cells

To globally determine the genes most likely to regulate the
enhanced Th1 and Th2 cytokine production by Ezh2-deficient



Immunity
Ezh2 Controls CD4* T Helper Cell Differentiation

A B
IL-12 (hg/ml) 0.1 1.0 IL-4 (ng/ml) 1.0
0.6 01 02 0.3
—
=
= =
i1} w
@ 12
< 4
= =
w 1)
£ 2
q S
N + 5
LL' ;" 10 UJ
D IL-4 IL-5 IL-13 g wT
[:I EzthSET/ASET
0 ﬁ: S N |3 ]
E £ ;
=2 >
S : * £ %
ﬁ 0.1 o 3 1 h |*}!‘ H]: j;
= = t
1.0 ¥ 10~¥‘_]_{»L_.ié ]i!—————‘ ]:
; T T T | ¥ U 4 Ll |r 3 1] 1]
0 100 200 300 400 0 5 10 15 0 5 10 15 20 O 50 100 150
(ng/ml) (ng/mt)
E
o5 [FN-y . 15 IL-5 es 80 IL-13
~ 20 = —60 T
E 15 *k E 1.0 £
210 * €55 240
5 20
0 T 1 T Y 0.0 0
0o 1t 2 3 4 5 6 5 6 6 1 2 3 4 5 6 0 1t 2 3 4 5 86
Time (days) Time (days) Time (days)
—8- WT
7.5nM 15 nM _[1- EzhpASET/ASET

Figure 1. Loss of Ezh2 Function Results in Enhanced Th1 and Th2 Cell Differentiation
(A-D) Naive wild-type (WT) or Ezh2-deficient (Ezh2*SFT/2SET) CD4* T cells differentiated under Th1 (A and C) or Th2 (B and D) cell-inducing conditions with the

indicated concentrations of IL-12 or IL-4, respectively. .
(E) Naive CD4" T cells activated with anti-TCRp alone for the indicated times.

(F and G) Naive CD4* T cells were cultured under Th1 cell-inducing conditions with 0.1 ng/ml iL-12 (F) or Th2 cell-inducing conditions with 1 ng/ml IL-4 (G) and the

indicated concentrations of the Ezh2 inhibitor DZNep.

Cytokine production measured by cytoplasmic staining of IL-4 and IFN-y or IL-5 and IL-13 after 5 hr restimulation with anti-TCRB (A, B, F, and G) and ELISA after
24 hr restimulation with anti-TCRB (C and D) or the indicated time of culture (E) (n = 3, mean = SD). Data are representative of at least three independent

experiments. *p < 0.05, **p < 0.01. See also Figure $1.

Th cells, we used transcriptional profiling of Ezh2-deficient Th
cells combined with genome-wide mapping of Ezh2 target genes
in WT Th1 and Th2 cells. Ezh2 deficiency resulted in 856 upregu-

lated and 908 downregulated genes in nonpolarized Th cells.
Gene ontology (GO) analysis (Huang et al., 2009) of the upregu-
lated genes showed that the most statistically overrepresented
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Figure 2. Loss of Ezh2 Results in Enhanced Expression of the Master Regulators T-bet and Gata3

(A-D) Naive WT or Ezh28SET/ASET CD4* T cells differentiated under Th1 (A and C) or Th2 (B and D) cell-inducing conditions with the indicated concentrations of
IL-12 or IL-4, respectively. mRNA expression of Tbx27 (T-bet) (C) and Gata3 (D), n = 3, mean + SD. **p < 0.01.

(E)Naive WT, Thx21~/~, Ezh22SEVASET and Ezh2ASEVASET Thyo1-/~ double-deficient CD4™ T cells differentiated under Th1 cell-inducing conditions with 0.1 ng/mi IL-12.
(F) Naive CD4* T cells differentiated under Th2 cell-inducing conditions with 1 ng/ml of IL-4 and electroporated with control SIRNA (WT and Ezh22SEV/ASET gelis) or

Gata3 SiRNA (Ezh25SEV/ASET cellg),

Cytoplasmic staining of T-bet with IFN-y (A) and Gata3 with IL-4 (B), mean fluorescence intensities (MFIs) of T-bet and Gata3 are shown (WT cells, blue; Ezh22SEVASET
cells, red) and IL-4 with IFN-y (E and F) and IL-5 with IL-13 (F). Data are representative of at least three independent experiments. See also Figure S2.

