J c I The Journal of Clinical Investigation

BET bromodomain inhibition enhances T cell persistence and
function in adoptive immunotherapy models

Yuki Kagoya, ..., Cheryl H. Arrowsmith, Naoto Hirano

J Clin Invest. 2016;126(9):3479-3494. https://doi.org/10.1172/JCI86437.

RECEENCL W (W  Immunology

Adoptive immunotherapy is a potentially curative therapeutic approach for patients with advanced cancer. However, the in
vitro expansion of antitumor T cells prior to infusion inevitably incurs differentiation towards effector T cells and impairs
persistence following adoptive transfer. Epigenetic profiles regulate gene expression of key transcription factors over the
course of immune cell differentiation, proliferation, and function. Using comprehensive screening of chemical probes with
defined epigenetic targets, we found that JQ1, an inhibitor of bromodomain and extra-terminal motif (BET) proteins,
maintained CD8™* T cells with functional properties of stem cell-like and central memory T cells. Mechanistically, the BET
protein BRD4 directly regulated expression of the transcription factor BATF in CD8* T cells, which was associated with
differentiation of T cells into an effector memory phenotype. JQ1-treated T cells showed enhanced persistence and
antitumor effects in murine T cell receptor and chimeric antigen receptor gene therapy models. Furthermore, we found
that histone acetyltransferase p300 supported the recruitment of BRD4 to the BATF promoter region, and p300 inhibition
similarly augmented antitumor effects of the adoptively transferred T cells. These results demonstrate that targeting the
BRD4-p300 signaling cascade supports the generation of superior antitumor T cell grafts for adoptive immunotherapy.

Find the latest version:

https://jci.me/86437/pdf



http://www.jci.org
http://www.jci.org/126/9?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI86437
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/86437/pdf
https://jci.me/86437/pdf?utm_content=qrcode

The Journal of Clinical Investigation

RESEARCH ARTICLE

BET bromodomain inhibition enhances T cell
persistence and function in adoptive

immunotherapy models

Yuki Kagoya,' Munehide Nakatsugawa,’ Yuki Yamashita,' Toshiki Ochi,’ Tingxi Guo,"? Mark Anczurowski,"? Kayoko Saso,’

Marcus 0. Butler,"?2 Cheryl H. Arrowsmith,** and Naoto Hirano™?

Tumor Immunotherapy Program, Campbell Family Institute for Breast Cancer Research, Campbell Family Cancer Research Institute, Princess Margaret Cancer Centre, University Health Network,

Toronto, Ontario, Canada. 2Department of Immunology, University of Toronto, Toronto, Ontario, Canada. *Department of Medicine and “Structural Genomics Consortium and

Department of Medical Biophysics, University of Toronto, Toronto, Ontario, Canada. *Princess Margaret Cancer Centre, University Health Network, Toronto, Ontario, Canada.

Introduction

Adoptive immunotherapy is a promising therapeutic option for can-
cer patients. Antitumor T cell grafts can be expanded from tumor-
infiltrating lymphocytes or tumor antigen-specific T cells in the
peripheral blood (1, 2). Another strategy for generating T cell grafts
is the genetic engineering of T cells with tumor-specific T cell recep-
tors (TCRs) or chimeric antigen receptors (CARs) (3). Recent clini-
cal trials have shown that adoptively transferred T cells generated
with different approaches can induce clinically relevant responses
for a variety of malignancies (4-11). However, although some of the
patients can achieve complete eradication of the tumors, many of the
patients with partial responses eventually relapse (4, 5,7,12,13). The
data from these clinical trials have suggested that persistence of the
transferred T cellsis highly correlated with treatment outcome (5, 14,
15). Ex vivo cultured T cells form surface marker patterns similar to
those of memory T cells in vivo as follows: stem cell-like memory
(T, central memory (T,,), and effector memory (T,,) T cells.
When adoptively transferred, T cells with T, and T, phenotypes
showed superior persistence and antitumor effects compared with T
cells with the T, phenotype in both mice and humans (15-19). How-
ever, the in vitro expansion of T cells is inevitably accompanied with
their differentiation; T, and T, cells differentiate toward T, cells

Conflict of interest: The authors have declared that no conflict of interest exists.
Submitted: January 8, 2016; Accepted: July 7, 2016.
Reference information: / Clin Invest. 2016;126(9):3479-3494. doi:10.1172/)CI86437.

Adoptive immunotherapy is a potentially curative therapeutic approach for patients with advanced cancer. However, the in
vitro expansion of antitumor T cells prior to infusion inevitably incurs differentiation towards effector T cells and impairs
persistence following adoptive transfer. Epigenetic profiles regulate gene expression of key transcription factors over the
course of immune cell differentiation, proliferation, and function. Using comprehensive screening of chemical probes

with defined epigenetic targets, we found that JQ1, an inhibitor of bromodomain and extra-terminal motif (BET) proteins,
maintained CD8" T cells with functional properties of stem cell-like and central memory T cells. Mechanistically, the BET
protein BRD4 directly regulated expression of the transcription factor BATF in CD8* T cells, which was associated with
differentiation of T cells into an effector memory phenotype. |Q1-treated T cells showed enhanced persistence and antitumor
effects in murine T cell receptor and chimeric antigen receptor gene therapy models. Furthermore, we found that histone
acetyltransferase p300 supported the recruitment of BRD4 to the BATF promoter region, and p300 inhibition similarly
augmented antitumor effects of the adoptively transferred T cells. These results demonstrate that targeting the BRD4-p300
signaling cascade supports the generation of superior antitumor T cell grafts for adoptive immunotherapy.

as they proliferate upon TCR and cytokine stimulation (20). There-
fore, most of the T cell grafts currently used in adoptive T cell thera-
py trials comprise T cells with excessive differentiation.

Recent studies have highlighted that the differences in epi-
genetic architecture between each memory T cell subset are
responsible for their distinct functions through the differential
expression of multiple key transcription factors (21-26). Active or
repressive epigenetic marks, including histone modifications and
DNA methylation, are closely associated with transcriptional pro-
files at steady states and dynamic gene expression changes upon
TCR stimulation. However, it remains largely unknown whether
the exogenous manipulation of epigenetic states influences T cell
differentiation status. In this study, we investigated the impact of
epigenetic modification on memory T cell differentiation by using
chemical probes with defined specificity for epigenetic enzymes
and effector proteins. We found that JQI, a specific inhibitor of
bromodomain and extra-terminal motif (BET) proteins, support-
ed the in vitro expansion of T cells with T, and T, features.
JQI-treated T cells showed superior in vivo persistence and anti-
tumor effects. These findings are applicable to adoptive immuno-
therapy for the generation of optimal T cell grafts.

Results

Screening of epigenetic targets that affect CD8" T cell differentiation.
We previously developed artificial antigen-presenting cells (APCs)
that express a membrane-bound form of the anti-CD3 monoclo-
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Figure 1. Screening of epigenetic targets that support the mainte-
nance of CD45RA*CD62L*CCR7* and CD45RACD62L‘CCR7* T cell phe-
notypes. (A) Peripheral blood CD3* T cells were stimulated with artifi-
cial antigen-presenting cells that express a membrane-bound form of
anti-CD3 mAb (clone OKT3), CD80, and CD83 (aAPC/mOKT3), and the
cells were subsequently treated with epigenetic chemical probes. The
surface expression of CD45RA, CD62L, and CCR7 on CD8* T cells was
analyzed 14 days following the initial stimulation. (B and C) The fold
expansion of CD45RA*CD62L*CCR7* cells (B) and CD45RA-CD62L*CCR7*

