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ABSTRACT

Background: This study aimed to identify the specific T cell co-stimulatory and co-inhibitory
factors that play prognostic roles in patients with glioblastoma. Additionally, the unique
histone H3 modification enzymes that regulate the expression levels of these specific co-
stimulatory and co-inhibitory factors were investigated.

Methods: The medical records of 84 patients newly diagnosed with glioblastoma at

our institution from January 2006 to December 2020 were retrospectively reviewed.
Immunohistochemical (IHC) staining for T cell co-stimulatory factors (CD27, CD28, CD137,
0X40, and ICOS), T cell co-inhibitory factors (CTLA4, PD1, PD-L1, TIM3, and CD200R), and
histone H3 lysine modification enzymes (MLL4, RIZ, EZH1, NSD2, KDM5c, JMJD1a, UTX,
and JMJD5) was performed on archived paraffin-embedded tissues obtained by biopsy or
resection. Quantitative real time-polymerase chain reaction (QRT-PCR) was performed for
specific factors, which demonstrated causal relationships, in order to validate the findings of
the IHC examinations.

Results: The mean follow-up duration was 27.5 months (range, 4.1-43.5 months). During
this period, 76 patients (90.5%) died, and the mean OS was 19.4 months (95% confidence
interval, 16.3-20.9 months). Linear positive correlations were observed between the
expression levels of CD28 and JMJD1a (R2 linear = 0.982) and those of CD137 and UTX (R2
linear = 1.528). Alternatively, significant negative correlations were observed between the
expression levels of CTLA4 and RIZ (R2 linear = -1.746) and those of PD-L1 and EZH1 (R2
linear = -2.118); these relationships were confirmed by qRT-PCR. In the multivariate analysis,
increased expression levels of CD28 (P=0.042), and CD137 (P=0.009), and decreased
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expression levels of CTLA4 (P= 0.003), PD-L1 (P= 0.020), and EZH1 (P = 0.040) were
significantly associated with longer survival.

Conclusion: These findings suggest that the expression of certain T cell co-stimulatory
factors, such as CD28 and CD 137, and co-inhibitory factors, such as CTLA4 and PD-L1 are
associated with prognosis of glioblastoma patients.

Keywords: Glioblastoma; Epigenome; Histone Modification; T Cell; Immunology; Oncology

INTRODUCTION

Glioblastoma is the most lethal and common malignant tumor of the central nervous system
(CNS), accounting for approximately 12-15% of all primary brain tumors and 60-75% of all
glial tumors.3 According to epidemiological reports, the annual incidence of glioblastoma

in Europe, North America, and Australia is approximately 3—4 cases per 100,000 people.1
Glioblastoma is classified by the World Health Organization (WHO) as a grade IV tumor based
on its histopathological features. It is defined as a diffuse glioma characterized by a high
ability to infiltrate the surrounding brain tissue.2 A randomized phase III clinical trial showed
that concomitant chemoradiotherapy with temozolomide followed by adjuvant temozolomide
treatment improved the survival of glioblastoma patients compared to conventional
postoperative radiotherapy alone.# After a long-term follow-up, the final results of this trial,
which were published in 20095 revealed an increase in the median length of survival (up to
12-15 months) and better out-comes in patients with the methylated promoter of the O6-
methyl guanine DNA methyl-transferase (MGMT) gene; thus, this treatment method with
temozolomide was considered as the current standard method for patients with glioblastoma.

Despite the increase in the number of experimental studies focusing on various treatment
methods for patients with glioblastoma and the recent improvements in therapeutic
strategies, glioblastoma continues to remain essentially incurable, with an overall survival
(OS) time of 12-18 months3; < 5% of patients survive longer than five years after diagnosis.4>
Comprehensive studies on the tumor immune microenvironment and the recent discovery
of a conventional lymphatic system in the meninges have provided a new impetus to
immunotherapeutic strategies, emerging as promising targeted and less toxic treatments.6

Recent advancements in cancer therapy in relation to immune checkpoint blockade,
including anti-programmed cell death (PD)-1, anti-PD ligand (PD-L)-1, and anti-cytotoxic
T-lymphocyte-associated protein (CTLA)-4 targeted agents, have produced a revolutionary
shift in cancer treatment and successfully demonstrated favorable responses in various types
of tumors.’8 Immunotherapy, particularly immune checkpoint blockade therapy, has been
approved by the U.S. Food and Drug Administration for multiple types of cancers, including
recurrent glioblastoma. However, early results from clinical trials on glioblastoma have

not demonstrated any significant clinical benefits, the application of these agents in this
tumor has yielded disappointing outcomes in phase III clinical trials.913 This is likely due

to multiple factors, such as the marked genetic and antigenic heterogeneity of the tumor,
relatively low mutational burden in the genes, and paucity of glioblastoma-infiltrating T cells.
Therefore, glioblastoma is generally considered as a “cold tumor.”

The tumor microenvironment of glioblastoma is relatively unique in its cellular composition and
accessibility to immune cells. The factors that make the tumor microenvironment unique also
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contribute to its highly immunosuppressive and “cold” phenotype. Unlike the immunologically
“hot tumor,” the stroma of the tumor microenvironment can act as a genetically stable
therapeutic target. Therefore, reducing the immunosuppression caused by these stromal cells
can promote the infiltration of functional effector T cells and create new opportunities for
treatment. Among the various cellular immune components in the tumor microenvironment,
such as tumor-infiltrating lymphocytes (TILs), tumor-associated macrophages, and natural
killer cells, TILs have the potential to exert both pro- and anti-tumor functions in glioblastomas.
CD8+ cytotoxic T lymphocytes (CTLs) are considered critical for tumor clearance, but account
for less than a quarter of the already sparse TIL population in the tumor microenvironment.14
Functional characterization of CTLs in the tumor microenvironment showed that these cells
had impaired effector functions and an exhausted phenotype, rendering them ineffective as
CTLs.15 These functions of TILs are regulated by interactions between co-stimulatory and
co-inhibitory receptors and ligands, which are located on the surfaces of the TILs and cancer
cells.16:17 However, recent immuno-oncology studies have been focusing on the developing way
to overcome chronic immunologic exhaustion in cancer cell which is derived by mainly immune
checkpoint molecules such as PD1 and PDL1. These immune check inhibitors are also a part of
co-inhibitory molecule of TILs. However, it is fact that there are relatively fewer studies in co-
stimulatory molecules of TILs than co-inhibitory ones of TILs because of complex mechanisms
and multiple actions of co-stimulatory receptors. It is certain that several study showed the role
of co-stimulatory receptors in cancer biology such as cytotoxic anti-tumor functions of CD28
and CD226 in melanoma,!8:19 stimulatory effect of T-cell of CD137 in non-small cell lung cancer,
intrahepatic cholangiocarcinoma, and colorectal cancers,20:21 promoting Treg proliferation of
0OX40 in malignant melanoma and colorectal cancer,22,23 and anti-tumor immune response of
inducible T cell co-stimulator (ICOS) in lung cancer and colorectal cancer.24:25 Even there are
reports that the expression of these co-stimulatory factor should be associated with patients
outcomes.22,23 Although the agonists of these effective co-stimulatory factors play roles in anti-
tumor immunity, such treatments are not sufficient in all tumors because the co-stimulatory
factor doesn’t act solely but with multiple interaction of co-inhibitory factors at the same

time. On possible means of overcoming this limitation is by combining agonistic therapy with
immune checkpoint blockades. Therefore, it is important to understand the co-stimulatory
factor and co-inhibitory factors of TILs in cancer. Especially, in human glioblastoma, few studies
have discussed the expression of co-stimulatory and co-inhibitory receptors of TILs and their
regulation of pro-tumor and/or antitumor effects. The presenting study can be the first study
suggesting the role of co-stimulatory and co-inhibitory receptors of TILs in glioblastoma which
can be epigenetically regulated by histone modification.

The aim of this study was to examine the expression of T cell co-stimulatory and co-
inhibitory factors in human glioblastoma samples obtained via biopsy or surgical resection.
The primary end-point was to identify the specific co-stimulatory and co-inhibitory factors
that play a prognostic role in patients with glioblastoma. Additionally, the unique histone H3
modification enzymes that regulate the expression of these factors and aid in predicting the
prognosis of patients with glioblastoma were investigated.

METHODS

Patients and sample collection
This translational cohort study was conducted using formalin-fixed, paraffin-embedded
(FFPE) tissue specimens obtained from patients with glioblastoma via biopsy or surgical
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resection at our institute from January 2006 to December 2020. A total of 101 patients were
histopathologically diagnosed with glioblastoma after surgical resection or biopsy. Among
them, 92 patients newly diagnosed with glioblastoma, treated at our institute, and followed
up until death, were included in this study. Patients with a history of other cancers were
excluded from this study.

The available histological samples were obtained from the Department of Pathology Archives
at our institute. All hematoxylin and eosin-stained slides were reviewed by two pathologists
(Lee EH, Samsung Changwon Hospital, Changwon, Korea and Kim MS, Kyungpook National
University Hospital, Korea) using the 2021 revision of the WHO classification of tumors of
the CNS.2 The pathologists were blinded to the clinical and pathological parameters. Samples
that were in poor condition were excluded if the tumor was almost entirely necrotized or its
contribution to the section was less than 80%. In addition, patients with insufficient medical
data were excluded from the analysis.