groups were involved in immune responses (immune system
process; GOTERM_BP, p = 1.5 x 107'°, 96 genes), with approx-
imately half encoding cytokines and their receptors (cytokine-
cytokine receptor interaction; KEGG pathway, p = 2.5 x 1072,
44 genes). This indicates that cellular context is important in
determining which genes are derepressed when Ezh2 is absent,
a phenomenon that has also been reported in other studies (Ezh-
kova et al., 2009; Hirabayashi et al., 2009). Of the genes defined
in reference genome mm3 in the RefSeq database, 9.5% (1,998
genes) were bound by Ezh2 in both Th1 and Th2 cells, 1.1% (240
genes) were bound in Th1 cells only, and 2.0% (415 genes) were

822 Immunity 39, 819-832, November 14, 2013 ©2013 Eisevier Inc.

bound in Th2 cells only (Figure S3A). GO analysis of all bound
genes showed very strong enrichment of genes involved in
development (developmental process; GOTERM_BP, p
5.1 x 10717, 743 genes) and transcription (transcription factor
activity; GOTERM_MF, p = 1.1 x 107, 308 genes), similar to
that reported for polycomb proteins in embryonic stem cells
(Boyer et al., 2008). Ezh2 binding was detected at 16.0% (137
of 856 genes) of the upregulated genes and also at 6.6% (60
of 908 genes) of the downregulated genes. Ezh2 binding
was significantly more likely to be detected at genes upregu-
lated in response to inactivation of Ezh2 (chi-square test,
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factors (C) and cytokines and cytokine receptors
(D) in Ezh2*SEVASET nonpolarized Th cells. Left col-
umn, fold upregulation (red); middle columns, Ezh2
binding in WT Th1 and Th2 cells (orange); right col-
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p =7.3 x 1078); however, the presence of Ezh2 at a small subset
of the downregulated genes also indicates that Ezh2 could play a
more complex role in gene regulation at some loci. Ezh2 binding
intensity in Th1 versus Th2 cells at all genes up- and downregu-
lated by inactivation of Ezh2 are depicted; genes with more than
2-fold enrichment of Ezh2 are indicated in blue (Figures 3A and
3B and Table S1 and S2), with the transcription factors Gata3,
Tbx21, and Eomes indicated in red. Based on our results by
GO analysis, we then assessed the upregulated genes encoding
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See also Figure S3.
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transcription factors (44 genes) (Figure 3C)
and cytokines and cytokine receptors (47
genes) (Figure 3D) in more detail. Overall,
transcription factor genes showed signifi-
cantly higher Ezh2 binding (Student’s

t test, p = 0.003). The lineage-specifying
por genes Tbx21 and Gata3, and another
nfs gene with unknown function in Th1 or
Iing Th2 cells called Epas? (Figure 3C, arrows),
Toie showed the most dramatic changes in

Ezh2 occupancy during differentiation. In
Th1 cells, Ezh2 also preferentially bound
genes encoding several cytokines pro-
ort, duced by Th2 cells including IL-4, IL-5,
Even IL-10, 1L-13, and IL-24; however, Ezh2
I12m1 occupancy at these loci was very low (Fig-
ure 3D, arrows). Loss of Ezh2 also resulted
in increased expression of Maf, another
transcription factor associated with regu-
lation of Th2 cytokine expression; how-
ever, this gene did not appear to be a
strong target of Ezh2, and there was no
difference in Ezh2 binding at this loci in
Th1 cells compared to Th2 cells (Fig-
ure 33B). As expected, no difference in
Ezh2 binding between Th1 and Th2 cells
was found at the /fng gene; however,
ChiP-seq analysis identified an area be-
tween 40 and 50 kb downstream of the
Ifng gene that showed moderately higher
Ezh2 binding in Th2 cells (Figure S3B), an
area that may be functionally important for /fng gene regulation
(Schoenborn et al., 2007). We also found preferential Ezh2 bind-
ing in Th2 cells at genes encoding several surface receptors
normally expressed on Th1 cells including Cxcr3, Ccr5, Cd70,
1118r1, l118rap, and I112rb2 and the chemokine Ccl5 (Figure 3D,
arrows). Ezh2 ChIP-seq profiles for Gata3, Epas1, Maf, Tbx21,
Eomes, Th2 cytokine, and Ifng loci are shown in Figure S3B.
These data indicate that Ezh2 is dynamically regulated at several
of the signature genes that define the Th1 and Th2 cell
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Figure 4. Dynamic Changes in Ezh2 Binding
and H3K27me3 Cccur during Tht and Th2
Cell Differentiation