CD3* T cells Chemical Analysis cells (C) within the CD8* T cell population treated with each chemical
probes probe 14 days following TCR stimulation is shown. Inhibitors of p300
B and BET proteins are indicated in bold. The error bars represent the SD
% of 3 technical replicates. The dotted lines indicate the mean values in
o © 150+ DMSO-treated control wells.
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nal antibody in conjunction with the immunostimulatory mole-
cules CD80 and CD83 (aAPC/mOKT3) (27). These cells robustly
expanded polyclonal CD8" T cells with memory T cell phenotypes
in the presence of cocultured CD4* T cells. Using this platform, we
explored candidate epigenetic modulators that affect the differen-
tiation status of CD8" T cells without compromising their prolifer-
ation. Peripheral blood CD3* T cells derived from a healthy donor
were stimulated weekly with aAPC/mOKT3, and then individual-
ly treated with 31 chemical probes with defined epigenetic targets
as listed in Supplemental Table 1; supplemental material available
online with this article; doi:10.1172/JCI86437DS1 (Figure 1A).
Surface expression of CD45RA, CD62L, and CCR7 on CD8* T
cells was analyzed 14 days following the initial stimulation to iden-
tify the CD45RA*CD62L*CCR7* or CD45RA"CD62L*CCR7* T
cell subsets, since these 2 populations exhibit superior in vivo per-
sistence after adoptive transfer (18, 19, 28). We found that several
inhibitors targeting p300, BET proteins, and histone deacetylases
(HDACs) supported the maintenance of both CD45RA*CD62L*
CCR7" and CD45RACD62L*CCR7* T cells (Supplemental Fig-
ures 1 and 2). In terms of the absolute cell number, treatment
with JQI, which targets BET proteins, resulted in the efficient
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expansion of both CD45RA*CD62L*CCR7* and CD45RA CD62L*
CCR7* T cells (Figure 1, B and C). Although the HDAC inhibitors
CI-994, LAQ-824, and valproic acid markedly enhanced the fre-
quency of CD45RA*"CD62L*CCR7* cells, they did not increase
the absolute number of T cells with these phenotypes because of
their considerable toxicity (Supplemental Figure 2). We also test-
ed the effects of each chemical probe on CD3*CD45RO"* T cells,
which represent antigen-primed memory T cells, and found that
JQ1 treatment enhanced the frequency and fold expansion of
CD45RA'CD62L*CCR7* T cells most efficiently (Supplemental
Figure 3). Based upon these observations, we focused on BET pro-
teins as promising targets for modulating CD8* T cell differentia-
tion during ex vivo T cell culture.

JQI maintains T cells with the functional and transcriptional prop-
erties of T, and T, cells. To further investigate the effect of BET
protein inhibition on T cell differentiation, we used JQ1 as a rep-
resentative probe that did not interfere with overall T cell viability
or proliferation at 0.15 uM in our experimental system (Supple-
mental Figure 4, A and B). First, we confirmed that JQ1 treatment
supported the maintenance of both CD45RA*CD62L*CCR7* and
CD45RACD62L*CCR7" cells within the CD8" T cell populations
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Figure 2. JQl, a BET bromodomain inhibitor, maintains CD8" T cells with features of stem cell-like and central memory T cells. (A) Frequency of
CD45RA*-CD62L*CCR7 cells within the CD8* T cell population cultured for 14 days in the presence of JQ1or (-)-)Q1(n = 7, paired t test). (B) Expression of
CD27, CD28, CD127, and CDI5 in the CD8* T cells cultured in the presence of JQ1 or (-)-)Q1. Representative FACS plots of the samples shown in A. (C and
D) CD45RA*CD62L*CCR7* T cells were stimulated weekly with aAPC/mOKT3 and cultured with or without JQ1. Representative FACS plots of CD45RA,
CD62L, and CCR7 expression at the indicated time points (C) as well as the frequency of CD45RA*/-CD62L*CCR7* cells within the CD8* T cell population 21
days following initial stimulation (D) are shown (n = 5, paired t test). (E and F) The secretion of IL-2, IFN-y, and TNF-a was evaluated by intracellular flow
cytometry in CD8*CD45RA*CD62L*CCR7* T cells cultured for 14 days with or without JQ1. The frequency of each cytokine-producing cell type (E) and those

secreting all 3 cytokines (F) are shown (n = 5, paired t test). (G) Expression profiles of representative genes with differential expression between the T,

S(M/

T.,and T, phenotypes. Fold expression levels in JQ1-treated CD8* T cells relative to those in the control T cells are shown (n = 4). Error bars indicate the

SD. (H) CD3* T cells isolated from HLA-A2* donors were stimulated by artificial antigen-presenting cells that express HLA-A*02:01, CD80, and CD83 (aAPC/
A2) and were pulsed with the MART1,, .. peptide once per week. The frequency of CD45RA*/"CD62L*CCR7* cells within the A2/MART1 multimer® CD8* T cell
population 21 days after initial stimulation is shown (n = 4, paired t test). NS, not significant.
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Figure 3. JQ1-treated T cells show enhanced in vivo per-
sistence. (A) CD3* T cells were stimulated weekly with aAPC/
mOKT3, cultured for 14 days in the presence of |Q1 or (-)-]Q1,

I I : } and subsequently infused into irradiated NSG mice (5 million
7 0 T cells per mouse). (B) Human CD4* or CD8* T cell chimerism
in the indicated organs 14 days following adoptive transfer
JQ1 ¢ of T cells (n = 8, unpaired t test). (C and D) Frequency of
CD3*Tcells (-)-JQ1 CD45RA*-CD62L*CCR7 cells within the CD8* T cell population
(€) and total cell counts of each T cell subset within the spleen
| A I\ (D) (n = 8, unpaired t test). NS, not significant.
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in multiple samples significantly better than (-)-JQl, an inactive
enantiomer of JQ1 (Figure 2A). Both subsets expressed CD27,
CD28, and CD127 equally, and all of the cultured T cells were posi-
tive for CD95 (Figure 2B). Therefore, the CD45RA*CD62L *CCR7*
and CD45RACD62L*CCR7* cells had phenotypes correspond-
ing to T, and T, cells, respectively, as described previously
(28). To assess the effect of JQ1 on T cell differentiation in more
detail, we cultured naive (CD45RA*CD62L*CCR7") T cells in the
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CD45A* CD62L*

CD45A- CD62L*

CCR7* CCR7*

presence or absence of JQI1. Although they progressively differ-
entiated into T cells with a T,,, phenotype upon stimulation, the
T,y and T, marker phenotypes were significantly maintained
with JQI1 treatment (Figure 2, C and D). Furthermore, JQl-treat-
ed CD8" T cells secreted more IL-2 compared with the control,
while they preserved IFN-y and TNF-o production, resulting in
a higher frequency of T cells with polyfunctional cytokine secre-
tion (Figure 2, E and F). These results reflect the attributes of T,
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Figure 4. Q1 treatment improves the antitumor activity of chimeric antigen receptor-transduced T cells in a mouse leukemia model. (A) CD3* T cells
were retrovirally transduced with the anti-CD19 chimeric antigen receptor (CAR) consisting of anti-CD19 scFv, CD28, and CD3z, and the cells were cultured
with JQ1 or (-)-JQ1. The drugs were removed on day 14, and the functional properties of the CAR T cells were analyzed. (B) CAR T cells generated as shown
in A were serially stimulated with K562 transduced with CD19 (K562-CD19), and the fold expansion of the CD8* CAR T cells was calculated at the indicated
time points (n = 5, paired t test). Error bars indicate the SD. (C and D) JQ1-CAR T and (-)-)JQ1-CAR T cells were labeled with CFSE and stimulated with K562-
CD19. The relative mean fluorescence intensity of CFSE (C) and cell viability (D) were assessed 4 days following stimulation (n = 5, paired t test). (E) Cyto-
kine secretion profiles of JQ1-CAR T and (-)-JQ1-CAR T cells upon stimulation with K562-CD19 (n = 5, paired t test). (F) CAR T cells were cocultured with the
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was analyzed by flow cytometry (n = 5, unpaired t test). (G) NSG mice were intravenously injected with NALM6-GL, then with CAR-transduced T cells 14
days after tumor injection. (H) Total photon counts measured from the in vivo bioluminescent imaging of luciferase activity at the indicated time points
following infusion of T cells. (I) Kaplan-Meier curve for overall survival of the mice treated with CAR-transduced T cells (n =10, log-rank test). Representa-
tive data from 2 experiments are shown. (J) Frequency of human CD45*CD8* CAR-transduced T cells in the peripheral blood following T cell injection. (K and
L) The persistence of CD45RA*/-CD62L*CCR7* T cells was monitored in the peripheral blood. The frequencies within the CD8* CAR* T cell population (K) and
overall peripheral blood cells (L) (n = 10, unpaired t test) are shown. *P < 0.05, **P < 0.01. NS, not significant.
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c viability (D) were assessed 4 days following stimulation (n = 5, paired t test). (E) Cytokine secretion