Clinical data

The epidemiological characteristics (including the gender and age at initial diagnosis and
the WHO performance status), extent of resection, recursive partitioning analysis (RPA)
classification, type of postoperative adjuvant treatment, duration of follow-up, and dates of
recurrence and death were retrospectively reviewed from the medical records. Additionally,
the salvage treatment modality after progression was examined.

Radiological characteristics of the brain lesions were evaluated using conventional magnetic
resonance imaging (MRI) with gadolinium (Gd) enhancement, MR perfusion, and MR
spectroscopy at the time of initial diagnosis. Peritumoral edema was categorized as < 2 cm or
>2 cm from the brain tumor, as assessed by the T2-weighted image. The extent of resection
was estimated from the MRI scans acquired within 48 hours of surgery. Subtotal resection
was defined as the removal of more than 90% of the Gd-enhancing lesion on the enhanced
Tl-weighted image, and gross total resection was defined as the lack of a detectable Gd-
enhancing lesion. Tumor measurements for determining the treatment responses according
to the Response Assessment in Neuro-Oncology criteria were based on the following
parameters: changes in the sum of the products of the perpendicular diameters of the
enhancing lesions in the Tl-weighted images, T2/fluid-attenuated inversion recovery non-
enhancing lesion, onset of new lesions, response to corticosteroid treatment, and changes in
the clinical status of the patients.26 If multiple lesions were present, the sum of the products
of individual measurable lesions was calculated. Radiological studies were performed

at 3-month intervals during the follow-up period or if disease progression was clinically
suspected. The radiological evaluation was performed by two neuro-radiologists (Kim YM,
Samsung Changwon Hospital, Changwon, Korea and Sunwoo MO, Samsung Changwon
Hospital, Changwon, Korea), who were blinded to the clinical and pathological parameters.

Routine analysis of the diagnostic markers was performed at the time of initial
histopathological diagnosis, according to the 2007 and 2016 WHO classification of CNS
tumors. The cellularity, cellular pleomorphism, mitotic count, microvascular proliferation,
cellular necrosis, and MGMT gene promoter methylation was evaluated from the pathological
reports. Additionally, for the molecular diagnosis of glioblastoma according to the new

2021 WHO classification of CNS tumors,? the presence of 1p19q codeletions and isocitrate
dehydrogenase (/DH) 1/2 mutations was investigated to exclude WHO CNS grade 4
astrocytomas (IDH mutant) using the FFPE samples of glioblastoma.

https://doi.org/10.3346/jkms.2023.38.€258 4/24
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Immunohistochemical staining and its interpretation

Three to four consecutive sections were obtained from 1 FFPE glioblastoma block per patient
for immunohistochemical staining. The expression levels of T cell co-stimulatory factors (CD27,
CD28, CD137, CD134 [0X40], and ICOS), T cell co-inhibitory factors (CTLA4, PD1, PD-L1, T cell
immunoglobulin mucin-3 [TIM3], and CD200R), histone H3 lysine methyltransferase (mixed
lineage leukemia 4 [MLLA4], retinoblastoma interacting zinc finger protein [RIZ], enhancer

of zeste homolog 1 [EZH1], and nuclear receptor SET domain-containing protein 2 [NSD2]),
and histone H3 lysine demethylase (lysine demethylase 5¢c [KDM5c], jmjc-domain-containing
histone demethylase 1a [JMJD1a], ubiquitously transcribed tetratricopeptide repeat gene on X
chromosome [UTX], and JMJD3) were examined. The labeled streptavidin-biotin method was
applied to the sections, and individual monoclonal or polyclonal primary antibodies were used
according to the manufacturers’ instructions (Supplementary Table 1).

In terms of methods for the analysis of immunohistochemical staining results, such as
making a positive and negative control for immunohistochemical staining and determining
the criterion for immunoreactivity, was followed by our previous report.2?

The slides were reviewed by two neuropathologists (Lee EH, Samsung Changwon Hospital,
Changwon, Korea and Kim MS, Kyungpook National University Hospital, Korea), who
were blinded to the clinical and radiological information. The criterion of judgement by
neuropathologist followed the same way in our previous report.2?

The area under the receiver operating characteristic (ROC) curve was used to determine

the optimal threshold of the mean percentage of immunoreactive cells per 1,000 cells. The
method for determining the cutoff value for true positive and negative effect on OS also
followed the same way in our previous report.2’ For each marker, a sensitivity-specificity
analysis was used to determine the cutoff point where the sensitivity and specificity crossed
and correlated with longer survival.28 Sequential correlation analysis for OS among the
patients was performed according to the cutoff values established for the markers.

Quantitative reverse transcription-polymerase chain reaction for mRNA

For the RNA extraction, seven serial sections (thickness, 8-10 pm) per sample were obtained
using a standard microtome (Leica SM2000 R Sliding Microtome, Wetzlar, Germany) with
disposable blades and collected directly into sterile 1.5 mL microcentrifuge tubes. The sections
were deparaffinized with two prewarmed xylene washes, followed by rinsing in 95%, 75%, and
50% ethanol, as described previously.2” Detail steps were sequentially performed by manufactural
protocol and our previous report.2’ All primers which were used in this study were synthesized by
OriGene Technologies, Inc. (Rockville, MD, USA) (Supplementary Table 2). The genes of the T
cell stimulatory/inhibitory factors and histone H3 lysine modification enzymes were estimated by
gqRT-PCR to validate the results of the immunohistochemical staining.

Survival analysis and statistical analysis

Medical records of the patients’ clinical history and radiographic reports were analyzed.

The date of death was confirmed and recorded. OS was defined as the time from the

date of diagnosis of glioblastoma until death. The date of biopsy or surgical resection of
glioblastoma was recorded as the date of diagnosis. Statistical analyses were performed using
SPSS ver. 20.0 (IBM Corp., Armonk, NY, USA). The analysis for differences and comparisons
were performed in the same way of our previous study.19 Two-sided Pvalues of < 0.05 were
considered statistically significant.
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Ethics statement

The Institutional Review Board of Sungkyunkwan University Samsung Changwon Hospital
approved the study protocol (SCMC 2016-12-004) on February 23, 2017. This study was
conducted in accordance with the guidelines of the Declaration of Helsinki for biomedical
research. The requirement of obtaining informed consent was waived owing to the
retrospective nature of the study and minimal hazard to the participants.

RESULTS

Characteristics of patients and tumors

Among 92 patients newly diagnosed with glioblastoma between January 2006 and December
2020, 84 were finally included in this study. The remaining eight patients (9.8%) were
excluded due to the following reasons: the tissues were almost entirely necrotized in two
patients, the tumor contribution to each section was less than 80% in one patient, the
molecular genetic classification was changed to CNS WHO grade 4 astrocytoma (/DH mutant)
in three patients, and the medical data were insufficient in two cases. The mean age of the
patients (males, 52 [61.9%]; females, 42 [38.1%]) at the time of diagnosis was 55.1 years
(range 29.4-81.6 years). Thirty-four patients (40.5%) were fully active and able to carry on

all pre-disease performance without restriction (WHO performance status 0), whereas 50
patients demonstrated restricted strenuous physical activity in daily life (WHO performance
status 1 or 2). Seventy-three patients (86.9%) had undergone radical sectioning of the tumors,
and 11 (13.1%) were diagnosed with glioblastoma after a biopsy. The MGMT gene promoter
was methylated in 54 (64.3%) patients and unmethylated in 30 (35.7%) patients (Table 1).

For the postoperative adjuvant treatment, 35 patients (41.7%) underwent nitrosourea-based
combination chemotherapy with or without radiotherapy, while 49 (58.3%) underwent
concurrent chemoradiotherapy with temozolomide. After tumor progression, 38 patients
(45.2%) underwent a second resection, 10 (11.9%) were treated with repeated irradiation, 52
(61.9%) received salvage chemotherapy or target therapy using bevacizumab, and 9 (10.7%)
received supportive care only (Table 1).

Results of immunohistochemical staining

All markers, including the T cell stimulatory factors (CD27, CD28, CD137, and CD134
[0X40], and ICOS), T cell inhibitory factors (CTLA4, PD1, PD-L1, TIM3, and CD200R),
histone H3 lysine methyl-transferases (MLL4, RIZ, EZH1, and NSD2), and histone H3 lysine
demethylases (KDM5c, JMJD1a, UTX, and JMJD3) were examined by immunohistochemical
staining (Fig. 1, Supplementary Fig. 1 and Table 2), and categorized based on their
expression levels. The cutoff value was determined using the ROC curve analysis
(Supplementary Table 3).

