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1 | INTRODUCTION

Abstract

CD8* T cells play a central role in antitumor immune responses. Epigenetic gene reg-
ulation is essential to acquire the effector function of CD8" T cells. However, the
role of Utx, a demethylase of histone H3K27, in antitumor immunity remains unclear.
In this study, we examined the roles of Utx in effector CD8" T-cell differentiation
and the antitumor immune response. In a murine tumor-bearing model, an increased
tumor size and decreased survival rate were observed in T-cell-specific Utx KO (Utx
KO) mice compared with wild-type (WT) mice. The number of CD8* T cells in tumor-
infiltrating lymphocytes (TILs) was significantly decreased in Utx KO mice. We found
that the acquisition of effector function was delayed and attenuated in Utx KO CD8"
T cells. RNA sequencing revealed that the expression of effector signature genes was
decreased in Utx KO effector CD8™ T cells, while the expression of naive or memory
signature genes was increased. Furthermore, the expression of Cxcr3, which is re-
quired for the migration of effector CD8" T cells to tumor sites, was substantially
decreased in Utx KO CD8™ T cells. These findings suggest that Utx promotes CD8" T-
cell-dependent antitumor immune responses partially through epigenetic regulation
of the effector function.
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Recently, it was shown that the suppression of the immune sys-

tem at the tumor site is due in part to the interaction between the
The role of the immune system in tumor elimination has long been inhibitory receptor PD-1 expressed on cytotoxic T cells and its li-
studied in mice, but the existence of an immune response against gand PD-L1 expressed on tumor cells.? Suppression of the cytotoxic
human tumors has not been clarified. The observation of tumor re- T-cell function via inhibitory receptors, such as the PD-1/PD-L1
gression following IL-2 administration and the identification of can- interaction, named the T-cell immune checkpoint, has been shown

cer antigens have promoted research on tumor immunity. to play an important role in the immune escape of cancer cells and

Abbreviations: GzmB, granzyme B; IFN-y, interferon-y; OVA, ovalbumin; PD-1, programmed death-1; PD-L1, programmed cell death 1- ligand 1; TCR, T-cell receptor; Thi, type 1, helper
T cell; TIL-CD8™" T cells, tumor-infiltrating CD8* T lymphocytes; TNF-«, tumor necrosis factor-a.
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subsequent tumorigenesis.® Based on this concept, many studies
have been conducted to develop immune checkpoint inhibitors that
disable the immune evasion system and reactivate cytotoxic T cells
by inhibiting the interaction between PD-1 and PD-L1. Indeed, im-
mune checkpoint inhibitors have shown high therapeutic efficacy in
small-cell lung cancer, hepatocellular carcinoma, and triple-negative
breast cancer, among other lesions.*¢

Naive CD8™ T cells are activated by antigen recognition, acquire
effector functions, differentiate into cytotoxic (effector) CD8" T
cells, and migrate to the tumor site, playing a critical role in anti-
tumor immunity. For cytotoxic T cells to be activated in secondary
lymphoid tissues, such as lymph nodes, and migrate to the tumor
site, increased expression of chemokine receptors, including CXCR3
and CCR5, and decreased expression of CCR7 are required.””? The
increased expression of adhesion molecules, such as LFA-1, and a
decrease in CD62L are also required.’®'! Among these molecules,
CXCR3 is considered a chemokine receptor essential for the migra-
tion of cytotoxic T cells to the tumor site.}> However, the mechanism
underlying the induction of CXCR3 expression upon activation of
naive CD8™ T cells remains unclear.

After activation by antigen recognition, naive CD8" T cells expand
clonally and differentiate into effector CD8" T cells, memory CD8* T
cells, exhausted CD8* T cells, and senescent CD8" T cells.’® The fate
of CD8" T cells after antigen recognition is thought to be epigeneti-
cally regulated.!* Epigenetics is the mechanism of acquired regulation
of gene expression through modifications of DNA (e.g., methylation)
and histones (e.g. methylation, acetylation, phosphorylation, and ubig-
uitination).>¢ It has been well established that chemical modification
of histone H3K27 is closely related to enhancer activity.”*® That is,
inactive enhancer regions have methylated histone H3K27, whereas
activating enhancers have acetylated H3K27. The methylation status
of histone H3K27 in mammals is regulated by the methyltransferase
Kmté (Ezh2) and the demethylases Kdméa (Utx) and Kdméb (Jmjd3).
Ezh2 reportedly promotes effector CD8" T-cell differentiation and in-
hibits memory CD8" T-cell formation.’’ In sharp contrast, our group
found that Utx, but not Jmjd3, negatively regulates memory CD8" T-
cell differentiation.?’ Furthermore, Sugata et al. reported that Jmjd3
and Utx play important roles in T-cell differentiation and other pro-
cesses in the thymus.21 However, the role of histone demethylation in
CD8" T-cell-dependent antitumor immunity is unclear.