7 14
Days after T cell infusion

28 42

profiles of JQ1-DMF5 T cells and (-)-)Q1-DMF5 T cells upon stimulation with aAPC/A2 pulsed with the
cognate peptide (n = 4, paired t test). (F) DMF5 T cells were cocultured with the melanoma cell line
A375 transduced with full-length MART1 (A375/MART1) at the indicated ratio, and the residual cells
were analyzed by flow cytometry (n = 5, unpaired t test). (G) The HLA-A2/MART1 T cells generated

as shown in A were adoptively transferred into NSG mice subcutaneously injected with 0.5 million
A375/MART1 cells. (H) Depiction of the tumor volume until 14 weeks after tumor cell injection (n = 10
each). (1) Kaplan-Meier curve for progression-free survival of the treated mice (n = 10). Representative
data from 2 experiments are shown. (J) Frequency of human CD8* A2/MART1 multimer* T cells in the
peripheral blood following T cell injection. **P < 0.01. NS, not significant.

and T, cells (28, 29). Although CD4" T cells maintained higher  obtained similar results when CD45RO" T cells were treated with
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CD62L and CCRY7 expression than CD8" T cells, JQ1 treatment fur-
ther enhanced this expression (Supplemental Figure 5, A and B).
In addition, the JQ1-treated CD4" T cells secreted more IL-2 upon
TCR restimulation than the control CD4" T cells (Supplemental
Figure 5C). Furthermore, we assessed the expression profile of rep-
resentative genes with differential expression among the T, T ..\,
and T, phenotypes (Supplemental Figure 6). JQl-treated CD8* T
cells had gene expression signatures consistent with the T, and
T, Phenotypes compared with the control T cells (Figure 2G). We
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JQ1; JQl1-treated T cells significantly maintained CD8* T cells with
a T, phenotype (Supplemental Figure 7A). Similarly, these T cells
produced more IL-2 and TNF-a upon TCR engagement and had
gene expression profiles consistent with those of the T, pheno-
type compared with the control (Supplemental Figure 7, B-D). A
similar effect of JQ1 was observed when T cells were stimulated
with anti-CD3 antibody alone. In this case, the JQI1-T cells exhib-
ited higher frequencies of T, and T, populations and secreted
more IL-2 than the (-)-JQl-treated T cells (Supplemental Figure
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Figure 6. BATF expression is downregulated by JQ1 treatment. (A) Venn diagram showing the overlap between TCR-induced genes and genes upregulated
upon Th17 differentiation. (B) Real-time quantitative PCR analysis of BATF and IRF4 expression in CD8* T cells 3 days after stimulation with aAPC/mOKT3
in the presence of Q1 or (-)-JQ1. Fold expression changes (normalized to UBC) compared with the CD8* T cells before stimulation are shown (n = 4, paired

t test). (C) Immunoblotting of BATF in the same samples as in B. Representative images and the quantified protein levels relative to f-actin are shown

(n = 4, paired t test). Error bars depict the SD. (D) Real-time quantitative PCR analysis of BATF in CD8* T cells rested overnight in cytokine-free media or
restimulated with aAPC/mOKT3 in the presence of JQ1 or (-)-JQ1. Fold expression changes relative to rested samples are shown (n = 4, paired t test). (E)
Immunoblotting of BATF in the same samples as in D. Representative images and quantified protein levels relative to B-actin are shown. (n = 4, paired t
test). Error bars depict the SD. (F) CD8* T cells treated with JQ1 or (-)-)Q1 were restimulated with aAPC/mOKT3, and the chromatin samples were immu-
noprecipitated with an anti-BRD4 antibody. The enrichment of BRD4 at the promoter region of BATF was measured with gPCR (n = 4, paired t test). Error

bars indicate the SD. NS, not significant.

8, A-D). These results suggest that JQ1 treatment can support
the maintenance of T, and T_, phenotypes independently of
costimulatory signals. Finally, we assessed the effect of JQ1 in the
context of antigen-specific T cell stimulation using artificial APCs
expressing HLA-A2 (aAPC/A2), which was previously developed
to expand A2-restricted antigen-specific T cells (8, 30). Peripher-
al blood CD3* T cells derived from HLA-A2-positive donors were
stimulated weekly with aAPC/A2 pulsed with A2/MART1,__ . pep-
tide. Similar to the results observed for aAPC/mOKTS3 stimulation,
JQl-treated T cells maintained T, and T, phenotypes signifi-
cantly better in the A2/MART1 multimer-positive CD8* T cell pop-

ulation (Figure 2H and Supplemental Figure 9). These results indi-
cate that JQ] treatment enables the expansion of T, and T, cells
while inhibiting their differentiation into T, cells in vitro.
JQI-treated T cells have superior in vivo persistence and antitumor
effects in a CAR gene therapy model. Based on the observation that
JQI treatment led to the expansion of T cells with T, and T,
phenotypes, we assessed its effect on the in vivo persistence of cul-
tured T cells. CD3* T cells were cultured in the presence of JQ1 or
(5)-JQ1 and infused into irradiated NSG mice (Figure 3A). JQ1-treat-
ed T cells showed significantly higher engraftment in the peripheral
blood, spleen, liver, and bone marrow compared with the control for
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Figure 7. Downregulation of BATF expression by JQ1 treatment contributes to the maintenance of the T, and T, phenotypes. (A and B) Validation of
BATF knockdown with gPCR (A, n = 4) and immunoblotting (B, representative blots of 3 experiments and quantified protein levels). Error bars indicate
the SD. *P < 0.05, **P < 0.01in a 1-sample t test compared to control siRNA (Ctsh), which was assigned a value of 1. (C) CD3* T cells were stimulated with
aAPC/mOKT3 and transduced with control or siBATF and truncated nerve growth factor receptor (ANGFR). The frequency of CD45RA*-CD62L*CCR7 cells
within the ANGFR*CD8* T cell population 14 days after initial stimulation is shown (n = 8, paired ANOVA). (D) The IL-2, IFN-y, and TNF-a secretion levels
were assessed by intracellular flow cytometry in the ANGFR*CD8* T cell population upon restimulation with aAPC/mOKT3. Frequencies of IL-2-secret-

ing cells and cells producing all 3 cytokines are shown (n = 6, paired ANOVA). (E and F) CD3* T cells were stimulated with aAPC/mOKT3 and transduced
with the control ANGFR or BATF-IRES-ANGFR. The CD8*NGFR* cells were isolated on day 7 and immunoblotted for BATF (E, representative blots of 4
experiments). Frequencies of CD45RA*CD62L*CCR7 cells (left y axis) and CD45RA-CD62L*CCR7" cells (right y axis) within the ANGFR*CD8* T cell population
were assessed 14 days following stimulation (F, n = 9, paired ANOVA). (G) IL-2 production of NGFR*CD8* T cells upon restimulation with aAPC/mOKT3 was
assessed by intracellular flow cytometry (n = 4, paired ANOVA). (H-)) Naive T cells were pretreated with IL-7, transduced with lentiviral shRNAs against
BATF, and stimulated with aAPC/mOKT3 or transplanted into irradiated NSG mice. Frequency of CD45RA*-CD62L*CCR7* cells within the ZsGreen*CD8*