Ezh2-ChlP and H3K27me3-ChiP on WT CD4*
naive, Th1, and Th2 cells (A-D), and H3K27me3-
ChIP on WT and Ezh2*SET/ASET nonpolarized Th
cells with WT Th1 and Th2 cells for comparison
(E-H), for Gata3 (A and E), Tbx21 (B and F), Th2
cytokine (C and G), and Ifng (D and H) loci
measured by gPCR (n = 3, mean + SD). Schematic
representations of each gene loci show the posi-
tions of the primers used for detection relative to
the transcriptional start site of each gene. Data are
representative of three independent experiments.
*p < 0.05, *p < 0.01; Abbreviation: pro., promoter.
See also Figure 84,

was detected at the Gata3 locus in naive
and Th1 cells, which was dramatically
diminished in Th2 cells (Figure 4A).
A similar but reciprocal regulation was
observed at the Tbx27 locus where bind-
ing was detected in naive and Th2
cells but was absent in Th1 cells (Fig-
ure 4B). We also used H3K27me3-spe-
cific ChlP to assess the presence of the
H3K27me3 modification at these loci in
WT cells and found strong positive corre-
lations between the level of Ezh2 binding

and H3K27me3 (Pearson’s correlation
coefficient for Gata3 locus r = 0.95, p <
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differentiation programs. Moreover, it confirms that Thx27 and
Gata3 display comparatively stronger binding of Ezh2 and that
these genes are among those that display the most dramatic dif-
ferences in Ezh2 occupancy during differentiation.

Ezh2 Bound Directly to the Genes Encoding T-bet and
Gata3 and Deficiency of Ezh2 Resulted in Loss of
H3K27me3 at These Loci

To determine whether Ezh2 was lost after differentiation or re-
cruited to Gata3 and Tbx21 loci, we performed ChIP on WT naive
CD4* T cells and differentiated Th1 and Th2 cells. Ezh2 binding
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0.0001 and Thx27 locus r = 0.77, p =
0.007) (Figures 4A and 4B). In agreement
with the ChlP-seq data, we detected rela-
tively little Ezh2 binding at the Th2 and
Ifng cytokine loci compared to that
observed for Gata3 and Tbx21 (Figures
4C and 4D). Interestingly, we did detect
H3K27me3 associated with the Th2 and
Ifng cytokine loci (Figures 4C and 4D),
and H3K27me3 was lost at the Th2 cyto-
kine loci in Th2 cells and at the /fng locus
in Th1 cells. At the Rad50 promoter, an
unrelated gene within the Th2 cytokine
loci, we did not detect any differences
in Ezh2 occupancy or H3K27me3 (Fig-
ure 4C), nor did we detect any differences
in total H3 during differentiation at any of
these genes (data not shown). Therefore, at the Gata3 and
Tbx21 loci, differential binding of Ezh2 and the associated
H3K27me3 modification in differentiated cells appears to be
accomplished primarily via loss of high levels of pre-existing
Ezh2 in naive CD4" T cells. In contrast, both Ezh2 and
H3K27me3 are maintained during the process of activation
and cell division at lineage-specifying genes of the opposing
Th cell subtype. Compared to the Gata3 locus, Ezh2 occupancy
and H3K27me3 at the //17a and Rorc loci in Th cells activated
without polarizing cytokines and in Th cells polarized under
Th17 cell-inducing conditions were very low (Figure S4A). As
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expected, association of Ezh2 with the Gata3 and Tbx217 loci was
dramatically reduced in Ezh2SET/ASET Th cells (Figures S4B and
S4C). To determine whether a functional link exists between the
presence of Ezh2 and H3K27me3, we assessed H3K27me3 at
the Gata3, Tbx21, Th2, and lfng cytokine loci. In nonpolarized
Ezh2-deficient cells, we found that H3K27me3 was depleted at
both transcription factor and cytokine loci, indicating that Ezh2
was required for the presence of H3K27me3 at both transcription
factor and cytokine genes (Figures 4E-4H).