In the present study, we explored the role of Utxin T cells, focus-
ing on the regulation of effector CD8" T-cell-dependent antitumor

immunity.

2 | MATERIALS AND METHODS

2.1 | Mice

C57BL6 mice were purchased from Clea Japan, Inc. and used as wild-
type (WT) controls in all experiments. Cd4-Cre transgenic (Tg) mice
and OT-1 Tg mice were purchased from the Jackson Laboratory.
Utx"1o¥/f1ox mice and Jmjd3"1°1°% mice were provided by Dr. Y. Imai

(Ehime University, Ehime, Japan) and Dr. H. Honda (Tokyo Women's
Medical University, Tokyo, Japan), respectively. Ezh2f/flox mijce
(RBRCO555 B6-Ezh2 floxed) were developed by Dr. H. Koseki
(RIKEN IMS, Kanagawa, Japan) and Dr. J. Shinga (RIKEN IMS)?223
and provided by the RIKEN BRC through the National Bio-Resource
Project of the MEXT. The floxed mice were crossed with Cd4-Cre
Tg mice to generate T-cell-specific gene-deficient mice. In addition,
we generated Utx KO OT-1 Tg mice by crossing Utx KO mice with
OT-1 Tg mice for an in vitro killing assay. Female mice were used at

7-12weeks old in the experiments.

2.2 | CDS8?" T-cell stimulation and differentiation

in vitro

Naive CD8™ T cells were purified from the spleens of WT mice, Utx
KO mice, WT OT-1 Tg mice, or Utx KO OT-1 Tg mice using a MojoSort
CD8™" T Cell Isolation Kit (cat# 480035; BioLegend) with biotin anti-
CD44 mAb (cat#103004; BioLegend). The cells (7.5 x 10° cells) were
then stimulated with immobilized anti-TCR-p mAb (3pg/mL, H57-
597; BioLegend) and anti-CD28 mAb (1pg/mL, 37.5; BiolLegend)
with IL-2 (10ng/mL; cat#575406; BioLegend) for 2days. The cells
were then transferred to a new plate and further cultured with IL-2
(10ng/mL) for the indicated days.

2.3 | Inoculation of tumor cell lines

EL4 thymoma cells, OVA-expressing E.G7 cells (EL4-derivative) and
B16 cells were obtained from the ATCC (cat# TIB-39, CRL-2113
and B16-F10, respectively; ATCC). To generate a tumor-carrying
mouse model, C57BL/6 mice and T-cell-specific gene-deficient mice
were subcutaneously (s.c.) inoculated with E.G7 (5% 10°cells), EL4
(3% 10%cells) or B16 melanoma cells (3x 10° cells) in the lateral flank.
Tumor volumes were calculated using the following formula: tumor
volume (mm?®) = (short diameter)?x long diameter/2. For the survival
analysis, mice were sacrificed and counted as dead upon reaching a

tumor volume of 2000mm?.

24 | Flow cytometry

Detailed descriptions are shown in Appendix S1.

2.5 | Anenzyme-linked immunosorbent assay

(ELISA)

The cells were stimulated with an immobilized anti-TCR-p mAb (3 pg/
mL) for 16h. The concentrations of IFN-y and IL-2 in the superna-
tants were determined using ELISA, as previously described.?* The
concentrations of TNF-a were determined using DuoSet ELISA kits
(R&D Systems), in accordance with the manufacturer's instructions.
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2.6 | Killing assay of activated CD8" T cells

For the in vitro killing assay, the E.G7 target cells and EL4 control
cells were labeled with 0.1 and 1pM Cell Proliferation Dye eFluor
670, respectively. WT and Utx KO OT-1 CD8* T cells were cocul-
tured with a 1:1 mixture of E.G7 and EL4 cells in a 96-well U-bottom
plate for 6h. The ratio of E.G7 and EL4 cells was analyzed by flow
cytometry. Specific lysis by CD8" T cells was calculated at different
ratios of effector and target cells (E:T ratio) using the following for-
mula: specific lysis (%) =(%EL4 cells - %E.G7 cells)/%EL4 cellsx 100.