T cell population was evaluated 10 days after stimulation with aAPC/mOKT3 (I, n = 5, paired ANOVA) or 11 days following T cell transplantation into NSG
mice (), n = 6, paired ANOVA). NS, not significant.
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Figure 8. p300 recruits BRD4 to the BATF promoter region. (A) Frequency of CD45RA*-CD62L*CCR7* cells within the CD8* T cell population cultured for 14
days in the presence of C646 or DMSO (n = 5, paired t test). (B) Frequency of IL-2-producing cells and cells secreting IL-2, IFN-y, and TNF-a upon restimu-
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following stimulation with aAPC/mOKT3 (n = 4, paired t test). Fold expression (normalized to UBC) compared with the CD8* T cells before stimulation is
shown. (D) Immunoblotting of BATF in the same samples as in C. Representative blots and quantified protein levels relative to -actin (n = 4, paired t test).
Error bars depict the SD. (E) CD8* T cells treated with C646 or DMSO were restimulated with aAPC/mOKT3, collected 3 days following stimulation, and sub-
jected to chromatin immunoprecipitation with an anti-BRD4 antibody. Enrichment at the BATF promoter region was measured by qPCR (n = 4, paired t test).
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curves for overall survival of the NALM6-GL-injected mice are shown (n =10, log-rank test). Representative data from 2 experiments.

both CD4" and CD8" T cells (Figure 3B). A T, subset with compa-
rable frequency was found within the JQ1- or (-)-JQl-treated CD8*

(19). We analyzed the in vitro and in vivo attributes of JQ1-treat-
ed CAR-T cells. CD3* T cells were transduced with an anti-CD19

T cell population engrafted in the spleen, whereas T cells witha T
phenotype were slightly more frequent among JQI-treated T cells
(Figure 3C). In terms of the absolute number of persistent cells, sig-
nificantly more T, and T, cells were recovered from mice inject-
ed with JQ1-treated T cells (Figure 3D).

Next, we investigated the in vivo effect of JQ1 on antitumor T
cells. Culturing CAR-T cells with IL-7 and IL-15 was recently found
to preferentially expand the T, population, and those T cells
have been shown to exhibit superior antitumor responses in vivo

CAR construct encoding an FMC63-derived single-chain variable
fragment (scFv) linked to CD28 and the CD3( chain (31). After a
2-week expansion in the presence of JQ1 or (-)-JQ1, the drugs were
withdrawn, and the cells’ functional properties were compared
(Figure 4A). When serially restimulated with the human erythro-
leukemic cell line K562 transduced with CD19 (K562-CD19), the
JQl-treated T cells showed superior proliferation compared with
the control T cells (Figure 4B). They also exhibited more rapid
cell division and reduced cell death upon stimulation (Figure 4,

jci.org  Volume126  Number9  September 2016

3487



3488

RESEARCH ARTICLE

C and D). Moreover, JQl-treated CAR-T cells showed improved
cytokine production upon antigen encounter (Figure 4E). Interest-
ingly, the IFN-y, TNF-q, and IL-2 secretion levels were enhanced
in JQl-treated T cells. These phenotypes were maintained after
repeated stimulation with K562-CD19 (Supplemental Figure
10). The generated CAR-T cells showed similar in vitro cytotox-
ic activity against the CD19* acute lymphoblastic leukemia cell
line NALM-6 transduced with EGFP fused with firefly luciferase
(NALM6-GL; Figure 4F). These results are consistent with previ-
ous findings showing that the differentiation status of antitumor
T cells does not necessarily affect their in vitro cytotoxic activity
(16). In order to assess the in vivo antileukemic effects of JQ1-treat-
ed CAR-T cells, the CAR-T cells expanded in the presence of JQ1
or (-)-JQ1 were injected into NSG mice that had been transplant-
ed with NALM6-GL (Figure 4G). All of the untreated mice died
within 4 weeks after leukemia cell infusion. Serial imaging of the
leukemia cells showed an obvious delay of leukemia progression
in the mice transplanted with JQIl-treated CAR-T cells (Figure
4H and Supplemental Figure 11A). The mice transplanted with
JQ1-treated CAR-T cells showed significantly longer overall sur-
vival compared with the control mice (Figure 4I). We also assessed
the persistence of the transplanted CAR-T cells in the peripheral
blood. The CAR-T cells progressively declined throughout the
time course (Figure 4] and Supplemental Figure 11B). At autopsy,
NALM6-GL maintained the expression of CD19 and constituted
30%-90% of the bone marrow cells and 20%-60% of the spleen
cells (Supplemental Figure 12A). The residual T cells were most-
ly negative for CAR expression, and very few CAR" T cells were
recovered from the spleen and bone marrow (Supplemental Fig-
ure 12B and Supplemental Table 2). These results indicate that the
cause of relapse was CAR-T cell disappearance rather than the loss
of CD19 expression in leukemia cells. Nevertheless, the JQ1-treat-
ed T cells showed significantly better persistence than the control
T cells at each time point. When evaluated in the peripheral blood,
CAR-T cells with T, and T, phenotypes gradually decreased
and almost disappeared by day 35 after T cell transplantation,
suggesting that they differentiated into T, cells (Figure 4K).
Since there was no significant difference in the frequency of these
phenotypes within the CD8*CAR* T cell population, the JQI-treat-
ed T cells similarly differentiated into effector cells in vivo after
withdrawal of the drug. Importantly, the overall frequency of
these populations was higher in the JQ1-treated group at each time
point (Figure 4L). These results demonstrate that JQ1 treatment
enhances the in vivo persistence of CAR-T cells, which contributes
to improved antitumor effects.

JQI-treated T cells have superior in vivo persistence and antitu-
mor effects in a TCR gene therapy model. We next investigated the
influence of JQ1 treatment on the antitumor effects of TCR gene-
transferred T cells. CD3* T cells were transduced with HLA-A2/
MART1,___-specific TCR genes (clone DMF5) and were expand-
ed for 2 weeks in the presence or absence of JQ1 (Figure 5A).
JQl-treated DMF5-transduced T cells showed superior prolifera-
tion upon serial stimulation by aAPC/A2 pulsed with MART1,, .
peptide (Figure 5B). Although no significant difference in the cel-
lular division rate was found, the JQ1-treated T cells showed better
viability than the (-)-JQl-treated T cells upon stimulation (Figure
5, C and D). JQ1 treatment contributed to the maintenance of IL-2
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secretion, and the frequency of cells producing multiple cytokines
was significantly higher among the JQI-treated T cells (Figure
5E). We also evaluated cytokine secretion in the context of repeat-
ed TCR stimulation and found that JQ1-treated T cells similarly
maintained their IL-2 secretion capacity (Supplemental Figure
13). As seen in the CAR-transduced T cells, no significant differ-
ence existed in the cytotoxic activity against A375 melanoma cells
transduced with full-length MART1 (A375-MART1) (Figure 5F)
(32). To investigate the in vivo antitumor responses, the expanded
T cells were injected into NSG mice that had been subcutaneous-
ly inoculated with A375-MART1 (Figure 5G). Although both JQ1-
and (-)-JQl-treated T cells were initially effective against tumors,
they relapsed at later time points (Figure 5H). However, JQ1-treat-
ed T cells significantly delayed the progression of tumors com-
pared with control T cells, indicating the impact of JQ1 treatment
on the durability of antitumor effects (Figure 5I). Moreover, the
frequency of CD8* A2/MART1 multimer* T cells in the peripheral
blood was significantly higher in the JQ1-treated group (Figure 5J).
These results demonstrate that JQ1 treatment promoted superior
in vivo antitumor activity in TCR gene therapy, likely due to the
improved persistence of the transferred T cells.