Ezh2-Mediated Repression of T-bet and Eomes is
Required to Control Spontaneous Generation of
IFN-y-Producing T Cells

Enhanced production of Th1 and Th2 cytokines was observed
at varying levels, even in cultures without exogenously added
polarizing cytokines (Figures 1 and 2). We next analyzed in
more detail the mechanism through which Ezh2 controls cyto-
kine production in nonpolarized Th cell cultures with neutralizing
antibodies to both IL-4 and IFN-y. WT nonpolarized Th cells did
not produce appreciable levels of Th1 or Th2 cytokines, but a
substantial percentage of Ezh2-deficient cells produced IFN-y
(42.1%) and smaller percentages produced IL-4 and IL-13
(8.4% and 17.3%, respectively) (Figure 5A). These data confirm
that loss of Ezh2 results in deregulation of both Th1 and to a
lesser extent Th2 effector cell subtypes in the absence of exog-
enous polarizing signals. In nonpolarized Ezh2-deficient Th cells,
Tbx21 mRNA was increased 11.3-fold, there was a large 49.5-
fold increase in the expression of the related T-box transcription
factor gene Eomes, and there was a more modest 3.1-fold
increase in Gata3 expression (Figure 5B). Corresponding in-
creases in expression of T-bet, Eomes, and Gata3 proteins
were also detected by intracellular staining and flow cytometry
(Figure 5C).

To determine the relative contribution of Ezh2-mediated
repression of Tbx21 and Eomes to the deregulated IFN-vy
expression by Ezh2 KO cells, we next compared Th cells doubly
deficient in Ezh2 and T-bet with Th cells doubly deficient in Ezh2
and Eomes (Ezh2SET/ASETEQmesABXOnt/ABXONy  Intarastingly,
cells doubly deficient in Ezh2 and T-bet produced only moder-
ately less IFN-y under nonpolarized conditions compared to
Ezh2-deficient cells (Figures 5D and S5A), indicating that T-bet
plays only a minor role in the spontaneous production of IFN-y
by Ezh2-deficient Th cells. In contrast, in cultures with exoge-
nously added IL-12, the enhancement of IFN-y production
induced by loss of Ezh2 was more dependent on T-bet (Figures
2E and S5A). We next analyzed the contribution of Eomes to the
enhanced production of IFN-y by both nonpolarized and Th1
polarized Ezh2-deficient cells. Nonpolarized Ezh2-deficient Th
cells again produced IFN-y, but strikingly, the spontaneous pro-
duction of IFN-y was completely lost in Th cells doubly deficient
in Ezh2 and Eomes (Figures SE, top, and S5A), indicating that
Ezh2-mediated repression of Eomes is essential to avoid spon-
taneous production of IFN-v. In contrast, Ezh2 and Eomes dou-
ble deficiency had only a mild effect on the production of IFN-y
induced by IL-12 (Figures 5E, bottom, and S5A). Therefore,
Ezh2-mediated repression of both T-bet and Eomes is required
to efficiently control IFN-y production by activated Th cells.
Ezh2 appears to modulate the sensitivity of Th cells to IL-12
via control of the Thx21 locus, and Ezh2 is also required to

repress the Eomes locus to avoid spontaneous expression
of IFN-vy.

In nonpolarized Th cells, we detected large amounts of
H3K27me3 at the Eomes locus, and this modification was lost
in the absence of Ezh2 (Figure 5F). As expected, the presence
of Ezh2 at the Fomes locus was not detected in Ezh22SET/ASET
Th cells (Figure 5G). To further investigate possible mechanisms
regulating the upregulation of Eomes in Ezh2-deficient Th cells,
we next measured histone acetylation (ac), an epigenetic modi-
fication associated with accessible chromatin structure and
active transcription. We found that both H3K9ac (Figure 5H)
and H3K27ac (Figure 5l) were increased at the Eomes locus in
cells lacking Ezh2. Both p300 and CBP contain a histone acetyl-
transferase (HAT) domain and form a coactivation complex that
can recruit RNA polymerase and enhance gene expression. We
found higher binding of both of these proteins to the Eomes locus
in Ezh2-deficient cells (Figures 5J and 5K). We also detected
modestly enhanced histone acetylation and accumulation of
p300 and CBP at the Thx271 locus in Ezh2-deficient cells
compared to WT cells (Figures S5B-S5E). It is therefore likely
that the p300/CBP HAT complex plays a role in the spontaneous
enhancement of Eomes and possibly Tbx21 expression in the
absence of Ezh2 function.