2.7 | Library preparation for RNA-seq

Total RNA was extracted from WT and Utx KO CD8™" T cells using
an RNeasy Plus Micro Kit (Qiagen). Purified RNA samples were pre-
pared for cDNA libraries using the QuantSeq 3" mRNA-Seq Library
Prep Kit for lllumina (LEXOGEN). Sequencing of the samples was
performed on a NextSeq500 instrument (lllumina) using a NextSeq
500/550 High Output Kit v2.5 (single reads 75 bp).

2.8 | RNA-seq analyses

CLC Genomics workbench 22.0 (Qiagen) was used to trim single
reads and align them to the mm10/GRCm38 mouse reference ge-
nome. Gene expression was determined by the score of transcripts
per million (TPM) mapped reads. The data were deposited in the
GSE214673 database. The gene expression data were subsequently
subjected to a differentially expressed gene (DEG) analysis using
CLC Genomics workbench. DEGs with a fold-change (FC) >2 or
<-2 and a false discovery rate (FDR) <0.05 were subjected to func-
tional analyses using Metascape for Gene Ontology (GO) biological
process enrichment analysis?®> and Heatmapper for visualizing the
data.?® Gene set enrichment analysis (GSEA) was performed using
the GSEA software program, version 4.2.3.2728 Detailed descrip-

tions of the gene sets are shown in Appendix S1.

29 |
PCR)

Quantitative reverse transcriptase PCR (qRT-

Total RNA was isolated using TRI Reagent (cat#TR118; MOR), and
complementary DNA (cDNA) was synthesized using the superscript
VILO cDNA synthesis kit (cat# 11754; Thermo Fisher Scientific).
qRT-PCR was performed using the Step One Plus Real-Time PCR
System (Thermo Fisher Scientific). Primers for gRT-PCR were as fol-
lows: Eomes: TagMan Gene Assay Probe #Mm01351985_m1 (ABI);
Lefl: TagMan Gene Assay Probe #Mm00550265_m1 (ABI); Bach2:
5'-TTCCTGGGAAGGTCTGTGAT-3" (forward), 5-CAGTGAGTCGT
GTCCTGTGC-3' (reverse), probe #79; Bcl6: 5-CTGCAGATGGAGCA
TGTTGT-3' (forward), 5'-GCCATTTCTGCTTCACTGG-3' (reverse),
probe #4; Gzmb: 5-TGGGGAATGCATTTTACCAT-3' (forward),

5'-GCTGCTCACTGTGAAGGAAGT-3' (reverse), probe #2; |1d2: 5'-
AGCTCAGAAGGGAATTCAGATG-3' (forward), 5'-GACAGAACCAG
GCGTCCA-3' (reverse), probe #89; 1d3: 5-GAGGAGCTTTTGCC
ACTGAC-3' (forward), 5-GCTCATCCATGCCCTCAG-3' (reverse),
probe #19; Prfl: 5-CATGTTTGCCTCTGGCCTA-3' (forward), 5'-
AATATCAATAACGACTGGCGTGT-3' (reverse), probe #42; Sox4: 5'-
CGTCTTCGAACTCGTCGTC-3" (forward), 5-CTCGCTCTCCTCGT
CCTCT-3' (reverse), probe #63; Tbx21: 5'-AAACATCCTGTAATGGC
TTGTG-3’ (forward), 5-TCAACCAGCACCAGACAGAG-3' (reverse),
probe #19; and 18s rRNA: 5-GCAATTATTCCCCATGAACG-3’ (for-
ward), 5'- GGGACTTAATCAACGCAAGC-3' (reverse), probe #48.

2.10 | ChIP assay

Detailed descriptions are shown in Appendix S1.

2.11 | Listeria infection for antigen-specific CD8"
T-cell response

To assess the antigen-specific CD8* T-cell response, WT or Utx KO
mice were infected with a recombinant OVA-expressing Listeria
monocytogenes (Lm-OVA) strain (5x 10°CFU, intravenous [i.v.]), as
previously described.?’ The donor cells were prepared and analyzed

on day 7 after infection.