Relationship between T cell co-stimulatory/co-inhibitory factors and H3
histone lysine modification enzyme

In the R2 linear regression analysis of 80 matching pairs between 10 T cell co-stimulatory/
co-inhibitory factors and 8 histone lysine modification enzymes, several relationship with
statistical significance was found (Supplementary Table 4). Increased CD28 expression (cutoff
value, 10%) was observed in 39 samples (46.4%); among them, 36 (92.3%) presented with
increased levels of JMJD1a (cutoff value, 21%). A significantly positive correlation was observed
between the expression levels of CD28 and JMJD1a (R2 linear = 0.982, P=0.041; Fig. 2A).

https://doi.org/10.3346/jkms.2023.38.€258 6/24
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Table 1. Characteristics of glioblastoma patients (N = 84)

Variables Values
Age, yr

<50 29 (34.5)

> 50 55 (65.5)
Sex

Male 52 (61.9)

Female 32(38.1)
WHO performance status

0 34 (40.5)

1 40 (47.6)

2 10(11.9)
Extent of resection

Biopsy 11 (13.1)

Subtotal resection 32(38.1)

Gross total resection 41 (48.8)
RPA class

1 19 (22.6)

v 48 (57.1)

v 17 (20.3)
Methylation status of MGMT gene promoter

Methylated 54 (64.3)

Unmethylated 30(35.7)
Postoperative adjuvant therapy

Nitrosourea-based combination chemotherapy 35 (41.7)

Concurrent chemoradiotherapy with temozolomide 49 (58.3)
Salvage treatment after progression®

Second surgical resection 38 (45.2)

Repeated irradiation 10 (11.9)

Salvage chemotherapy 52 (61.9)

Supportive treatment only 9 (10.7)

Values are presented as number (%).

WHO = World Health Organization, RPA = recursive partitioning analysis, MGMT = 06-methyl guanine DNA

methyltransferase.

23Some patients were treated with more than one modality.

Table 2. Result of increased expression of T cell regulatory factors and histone modifying enzymes in the

immunohistochemical analysis of glioblastomas (N = 84)

Factors Values
T cell stimulators
cD27 43 (51.2)
cD28 39 (46.4)
cD137 26 (31.0)
0X40 57 (67.9)
ICOS 32(38.1)
T cell inhibitors
CTLA4 33(39.3)
PD1 34 (40.5)
PDL1 43 (51.2)
TIM3 30 (35.7)
CD200R 45 (53.6)
Histone 3 lysine methyltransferase
MLL4 (at H3K4) 39 (46.4)
RIZ (at H3K9) 38 (45.2)
EZH1 (at H3K27) 46 (54.8)
NSD2 (at H3K36) 33(39.3)
Histone 3 lysine demethylase
KDM5c (at H3K4) 49 (58.3)
JMJD1a (at H3K9) 43 (51.9)
UTX (at H3K27) 28 (33.3)
JMJD5 (at H3K36) 35 (41.7)

Values are presented as number (%).

https://doi.org/10.3346/jkms.2023.38.€258
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Fig. 1. The examples of the immunohistochemical staining. (A) T cell co-stimulatory factors and co-inhibitory factors. (B) Histone H3 lysine modification enzymes.
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Fig. 2. Relationships between the T cell co-stimulatory/co-inhibitory factors and H3 histone lysine modification enzymes. (A) Significantly positive correlations
were observed between the expression levels of CD28 and JMJD1a. (B) Similarly, a significant correlation was observed between the expression levels of CD137
and UTX. (C) The expression level of CTLA4 was negatively correlated with that of RIZ. (D) Likewise, a significantly negative correlation was observed between
the expression levels of PD-L1and EZH1. (continued to the next page)
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Fig. 2. (Continued) Relationships between the T cell co-stimulatory/co-inhibitory factors and H3 histone lysine modification enzymes. (A) Significantly positive
correlations were observed between the expression levels of CD28 and JMJD1a. (B) Similarly, a significant correlation was observed between the expression
levels of CD137 and UTX. (C) The expression level of CTLA4 was negatively correlated with that of RIZ. (D) Likewise, a significantly negative correlation was

observed between the expression levels of PD-L1and EZH1.

This result suggests that JMJD1a (an H3K9 demethylase) might epigenetically induce CD28
expression. In addition, 26 samples (31.0%) demonstrated increased expression of CD137 in the

immunohistochemical analysis (cutoff value, 45%), out of which 25 (96.2%) showed increased
expression levels of UTX (cutoff value, 35%). A significantly positive correlation was observed
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between the CD137 and UTX expression levels (R2 linear = 1.528, P= 0.026; Fig. 2B). This result
suggests that UTX, as an H3K27 demethylase, might epigenetically induce CD137 expression.

In contrast, 33 samples (39.3%) showed decreased CTLA4 levels (cutoff value, 30%), out of
which 31 (93.9%) presented with increased levels of RIZ (cutoff value, 30%). A significantly
negative correlation was observed between the expression levels of these two markers (R2
linear = -1.746, P= 0.017; Fig. 2C), thus suggesting that EZH1 might epigenetically suppress
the expression of PD-L1. Similarly, decreased PD-L1 levels were detect-ed in 43 (51.2%)
samples (cutoff value, 55%), and 42 (97.7%) samples presented with increased expression
levels of EZH1 (cutoff value, 25%). A significantly negative correlation was observed between
the expression levels of PD-L1 and EZH1 (R2 linear = -2.118, P = 0.009; Fig. 2D), suggesting
that EZH1 might epigenetically suppress the expression of PD-L1.

These relationships were confirmed using qRT-PCR. In samples with increased expression
levels of CD28 and JMJD1a, the mean relative mRNA ratios were 7.6 (range, 5.4-12.0) for
CD28 and 7.2 (range, 5.1-10.8) for JMJD1a (Fig. 3A). The corresponding values in the samples
with increased CD137 and UTX levels were 8.2 (range, 5.8-12.0) and 8.5 (range, 5.5-11.5),
respectively (Fig. 3B). In samples expressing both CTLA4 and RIZ, the mean relative ratio for
the CTLA4 mRNA was 0.3 (range, 0.1-0.8), and that for RIZ mRNA was 8.4 (range, 4.5-11.3;
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Fig. 3. The results of the quantitative reverse transcription-polymerase chain reaction. (A) JMJD1a induced the expression of CD28. (B) UTX induced the
expression of CD137. (C) RIZ suppressed the expression of CTLA4. (D) EZH1 suppressed the expression of PD-L1.
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Fig. 3C). The corresponding values in samples expressing PD-L1 and EZH1 were 0.4 (range,
0.1-0.9) and 7.9 (range, 4.8-11.3), respectively (Fig. 3D).

Survival outcome

The mean follow-up duration was 27.5 months (range, 4.1-43.5 months). During this period,
76 patients (90.5%) died, and the mean OS was 19.4 months (95% confidence interval [CI],
16.3-20.9 months). After the progression of the disease, 38 patients (45.2%) underwent
second surgery, 10 (11.9%) underwent radiotherapy again, 52 (61.9%) were treated with
salvage chemotherapy, and 9 (10.7%) received supportive care only.

In the univariate analysis of factors predicting the OS based on the clinical factors, age < 50
years (95% CI, 1.876—4.236), WHO performance status O (95% CI, 1.951-4.353), gross total
resection (95% CI, 1.991-4.451), RPA class III (95% CI, 1.374-3.842), and MGMT gene promoter
methylation (95% CI, 1.986—6.218) were associated with a longer OS in the glioblastoma
patients (Table 3). Increased expression levels of T cell co-stimulatory factors, such as CD 27
(95% CI, 1.905-3.734), CD 28 (95% CI, 1.173-2.817), and CD 137 (95% CI, 2.246-5.239), were
significantly associated with longer OS (Table 4). On the contrary, increased expression levels
of CTLA4 (95% CI, 0.184-0.477), PD1 (95% CI, 0.301-0.875), and PD-L1 (95% CI, 0.217-
0.525) were found to be significantly associated with shorter OS in the glioblastoma patients
(Table 4). Furthermore, decreased expression levels of MLL4 (95% CI, 0.199-0.996), and
EZH1 (95% CI, 1.516-4.178), and increased expression levels of RIZ (95% CI, 1.725-4.829),
JMJD1a (95% CI, 1.762—4.124), and UTX (95% CI, 2.208-4.839) were statistically associated
with longer OS in glioblastoma patients (Table 5).