Ezh2-Deficient Th Cells Display Enhanced Plasticity
We next investigated whether Ezh2 was also involved in regu-
lating the maintenance of CD4* T cell phenotype after specializa-
tion into effector Th1 or Th2 cells. WT and Ezh2-deficient CD4*
T cells were differentiated into Th1 or Th2 cells for 3 days
(primary culture) and then cells were cultured under the opposite
conditions for a further 2 days (secondary culture) and assessed
for their ability to produce effector cytokines. Very little produc-
tion of IL-4 or IL-5 was detected in WT or Ezh2-deficient primary
Th1 cell cultures, but Ezh2-deficient cells could still produce
some IL-13 (Figure 6A). In contrast, when polarized Th1 cells
were exposed to Th2 cell-inducing secondary culture, we
observed much stronger induction of IL-4, IL-5, and IL-13 in
Ezh2-deficient cells compared to WT cells (4.8, 7.6, and 8.8
times, respectively) (Figure 6A). In addition, compared to WT
cells, we detected increased IFN-y production by Th2 polarized
Ezh2-deficient cells, and this was further enhanced in response
to secondary culture under Th1 cell-inducing conditions (2.8
times) (Figure 6B). We next stained WT and Ezh2-deficient Th2
cells with both IFN-y and IL-4. Polarized Ezh2-deficient Th1 cells
could be readily induced to express IL-4, [L-5, and IL-13 when
exposed to Th2 cell-inducing culture conditions (Figure 6C).
Importantly, we detected both single- and double-positive pop-
ulations in cells lacking Ezh2, indicating that IFN-y-producing
Th1 cells were induced to express IL-4 in the absence of Ezh2
function. Similar plasticity in cytokine production was observed
in Ezh2-deficient Th2 cells; when exposed to Th1 cell-inducing
conditions, Ezh2-deficient Th2 cells expressed IFN-y and a
large percentage of these cells produced both IFN-y and IL-4
(Figure 6D). In contrast to the instability observed in both Th1
and Th2 cell differentiation programs, stable repression of
Th17 cell differentiation by Th1 cells was not affected by loss
of Ezh2 (Figure S6A).

WT and Ezh2-deficient Th1 cells expressed similar levels of
Gata3; however, after exposure to Th2 cell-inducing conditions,
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Figure 5. Ezh2-Mediated Repression of T-bet and Eomes Is Required to Control IFN-vy Production by Th Cells

(A-C) Naive WT and Ezh2SE7/ASET CD4* T cells differentiated under nonpolarizing conditions (with both anti-IL-4 and anti-IFN-y neutralizing antibodies) followed
by cytoplasmic staining of the indicated cytokines after 5 hr restimulation with anti-TCRp (A, top) and combined results from five independent experiments (A,
bottom), mRNA encoding Thx21, Eomes, and Gata3 (B), and protein expression of T-bet, Eomes, and Gata3 with MFls shown (WT, blue; Ezh2SEASET red) and

9,000 events displayed for each sample (C).
(D and E) Naive WT, Ezh2SEVASET and Ezh2*SET/ASETThy21~/~ double-deficient (D) or naive WT, Ezh28SE/ASET and Ezh2 SETVASETEgmeghfxent/aixont g ple-

deficient (E) CD4™ T cells differentiated under nonpolarizing (top) or Th1 cell-inducing conditions with 1 ng/ml IL-12 (bottom), and cytokine production measured
by cytoplasmic staining of IL-4 and IFN-vy after 5 hr restimulation with anti-TCRB.