JQI promotes the maintenance of T, and T, phenotypes by
suppressing BATF. We next investigated the mechanism of how
JQ1 treatment affects T cell differentiation. Because the effect of
JQ1 was more prominent after repeated TCR stimulation (Figure
2C), we speculated that JQ1 treatment prevents T cell differen-
tiation by inhibiting genes induced upon TCR stimulation. Mele
and colleagues recently reported that JQI inhibits Th17 differ-
entiation in both mouse and human CD4* T cells by repressing
multiple Th17-related genes (33). Based on these observations, we
analyzed the previously published microarray data and extracted
the transcription factors upregulated upon both TCR stimulation
and Th17 differentiation (Figure 6A). Among these genes, we first
focused on BATF and IRF4, which together play an important role
in the effector CD8" T cell differentiation (34). The expression of
both genes was rapidly upregulated upon aAPC/mOKT3-mediat-
ed TCR stimulation (Figure 6B). Although JQI treatment signifi-
cantly attenuated BATF expression, it did not affect IRF4 expres-
sion. The JQl-mediated suppression of BATF expression was
also confirmed at the protein level (Figure 6C). We observed that
BATF expression was similarly upregulated upon restimulation of
the cultured T cells with aAPC/mOXKT3, which was suppressed
by JQ1 treatment at both the mRNA and protein levels (Figure 6,
D and E). To investigate whether BET proteins directly regulate
BATF expression, we performed chromatin immunoprecipitation
followed by quantitative PCR (ChIP-qPCR) with an anti-BRD4
antibody, one of the major bromodomain transcription factors
targeted by JQ1. As shown in Figure 6F, JQ1-treated T cells exhibit-
ed significantly less relative enrichment of BRD4 in the promoter
region of BATF than control T cells, suggesting that BRD4 binds
to the BATF promoter region and contributes to its upregulation
upon TCR stimulation.

We next investigated whether the blockade of BATF expres-
sion contributed to the expansion of T cells with T, and T, phe-
notypes. CD3* T cells were stimulated with aAPC/mOKT3 and
retrovirally transduced with an siRNA targeting BATF (Figure 7, A
and B). The knockdown of BATF significantly enhanced the main-
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tenance of the CD45RA*CD62L*CCR7* and CD45RA CD62L*
CCR?7" populations following subsequent TCR stimulation (Fig-
ure 7C). These 2 populations similarly expressed CD27, CD28,
and CD127 (Supplemental Figure 14). Moreover, the T cells with
knockdown of BATF showed enhanced IL-2 secretion and cyto-
kine polyfunctionality, as seen in the JQl-treated T cells (Figure
7D). Conversely, when T cells were ectopically transduced with
BATF cDNA, the frequency of T cells with T, and T, pheno-
types was partially but significantly reduced in the presence of
JQ1 (Figure 7, E and F). The JQl-treated BATF-overexpressing T
cells exhibited decreased IL-2 secretion (Figure 7G). These results
demonstrate that BATF upregulation is associated with the differ-
entiation of CD8* T cells into effector memory T cells.

Next, we studied the effect of BATF knockdown on memory T
cell formation from naive T cells. We used a lentivirus shRNA-me-
diated knockdown system for transduction into naive T cells with-
out TCR stimulation (Supplemental Figure 15, A and B). Isolated
naive T cells were cultured in the presence of IL-7 and transduc-
ed with lentivirus vectors (Figure 7H). We confirmed that naive
T cells were successfully transduced with the lentiviral plasmid
without undergoing differentiation (Supplemental Figure 15C).
Upon in vitro TCR stimulation with aAPC/mOXKT3, they acquired
a memory T cell phenotype (Supplemental Figure 16A). The
BATF-suppressed CD8* T cells showed significantly better reten-
tion of the T, and T, phenotypes compared with the control T
cells (Figure 71). Next, we evaluated naive T cell differentiation in
the in vivo setting. Naive T cells have been shown to differentiate
into T cells with a memory phenotype through xenogeneic reac-
tions within NSG mice (28). Therefore, we evaluated the impact
of BATF knockdown on memory T cell formation by transplanting
naive T cells lentivirally transduced to express BATF shRNA into
irradiated NSG mice. To elicit the engraftment of T cells, 5 million
cultured CD3* T cells were coinjected into each mouse. The mice
were sacrificed 11 days after transplantation, and the differentia-
tion status of the engrafted T cells was assessed. Strikingly, T cells
transduced with the shRNA against BATF possessed a higher fre-
quency of T, within the CD8* ZsGreen' T cell population (Figure
7] and Supplemental Figure 16B). Conversely, the T, phenotype
was less frequent than in the control T cells. At later time points,
the transplanted T cells further differentiated into T, and T,
cells (Supplemental Figure 16C). These results indicate that BATF
knockdown does not arrest but does delay differentiation into the
T,,, cell population both in vitro and in vivo.

We also explored the effects of JQ1 on the expression of other
genes listed in Figure 6A and several representative transcription
factors associated with effector differentiation in mice (Supple-
mental Figure 17A) (35-39). Among these genes, FOSL2, ID2, and
PRDMI exhibited significantly reduced expression after JQ1 treat-
ment. Although we tested the effects of these genes individually
by siRNA-mediated knockdown, they did not affect the frequency
of T cells with a T, or T, phenotype (Supplemental Figure 17, B
and C). Additionally, we evaluated whether JQ1 treatment affects
the activity of several essential pathways related to TCR and cyto-
kine stimulation: ERK, MAPK, AKT, and S6K (Supplemental Fig-
ure 18, A and B). Upon JQ1 treatment, the phosphorylation of S6K,
atarget protein of the mammalian target of the rapamycin (mTOR)
pathway, was significantly reduced. Interestingly, no significant
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difference was noted in the phosphorylation of AKT, an upstream
enzyme regulating the mTOR pathway activity, suggesting that
JQ1 regulated S6K phosphorylation downstream of the AKT path-
way. Moreover, T cells transduced with lentiviral shRNAs against
BATF also demonstrated a decreased level of pS6K compared
with the control T cells (Supplemental Figure 18, C and D). These
results are consistent with previous findings that the CD8* T cells
derived from BATF-deficient mice exhibited a decreased level of
phosphorylated S6K upon effector differentiation and that the
inhibition of the mTOR pathway through AKT inhibition or the
mTOR inhibitor rapamycin contributed to the generation of T cells
with T, and T, phenotypes (34, 40, 41).

p300 recruits BRD4 to the BATF promoter region and induces
BATF transcriptional activity. Finally, we investigated the mecha-
nism of BET protein recruitment to the BATF promoter region. In
addition to JQ1, we found that multiple p300 inhibitors maintained
CD45RA"-CD62L*CCR7" cells in the initial screening experiment
(Figure 1, B and C). We verified that the treatment of T cells with
C646, a p300 inhibitor, significantly enhanced the maintenance of
CD8" T cells with T, and T, phenotypes in multiple donor sam-
ples (Figure 8A). These T cells secreted more IL-2 and possessed
polyfunctional cytokine secretion capacity (Figure 8B). Because
p300 is one of the major histone acetyltransferases, we hypothe-
sized that p300-mediated histone acetylation facilitates the bind-
ing of BRD4 to the BATF promoter. Similarly to JQ1, C646-treated
CD8" T cells exhibited significantly decreased expression of BATF
upon TCR stimulation at both the mRNA and protein levels (Figure
8, C and D). Furthermore, the enrichment of BRD4 in the BATF
promoter region was clearly reduced in the presence of C646 (Fig-
ure 8E), suggesting that p300 is associated with the BRD4 occu-
pancy at the BATF promoter. We also assessed the impact of C646
treatment on in vivo antitumor responses using an anti-CD19 CAR
treatment model. C646-treated anti-CD19 CAR-T cells showed
superior persistence when transferred into mice harboring CD19*
NALM-6 cells (Figure 8F). C646 treatment also enhanced the
overall persistence of T cells with T, and T_, phenotypes com-
pared with the control at each time point (Figure 8G). No signifi-
cant difference was found in the frequency of these subsets within
the CD8*CAR" T cell population (Supplemental Figure 19). Con-
sistent with their better persistence, C646-treated CAR-T cells
showed superior antileukemic effects when evaluated in terms of
overall survival (Figure 8H). Collectively, these findings show that
BET proteins contribute to the effector differentiation of cultured
T cells in a p300-dependent manner, which impairs their overall
survival potential during ex vivo T cell expansion. Pharmacologi-
cal inhibition of either BET proteins or p300 significantly improves
the maintenance of T cells with T, and T_, phenotypes and
enhances the effect of adoptive immunotherapy.