All the clinical factors, including age < 50 years (95% CI, 1.468-3.816), WHO performance
status score 0 (95% CI, 1.439-4.187), gross total resection (95% CI, 1.836-4.306), RPA class III

Table 3. Univariate analysis of factors predicting overall survival in glioblastoma patients using Cox regression
model according to the clinical factors

Variables Median OS (mon, 95% CI) Hazard ratio 95% ClI P value
Age, yr

> 50 16.2(12.6-19.8) 1.000

<50 25.4(19.2-30.6) 3.056 1.876-4.236 0.014
Sex

Male 18.1(14.1-20.4) 1.000

Female 21.5 (16.5-23.7) 1.339 0.876-1.802 0.328
WHO performance status

lor2 15.2(11.6-18.8) 1.000

0 292.3(18.4-26.2) 3.142 1.951-4.353 0.012
Extent of resection

Biopsy or subtotal resection 15.0(10.8-19.2) 1.000

Gross total resection 24.0(19.1-28.9) 3.221 1.991-4.451 0.008
RPA class

IVorV 17.3 (13.5-21.1) 1.000

1] 26.7 (19.6-33.8) 2.608 1.374-3.842 0.041
MGMT gene promoter

Unmethylated 14.9 (12.5-17.3) 1.000

Methylated 21.9 (16.8-26.9) 4.102 1.986-6.218 0.004
Postoperative adjuvant therapy

CCRT with temozolomide 18.9(14.1-23.7) 1.000

RTx and/or nitrosourea chemotherapy 20.1(15.8-24.4) 1.547 0.922-2.172 0.451

0S = overall survival, CI = confidence interval, WHO = World Health Organization, RPA = recursive partitioning
analysis, MGMT = 06-methyl DNA guanine methyltransferase, CCRT = concurrent chemoradiotherapy, RTx =
radiotherapy.
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Table 4. Univariate analysis of factors predicting OS in glioblastoma patients using Cox regression model
according to the expression of T cell regulatory factors

T cell regulatory factors Median OS (mon, 95% CI) Hazard ratio 95% Cl P value
T cell stimulators
CD 27
> 15% 21.8 (16.9-26.7) 2.842 1.905-3.734 0.017
<15% 16.9 (12.5-21.3) 1.000
CD 28
> 10% 20.4 (16.2-24.6) 1.995 1.173-2.817 0.048
< 10% 18.5(13.8-23.2) 1.000
CD 137
> 45% 24.7 (19.8-29.6) 3.743 2.246-5.239 0.002
< 45% 17.1(14.3-19.9) 1.000
0X40
> 30% 19.6 (16.3-22.9) 1.286 0.769-1.803 0.436
< 30% 18.9(14.0-23.8) 1.000
ICOS
> 50% 20.9 (15.9-25.8) 1.571 0.922-2.232 0.271
< 50% 18.5(13.9-23.1) 1.000
T cell inhibitors
CTLA4
> 30% 15.7 (11.2-20.2) 0.329 0.184-0.477 0.001
<30% 95.1 (18.6-31.6) 1.000
PD1
> 7% 17.2(12.7-21.6) 0.588 0.301-0.875 0.034
<% 20.9 (14.3-27.4) 1.000
PD-L1
> 55% 15.9(11.8-20.1) 0.371 0.217-0.525 0.006
<55% 29.7 (17.5-27.9) 1.000
TIM3
> 60% 18.5(14.0-22.9) 0.816 0.428-1.205 0.361
< 60% 19.9 (14.7-25.1) 1.000
CD200R
> 45% 17.5(13.4-21.5) 0.606 0.289-1.031 0.062
< 45% 21.6 (18.1-25.1) 1.000

0S = overall survival, Cl = confidence interval.

(95% CI, 2.003-3.985), and MGMT gene promoter methylation (95% CI, 1.189-2.561), which
were significantly associated with longer OS in the univariate analysis, were independently
associated with OS in the multivariate analysis. Additionally, increased expression levels of
CD28 (95% CI, 1.233-2.754), and CD137 (95% CI, 2.118-4.434), and the decreased expression
of CTLA4 (95% CI, 2.487-4.455), PD-L1 (95% CI, 1.764-3.794), and EZH1 (95% CI, 1.359-3.615)
were found to be independently associated with OS (Table 6). However, several other factors,
such as CD27, PD1, MLL4, RIZ, JMJD1a, and UTX, which were significantly associated with
longer OS in the univariate analysis, were not associated with OS after multifactor adjustment
(Table 6). The Kaplan-Meier survival curve analysis showed similar associations between the
significant factors in the multivariate analysis and OS (Supplementary Fig. 2).

Case illustrations

A 62-year-old man was diagnosed with glioblastoma following a stereotactic guided biopsy
of the tumor in the primary motor cortex. He had grade 2 hemiparesis on the left side and
presented with a Karnofsky Performance Scale of 50. An unmethylated MGMT promoter was
identified in the glioblastoma. Despite these poor prognostic factors, the patient survived
for over 4.5 years. Interestingly, the expression levels of the T cell co-stimulators (CD28

and CD137) were increased, and those of the T cell co-inhibitors (CTLA4 and PD-L1) were
decreased (Fig. 4A). Conversely, a 45-year-old man was diagnosed with glioblastoma after
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Table 5. Univariate analysis of factors predicting OS in glioblastoma patients using Cox regression model
according to the expression of histone H3 lysine modifying enzymes

Median OS (mon, 95% CI)  Hazard ratio 95% Cl P value

Epigenetic Regulation in the T Cell of Glioblastoma

Histone modifying enzyme
Histone H3 lysine methyltransferase

MLL4
> 35% 17.8 (12.1-23.5) 0.497 0.199-0.996 0.043
< 35% 20.8 (16.4-25.2) 1.000

RIZ
> 30% 292.6 (17.5-27.7) 3.282 1.725-4.829 0.003
< 30% 16.7 (12.3-21.1) 1.000

EZH1
< 25% 21.3 (16.2-26.4) 2.847 1.516-4.178 0.011
> 25% 17.1(12.0-22.1) 1.000

NSD2
> 40% 18.2(13.3-23.1) 0.835 0.527-1.143 0.375
< 40% 20.1 (15.6-24.6) 1.000

Histone H3 lysine demethylase

KDM5c
> 35% 18.5(14.1-22.9) 0.861 0.467-1.255 0.569
<35% 20.0 (15.7-24.3) 1.000

JMJD1la
> 21% 21.7 (15.2-28.2) 2.943 1.762-4.124 0.009
<21% 17.0 (12.2-21.8) 1.000

UTX
> 35% 23.0(16.8-29.2) 3.524 2.208-4.839 0.002
< 35% 17.6 (13.1-292.1) 1.000

JMJD5
> 25% 19.1(16.8-21.4) 0.916 0.534-1.298 0.841
< 95% 19.7 (16.2-23.9) 1.000

0S = overall survival, Cl = confidence interval.

a gross total resection of the tumor at the right temporal lobe. Although he suffered from
intermittent focal seizures, he was able to perform the activities of daily living independently.
A methylated MGMT promoter was identified in the glioblastoma. Despite these good
prognostic factors, the patient did not survive beyond 19 months. The expression levels of
CD28 and CD137 were decreased, and those of CTLA4 and PD-L1 were increased (Fig. 4B).

Table 6. Multivariate analysis of factors predicting OS in glioblastoma patients using Cox regression model

Variables Hazard ratio 95% Cl Pvalue
Age (< 50 yr vs. > 50 yr) 2.642 1.468-3.816 0.037
WHO performance status score (O vs. 1 or 2) 2.813 1.439-4.187 0.026
Extent of surgery (GTR vs. STR or biopsy) 3.071 1.836-4.306 0.012
RPA class (Il vs. IV or V) 2.994 2.003-3.985 0.018
MGMT gene promoter (methylated vs. unmethylated) 1.875 1.189-2.561 0.045
Postoperative adjuvant therapy (nitrosourea chemotherapy vs. CCRT with TMZ) 1.232 0.846-1.618 0.411
IHC staining of CD27 (> 15% vs. < 15%) 1.669 0.971-2.367 0.069
IHC staining of CD28 (> 10% vs. < 10%) 1.989 1.233-2.754 0.042
IHC staining of CD137 (> 45% vs. < 45%) 3.276 2.118-4.434 0.009
IHC staining of CTLA4 (< 30% vs. > 30%) 3.514 2.487-4.455 0.003
IHC staining of PD1 (< 7% vs. > 7%) 1.568 0.923-2.213 0.085
IHC staining of PD-L1 (< 55% vs. > 55%) 2.779 1.764-3.794 0.020
IHC staining of MLL4 (< 35% vs. > 35%) 1.683 0.892-2.474 0.081
IHC staining of RIZ (> 30% vs. < 30%) 1.334 0.846-1.822 0.329
IHC staining of EZH1 (< 25% vs. > 25%) 2.487 1.359-3.615 0.040
IHC staining of JMJD1a (> 21% vs. < 21%) 1.703 0.978-2.428 0.063
IHC staining of UTX (> 35% vs. < 35%) 1.813 0.992-2.634 0.052

0S = overall survival, CI = confidence interval, WHO = World Health Organization, GTR = gross total resection, STR = subtotal resection, RPA = recursive

partitioning analysis, MGMT = 06-methyl DNA guanine methyltransferase, CCRT = concurrent chemoradiotherapy, TMZ = temozolomide, IHC =

immunohistochemical.
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— FU at 1year — FU at 4.5 years

CTLA4 negative

Initial = GTR — CCRT and adjuvant TMZ — FU at 9 months — FUat12 months — --- — Death at 19 months

CTLA4 positive PD-L1 positive CD28 negative CD137 negative

Fig. 4. Examples of patients with different outcomes based on the T cell activities, which are regulated by the T cell co-stimulators and co-inhibitors. (A) The
expression levels of the T cell co-stimulators (CD28 and CD137) were increased, and those of the T cell co-inhibitors (CTLA4 and PD-L1) were decreased. (B) The
expression levels of CD28 and CD137 were decreased, and those of CTLA4 and PD-L1 were increased.

CTLA4 = anti-cytotoxic T-lymphocyte-associated protein 4, PD-L1 = anti-programmed cell death ligand 1.