2.12 | Statistical analyses

The results were statistically analyzed using a two-tailed unpaired
t-test. Data are presented as the mean with the standard devia-
tion (SD), as indicated in the figure legends. The survival rate was
analyzed according to the Kaplan-Meier actuarial method, with sta-
tistical significance determined by the log-rank statistic using JMP
software ver.14.1 (SAS Institute). p-values <0.05 were considered to

indicate statistical significance.

3 | RESULTS

3.1 | Reduced numbers of tumor-infiltrating CD8*
T cells and antitumor activity in T-cell-specific Utx
knockout (KO) mice compared with WT

To clarify the role of histone H3K27 demethylase in the T-cell-
dependent antitumor response, we generated mice lacking Utx or
Jmjd3 specifically in T cells (Utx and Jmjd3 KO mice, respectively).
E.G7-OVA cells, a thymoma cell line expressing OVA as a pseudocar-
cinoma antigen, were inoculated under the back skin of WT control
mice or Utx KO mice, and the tumor size was measured over time
(Figure 1A). As shown in Figure 1B, tumor sizes were significantly
increased in Utx KO mice compared with WT mice. The survival ratio
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was also significantly reduced in Utx KO mice in comparison with
WT mice (Figure 1C). Furthermore, similar results were obtained
with Utx KO mice inoculated with EL4 thymoma or B16 melanoma
cells that did not express OVA (Figure 1D-G). In contrast, although
the tumor sizes were increased slightly in Jmjd3 KO mice compared
with WT mice, no significant difference in the survival ratio was ob-
served (Figure S1). Therefore, we performed the subsequent analy-
sis using Utx KO mice.

A flow cytometric analysis of TILs in mice 14days after E.G7-
OVA inoculation (Figure 2A) revealed that the percentage and num-
ber of CD8" T cells were significantly lower in Utx KO mice than in
WT mice (Figure 2B,C). In contrast, the numbers of total TILs and
CD4" T cells were moderately decreased in Utx KO mice compared
with WT mice, with no statistically significant differences identified
(Figure 2C). The percentage of CD8" T cells in the spleen and dLN of
the mice 12days after inoculation with E.G7-OVA was significantly
increased in Utx KO mice compared with WT mice (Figure 2D).
Conversely, the percentage of IFN-y-positive CD8" T cells was
(A)

E.G7-OVA
EL4 .
B16 —> —» Measurement of tumor size
(s.c.)

significantly decreased in tumor-bearing Utx KO mice (Figure 2E).
These results suggest that Utx may play an important role in the ac-
quisition of effector function and subsequent migration to the tumor
site from dLNs.

3.2 | Decreased effector signature gene
expression and increased expression of naive or
memory signature genes in Utx KO effector CD8"
T cells

Splenic naive CD8* T cells were purified from WT or Utx KO mice,
stimulated with anti-TCR-$ and anti-CD28 mAbs for 2days, and cul-
tured in the presence of IL-2 for another 3days. The cells were used
to analyze the role of Utx in CD8" T cells. RNA sequencing (RNA-
seq), and subsequent GO analyses of DEGs between WT and Utx KO
mice revealed that the expression of genes related to inflammatory
responses and T-cell-mediated cytotoxic activity was downregulated
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FIGURE 2 Numbers of total and IFN-y-producing CD8" TILs were decreased in T-cell-specific Utx-deficient mice. (A) Experimental layout
for the tumor-infiltrating lymphocytes (TIL) analysis. Analyses were performed 14 days after E.G7-OVA inoculation (WT, n=11 and Utx KO,
n=29 per group). (B) Percentage of CD8"* and CD4* T cells among TILs. (C) Absolute numbers of TCR-p* T cells among CD8" TILs, CD4*

TILs and TILs. Each point represents an individual mouse (mean+SD). (D, E) Analyses were performed 12 days after E.G7-OVA inoculation
(WT, n=6 and Utx KO, n=5 per group). Isolated cells from dLNs and spleen in tumor-bearing mice were stimulated with PMA (10ng/mL)

plus ionomycin (500nM) for 4 h in the presence of monensin (2uM). The percentage of CD8" T cells among total living cells (D) and the
percentage of IFN-y-positive cells among CD8* T cells (E). Each point represents an individual mouse (mean+SD). *p <0.05, **p <0.001 (two-
tailed unpaired t-test). C57BL6 mice were used as WT mice, and utxfloflox cpa-cre Tg mice were used as Utx KO mice.

in Utx KO CD8" T cells compared to WT CD8™ T cells (Figure 3A).
The gene expression profiles of naive, effector, and memory signa-
tures in CD8" T cells by a GSEA revealed that the effector signature
was significantly enriched in WT mice, whereas the naive and mem-
ory signatures were enriched in Utx KO mice (Figure 3B, Figure S2).
Thus, naive and memory signature genes, such as Bach2 and Lef1,
were found to be upregulated in Utx KO mice, whereas the expres-
sion of effector signature genes, such as Ifng and Prfl, was down-
regulated in these models (Figure 3C).

