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Introduction

Enhancer of zeste homolog 2 (EZH?2) is expressed in T cells fol-
lowing its activation via CD28 signaling (1). EZH2 is a catalytic
subunit of polycomb repressive complex 2 (PRC2) that trimeth-
ylates lysine 27 on histone H3 (H3K27me3), leading to gene
repression (2, 3). EZH2 can form a complex with FoxP3 that is
necessary for maintaining the identity of naturally occurring
Tregs following its activation (4, 5). Further, EZH2 can inhibit
T cell differentiation into Teffs, mostly by conferring repressive
marks in key cytokine and transcription factor genes (5-10).
Overall, EZH2 maintains suppressive activity in T cells that pre-
vents the development of autoimmunity (11, 12), but may have a
negative impact on antitumor immunity. EZH2 has been shown
to regulate chemokine expression in cancer cells and immuno-
genicity of melanoma tumor cells; thereby, EZH2 inhibition can
increase T cell infiltration (13-15). However, the direct role of
EZH2-mediated reprogramming of T cells in antitumor immu-
nity, especially in the context of immune checkpoint therapy,
has not been studied.

Here, we show that genetic depletion of EZH2 in Tregs (using
FoxP3EZH2"# mice) and pharmacological inhibition of EZH2
by CPI-1205 elicits phenotypic and functional alterations of
Tregs, leading to an effector-like T cell profile. Further, CPI-1205
enhances the cytotoxicity of human Teffs in vitro and the propor-
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has been described previously; however, the role of EZH2 in T cell-mediated antitumor immunity, especially in the context of
immune checkpoint therapy, is not understood. Here, we showed that genetic depletion of EZH2 in Tregs (FoxP3*EZH2"/" mice)
leads to robust antitumor immunity. In addition, pharmacological inhibition of EZH2 in human T cells using CPI-1205 elicited
phenotypic and functional alterations of the Tregs and enhanced cytotoxic activity of Teffs. We observed that ipilimumab
(anti-CTLA-4) increased EZH2 expression in peripheral T cells from treated patients. We hypothesized that inhibition of EZH2
expression in T cells would increase the effectiveness of anti-CTLA-4 therapy, which we tested in murine models. Collectively,
our data demonstrated that modulating EZH2 expression in T cells can improve antitumor responses elicited by anti-CTLA-4
therapy, which provides a strong rationale for a combination trial of CPI-1205 plus ipilimumab.

tion of tumor-infiltrating cytotoxic T cells in vivo in the murine
model. We observed that ipilimumab (a fully human monoclonal
immunoglobulin G1 antibody that blocks cytotoxic T lymphocyte
associated protein 4 [CTLA-4]) increases EZH2 expression in
human T cells across various tumor types and that increased EZH2
expression in T cells inversely correlates with clinical outcome in
a cohort of patients with prostate cancer. On this basis, we pos-
tulated that upregulation of EZH2 mediated by anti-CTLA-4in T
cells modulates T cell responses and diminishes the effectiveness
of anti-CTLA-4 therapy. Consistent with our hypothesis, we found
that pharmacologic inhibition of EZH2 by CPI-1205 increases
effector-like T cell responses and enhances effectiveness of anti-
CTLA-4 therapy in tumor-bearing mice.

Results and Discussion

To interrogate the role of EZH2 in T cell-mediated antitumor
immunity, we used tumor-bearing FoxP3"*EZH2"# C57BL/6 mice,
which lack EZH2 specifically in the Tregs. FoxP3"*EZH2"# mice
and WT control C57BL/6 mice were inoculated with a murine
bladder cancer cell line (MB49). Tumor growth and immune
profiles were studied. FoxP3"*EZH2"# mice had significantly less
tumor growth compared with the control mice (Figure 1A). Anal-
ysis of the tumor microenvironment showed a proinflammatory
state evidenced by increased CD8* IFN-y* cells, CD8* granzyme
B-positive (GzB") cells, and CD8" TNF-a" cells in tumor-bearing
FoxP3EZH2"# mice compared with the control mice (Figure
1B). Increased frequency of cytokine-producing CD8" T cells in
the FoxP3“EZH2"# mice suggested EZH2 inhibition in Tregs also
have an indirect positive impact on CD8" T cells. Importantly,
we observed increased intratumoral abundance of FoxP3*IFN-y*
double-positive cells, which implied that the loss of EZH2 function
in Tregs can reprogram their phenotype to effector-like T cells and
induce robust antitumor immunity (Figure 1C and Supplemental
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Figure 1. EZH2 inhibition by CPI-1205
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Annexin V

Figure 1; supplemental material available online with this article;
https://doi.org/10.1172/JC199760DS1).