DISCUSSION

The primary aim of this study was to identify the specific T cell co-stimulatory and co-
inhibitory factors that play a prognostic role in patients with glioblastoma. The expression
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levels of CD28, CD137, CTLA4, and PD-L1 were significantly associated with OS in the
patients. Additionally, the expression levels of these factors were epigenetically related with
JMJD1a (H3K9 demethylase), UTX (H3K27 demethylase), RIZ (H3K9 methyltransferase),
and EZH1 (H3K27 methyltransferase). To the best of our knowledge, this is the first study

to suggest the epigenetic role of histone H3 lysine modification enzymes in the expression
of specific T cell co-stimulatory and co-inhibitory factors, which could aid in predicting the
prognosis of patients with glioblastoma. Although several reports have introduced specific
epigenetic biomarkers of T cells in human gliomas, most of these biomarkers were confined
to DNA methylation and microRNA.29-32 Wiencke et al.29 reported significant decreases in
CD3+ T cells and Tregs in peripheral blood from glioblastoma patients; moreover, the copy
numbers of demethylated CD3Z and FOXP3 were significantly reduced by about 2-fold in the
patients. Nonetheless, only a few studies have focused on the role of histone H3 modification
enzymes in regulating the T cell factors in glioblastomas.

Normally, when a T cell encounters an antigen-presenting cell, which expresses the
appropriate antigen, a second interaction with a checkpoint molecule is required to either
activate or suppress the T cell.33-35 This second interaction plays an important role in
modulating an immune response. During the second interaction between the T cell and

the cancer cell, some antibodies designed to interrupt or activate these co-stimulatory and
co-inhibitory molecules act as checkpoint inhibitors. Intense investigations are underway to
utilize these checkpoint inhibitors for the treatment of solid tumors, including glioblastoma.
Among the several co-stimulatory and co-inhibitory molecules, CTLA4 and PD1 have been
comprehensively investigated for their antitumor immune responses in murine models of
solid cancer, such as melanoma and glioblastoma. Several large clinical trials in humans
verified the observed efficacy of checkpoint inhibitors in preclinical models.36:37 Furthermore,
several large phase III clinical trials demonstrated the clinical benefits of anti-CTLA4 and
anti-PD1 in patients with melanoma, renal cell carcinoma, and non-small cell lung cancer.37-39
The results of these and other important studies led to the approval of the use of checkpoint
inhibitors by the U.S. Food and Drug Administration. Similarly, promising preclinical data
suggest that CTLA4 and PD1 inhibitors may promote antitumor immune responses in
gliomas. Fecci et al.40 demonstrated improved survival mediated by T cell immune response
in a murine glioma model treated with anti-CTLA4. Zeng et al.36 and others have shown that
anti-PD1 monotherapy improved the OS in a murine model of glioblastoma; interestingly, anti-
PD-L1 alone did not result in much survival improvement.37 The additional use of CD8+ T cells
appeared to be responsible for the antitumor immune response.36,37 Despite these promising
findings in gliomas, the application of these agents to glioblastomas has yielded disappointing
outcomes in phase III clinical trials.913 This may be due to the marked genetic and antigenic
heterogeneity of glioblastomas, the relatively low mutational burdens in the genetics of these
tumors, and the paucity of glioblastoma-infiltrating T cells.

As mentioned above, the ligation of PD1 is well-known to delimit immunogenic response.
However, the significance of T cell expression of PD-L1 is less certain than PD1. As the PD-L1/
PD1 axis has become a central target of immunotherapeutic approaches in the clinic,41 PD-L1
is shown to be robustly upregulated on tumor cells as well as intra-tumoral macrophages.42
Although PD-L1 is known as co-inhibitory factor which is predominantly located on cancer
cell, recent study by Diskin et al.43 revealed the role of PD-L1 on TILs in cancer; PD-L1 is
upregulated in response to antigen-presentation and as a consequence of sterile inflammatory
clue, PD-L1 ligation in TILs induces intracellular signaling that is equally suppressive to that
of PD1, and PD-L1+ TILs also promote STAT6-dependent M2-like macrophage differentiation
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and suppress neighboring effector T cells via the canonical PD-L1/PD1 axis. In the presenting
study, PD-L1 is shown to be associated with the prognosis of glioblastoma rather than PD1.

It is supposed to be responsible for PD-L1 to influence on both TILs and cancer cells. In

the PD-L1/PD1 axis, PD1 as a key mediator of T cell exhaustion by cancer is much studied in
terms of action mechanism and roles in cancer. By contrast, it is true that PD-L1 has lack of
studies focused on the function and mechanism of regulating expression. Recent studies
reported that transcriptional, post-transcriptional and translational mechanisms should
contribute to PD-L1 overexpression in cancers, and these mechanisms are regulated by
diverse oncogenic signaling and stress response pathways.44 In addition, PD-L1 expression
and/or activity is regulated through several post-translational modifications, including
phosphorylation, glycosylation, acetylation, ubiquitination and palmitoylation, which serve
as signals for lysosomal or proteasome-mediated degradation of PD-L1.44 The expression of
PD-L1 is regulated by genetic contributions, such as amplifications involving the chromosome
9p24.1 region containing CD274 and JAK2 can result in increased expression of these genes in
classical Hodgkin lymphomas (36-38%), mediastinal large B cell lymphomas (29-63%) and
small-cell lung cancers (~1.9%).45-47 In terms of epigenetic regulations, histone methylation
and acetylation in the CD274 promoter region participate in the transcriptional regulation

of PD-L1 expression. Increased histone H3 lysine 4 trimethylation (H3K4me3) at the CD274
promoter by the histone methyltransferase MLL1 substantially upregulates the transcription
of PD-L1 mRNA.48 Conversely, the histone methyltransferase EZH1/2, the catalytic subunit

of polycomb repressive complex 2, suppresses PD-L1 expression through histone H3 lysine

27 trimethylation (H3K27me3) of the CD274 and IRFI promoters in HCC cells.4? This report
was identical to our presenting study showing reverse relationship of the expression between
EZH1 and PD-L1 in glioblastoma. However, global hypomethylation of DNA is positively
correlated with PD-L1 expression and T cell exhaustion in patients with certain cancer, such as
melanoma.50 Moreover, DNA hypermethylation at the CD274 promoter region inhibits PD-L1
expression.>! Decitabine and azacytidine, hypomethylating agents, dose-dependently increase
the level of PD-L1 mRNA in certain mouse models of non-small cell lung cancer, colorectal
cancer and leukemia.52 Thus, inhibitors of epigenetic regulators can suppress cancer
progression but simultaneously increase PD-L1 expression and could, therefore, potentially be
combined with anti-PD-1/PD-L1 antibodies to improve their therapeutic efficacy.

Another approach involving the activation of the immunological functions of T cells
themselves, instead of inhibiting the immune checkpoints, was attempted. Glioblastoma
patients with extensive infiltration of CD8+ T cells are reported to survive longer than those
with focal or rare infiltrations of these cells.53-55 In clinical practice, it is not unusual for
neuro-oncologists to encounter glioblastoma patients with good prognostic factors, who do
not survive longer than those with poor prognostic factors. However, the difference may be
attributed to the function of T cells in glioblastomas (Fig. 4).

Epigenetic regulation of the expression of T cell co-stimulators and co-inhibitors may prove
beneficial for the development of therapeutic targets of drugs in cancer. The findings of

the present study indicated the epigenetic promotion of T cell activities by increasing the
expression levels of T cell co-stimulators (such as CD28 and CD137, which were induced by
JMJD1a and UTX, respectively) and decreasing the expression levels of T cell co-inhibitors
(such as CTLA4 and PD1, which were suppressed by RIZ and EZH1, respectively). No direct
associations were observed between the histone H3 lysine modification enzymes and the OS
of patients in the multivariate analysis, except for EZH1, indicating that these enzymes were
related with the expression levels of the T cell co-stimulatory and co-inhibitory factors.
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Among the histone H3 lysine modification enzymes, only EZH1 played an independent role in
the prognosis of glioblastoma patients after multifactor adjustment. EZH1/2 is the catalytic
component of the polycomb repressive complex 2, which methylates histone H3 lysine 27,
resulting in a mark that specifies a transcriptionally repressive chromatin environment.
EZH1/2 aberrations have been observed in a wide range of oncogenic processes, including
cancer cell proliferation, cell cycle regulation, disruption of immunologic defenses,
chromosomal gain or loss, and activation of apoptotic pathways.56-58 EZH1/2 aberrations
were first described in several malignancies, including prostate cancer, breast cancer,
bladder cancer, gastric cancer, lung cancer, hepatocellular carcinoma, renal cell carcinoma,
and melanoma.59,60 Although alterations in the expression levels of EZH1/2 have been
directly correlated with a more aggressive clinical course and increased rates of metastasis in
prostate, renal cell, and breast cancers,> only a few comprehensive studies on glioblastoma
are available in the English literature; EZH1/2 aberrations are thought to be involved in
multiple processes, such as cell cycle, invasion, stem cell maintenance, and drug and
radiotherapy resistance.6-63 However, the interactions between EZH1/2 and T cell co-
inhibitory factors in glioblastoma have not been reported so far. Uniquely, the present study
is the first to suggest that EZH1/2 alterations can epigenetically influence the activities of T
cells by suppressing the expression of T cell co-inhibitory factors in glioblastoma. Despite
EZH1/2 aberrations are related with poor prognosis in several cancers as mentioned above, it
is also known to suppress the PD-L1 expression. With suppression of PD-L1 expression, the
function of TILs in cancer cell can be promoted to improve the clinical course of patients.
Therefore, this diverse effect of EZH1/2 must be studied in multi-directional strategies on
cancer biology.