Consistent with the decreased expression of effector signature
genes and the increased expression of naive or memory signature
genes in Utx KO CD8™" T cells by a comprehensive RNA-seq analy-
sis (Figure S3A,B), gRT-PCR also showed a significantly decreased
expression of Eomes and Id2 (effector-related genes) and slightly
decreased expression of Thx21 (effector-related genes) in Utx KO
CD8™ T cells (Figure 4A). In sharp contrast, the expression of naive-
related and memory-related genes, such as Bach2, Bclé, 1d3, Lefl,
Sox4, and Tcf7, was significantly increased in effector Utx KO CD8"
T cells compared with WT CD8" T cells (Figure 4B). These results
support the notion that effector differentiation is suppressed by Utx
deficiency.

3.3 | Decreased effector functions in Utx KO CD8*

T cells

The cultured cells were then analyzed for the expression of
CD62L and CD44 molecules by flow cytometry on days 4 and 5
after the initial TCR-p/CD28 mAb stimulation to assess the dif-
ferentiation status of effector CD8" T cells. Consistent with the
RNA-seq data, the frequency of CDé2LM8"CD44"&" effector
CD8* T cells in Utx KO cultures was significantly lower than that
in WT cultures, while the frequency of CD62L"8"CD44'°" naive/
stem cell-like memory CD8™" T cells was significantly higher in Utx
KO cultures (Figure 5A). We assessed the cytokine production
ability of in vitro-stimulated Utx KO CD8™" T cells on days 4 and 5
by intracellular staining and on day 4 by an ELISA and found that
the generation of IFN-y-, IL-2-, and TNF-a producing cells was sig-
nificantly lower in Utx KO CD8" T-cell cultures than in WT CD8*
T-cell cultures (Figure 5B). The reduced production of IFN-y, IL-2
and TNF-a in Utx-deficient effector CD8* T cells was confirmed
by an ELISA (Figure 5C). The mRNA expression of Gzmb and Prf1
genes was also decreased in Utx KO CD8* T cells compared with
WT CD8* T cells (Figure 5D).
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FIGURE 3 The expression of effector signature genes was reduced in Utx KO CD8* T cells. WT and Utx KO naive CD8* T cells were
stimulated with anti-TCR- mAb plus anti-CD28 mAb with IL-2, and then the cells were further expanded with IL-2 for an additional 3days.
The cells were used for RNA-seq analyses (n =3 biological replicates). (A) The top 20 GO terms enriched for downregulated differentially
expressed genes (DEGs) in Utx KO are shown. FC <-2, FDR <0.05. (B) GSEA plots of naive (top left), memory (top right), and effector
(bottom) signature genes in WT and Utx KO cells. The normalized enrichment score (NES) and p-value are shown. (C) Heatmaps showing the
expression status of DEGs in RNA-seq that are upregulated (FC >2, FDR <0.05) in naive signature genes (left panel) and memory signature
genes (right panel) and downregulated (FC <-2, FDR <0.05) in effector signature genes (middle panel).

Next, we evaluated the proliferative response of Utx KO CD8"
T cells. The cell division induced by TCR-$/CD28 mAb stimulation in
the presence of IL-2 on days 2 and 3 s was moderately reduced in Utx
KO CD8* T cells compared with that in WT CD8* T cells. (Figure S4).
Furthermore, we performed a killing assay to examine the antigen-
specific cytotoxic activity in vitro. As shown in Figure 5E, Utx KO ef-
fector CD8" T cells showed a significantly lower killing activity than
WT CD8" T cells. These results suggest that Utx is required for the
acquisition of the full effector function in activated CD8* T cells.