To investigate whether the data observed in the FoxP3"*EZH2"f
mouse model could be recapitulated by pharmacological inhibition
of EZH2in T cells, we compared the effect of different EZH2 inhibi-
tors on Treg differentiation. We compared a novel agent, CPI-1205,
with commercially available EZH2 inhibitors. We found that CPI-

3814

jci.org  Volume128  Number9  September 2018

1205 had the most striking effect on suppression of murine induc-
ible regulatory T cell (iTreg) differentiation compared with the other
EZH2 inhibitors, and none of the inhibitors had a significant effect
on Treg proliferation (Supplemental Figure 2, A and B). Next, we
interrogated the effect of CPI-1205 on human Treg differentiation
and function. CPI-1205 had a milder effect on iTreg differentiation
in the human system, albeit a dose-dependent decrease in FoxP3
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Figure 2. Ipilimumab increases EZH2 expression in T cells. (A) Unsupervised hierarchical cluster analysis of RNA sequencing data from the peripheral
CD4* T cells of patients with metastatic melanoma before and after 3 doses of ipilimumab therapy (week 7). (B) Matched, paired analysis of EZH2 expres-
sion before and after ipilimumab therapy. (C) EZH2 expression in peripheral CD4* T cells from patients with metastatic prostate cancer at baseline and
after 3 doses of ipilimumab therapy. A 2-tailed Student’s t test was used to determine significance; **P < 0.01.

expression was observed (Supplemental Figure 3, A and B). We
performed suppression assays using human iTregs differentiated
in the presence or absence of CPI-1205. Human peripheral blood
mononuclear cell-derived naive T cells were differentiated into
iTregs in the presence of DMSO or CPI-1205. Differentiated Tregs
were then cultured with CellTrace Violet-labeled conventional T
cells (Teffs) for 72 hours at various ratios of iTregs/Teffs. We found
that iTregs lose their suppressive capacity after treatment with CPI-
1205 as evidenced by increased proliferation of Teffs (Figure 1D).
Loss of suppressive activity was noted even at concentrations that
didn’t impact iTreg differentiation.

To understand CPI-1205-mediated molecular changes
underlying the loss of suppressive activity of Tregs, we used
naive murine T cells (CD4*CD25°*CD44°*CD62") from FoxP3-
enhanced green fluorescent protein (eGFP) C57BL/6 mice that
were differentiated into iTregs in the presence or absence of CPI-
1205. Purified GFP*FoxP3* Tregs were subsequently used for
RNA sequencing analysis. Ingenuity Pathway Analysis showed
upregulation of proinflammatory pathways (Th-1/Th-2) in iTregs
following CPI-1205 treatment (Supplemental Figure 4A). Exam-
ination of the differentially expressed genes demonstrated an
increase in effector cytokines and chemokines, whereas Treg-
specific factors such as FoxP3, Bach2, and neuropilin 1 (NrpI)

were decreased following CPI-1205 treatment (Supplemental
Figure 4B). We subsequently examined the cytokine levels in the
culture supernatant of the iTregs that were differentiated with
and without CPI-1205. Proinflammatory cytokines identified in
the RNA sequencing analysis were significantly increased in the
supernatant, confirming the gene signature of RNA sequencing
data (Supplemental Figure 4C). Collectively, these data showed
that CPI-1205 treatment influences the differentiation of iTregs
and attenuates their suppressive activity. CPI-1205 can also skew
the phenotype of iTregs to proinflammatory cytokine, producing
effector-like T cells. In our study, we noted that EZH2 inhibition
leads to decreased expression of not only FoxP3 but also other
critical genes such as Nrpl and Bach2, which are required for Treg
stability (16-18). CPI-1205-treated Tregs seem to acquire the
phenotype of so-called exFoxP3 cells, which were previously
shown to have an activated memory phenotype (19). Further,
our findings tie well with a recent report that showed that IFN-y
production by a subset of Nrpl-deficient Tregs triggers instability
of neighboring Tregs and restores antitumor immunity (16).
EZH2 inhibition has been shown to enhance Teff differentia-
tion by releasing repressive marks on key cytokine and transcrip-
tion factors; however, whether EZH2 inhibition affects the cyto-
toxicity of the T cells remains unknown. We investigated the effect
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Figure 3. Blocking expression of EZH2 mediated by anti-CTLA-4 using CPI
survival (B), and percentages of intra-tumoral CD4*CD25*FoxP3 Tregs, CD4*