Discussion

In this study, we demonstrated that the BET bromodomain inhib-
itor JQI supported the maintenance of T cells with T, and T,
phenotypes in vitro without affecting overall proliferation. In
addition to surface marker expression patterns, JQ1-treated T cells
showed gene expression and cytokine secretion profiles reflecting
those specific T cell subsets. Through the comprehensive analy-
sis of the downstream BET protein target genes, we observed that
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JQ1inhibited the expression of BATF, which is regulated by BRD4
and p300 upon TCR stimulation. Importantly, JQ1-treated T cells
demonstrated superior in vivo persistence and antitumor effects
in multiple cancer immunotherapy models.

It is now emerging that the quality of T cells used for adoptive
immunotherapy can be significantly improved by modulating par-
ticular signaling pathways such as PI3K/AKT, glycolytic pathways,
and the Wnt/f-catenin pathway (40, 42, 43). In addition to previ-
ous findings, we provide evidence that the inhibition of BET pro-
teins contributes to the generation of long-lived T cells. Important-
ly, JQ1 treatment was effective for both naive T cells and CD45RO*
memory T cells. Naive T cells and stem cell-like memory T cells
are superior T cell sources when peripheral blood T cells are used
for gene transfer. By contrast, most of the naturally occurring
tumor-infiltrating lymphocytes are antigen primed and have dif-
ferentiated into CD45RO* memory T cells, in which maintenance
of the T_,, phenotype is the best strategy for generating optimal
antitumor T cells (44-46). Our results suggest that JQ1 treatment
should confer beneficial effects to a variety of T cell grafts.

The effects of JQ1 at least in part resulted from the transcrip-
tional modulation of BATF. BATF is a transcription factor essential
for the differentiation of CD8" T cells into effector T cells by regu-
lating the metabolic state of TCR-stimulated T cells (34, 47). In a
murine virus infection model, Batf-deficient CD8" T cells exhib-
it increased memory precursors and reduced effector functions.
Although BATF is required for efficient effector T cell functions
in vivo, we found that suppression of BATF expression is advan-
tageous during ex vivo expansion of T cells. In addition, it has
recently been shown that BATF expression induces exhaustive
phenotypes and limits the IL-2 secretion of T cells, which is con-
sistent with our data (48). Collectively, these data suggest that a
transient blockade of the pathways or genes required for effector
T cells generates better T cell grafts for adoptive immunotherapy.
Pharmacological intervention is suitable for this purpose, which
can transiently suppress effector T cell programs. The transferred
T cells are then released from pharmacological inhibition and
can acquire robust effector functions in vivo. In addition to BATF,
there are several other transcription factors essential for effector T
cell differentiation, including T-BET, Blimp-1, IRF4, and ID2 (34,
37-39). These factors have nonredundant roles in determining
the fate of antigen-primed T cells, since genetic knockout of the
individual genes results in significant changes in memory/effec-
tor establishment. Although we did not observe any significant
influence of inhibiting several of these genes on phenotype mark-
ers, this lack of evidence does not necessarily exclude them from
potential roles in memory T cell differentiation. Because these
transcription factors form complex networks and often regulate
each other, simultaneous interventions may be required to affect
T cell differentiation. In addition, several other proteins may
affect important steps in human memory T cell differentiation in
the context of ex vivo T cell expansion. Further exploration of JQ1-
induced gene expression alterations will be crucial to achieving a
comprehensive understanding of the inhibition mechanism.

BET proteins might also play a role in effector T cell forma-
tion in vivo. Interestingly, recent studies using in vivo RNA inter-
ference screening have identified that knockdown of cyclin T1, a
major component of the positive transcription elongation factor
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(P-TEFB), promotes the formation of memory precursors in vivo
(49). Considering that BRD4 regulates P-TEFp activity, the inhibi-
tion of BET proteins could also contribute to memory T cell forma-
tion, which should be evaluated in the in vivo setting. We also found
that p300 helps to recruit BRD4 to the BATF promoter region. In
fact, recent studies have demonstrated that BRD4 and p300 form
a complex to transcriptionally activate several other genes such
as MYC and FOS (50, 51). Our studies of pharmacological modu-
lation of BET and p300 point to an acetylation-dependent signal-
ing mechanism, since JQ1 directly inhibits BET protein binding to
acetylated lysine residues in chromatin and C646 inhibits the cat-
alytic acetyltransferase activity of p300. Interestingly, p300 also
functions downstream of BATF in Th17 cells, as indicated by the
change in the genome-wide occupancy of p300 in the absence of
BATF (52). Further studies are warranted to investigate the bidirec-
tional regulation between p300 and BATF.

In summary, we show that JQ1 treatment promoted the expan-
sion of T cells with features of T, and T, cells while inhibiting
their differentiation into effector T cells via suppressing BATF.
These findings are applicable to a broad range of adoptive immu-
notherapy for generating optimal T cell grafts.

Methods
In vitro culture of human T cells. Healthy donor-derived peripheral
blood mononuclear cells were isolated by Ficoll-Paque PLUS density
gradient centrifugation (GE Healthcare). All donors were identified to
be positive or negative for HLA-A*02:01 (A2) by high-resolution HLA
DNA typing (American Red Cross). CD3* or CD8" T cells were purified
through negative magnetic selection using a Pan T Cell Isolation Kit
and CD8' T Cell Isolation Kit (Miltenyi Biotec), respectively. CD45RO*
memory T cells were isolated from CD3* T cells through negative
selection with anti-CD45RA microbeads (Miltenyi Biotec). CD45RA*
CD62L*CCR7* naive T cells were separated by negative selection with
anti-CD45R0O microbeads and subsequent positive selection with anti-
CD62L microbeads (Miltenyi Biotec). The coexpression of CCR7 in
the isolated CD62L* cells was confirmed by flow cytometry. Purified T
cells were stimulated with aAPC/mOKT3 irradiated with 200 Gy at an
effector to target (E:T) ratio of 3:1. On the following day, 100 IU/ml IL-2
and 10 ng/ml IL-15 (Peprotech) were added to the cultures. Culture
media were replenished every 3 days. Unless otherwise noted, T cells
were restimulated with aAPC/mOKT3 once per week. For antigen-spe-
cific stimulation of T cells, HLA-A*02:01 (A2)* donor-derived T cells
were weekly stimulated with aAPC/A2 pulsed with 10 pg/ml hetero-
clitic MART1,, . peptide at an E:T ratio of 10:1 as previously described
(53). Synthetic peptides were obtained from Prolmmune. For TCR
stimulation without costimulatory signaling, CD3* T cells were stim-
ulated with anti-CD3 mAb (clone OKT3) coated on a plate at 5 pg/ml.
Cell lines. Both aAPC/mOKT3 and aAPC/A2 are derived from the
human erythroleukemic cell line K562 and were established as previ-
ously described (30). aAPC/A2 has successfully been used in the clinic
(8). The CD19* leukemia cell line NALM-6 was obtained from DSMZ.
The melanoma cell line A375 was obtained from American Type Cul-
ture Collection (ATCC). All the cells were routinely checked for the
presence of mycoplasma contamination using a PCR-based technology.
Retroviral transduction of T cells. PG13 packaging cells stably trans-
duced with each retrovirus plasmid were used for infection of T cells.
Transduction was performed 2 days following stimulation with aAPC/
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mOKTS3 for 3 consecutive days. The full-length BATF cDNA was cloned
into the pMX-internal ribosome entry site (IRES)-truncated nerve
growth factor receptor (ANGFR) (32, 54). HLA-A2/MART1, . TCR
(clone DMF5) genes were provided by Steven A. Rosenberg (NIH/NCI,
Bethesda, MD) and subcloned into the pMX vector. The anti-CD19 CAR
(FMC63 anti-CD19 scFv linked with CD28 and CD3z) was also sub-
cloned into the pMX vector.