3.4 | Requirement for Utx to induce Cxcr3in
effector CD8™ T cells

The result of RNA-seq results showed decreased mRNA expres-
sion of the chemokine receptors Ccr2, Cxcré, and Cxcr3 in Utx KO
effector CD8" T cells (Figure 6A). Among these, Cxcr3, a chemokine
receptor critical for the migration of CD8% T cells to the tumor
site??30732 showed the most striking reduction in Utx KO effector

CD8* T cells. Therefore, we performed qRT-PCR to determine the

kinetics of the Cxcr3 mRNA expression in in vitro-activated CD8*
T cells. The expression of Cxcr3 mRNA in WT CD8" cells was in-
creased at 2days after the initial TCR-p/CD28 mAb stimulation,
peaked at day 3, and remained elevated until day 7 (Figure 6B). In
contrast, Utx KO CD8" T cells did not show an increase in Cxcr3
mRNA after TCR-p/CD28 mAb stimulation (Figure 6B). The signifi-
cant reduction in the cell surface expression of the Cxcr3 protein
in in vitro-cultured Utx KO CD8™" T cells was confirmed by flow cy-
tometry (Figure 6C). In addition, Ezh2 deficiency in in vitro-activated
CD8™ T cells resulted in an increase in the cell surface expression of
the Cxcr3 protein (Figure S5). To confirm the decreased Cxcr3 ex-
pression in Utx KO CD8* T cells in vivo, we used a murine infection
model of OVA-expressing L. monocytogenes (Lm-OVA) to detect OVA
antigen-specific CD8" T cells by MHC class | tetramers pulsed with
OVA peptide (Figure 6D). The expression of Cxcr3 on OVA-specific
CD8™ T cells from the spleen of Lm-OVA-infected T-cell-specific Utx
KO mice was decreased compared with that from infected WT mice
(Figure 6E). The number of OVA-specific CD8" T cells in the spleen
was also significantly reduced in Utx KO mice (Figure 6F). The ex-
pression level of Cxcr3 was slightly decreased in antigen-specific



NODA ET AL. - 2793
Cancer Science Rulia e
FIGURE 4 The expression of naive- (A) Eomes Id2 Thbx21
related and memory-related genes was e
increased in Utx KO CD8* T cells. (A, § 1.6 - 1.4 * 0.6
B) The mRNA expression of effector- DE -
related genes (A) and naive/memory- »n T
related genes (B) in WT and Utx KO 2 T
CD8* T cells on day 5 after initial TCR D
stimulation was determined by qRT-PCR. E 0.8- 0.7+ 0.3
The results are presented relative to the ©
expression of 18s rRNA (mean+SD, n=3, 2
technical replicates). The results (A, B) :
are representative of three independent =z
experiments with similar results. *p <0.05, né 0 0 0
**p<0.001 (two-tailed unpaired t-test).
P ‘ P ) WT Utx KO WT Utx KO WT Utx KO
(B)
Bach2 Bcl6 Id3
S 1.6 . 2.0- o 2.4-
Q‘E *k
()]
oo}
-
[ T
>
= 0.8 1.0 1.2+
‘—u -
(]
=
<
=2
(14
g€ 0 0 0
WT Utx KO WT Utx KO WT Utx KO
< Lef1 Sox4 Tef7
2.4+ 2.0 1.6
OZ: sk ** *
o
(2]
o0 T
-
—
Q
2 1.24 1.0 0.8+
i)
[} T -
S
N
<
=
(1’4
g 0 0 0
WT Utx KO WT Utx KO WT Utx KO

and total CD8" T cells in the dLNs of tumor-bearing Utx KO mice
compared with those in WT mice (Figure S6A). Additionally, the ex-
pression of Cxcr3 in total splenic CD8" T cells was significantly de-

creased in Utx KO mice compared with WT mice (Figure S6B).

3.5 | Epigenetic regulation of Cxcr3 by Utx in
effector CD8* T cells

Finally, we assessed whether or not Utx regulates the methyla-

tion status of histone H3K27 at the Cxcr3 gene locus using a ChIP

assay (Figure S7A). As shown in Figure S7B, the methylation level
of H3K27me3 at the 5' upstream and coding regions of the Cxcr3
gene was elevated in Utx KO CD8" T cells compared with WT
CD8* T cells. The increased histone H3K27 di-methylation and
tri-methylation at the intron regions of the Cxcr3 gene (indicated
red) in Utx KO CD8™ T cells was confirmed by ChIP-qPCR analysis
(Figure S7C). These results implied that Utx-dependent demeth-
ylation of histone H3K27 was essential for the proper induction
of Cxcr3 expression in effector CD8" T cells. Utx is required for
the formation of an effector-type enhancer landscape in antigen-
stimulated CD8* T cells.
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FIGURE 5 Effector CD8" T-cell differentiation was decreased by Utx