(F-K) ChIP analysis for the indicated histone modifications and chromatin-modifying proteins at the Fomes locus in WT and Ezh22SE/2SET nonpolarized Th cells.
n =3, mean + SD. Data are representative of at least three independent experiments, *p < 0.05. **p < 0.01. See also Figure S5.
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Figure 6. Loss of Ezh2 Results in Enhanced Plasticity of Th1 and Th2 Cells

Naive CD4* T cells were polarized for 3 days under Th1 (A, C, and E) or Th2 (B, D, and F) cell-inducing conditions with 10 or 100 ng/ml of IL-12 or IL-4, respectively,
and then recultured under the same condition or under the opposing condition for a further 2 days as indicated.

(A and B) Production of IL-4, IL-5, and IL-13 (A) and IFN-y (B) measured by ELISA after 24 hr restimulation with anti-TCRB, n = 3, mean + SD.

(C-F) Cytoplasmic staining for IFN-y with IL-4 (C and D) or IL-5 with IL-13 (C) and Gata3 alone (E), or T-bet alone (F) after 5 hr restimulation with anti-TCRB.
(E and F) Histograms at left with 9,000 events displayed for each sample (WT, blue; Ezh22SET/ASET rad), and right panels show combined MFI results from five

independent experiments.

All other data are representative of at least three independent experiments. **p < 0.01. See also Figure $6.

we observed a large increase in Gata3 expression in Ezh2-defi-
cient Th1 cells (Figures 6E). Expression of T-bet was also higher
in Ezh2-deficient compared to WT Th2 cells, and this was further
enhanced by exposure to Th1 cell-inducing conditions (Figures
6F). Eomes was not expressed by Th2 cells after exposure to
Th1 cell-inducing conditions (data not shown). Double staining
of Gata3 with IL-4 showed a large increase in the number of

Ezh2-deficient cells coexpressing Gata3 and IL-4 after Th2
cell-inducing secondary culture (Figure S6B). Ezh2 deficiency
also enhanced the numbers of Th2 cells that coexpressed
IFN-vy and T-bet after Th1 cell-inducing secondary culture (Fig-
ure 86C). These results show that both Th1 and Th2 cells lacking
Ezh2 display considerably greater plasticity when compared to
cells with intact Ezh2 function.

Immunity 39, 819-832, November 14, 2013 ©2013 Elsevier Inc. 827
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Figure 7. Th Cells Lacking Ezh2 Mediate Enhanced Type 2 Immune Responses In Vivo

(A-D) OVA-specific WT or Ezh22SET/ASET Thp cells were transferred to syngeneic WT C57BL/6 mice that were then challenged with an OVA aerosol. Total numbers
of eosinophils (Eos), neutrophils (Neu), lymphocytes (Lym), and macrophages (Mac) recovered by bronchoalveolar lavage (BAL) (A) and indicated cytokines in
cell-free BAL samples measured by ELISA (B). Representative images from lung tissue sections stained with periodic acid Schiff's reagent with mucus stained
magenta; scale bars represent 60 um (C). Muc5ac and Gob5 mRNA expression in lung tissue measured by gRT-PCR (D).

(E-G) Untreated WT or Ezh2*SET/ASET mice analyzed for CD44"CDB2L' spleen CD4* T cells by flow cytometry (E), and cytokine production by CD44"CD62L'°
spleen CD4™" T cells stimulated with anti-TCR for the indicated times (F) and total serum IgE (G) measured by ELISA.

n = 5-6 mice/group (A-D); n = 11 mice/group (G); and n = 3 replicates (F) (all mean + SEM). Data are representative of at least two independent experiments. *p <
0.05, *p < 0.01. In (B), p value determined by analysis of covariance. See also Figure 37.

Loss of Ezh2 Results in Enhanced Asthma-like
Pathology and Accumulation of Th2 Memory Phenotype
Celis In Vivo