Nonetheless, this study has several limitations. First, the analyses were performed using
simple techniques such as immunohistochemistry and qRT-PCR, rather than more advanced
genetic and molecular methods, such as RNA sequencing (for the identification of specific
target genes) and chromatin immunoprecipitation sequencing (to determine the concrete
role of the histone H3 lysine modification enzyme). Although associations between several
T cell co-stimulatory and co-inhibitory factors and the clinical outcome were identified in
this study, the specific immunological role in cancer biology, rather than a certain causal
relationship, was not presented. Thus, a more comprehensive study is required, owing

to the heterogeneity of the cancer genome and epigenomes in glioblastoma. When the
epigenetic mechanism is disrupted, either independently or as a result of genetic mutations,
tumor cells can start to evolve based on the selection of favorable epigenetic states. This

can lead to the production of tumor subclones that are genetically identical; however,

in reality, they express different combinations or altered levels of genes. In addition to
producing more aggressive characteristics, increased tumor heterogeneity decreases the
likelihood that a specific treatment will be able to eliminate every subclone, which can lead
to chemoresistance and relapse.®4 Therefore, more extensive scientific evidence, supported
by molecular genetic analysis using in vivo and in vitro studies, is mandatory to validate the
results of the present study.

Second, the presenting study could not differentiate the cells which expression of co-
stimulatory and co-inhibitory factors in tumor tissue. In fact, all the co-stimulatory and co-
inhibitory factors which we studied are located not in the glioblastoma cells but in the TILs
except only one factor such as PD-L1.16:17 However, the problem is that we cannot investigate
the individual TIL at the level of singe cell which is isolated from patient’s glioblastoma
tissue. The tumor tissue which was obtained from patient during surgical resection contained
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lots of cells not only glioblastoma cells but also cells contributing microenvironment
including TILs. When making a FFPE, it is natural for the block of tissue to include many
kinds of different cells. We performed the IHC staining of CD8 in order to investigate the
infiltration of T cell into glioblastoma tissue. Interestingly, whole 84 tumor tissues had a
strong expression of CD8. As a result, we found out that lots of TILs were intermingled

into the tumor tissue. It suggested that the co-stimulatory and co-inhibitory factors of the
TILs which were intermingled in tumor tissue should be detected by IHC staining. As a
results, it is considered that the co-stimulatory and co-inhibitory factors not of glioblastoma
cells but of TILs in tumor tissue should be expressed meaningfully. In terms of PD-L1, it

is known as co-inhibitory factor which is predominantly located on cancer cell, but recent
study suggested the function of PD-L1 on TILs in cancer as well. It was impossible for us to
distinguish the expression of PD-L1 between TILs and glioblastoma cell without analysis at
the level of single cell. However, it is essential to examine the phenomenon at the single cell
levels comprehensively in order to validate the presenting results.

Third, the present study did not examine all the histone modification enzymes. Although
several histone modification enzymes at H3K4, H3K27, and H3K36 were included in the
analysis, other enzymes at H3K9, H3K79, and H4K20 are also known to play a role in

the cancer biology of certain diseases.%5 Only those enzymes that could be purchased
commercially were used in the current study. Although JARID1A, UTX, RIZ, and EZH1

play specific roles in regulating the expression of T cell stimulatory/inhibitory factors in
glioblastoma, other specific enzymes may be involved in the immuno-oncogenesis of T cells
in glioblastomas. Furthermore, our study did not examine all the T cell stimulatory/inhibitory
factors; other factors such as CD80, CD86, CD113, and CD155 may be involved in interactions
between T cells and glioblastoma cells.16 Therefore, our results do not reflect all the possible
mechanisms of the epigenetic regulation of T cell activities in glioblastoma. Additional
studies using sequencing analysis are required to determine the target genes in more samples
and validate the results in vivo and in vitro.

Fourth, although we tried to reduce the inborn limitation of IHC analysis, for example two
different neuropathologists assessed the immunoreactivity in the samples, it is not certain
whether the assessments in this study were correct because the interpretation of the results
obtained by IHC staining may be subjective. The optimal evaluation of IHC staining can
differ according to the concentration of the antigen, owing to difficulties in establishing
standard conditions in the laboratory. In addition, there is no standard rule for determining
the cutoff values between the positive and negative findings. Therefore, it is necessary to
establish a reasonable cutoff value to repeat the experiments for validation and to discuss
the details regarding the interpretations of the data among the investigators. In this study,
the ROC curve analysis was used to establish the cutoff values in a principled manner and
overcome the flaws associated with IHC staining. To overcome these inborn limitations of
IHC study, an in vitro study might prove helpful in determining the immunoreactivity for T
cell co-stimulatory and co-inhibitory factors and the histone H3 lysine modification enzymes
at the cell level. Recently, a deep-learning-based method using artificial intelligence that can
automatically localize and quantify the regions expressing biomarkers in any selected area
within the whole slide has been proposed to reduce the risk of incorrect interpretation of
immunohistochemical analysis.66

Fifth, our study did not include the recently updated research on the immuno-oncology of
glioblastomas. In terms of stem cell research, interactions between glioma and immune cells
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can promote the stemness of the glioma.67 Other potential mechanisms of tumor-induced T
cell dysfunction in cancer include chronic activation of the T cell co-stimulatory receptor or
co-inhibitory receptor (which can originate due to competition with co-stimulatory receptors
for binding to their ligands in order to impede the formation of microclusters), negative
signaling to disrupt T cell activation, and the upregulation of inhibitory genes.®7 Soluble
mediators, such as IL 10, adenosine, indoleamine 2,3-dioxygenase, VEGF-A, and type 1
interferon, can be used advanced field to immuno-oncology research.®8 Glucose deprivation
impedes the function of CD8+ TIL effectors by limiting aerobic glycolysis and decreasing
mTOR activity and interferon-y production. Immune checkpoint blockades with anti-
CTLA4 or anti-PD1 monoclonal antibodies augmented the glycolytic capacities and effector
functions of TILs in experimental models.%8 The current study focused on the role of histone
modification enzymes in regulating the T cell activities in glioblastoma; additional updated
experiments are warranted to validate our results.

Finally, the bias originating from the retrospective design may be considered as another
limitation of this study, which can be overcome by increasing the number of patients.
However, the current study involved a small sample size and may not meet the complete
assumptions of the statistical tests used. Attempts were made to reduce the bias by obtaining
the clinical data from computerized data archives using a uniform system and including
patients treated with the same protocol in a single center. The several investigators involved in
this study did not have any prior information about the clinical background or experimental
results to help avoid any preconceptions. The pathological findings and radiological features
were independently reviewed, but there was no clear bias due to the retrospective nature of the
analysis. Despite these efforts, the conclusions drawn from this study merit further validation
through prospective and randomized clinical trials in the future.

Conclusively, the epigenetic relationship between of the expression of T cell co-stimulatory/
co-inhibitory factors and histone H3 lysine modification enzyme, and their prognostic

roles were translationally investigated in 84 human glioblastoma samples. JMJD1a (H3K9
demethylase), UTX (H3K27 demethylase), RIZ (H3K9 methyltransferase), and EZH1 (H3K27
methyltransferase) were associated with the post-transcriptional expression of CD28, CD137,
CTLA4, and PD-L1, respectively. Thus, increased CD28 and CD137 and decreased CTLA4

and PD-L1 levels are likely associated with longer survival in patients with glioblastoma. The
application of these findings to research and clinical trials might facilitate the development of
new treatment methods.

ACKNOWLEDGMENTS

We sincerely thank Professor Min Gyu Lee (Department of Molecular and Cellular Oncology,
The University of Texas MD Anderson Cancer Center) for his comprehensive motivation

for our original research. We are thankful to Eun Hee Lee (Department of Pathology,
Samsung Changwon Hospital) for the pathological review, Young Min Kim and Mi-Ok
Sunwoo (Department of Radiology, Samsung Changwon Hospital) for their assessment of
the neuro-radiological images, Tae Gyu Kim (Department of Radiation Oncology, Samsung
Changwon Hospital) for administering the radiotherapy, and Young Wook Kim (Department
of Biostatistics, Samsung Changwon Hospital) for assistance with the statistical analysis
detailed in this work.

https://doi.org/10.3346/jkms.2023.38.€258 19/24



JKMS

Epigenetic Regulation in the T Cell of Glioblastoma

SUPPLEMENTARY MATERIALS

Supplementary Table 1
The lists of primary antibodies for immunohistochemical staining of T cell regulatory factors
and histone H3 modification enzymes

Click here to view

Supplementary Table 2

The lists of primers for quantitative reverse transcription polymerase chain reaction for mRNA
of the candidate genes of T cell stimulatory and inhibitory factors, and histone H3 lysine
modification enzymes on the regulating expression of T cell stimulatory and inhibitory factors

Click here to view

Supplementary Table 3
Results of ROC curve analysis and sensitivity-specificity analysis of T cell regulatory factor
and histone modification enzyme to determine cut-off value

Click here to view

Supplementary Table 4
Coefficient value by R2 linear regression analysis between T cell regulatory factor and histone
modification enzyme to determine the statistical significance

Click here to view

Supplementary Fig. 1
The results of the immunohistochemical staining. (A) T cell co-stimulatory factors and co-
inhibitory factors. (B) Histone H3 lysine modification enzymes.