deficiency. (A) Representative staining profiles of CD44 and CDé62L

in WT and Utx KO CD8" T cells on the indicated days (mean +SD, n=3, biological replicates). The percentages of cells are indicated in each
quadrant. (B) Representative results of the intracellular staining of IFN-y, IL-2, and TNF-«a in the cells (mean+SD, n=3, biological replicates).
(C) ELISA for IFN-y, IL-2, and TNF-a in the supernatants of the cells in (A) restimulated with immobilized anti-TCR-p for 16 h (mean +SD,
n=3, biological replicates). (D) The expression of gzmb and prfl genes in WT and Utx KO CD8* T cells on day 5 was analyzed by qRT-PCR.
The results are presented relative to the expression of 18s rRNA (mean+SD, n=3 technical replicates). (E) OT-1 CD8* T cells were purified
from the spleen of WT and Utx KO mice with OT-1 Tg background and then stimulated with anti-TCR-p mAb plus anti-CD28 mAb in the
presence of IL-2 for 2days. The cells were then further expanded with IL-2 for an additional 3days. Killing activity of cultured OVA-specific
OT-1 effector CD8* T cells on day 5 against OVA-expressing E.G7 tumor cells as the target. The percentage of specific lysis was examined
at different ratios of effector OT-1 CD8" T cells (E) and target E.G7 tumor cells (T) with standard deviation (n=3, biological replicates). The
results (A-D) are representative of three independent experiments with similar results. *p <0.05, **p <0.001 (two-tailed unpaired t-test).

4 | DISCUSSION

Epigenetic alterations and subsequent comprehensive and co-
ordinated changes in the gene expression determine the fate of
activated CD8* T cells.>*3* |n the present study, we focused on
the demethylation of histone H3K27, an inhibitory histone modi-
fication, and analyzed the effect of Utx, a histone H3K27 dem-
ethylase, on CD8" T-cell differentiation and antitumor activity. We
found that Utx is required for the proper induction of effector-
related gene expression. As reported by Mitchell et al. using a viral

infection model,*®

our present study showed that the loss of Utx
reduced cytokine production from effector CD8" T cells, includ-
ing IFN-y, TNF-a, and IL-2. In addition, the expression of perforin
and granzyme B and effector-related transcription factors, such
as Eomes and Id2, decreased in Utx KO CD8* T cells. We previ-
ously reported that memory CD8* T-cell formation is significantly

increased in T-cell-specific Utx KO mice.?° RNA-seq and gRT-PCR

analyses in this study also showed that the expression of naive-
related and memory-related transcription factors, including 1d3,
Bach2, Sox4, Bclé, Tcf7, and Lefl, was significantly increased in
Utx-deficient CD8" T cells. These results suggest that Utx is re-
quired for the formation of an effector-type enhancer landscape
in antigen-stimulated CD8* T cells.

The expression of Cxcr3, which plays an important role in CD8"
T-cell migration to tumor sites,'? is regulated by the Utx-dependent
demethylation of histone H3K27. Furthermore, the mRNA expres-
sion of Ccr2 and Cxcré, chemokine receptors required for migration
to inflammatory sites,>¢%” was decreased in Utx KO effector CD8"
T cells. In sharp contrast, the expression of Cxcr3 was upregulated
in Ezh2-deficient effector CD8* T cells. Therefore, it is likely that the
balance between Utx and Ezh2 activity controls Cxcr3 and infiltra-
tion of CD8™ T cells at tumor sites and subsequent antitumor activity
through the regulation of the methylation status of histone H3K27.
However, previous reports have shown that the loss of Ezh2in T cells
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FIGURE 6 The expression of Cxcr3 is decreased in Utx KO CD8* T cells. WT and Utx KO naive CD8" T cells were stimulated with
anti-TCR-p mAb plus anti-CD28 mAb with IL-2 for 2days, and then the cells were further expanded with IL-2 for the indicated duration.