Finally, to investigate the physiological consequences of Ezh2-
mediated regulation of Th cell function, in vitro generated oval-
bumin (OVA)-specific Th2 cells (Figure S7A) were intravenously
transferred into WT C57BL/6 mice, and these mice were then
challenged with aerosolized OVA. Compared to mice that
received WT cells, recipients of Ezh2-deficient cells displayed
increased eosinophilic inflammation in the airways, as assessed
by bronchoalveolar lavage (BAL) (Figure 7A). In addition, mice
that received Ezh2-deficient cells had higher levels of the Th2
cytokines IL-4, IL-5, and IL-13 in BAL samples (Figure 7B), and
these mice displayed enhanced pathology and mucus hyperpro-
duction in the lungs and higher expression of mRNA for Muc5ac
and Clca3 (Gob5) (Figures 7C and 7D).
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In untreated mice maintained under specific-pathogen-free
(SPF) conditions, we observed a progressive increase in the
proportion of effector memory phenotype (CD44"CD62L")
CD4* T cells that was greatly exaggerated in mice with CD4*
T cell-specific Ezh2 deficiency and accounted for approxi-
mately 70% of the CD4* T cells in the spleens of these mice
by 6 months of age (Figure 7E). Interestingly, purified
Ezh2-deficient effector memory phenotype CD4* T cells from
12-week-old mice produced markedly increased amounts of
the Th2 cytokines IL-4, IL-5, and IL-13 but not IFN-y when
compared to WT effector memory phenotype cells (Figures
7F and 37B). Large increases in IgE were also detected in
serum from 6-month-old mice with CD4* T cell-specific Ezh2
deficiency (Figure 7G). Thus, Th2 cells lacking Ezh2 generate
exaggerated type 2 biased immune responses in a mouse
model of allergic asthma, and loss of Ezh2 function in CD4*
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T cells results in enhanced accumulation of memory type Th2
cells in vivo.

DISCUSSION

The ability of CD4" T cells to rapidly specialize into distinct
subsets with defined functions is a critical aspect of immunoreg-
ulation. We have identified the polycomb protein Ezh2 as an
essential regulator of Th1 and Th2 cell responses, both during dif-
ferentiation and as a stabilizer of Th cell phenotype after special-
ization. Ezh2 directly bound and regulated correct expression of
Tbx21 and Gata3 in developing Th1 and Th2 cells, and Ezh2 bind-
ing at these loci was accompanied by substantial H3K27me3.
Ezh?2 also constrained spontaneous generation of IFN-y-produc-
ing cells, mainly by repressing expression of Eomes. In vivo,
loss of Ezh2 enhanced Th2 cell-induced pathology in a model of
allergic asthma and in untreated animals resulted in progressive
accumulation of memory phenotype Th2 cells.

Ezh2 bound strongly to Tbx21 and Gata3, and these two mas-
ter regulators displayed the highest levels of differential binding
between Th1 and Th2 cells. In addition, we detected strong bind-
ing of Ezh2 to the gene Eomes that encodes another T-box tran-
scription factor closely related to T-bet. Inactivation of Ezh2
resulted in a profound reduction in H3K27me3, confirming that
in CD4™ T cells functional Ezh2 is required for maintenance of
H3K27me3 at each of these loci. However, it should be noted
that although Ezh2 occupancy at genes encoding the Th1
and Th2 cytokines was at the lower limits of detection in
both ChIP-PCR and ChIP-seq assays, we could still detect
H3K27me3 at these loci that was lost in cells deficient in Ezh2.
This may indicate that very low levels of Ezh2 binding could still
have some control over H3K27me3 at these loci. Based on the
results obtained with Th cells doubly deficient in Ezh2 together
with T-bet or Ezh2 together with Eomes, Ezh2-mediated regula-
tion of sensitivity to IL-12-induced Th1 cell polarization and
spontaneous generation of IFN-y-producing cells can be largely
explained by the repression of Tbx27 and Eomes expression.
However, Th1 cells lacking T-bet could still produce appreciable
amounts of IFN-vy, a result that has also been shown previously
(Usui et al.,, 20086) and attributed to a decreased requirement
for T-bet when IL-4 signals are neutralized. Likewise, Th cells
doubly deficient in Ezh2 and T-bet could still produce significant
amounts of IFN-y, indicating that Ezh2 could also be involved in
the regulation of other IFN-y-inducing genes or the Ifng locus
itself. It is also possible that Ezh2-mediated repression of
Gata3 together with repression of other loci such as the Th2
cytokine genes may contribute to the control of Th2 cell polariza-
tion. We also detected enhanced expression of c-Maf (encoded
by Maf) in Ezh2-deficient Th cells. However, Maf does not appear
to be a direct target of Ezh2, and no difference in Ezh2 binding at
this locus was detected in Th1 compared to Th2 cells, indicating
that Maf may be indirectly regulated in cells lacking Ezh2
function.