Click here to view

Supplementary Fig. 2

Kaplan-Meier survival curves showing the independent association between factors and
overall survival in glioblastoma patients; (A) Age, (B) WHO performance status, (C) the
extent of surgical resection, (D) recursive partitioning analysis (RPA) class, (E) O6-methyl
guanine DNA methyltransferase (MGMT) gene promoter methylation, (F) CD28 expression,
(G) CD137 expression, (H) CTLA4 expression, (I) PD-L1 expression, and (J) EZH1 expression.

Click here to view

REFERENCES

1. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-Sloan JS. CBTRUS statistical report:
primary brain and central nervous system tumors diagnosed in the United States in 2011-2015. Neuro-
Oncology 2018;20 suppl_4:iv1-86.

PUBMED | CROSSREF

https://jkms.org https://doi.org/10.3346/jkms.2023.38.€258 20/24


https://jkms.org/DownloadSupplMaterial.php?id=10.3346/jkms.2023.38.e258&fn=jkms-38-e258-s001.doc
https://jkms.org/DownloadSupplMaterial.php?id=10.3346/jkms.2023.38.e258&fn=jkms-38-e258-s002.doc
https://jkms.org/DownloadSupplMaterial.php?id=10.3346/jkms.2023.38.e258&fn=jkms-38-e258-s003.doc
https://jkms.org/DownloadSupplMaterial.php?id=10.3346/jkms.2023.38.e258&fn=jkms-38-e258-s004.doc
https://jkms.org/DownloadSupplMaterial.php?id=10.3346/jkms.2023.38.e258&fn=jkms-38-e258-s005.doc
https://jkms.org/DownloadSupplMaterial.php?id=10.3346/jkms.2023.38.e258&fn=jkms-38-e258-s006.doc
http://www.ncbi.nlm.nih.gov/pubmed/30445539
https://doi.org/10.1093/neuonc/noy131

Epigenetic Regulation in the T Cell of Glioblastoma

JKMS

https://jkms.org

2. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The 2021 WHO classification
of tumors of the central nervous system: a summary. Neuro-Oncology 2021;23(8):1231-51.
PUBMED | CROSSREF
3. DhoYS, Jung KW, Ha]J, Seo Y, Park CK, Won Y], et al. An updated nationwide epidemiology of primary
brain tumors in Republic of Korea, 2013. Brain Tumor Res Treat 2017;5(1):16-23.
PUBMED | CROSSREF
4. Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N, Weller M, et al. MGMT gene silencing and
benefit from temozolomide in glioblastoma. N Engl ] Med 2005;352(10):997-1003.
PUBMED | CROSSREF
5. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, et al. Effects of radiotherapy
with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a
randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol 2009;10(5):459-66.
PUBMED | CROSSREF
6. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. Structural and functional features
of central nervous system lymphatic vessels. Nature 2015;523(7560):337-41.
PUBMED | CROSSREF
7. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey CL, et al. Overall survival with
combined nivolumab and ipilimumab in advanced melanoma. N Engl | Med 2017;377(14):1345-56.
PUBMED | CROSSREF
8. Buerki RA, Chheda ZS, Okada H. Immunotherapy of primary brain tumors: facts and hopes. Clin Cancer
Res 2018;24(21):5198-205.
PUBMED | CROSSREF
9. Reardon DA, Omuro A, Brandes AA, Rieger J, Wick A, SepulvedaJ, et al. 0S10.3 randomized phase
3 study evaluating the efficacy and safety of nivolumab vs bevacizumab in patients with recurrent
glioblastoma: CheckMate 143. Neuro-Oncology 2017;19 Suppl 3:iii21.
CROSSREF
10. Omuro A, Vlahovic G, Lim M, Sahebjam S, Baehring J, Cloughesy T, et al. Nivolumab with or without
ipilimumab in patients with recurrent glioblastoma: results from exploratory phase I cohorts of
CheckMate 143. Neuro-Oncology 2018;20(5):674-86.
PUBMED | CROSSREF
11. Nayak L, Molinaro AM, Peters K, Clarke JL, Jordan JT, de GrootJ, et al. Randomized phase Il and
biomarker study of pembrolizumab plus bevacizumab versus pembrolizumab alone for patients with
recurrent glioblastoma. Clin Cancer Res 2021;27(4):1048-57.
PUBMED | CROSSREF
12. Sampson JH, Omuro AM, Preusser M, Lim M, Butowski NA, Cloughesy TF, et al. A randomized, phase
3, open-label study of nivolumab versus temozolomide (TMZ) in combination with radiotherapy (RT)
in adult patients (pts) with newly diagnosed, O-6-methylguanine DNA methyl-transferase (MGMT)-
unmethylated glioblastoma (GBM): CheckMate-498. ] Clin Oncol 2016;34(15):TPS2079.
CROSSREF
13. Weller M, Vlahovic G, Khasraw M, Brandes AA, Zwirtes R, Tatsuoka K, et al. A randomized phase 2,
single-blind study of temozolomide (TMZ) and radiotherapy (RT) combined with nivolumab or placebo
(PBO) in newly diagnosed adult patients (pts) with tumor O6-methylguanine DNA methyltransferase
(MGMT)-methylated glioblastoma (GBM)—CheckMate-548. Ann Oncol 2016;27 Suppl 6:VI113.
CROSSREF
14. Han S, MaE, Wang X, Yu C, Dong T, Zhan W, et al. Rescuing defective tumor-infiltrating T-cell
proliferation in glioblastoma patients. Oncol Lett 2016;12(4):2924-9.
PUBMED | CROSSREF
15. Woroniecka KI, Rhodin KE, Chongsathidkiet P, Keith KA, Fecci PE. T-cell dysfunction in glioblastoma:
applying a new framework. Clin Cancer Res 2018;24(16):3792-802.
PUBMED | CROSSREF
16. Yeo AT, Charest A. Immune checkpoint blockade biology in mouse models of glioblastoma. J Cell Biochem
2017;118(9):2516-27.
PUBMED | CROSSREF
17.  Ozdemir BC, Siefker-Radtke AO, Campbell MT, Subudhi SK. Current and future applications of novel
immuno-therapies in urological oncology: a critical review of the literature. Eur Urol Focus 2018;4(3):442-54.
PUBMED | CROSSREF
18. Casado ]G, Soto R, DelaRosa O, Peralbo E, del Carmen Mufloz-Villanueva M, Rioja L, et al. CD8 T
cells expressing NK associated receptors are increased in melanoma patients and display an effector
phenotype. Cancer Immunol Immunother 2005;54(12):1162-71.
PUBMED | CROSSREF
https://doi.org/10.3346/jkms.2023.38.€258 21/24


http://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.1093/neuonc/noab106
http://www.ncbi.nlm.nih.gov/pubmed/28516074
https://doi.org/10.14791/btrt.2017.5.1.16
http://www.ncbi.nlm.nih.gov/pubmed/15758010
https://doi.org/10.1056/NEJMoa043331
http://www.ncbi.nlm.nih.gov/pubmed/19269895
https://doi.org/10.1016/S1470-2045(09)70025-7
http://www.ncbi.nlm.nih.gov/pubmed/26030524
https://doi.org/10.1038/nature14432
http://www.ncbi.nlm.nih.gov/pubmed/28889792
https://doi.org/10.1056/NEJMoa1709684
http://www.ncbi.nlm.nih.gov/pubmed/29871908
https://doi.org/10.1158/1078-0432.CCR-17-2769
https://doi.org/10.1093/neuonc/nox036.071
http://www.ncbi.nlm.nih.gov/pubmed/29106665
https://doi.org/10.1093/neuonc/nox208
http://www.ncbi.nlm.nih.gov/pubmed/33199490
https://doi.org/10.1158/1078-0432.CCR-20-2500
https://doi.org/10.1200/JCO.2016.34.15_suppl.TPS2079
https://doi.org/10.1093/annonc/mdw367.34
http://www.ncbi.nlm.nih.gov/pubmed/27703529
https://doi.org/10.3892/ol.2016.4944
http://www.ncbi.nlm.nih.gov/pubmed/29593027
https://doi.org/10.1158/1078-0432.CCR-18-0047
http://www.ncbi.nlm.nih.gov/pubmed/28230277
https://doi.org/10.1002/jcb.25948
http://www.ncbi.nlm.nih.gov/pubmed/29056275
https://doi.org/10.1016/j.euf.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/15889254
https://doi.org/10.1007/s00262-005-0682-5

Epigenetic Regulation in the T Cell of Glioblastoma

JKMS

https://jkms.org

19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Fourcade J, Sun Z, Chauvin JM, Ka M, Davar D, Pagliano O, et al. CD226 opposes TIGIT to disrupt Tregs in
melanoma. JCI Insight 2018;3(14):e121157.