(A) Heatmap showing the expression of genes involved in T-cell chemotaxis among DEGs (FC >2 or FC <=2, FDR <0.05) in RNA-seq data
(Figure 3). (B) Cxcr3 mRNA expression in WT and Utx KO CD8" T cells was determined by gRT-PCR. The results are presented relative to

the expression of 185 rRNA with the standard deviations (mean +SD, n= 3 technical replicates). (C) Representative surface staining profiles
of Cxcr3 in WT and Utx KO CD8™ T cells on the indicated days (upper panel). The median fluorescence intensity (MFI) of Cxcr3 is shown
(lower panel) (mean+SD, n=5 biological replicates). (D) Schematic representation of the experiment using Lm-OVA-infected mouse models.
OVA-specific CD8* T cells from the spleen were analyzed on day 7 after Lm-OVA infection. (n=8 per group). (E) Representative results of
Cxcr3 expression in OVA-specific (OVA-Tet™) CD8" T cells from WT and Utx KO mice (mean +SD, n=8). (F) Representative staining profile of
OVA-specific CD8* T cells (left panel) and the number of OVA-specific CD8" T cells (right panel) (mean +SD, n=8 per group). The result (B) is
representative of at least three independent experiments with similar results. *p <0.05, **p <0.001 (two-tailed unpaired t-test).

attenuates antitumor activity.>®%” Furthermore, it was also reported
that Ezh2 is involved in the acquisition of the effector function and
the survival in human T cells.®® Therefore, the role of Ezh2 in antitu-
mor immunity should be further analyzed in detail in future studies.
We have previously reported that glutaminolysis regulates the
H3K27 methylation status in activated CD8* T cells through the
supplementation with a-ketoglutarate (a-KG).*® a-KG regulates the
enzymatic activity of JmjC family histone demethylases, including
Utx.*! Nabe et al. demonstrated that CD8" T cells cultured under
glutamine-restricted conditions in vitro preferentially differentiated

into memory CD8* T cells after adoptive transfer into naive mice.*?

Supplementation with a-KG antagonized the effect of glutamine re-
striction. Thus, the glutamine-a-KG axis determines activated CD8"
T-cell fate, in part through the regulation of the methylation status
of histone H3K27. We showed that the regulation of histone H3K27
methylation levels by Utx controls the balance of the expression
between effector T-cell-related genes and naive or memory T-cell-
related genes in the present study. In addition, we reported in a
previous study that Utx suppresses the differentiation of memory

CD8* T cells.?® These results suggest that cellular metabolism and



NODA ET AL.

ELBRWATS'E Cancer SCience

epigenetic enzymes, such as Utx, cooperatively regulate activated
CD8* T-cell fate.

Miller et al. reported that Cxcr3 is a T-bet-dependent target gene
and that the interaction of T-bet and Jmjd3 is required for Cxcr3 gene
expression in Th1 cells, but they did not mention whether Utx is in-
volved in the regulation of Cxcr3 expression by T-bet.*® In addition
to T-bet, effector CD8" T cells express Emoes, another T-bet pro-
tein. We demonstrated that the expression of Eomes was reduced
by Utx deficiency, whereas that of T-bet was not. In addition, the
tri-methylation level of histone H3K27 of the Eomes gene locus was
higher in Utx KO effector CD8" T cells than in WT CD8™" T cells (HN,
JS, and MY unpublished observation). We speculated that Eomes is
the predominant T-box-type transcription factor that induces Cxcr3
expression in CD8" T cells. The RNA-seq data in the present study
suggested that not only Cxcr3 but also Cxcré, which is coexpressed
with Eomes in CD8" T cells and NK cells, are downregulated in Utx
KO CD8* T cells.***> Cxcr3 and Cxcré gene expression may thus be
regulated by Utx through epigenetic regulation of Eomes expression.

In recent years, chimeric antigen receptor (CAR)-T-cell therapy
has been developed and clinically applied for the treatment of hema-
tologic tumors, such as leukemia, with good therapeutic results. #6748
If our present experimental results can be used to regulate Cxcr3
expression and effector function in CAR-T cells, antitumor activ-
ity may be enhanced by promoting the migration of CAR-T cells to
tumor sites. In addition, intervention in the gene expression profile
of CAR-T cells through epigenetic and/or metabolic regulation may
improve therapeutic outcomes. Furthermore, in parallel with anti-
cancer therapy by immune checkpoint inhibition, such as via anti-
PD-L1 antibodies, the promotion of T-cell migration to the tumor
site by controlling chemokine receptor expression may enable more
effective cancer treatment and contribute to the prognosis of cancer

patients.
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