Lentiviral transduction of T cells. For lentivirus production, 293T
cells were transfected with the pLVX-shRNA2 plasmid (Clontech),
psPAX2, and pMD2.G. The virus supernatants were collected and
immediately used for transduction into purified naive T cells. To
enhance the transduction efficiency, naive T cells were pretreated
with 10 ng/ml IL-7 (Peprotech) for 5 days before transduction (55).
The shRNA-transduced T cells were distinguished as ZsGreen* cells.

Epigenetic chemical probes. Epigenetic probes used in the experi-
ments are listed in Table S1 and were used at the indicated concen-
trations. The (-)-JQ1 enantiomer was used at the same concentration
as JQ1 (0.15 uM). Valproic acid and decitabine were purchased from
Sigma-Aldrich. All the reagents were dissolved in DMSO except for
UNC1215 and valproic acid, which were dissolved in water. DMSO was
added at a final concentration of 0.01% (v/v), including the control.

Flow cytometry. The following antibodies were used for flow cytom-
etry: APC-Cy7-anti-CD4 (clone RPA-T4, BioLegend), PE-Cy7-anti-CD8
(clone SFCI21Thy2D3, Beckman Coulter), FITC-anti-CD45RA (clone
MEMS-56, Life Technologies), APC-Cy7-anti-CD45RA (clone HI100,
BioLegend), Pacific Blue-anti-CCR7 (clone GO43H7, BioLegend),
APC-Cy7-anti-CD27 (clone 0323, BioLegend), APC-anti-CD28 (clone
CD28.2, BioLegend), PE-anti-CD127 (clone HIL-7R-M21, BD Biosci-
ences), PerCP/Cy5.5-anti-CD95 (clone DX2, BD Biosciences), APC-
anti-CD45 (clone HI30, BioLegend), PE-anti-CD271 (clone ME20.4,
BioLegend), PE-Cy7-anti-CD271 (clone ME20.4, BioLegend), V450-
anti-CD271 (clone C40-1457, BD Biosciences), FITC-anti-IL-2 (clone
5344.111, BD Biosciences), PE-anti-TNF-o (clone MADb11, BioLegend),
PE-Cy7-anti-IFN-y (clone 4S.B3, BioLegend), Alexa Fluor 488-anti-phos-
pho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (clone E10, Cell Signal-
ing Technology), Alexa Fluor 647-anti-phospho-p38 MAPK (Thr180/
Tyrl82) (clone 28B10, Cell Signaling Technology), PE-anti-STATS
(pY694) (clone 47/Stat5(pY694), BD Biosciences), anti-phospho-S6
ribosomal protein (Ser235/236) (catalog 2211; Cell Signaling Technolo-
gy), anti-phospho-Akt (Thr308) (clone D25E6; Cell Signaling Technol-
ogy), and anti-BATF antibody (clone D7C5; Cell Signaling Technology).
R-PE-anti-rabbit IgG (H+L) (Jackson ImmunoResearch) was used as the
secondary antibody following staining with anti-phospho-S6 ribosom-
al protein (Ser235/236), anti-phospho-Akt (Thr308), and anti-BATF
antibody. The stained cells were analyzed with a FACS Canto II (BD
Biosciences). The data analysis was performed with Flowjo software
(Tree Star). For intracellular flow cytometric analysis of cytokine pro-
duction, T cells were stimulated with aAPC/mOKT3 at an E:T ratio
of 1:1, and incubated for 6 hours. Brefeldin A (BioLegend) was added
to the cultures 2 hours following the stimulation. The cells were then
fixed and permeabilized using a Cytofix/Cytoperm kit (BD Bioscienc-
es). For CFSE dilution assay, T cells were labeled with 5 uM CFSE (Life
Technologies) before culture. Dead cells were discriminated with the
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Life Technologies).
The CAR-transduced T cells were stained with biotin-labeled protein L
(Genscript), followed by streptavidin-PE (Life Technologies) or strepta-
vidin-APC (Jackson ImmunoResearch).
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Quantitative real-time PCR. RNA was extracted with TRIzol (Life
Technologies) and reverse transcribed using Superscript III (Life Tech-
nologies). Quantitative real-time PCR was performed on the CFX96
Real-Time PCR Detection System (Bio-Rad) using SYBR Select Master
Mix (Life Technologies). Results were normalized to UBC, and relative
expression levels were calculated using the 2-AACT method (56). The
following primers were used for real-time PCR experiments (from 5’
to 3'): ACTNI forward, GCCTCATCAGCTTGGGTTAT, and reverse,
CATGATGCGGGCAAATTC; AHR forward, AGCCGGTGCAGAAAA-
CAG, and reverse, CTATGCCGCTTGGAAGGAT; BATF forward, ACA-
CAGAAGGCCGACACC, and reverse, CTTGATCTCCTTGCGTA-
GAGC; CREM forward, CAAATCCAAGACAAATGACCA, and reverse,
GCCAGTCTGAGTCTGCACAT; EGR2 forward, TTGACCAGAT-
GAACGGAGTG, and reverse, GGAGATCCAACGACCTCTTG;
FOSL1 forward, AGGCCTTGTGAACAGGAGAC, and reverse,
TTCTGCAGCTCCTCAATCTC; FOSL2 forward, GCCCAGTGTG-
CAAGATTAGC, and reverse, GGGCTCCTGTTTCACCACTA; GZMA
forward, CCTGTGATTGGAATGAATATGGT, and reverse, AGG-
GCTTCCAGAATCTCCAT; ID2 forward, TGAACGACTGCTACTC-
CAAGC, and reverse, GGATTTCCATCTTGCTCACC; IRF4 forward,
GCCAAGATTCCAGGTGACTC, and reverse, CTGGCTAGCAGAG-
GTTCTACG; KLRGI forward, AACGGACAATCAGGAAATGAG,
and reverse, CCTTGAGAAGTTTAGAGGTGATCC; NFIL3 forward,
AACCCTCGATGGTGTCAAGT, and reverse, GCTCTCCTGCGT-
GTGTTCTA; PLAGL2 forward, CGGGAACACCTTTCTCAAAT, and
reverse, GCTGAGGGCAGCTATATGGT; PLEK forward, ACCCTG-
CCTACCTGCACTAC, and reverse, ACAGCCTCTCAAGTGAATTGC;
PRDM1 forward, ACGTGTGGGTACGACCTTG, and reverse, CTG-
CCAATCCCTGAAACCT; RUNX3 forward, TGGCATCGAACAG-
CATCTT, and reverse, GGGGAGGGAGGTGTGAAG; SELL forward,
GGGGTGGACAATGCTCTG, and reverse, TAAGTCCAGCAGTCG-
GTTCC; STAT3 forward, AGGAGGCGTCACTTTCACTT, and reverse,
GCTGCTGCTTTGTGTATGGT; STAT4 forward, CGTGGTCTTA-
ACTCAGATCAACTC, and reverse, CATCACTGTAGCTAGATTG-
GACTGTAA; TBX21 forward, TGTGGTCCAAGTTTAATCAGCA, and
reverse, TGACAGGAATGGGAACATCC; TCF7 forward, CGAGAA-
GAGCAGGCCAAGTA, and reverse, GCCTCTTCTTCTTCCCG-
TAGT; TRIP13 forward, ACGTCAACAGCAACCTCATC, and reverse,
TGGGCTAACGCTTTACACAG; UBC forward, ATTTGGGTCGCG-
GTTCTTG, and reverse, TGCCTTGACATTCTCGATGGT; UHRFI
forward, AGAGCAAGAAGAAGGCGAAG, and reverse, CGATGGTA-
CATTCCTTGGTG.