-1205 increases the effectiveness of anti-CTLA-4 therapy. Tumor growth (A),
ICOS*T-bet*, and CD8*IFN-y* cells (C) in MB49 tumor-bearing mice treated

with vehicle, anti-CTLA-4, CPI-1205, or the combination. Tumor growth (D) and percentages of CD4*IFN-y* cells and CD8*TNF-o* cells in the lymph nodes
(LN) (E) of MB49 tumor-bearing EZH2/* and FoxP3‘*EZH2"/f mice treated with anti-CTLA-4 on days 7 and 9. (F) Tumor growth and survival of MB49

tumor-bearing Rag-17- mice treated with vehicle or CPI-1205. Data are repre
was used to determine significance between the groups; **P < 0.01.

of CPI-1205 on effector T cell function. We performed a cytotox-
icity assay using human peripheral CD4* T cells and CD8" T cells.
Purified naive CD4* and total CD8" T cells were preactivated
with plate-bound anti-CD3 and soluble anti-CD28 for 6 days in
the presence or absence of CPI-1205. Activated T cells were then
washed and cocultured with Nalm-6 target tumor cells and bli-
natumomab overnight as previously described (20) in the pres-
ence or absence of CPI-1205. Target cell death was determined
by summing the percentage of apoptotic (Annexin V*) and dead
or dying (7AAD") target (CellTrace Violet") cells after overnight
culture. We found that CPI-1205 treatment of human CD4" and
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sentative of 3 independent experiments; n =10 in each group; 1-way ANOVA

CD8* T cells enhanced the cytotoxicity of effector T cells, leading
to efficient target cell lysis at low effector-to-target ratios (Figure
1E and Supplemental Figure 5, A and B). There is a possibility that
increased target cell lysis is secondary to CPI-1205-mediated
phenotypic changes in target cells. However, in the cytotoxicity
assay, the Nalm-6 target tumor cells were exposed to CPI-1205 for
less than 20 hours. Such short exposure of tumor cells to CPI-1205
is not expected to have a transcriptional impact that could lead to
phenotypic changes. Furthermore, increased IFN-y and TNF-o
levels were noted in the supernatant of activated human T cells
following CPI-1205 treatment, which suggested that these cells
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have enhanced effector functions (Supplemental Figure 6, A and
B). Collectively, we found that genetic depletion and pharmaco-
logic inhibition of EZH2 alters the functional phenotype of Tregs
and enhances the cytotoxicity function of Teffs, which enables an
improved antitumor response.

T cellactivation by CD28ssignalinginduces EZH2 expression
(1). We postulated that exaggerated CD28 signaling due to anti-
CTLA-4 therapy would increase EZH2 expression in T cells. To
test this hypothesis, we isolated peripheral CD4* T cells from
patients with metastatic melanoma who received ipilimumab as
the first line of therapy for metastatic disease, at baseline and
after 3 doses of ipilimumab therapy. RNA sequencing analysis
showed differential expression of histone-modifying enzymes
(Figure 2A). Matched, paired analysis of histone-modifying
enzymes revealed an increase in EZH2 expression in peripheral
CD4" T cells following ipilimumab therapy compared with base-
line levels (Figure 2B). Next, we confirmed EZH?2 expression in
peripheral CD4" T cells isolated from patients with metastatic
prostate cancer at baseline and after 3 doses of ipilimumab (21).
Like in patients with metastatic melanoma, we found increased
EZH2 expression in CD4" T cells following ipilimumab therapy
(Figure 2C), which inversely correlated with prostate-specific
antigen progression (Supplemental Figure 7, A and B). Next,
we evaluated EZH2 expression on human CD4* effector T cells
(CD4*CD45ROCD45RA'CCR7"), Tregs (CD4*CD25FoxP3"),
and CD8" T cells sorted from peripheral blood at baseline
and after ipilimumab therapy. We noted that EZH2 expres-
sion increases in all 3 T cell subtypes following ipilimumab
treatment (Supplemental Figure 8). To further elucidate the
direct role of CTLA-4 signaling in EZH2 expression in T cells,
we investigated EZH2 levels in T cells derived from CTLA-
47/~ mice compared with WT littermate controls. We noted
increased EZH2 levels in both CD4* and CD8* T cells in CTLA-
4-/~mice compared with controls (Supplemental Figure 9). Alto-
gether, we noted that blockade of CTLA-4 signaling enhances
EZH2 expression in human and murine T cells. Because of
the known effect of CTLA-4 on T cell priming and CD28 signal-
ing, we focused on the role of EZH2-mediated T cell function in
anti-CTLA-4 therapy.