During differentiation of Ezh2-deficient Th cells, Tbx27 and
Gata3 were more sensitive to upregulation in response to polar-
izing cytokines. This phenotype contrasts with that observed for
T cells lacking DNA methyltransferase (Dnmt1), where dysregu-
lated expression of IL-4 appears to be independent of Gata3
expression (Makar et al., 2003). Moreover, repression of cytokine

production by Dnmt3a appears to depend on de novo methyl-
ation at the //4, II13, and Ifng loci (Thomas et al., 2012;
Yu et al,, 2012). In contrast, our data show that Ezh2-deficient
cells maintain the ability to polarize into Th1 or Th2 cell subsets,
accompanied by upregulation of the corresponding master
regulator. Therefore, histone methyltransferases and DNA
methyltransferases appear to control Th cell function through
the regulation of distinct target genes. Interestingly, it was
recently found that the SUV39H1-H3K9me3-HP1a pathway is
also required to maintain Th2 cell stability and that loss of
SUV39H1 changes the ratio of H3K9ac to H3K9me3 at the Ifng
locus (Allan et al.,, 2012). In addition to directly binding to
Tbx21, Eomes, and Gata3, we found that Ezh2 inhibited sponta-
neous accumulation of the HAT coactivator proteins p300 and
CBP and of H3K9ac and H3K27ac at the Tbx27 and Eomes loci.

Ezh2 does not appear to play a major role in the repression of
other Th cell differentiation programs. Th17 cell polarization and
stable repression of Th17 cell differentiation are less sensitive to
loss of Ezh2, and Th9 cell and iTreg cell differentiation is actually
inhibited in the absence of Ezh2. Impaired differentiation of
Ezh2-deficient Th9 and iTreg cells may be due to the inability
of these cells to repress IFN-vy, leaving open the possibility that
Ezh2 may have important as yet undiscovered effects on differ-
entiation of these cell types. In contrast to Thx21, Eomes, and
Gata3, Ezh2 does not appear to target the master regulators of
other lineages, specifically Rorc (Th17 cells), Foxp3 (iTreg cells),
or Sfpi1 or Irf4 (Th9 cells). Eomes may control IFN-y expression
by CD4™ T cells under some circumstances (Suto et al., 2006; To-
fukuji et al., 2012; Yang et al., 2008), but Eomes is not highly
expressed in IL-12-induced Th1 cells. Our data indicate that
Ezh2-mediated repression of Eomes is essential to inhibit spon-
taneous expression of IFN-y production when not directly in-
hibited by other Th cell differentiation programs. It will therefore
be important to further investigate the functional role for Ezh2-
mediated repression of Eomes in other Th cell subsets.

We also found that Ezh2-deficient Th cells were capable of
causing enhanced airway inflammation and pathology and that
loss of Ezh2 function in CD4™ T cells resulted in progressive
accumulation of Th2 cytokine-producing cells with a memory
phenotype over the life of the animal, accompanied by strong
increases in circulating IgE. Several other lines of mice with mu-
tations in genes encoding signaling molecules in T cells have
previously been reported to display similar increases in CD44"
cells with a Th2 cell phenotype and increases in type 2 inflamma-
tion in vivo. However, in these cases, severe alterations in thymic
development (Aguado et al., 2002; Ji et al., 2007) or lymphocyte
proliferation (Ranger et al., 1998) are evident. Although the exact
mechanisms underlying the progressive Th2 cell-biased pheno-
type of SPF-maintained mice with CD4* cell-specific deletion
of Ezh2 remain unclear, it will be important to further explore
the function of Ezh2 in other Th cell lineages, for example iTreg
cells, as well as at other Ezh2 target genes that may contribute
to Th2 cell-mediated inflammation.

In summary, we found that Ezh2 binds strongly to the master
regulators of Th1 and Th2 cell differentiation Thx21 and Gata3,
respectively, and its presence is linked to the maintenance of
the H3K27me3 mark at these loci. Ezh2 is essential for control-
ling differentiation, cytokine production, and maintenance
of polarization of CD4* Th cells. We also identified a pathway
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