Mice. In murine experiments, 6- to 10-week-old male NSG mice
were used. In the experiments for evaluating in vivo persistence of the
cultured T cells, mice were irradiated (1.5 Gy), and were injected with T
cells on the following day. In the leukemia treatment model, the CD19*
NALM-6 leukemia cell line was transduced with pMX-EGFP-firefly lucif-
erase for in vivo imaging studies, and 5 million of the cells were intrave-
nously injected into NSG mice. CD3* T cells were retrovirally transduced
with anti-CD19 CAR and transplanted into the mice 14 days following
NALM6-GL infusion. CAR-transduced T cells were stimulated with
K562 transduced with CD19 seven days following the initial stimulation.
Imaging of the tumor cell localization was performed with a Xenogen
XPM-2 (Perkin Elmer). The mice were monitored for health and body
weight and were euthanized by CO, inhalation when they became mor-
ibund or when weight loss exceeded 20% of body weight before tumor
injection. All the dead mice underwent autopsy and the cause of death
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was investigated. In the melanoma tumor model, 0.5 million A375 cells
transduced with full-length MART1 were subcutaneously injected into
NSG mice. CD3* T cells were retrovirally transduced with anti-A2/
MART1 TCR (clone DMF5), and intravenously infused into the mice 14
days after tumor inoculation. The volume of subcutaneous tumors was
monitored at least twice weekly until they reached over 300 mm?. The
mice were euthanized by CO, inhalation when they became moribund,
weight loss exceeded 20% of body weight before tumor injection, the
tumor grew to 300 mm?, or an ulcer formed around the tumor. Progres-
sion-free survival was defined as the time to tumor regrowth exceeding
the initial tumor volume. Mice were randomly assigned to treatment
groups in each experiment. The incidence of xenogeneic graft-versus-
host disease was monitored daily in each experiment, and the mice were
sacrificed when they exhibited one of the following symptoms: more
than 20% loss of initial body weight, pronounced lethargy, hunched pos-
ture, severe diarrhea, and severe dermatitis. In the experiments for eval-
uating naive T cell differentiation, 1 million purified naive CD8" T cells
transduced with shRNAs against BATF were transplanted into irradiated
NSG mice. Five million cultured CD3* T cells from the same donor were
cotransplanted to support engraftment.

Microarray data analysis. We analyzed previously published
microarray gene expression data from the Gene Expression Omnibus
(GEO) database (GSE23321, GSE11057, GSE13887, and GSE43955).
The original CEL files were obtained from GEO and normalized
using the JustRMA function from the Affy package provided by Bio-
conductor. The expression levels of individual genes were compared
between 2 groups by using the RankProd analysis, and the differential-
ly expressed genes as determined by false discovery rate less than 0.01
or less than 0.05 were extracted.

In vitro cytotoxicity assay. The cytolytic activity of CAR-transduc-
ed and TCR-transduced T cells was analyzed as previously described
with slight modification (57). Briefly, 1 x 10° CAR- or TCR-transduced
T cells were cocultured with CFSE-labeled or EGFP* target cells for 4
hours at the indicated ratio. The cells were then harvested and stained
with the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit. The abso-
lute counts of viable target cells were determined by flow cytometry,
and the frequency of surviving cells was calculated as a ratio to the cell
counts incubated without T cells.

Immunoblotting. For immunoblotting, cells were lysed in NP-40
buffer. Equal amounts of proteins were resolved by Tris-Glycine SDS-
PAGE and transferred to Immobilon-P membranes (Millipore). The
blots were probed with anti-BATF antibody (clone D7C5, Cell Signal-
ing Technology) or anti-B-actin antibody (sc-47778, Santa Cruz Bio-
technology) at 4°C overnight. The membranes were then washed and
incubated with HRP-conjugated anti-rabbit IgG (sc-2004, Santa Cruz
Biotechnology) or anti-mouse IgG (W402B, Promega) at room tem-
perature for 1 hour. The signal was detected by Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare). Protein levels
were quantified using Image] software (NIH).

siRNA interference. For retrovirus-mediated knockdown exper-
iments, the cluster sequence of the human primary microRNA
(pri-miRNA) was cloned into the pMX-ANGFR retroviral plasmid and
the original miRNA sequences were replaced by siRNA sequences as
previously described (58). The target sequences for BATF, from 5’ to
3’ are as follows: ACTCATCTGATGATGTGAGAA (siBATF-1), TGAT-
GATGTGAGAAGAGTTCA (siBATF-1), GCATTCCACCAACCT-
CATGTC (siBATF-1), TCATCTGATGATGTGAGAAGA (siBATF-2),
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CACAGAGGAACTGAAGTACTTC (siBATF-2), GGACTCATCT-
GATGATGTGAG  (siBATF-2), GGATTATCCCGGGAACTTTGA
(siFOSL2), CTGTCATCAAGCCCATCAGCA (siFOSL2), GCCTGC-
TATACAACATGAACG (siID2), GACCACCCTCAACACGGATAT
(siID2), GGTTATTGGAGTGATGAGTAA (siPRDM1), AGAGTA-
CAGCGTGAAAGAAAT (siPRDM1), TGTGAGCAGCATGAATGG-
CAT (siPRDM1), and AGAGATTTAGCAGCACCAGCA (siPRDM1).
The following sequences were used as a control: TAAGGCTATGAA-
GAGATAC and TAGCGACTAAACACATCAA.

In the experiments using pLVX-shRNA against BATF, the follow-
ing sequences were used as targets: GAGCGAAGACCTGGAGAAA
(shBATF-1) and CACAGAGGAACTGAAGTAC (shBATF-2).

ChIP. Cells were crosslinked in 1% formaldehyde for 10 minutes,
and quenched with 125 mM glycine for 5 minutes. Fixed cells were lysed
in NP-40 buffer with 0.1% SDS, and sonicated with the Sonic Dismem-
brator Model 100 (Fisher Scientific). Then, 4 pg of anti-BRD4 antibody
(Abcam, ab75898) was preincubated with Protein-A Dynabeads (Life
Technologies) in PBS with 0.5% BSA for 6 hours, washed 3 times, and
incubated with the lysates overnight. After washing, samples were elut-
ed in elution buffer (1% SDS, 100 mM NaHCO,). The eluates were then
treated with RNase A (Fisher Scientific) for 3 hours and DNA was puri-
fied using a MinElute PCR Purification Kit (QIAGEN). The collected
DNA samples were directly used for qPCR reactions. Data are shown
as the ratio of the immunoprecipitated to input samples. The following
primers were used for evaluating the enrichment in the BATF promoter
region (920-983 bp upstream of the transcriptional start site of BATF):
forward, CTGAGAACCCTACAAATGCG and reverse, TGACCGA-
GAGGGTAAGTGTA.

Statistics. Statistical significance of differences between 2 groups
was assessed with a 2-tailed paired or unpaired ¢ test. Comparisons of
more than 2 groups were performed by analysis of variance (ANOVA).
Differences were considered statistically significant at a P value of less
than 0.05. Error bars in the data represent SD of at least 3 biological
replicates. Epigenetic probes were screened using T cells derived from
1 donor with 3 technical replicates. In mice tumor model experiments,
the overall survival and progression-free survival of the mice treated
with T cells were depicted by a Kaplan-Meier curve, and the survival
difference between groups was compared with the log-rank test. All
statistical analysis was performed using GraphPad Prism 6. No statis-
tical method was used to predetermine sample size.

Study approval. This study was performed in accordance with the
Helsinki Declaration and approved by the Research Ethics Board of
University Health Network, Toronto, Canada. Written informed con-
sent was obtained from all healthy donors who provided peripheral
blood samples. All animal experiments were approved by the Ontario
Cancer Institute/Princess Margaret Cancer Centre Animal Care Com-
mittee at the University Health Network.
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