We evaluated whether the combination of anti-CTLA-4
with CPI-1205 increases the effectiveness of anti-CTLA-4.
We treated MB49 (bladder) and B16-F10 (melanoma) tumor-
bearing C57BL/6 mice with anti~-CTLA-4 and the EZH2 inhib-
itor CPI-1205 as monotherapies and in combination. We found
that the combination therapy significantly reduced tumor
growth and increased survival in both the MB49 and B16-F10
models compared with anti-CTLA-4 monotherapy (Figure
3, A and B and Supplemental Figure 10A). On interrogating
the tumor immune environment, we noted that combination
therapy with CPI-1205 plus anti-CTLA-4, as compared with
monotherapy with CPI-1205 or anti~-CTLA-4, strikingly reduced
the percentage of CD4'FoxP3* Tregs and increased the percent-
age of intratumoral effector CD4*ICOS*T-bet* and CD8*IFN-y*
cells in both the murine models (Figure 3C and Supplemental
Figure 10B), whichresulted in anincreased ratio of Teffs to Tregs
(Supplemental Figure 10C). Furthermore, MB49 tumor-bearing
FoxP3EZH2f mice that received anti-CTLA-4 had com-
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plete tumor rejection (Figure 3D) and increased percentages
of CD8'IFN-y* and CD8'TNF-a* cells (Figure 3E) compared
with WT controls. We used Ragl~”~ C57BL/6 mice, which have
no mature lymphocyte population, to determine whether the
antitumoral effect of combination therapy is exclusively due to
effector immune response or is an additive effect of CPI-1205
on tumor cells. We treated MB49 tumor-bearing Ragl”/~ mice
with CPI-1205. We did not notice any significant difference in
tumor growth and survival in CPI-1205-treated Ragl™~ mice
compared with the untreated group (Figure 3F), suggesting
that EZH2 has no effect on tumor growth in the MB49 bladder
cancer model. As EZH2 regulates expression of Th-1 chemok-
ines such as CXCL9 and CXCL10 in the tumor cells (14), we
performed in vitro (cell line) and in vivo (murine tumor mod-
el) experiments to assess the contribution of CXCL9 and
CXCL10 in our system. We observed an increase in Cxcl9 (in
B16-F10 cells) and Cxcl10 (in MB49 cells) following stimu-
lation with IFN-y plus CPI-1205 in vitro (Supplemental Fig-
ure 11, A and B). Additionally, whereas CPI-1205 treatment
increased the expression of Cxcl9 and CxclIO expression in
MB49 tumor-bearing mice, combination treatment with the
anti-CTLA-4 antibody plus CPI-1205 did not further increase
tumor Cxcl9 or Cxcll0 as compared with the single-agent
CPI-1205 treatment group (Supplemental Figure 11, C and D).
Overall, these observations suggest that although CPI-1205
treatment might enhance chemokine-mediated T cell infiltra-
tion of tumors, the latter mechanism does not seem to substan-
tially contribute to the enhanced antitumor immunity observed
with the combination therapy. We also evaluated the contribu-
tion of other immune cell subsets such as B cells and myeloid
cells in CPI-1205-mediated antitumor immunity. Although
we did not note any difference in B cell abundance, CPI-1205
treatment had an influence on certain subsets of myeloid cells,
which will warrant further investigations.

In conclusion, we demonstrated the direct role of EZH2-
mediated reprogramming of T cells in antitumor immunity, espe-
cially in the context of anti-CTLA-4 therapy. Ipilimumab leads to
a compensatory increase in EZH2 expression in T cells, whereas
inhibition of EZH2 improves response to anti-CTLA-4 through
modulation of tumor cytotoxic effector T cells and altering the
phenotype of Tregs into effector-like T cells. We did not observe
any immune-related toxicities in mice treated with anti-CTLA-4
plus CPI-1205. Ipilimumab has been safely given to patients in
combination with other immune checkpoint therapy such as
nivolumab with a manageable side effect profile. Importantly,
CPI-1205 is well-tolerated when given by continuous daily dosing
in patients with no dose-limiting toxicities. Thus, the mechanistic
insight gathered in this study provides a strong rationale to initi-
ate a clinical trial with CPI-1205 plus ipilimumab in patients with
primary or adaptive resistance to anti-CTLA-4 therapy.

Methods

Further information can be found in the Supplemental Methods and in
Supplemental Figures 1-9.

Accession numbers. RNA sequencing data were deposited in
the NCBI Gene Expression Omnibus database (GEO GSE114716,
GSE114717).
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Statistics. All data are mean * SEM. A 2-tailed Student’s ¢ test or 1-way
ANOVA or Bonferroni multiple comparison tests were used to identify sig-
nificant differences (P < 0.05) between treatment groups using GraphPad
Prism 7 software. Ingenuity Pathway Analysis was done on data obtained
from RNA sequencing using Ingenuity Pathway Analysis software (Qia-
gen). A Pvalue of less than 0.05 was considered statistically significant.

Study approval. Clinical protocol was approved by the IRB at The
University of Texas MD Anderson Cancer Center (21). All animal
experiments were conducted according to protocols approved by the
Animal Resource Center at The University of Texas MD Anderson
Cancer Center (IACUC 00000893-RNO1).
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