PUBMED | CROSSREF

Kim HD, Park S, Jeong S, Lee YJ, Lee H, Kim CG, et al. 4-1BB delineates distinct activation status of
exhausted tumor-infiltrating CD8+ T cells in hepatocellular carcinoma. Hepatology 2020;71(3):955-71.
PUBMED | CROSSREF

Ye Q, Song DG, Poussin M, Yamamoto T, Best A, Li C, et al. CD137 accurately identifies and enriches for
naturally occurring tumor-reactive T cells in tumor. Clin Cancer Res 2014;20(1):44-55.
PUBMED | CROSSREF

Ladanyi A, Somlai B, Gilde K, Fejos Z, Gaudi I, Timar J. T-cell activation marker expression on tumor-
infiltrating lymphocytes as prognostic factor in cutaneous malignant melanoma. Clin Cancer Res
2004;10(2):521-30.

PUBMED | CROSSREF

Petty JK, He K, Corless CL, Vetto JT, Weinberg AD. Survival in human colorectal cancer correlates with
expression of the T-cell costimulatory molecule OX-40 (CD134). Am J Surg 2002;183(5):512-8.

PUBMED | CROSSREF

Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS, Wieland A, et al. Proliferation of PD-1+ CD8
T cells in peripheral blood after PD-I-targeted therapy in lung cancer patients. Proc Natl Acad Sci U S A
2017;114(19):4993-8.

PUBMED | CROSSREF

Zhang Y, Luo Y, Qin SL, Mu YF, Qi Y, Yu MH, et al. The clinical impact of ICOS signal in colorectal cancer
patients. Oncoimmunology 2016;5(5):e1141857.

PUBMED | CROSSREF

Wen PY, Chang SM, Van den Bent MJ, Vogelbaum MA, Macdonald DR, Lee EQ. Response assessment in
neuro-oncology clinical trials. J Clin Oncol 2017;35(21):2439-49.

PUBMED | CROSSREF

Lee YM, Kim SH, Kim MS, Kim DC, Lee EH, Lee JS, et al. Epigenetic role of histone lysine methyltransferase
and demethylase on the expression of transcription factors associated with the epithelial-to-mesenchymal
transition of lung adenocarcinoma metastasis to the brain. Cancers (Basel) 2020;12(12):3632-53.

PUBMED | CROSSREF

EngJ. Receiver operating characteristic analysis: a primer. Acad Radiol 2005;12(7):909-16.

PUBMED | CROSSREF

Wiencke JK, Accomando WP, Zheng S, Patoka J, Dou X, Phillips JJ, et al. Epigenetic biomarkers of T-cells
in human glioma. Epigenetics 2012;7(12):1391-402.

PUBMED | CROSSREF

Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, Baron U, et al. DNA methylation controls Foxp3
gene expression. Eur ] Immunol 2008;38(6):1654-63.

PUBMED | CROSSREF

Floess S, Freyer ], Siewert C, Baron U, Olek S, Polansky J, et al. Epigenetic control of the foxp3 locus in
regulatory T cells. PLoS Biol 2007;5(2):€38.

PUBMED | CROSSREF

Wilson CB, Makar KW, Shnyreva M, Fitzpatrick DR. DNA methylation and the expanding epigenetics of T
cell lineage commitment. Semin Immunol 2005;17(2):105-19.

PUBMED | CROSSREF

Sharma P, Allison JP. Immune checkpoint targeting in cancer therapy: toward combination strategies with
curative potential. Cell 2015;161(2):205-14.

PUBMED | CROSSREF

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer
2012;12(4):252-64.

PUBMED | CROSSREF

Binder DC, Davis AA, Wainwright DA. Immunotherapy for cancer in the central nervous system: Current
and future directions. Oncoimmunology 2015;5(2):€1082027.

PUBMED | CROSSREF

ZengJ, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick ], et al. Anti-PD-1 blockade and stereotactic
radiation produce long-term survival in mice with intracranial gliomas. Int | Radiat Oncol Biol Phys
2013;86(2):343-9.

PUBMED | CROSSREF

Reardon DA, Freeman G, Wu C, Chiocca EA, Wucherpfennig KW, Wen PY, et al. Immunotherapy
advances for glioblastoma. Neuro-Oncology 2014;16(11):1441-58.

PUBMED | CROSSREF

https://doi.org/10.3346/jkms.2023.38.€258 29/24


http://www.ncbi.nlm.nih.gov/pubmed/30046006
https://doi.org/10.1172/jci.insight.121157
http://www.ncbi.nlm.nih.gov/pubmed/31353502
https://doi.org/10.1002/hep.30881
http://www.ncbi.nlm.nih.gov/pubmed/24045181
https://doi.org/10.1158/1078-0432.CCR-13-0945
http://www.ncbi.nlm.nih.gov/pubmed/14760073
https://doi.org/10.1158/1078-0432.CCR-1161-03
http://www.ncbi.nlm.nih.gov/pubmed/12034383
https://doi.org/10.1016/S0002-9610(02)00831-0
http://www.ncbi.nlm.nih.gov/pubmed/28446615
https://doi.org/10.1073/pnas.1705327114
http://www.ncbi.nlm.nih.gov/pubmed/27467961
https://doi.org/10.1080/2162402X.2016.1141857
http://www.ncbi.nlm.nih.gov/pubmed/28640707
https://doi.org/10.1200/JCO.2017.72.7511
http://www.ncbi.nlm.nih.gov/pubmed/33291558
https://doi.org/10.3390/cancers12123632
http://www.ncbi.nlm.nih.gov/pubmed/16039544
https://doi.org/10.1016/j.acra.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23108258
https://doi.org/10.4161/epi.22675
http://www.ncbi.nlm.nih.gov/pubmed/18493985
https://doi.org/10.1002/eji.200838105
http://www.ncbi.nlm.nih.gov/pubmed/17298177
https://doi.org/10.1371/journal.pbio.0050038
http://www.ncbi.nlm.nih.gov/pubmed/15737572
https://doi.org/10.1016/j.smim.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25860605
https://doi.org/10.1016/j.cell.2015.03.030
http://www.ncbi.nlm.nih.gov/pubmed/22437870
https://doi.org/10.1038/nrc3239
http://www.ncbi.nlm.nih.gov/pubmed/27057463
https://doi.org/10.1080/2162402X.2015.1082027
http://www.ncbi.nlm.nih.gov/pubmed/23462419
https://doi.org/10.1016/j.ijrobp.2012.12.025
http://www.ncbi.nlm.nih.gov/pubmed/25190673
https://doi.org/10.1093/neuonc/nou212

Epigenetic Regulation in the T Cell of Glioblastoma

JKMS

https://jkms.org

38. HodiFS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved survival with
ipilimumab in patients with metastatic melanoma. N Engl ] Med 2010;363(8):711-23.
PUBMED | CROSSREF

39. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, activity, and
immune correlates of anti-PD-1 antibody in cancer. N Engl | Med 2012;366(26):2443-54.
PUBMED | CROSSREF

40. Fecci PE, Ochiai H, Mitchell DA, Grossi PM, Sweeney AE, Archer GE, et al. Systemic CTLA-4 blockade
ameliorates glioma-induced changes to the CD4+ T cell compartment without affecting regulatory T-cell
function. Clin Cancer Res 2007;13(7):2158-67.
PUBMED | CROSSREF

41. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science 2018;359(6382):1350-5.
PUBMED | CROSSREF

42. Juneja VR, McGuire KA, Manguso RT, LaFleur MW, Collins N, Haining WN, et al. PD-L1 on tumor cells
is sufficient for immune evasion in immunogenic tumors and inhibits CD8 T cell cytotoxicity. ] Exp Med
2017;214(4):895-904.
PUBMED | CROSSREF

43. Diskin B, Adam S, Cassini MF, Sanchez G, Liria M, Aykut B, et al. PD-L1 engagement on T cells promotes
self-tolerance and suppression of neighboring macrophages and effector T cells in cancer. Nat Immunol
2020;21(4):442-54.
PUBMED | CROSSREF

44. Yamaguchi H, HsuJM, Yang WH, Hung MC. Mechanisms regulating PD-L1 expression in cancers and
associated opportunities for novel small-molecule therapeutics. Nat Rev Clin Oncol 2022;19(5):287-305.
PUBMED | CROSSREF

45. Green MR, Monti S, Rodig SJ, Juszczynski P, Currie T, O’Donnell E, et al. Integrative analysis reveals
selective 9p24.1 amplification, increased PD-1 ligand expression, and further induction via JAK2
in nodular sclerosing Hodgkin lymphoma and primary mediastinal large B-cell lymphoma. Blood
20105116(17):3268-77.
PUBMED | CROSSREF

46. Roemer MG, Advani RH, Ligon AH, Natkunam Y, Redd RA, Homer H, et al. PD-L1 and PD-L2 genetic
alterations define classical Hodgkin lymphoma and predict outcome. J Clin Oncol 2016;34(23):2690-7.
PUBMED | CROSSREF

47. George], Saito M, Tsuta K, Iwakawa R, Shiraishi K, Scheel AH, et al. Genomic amplification of CD274
(PD-L1) in small-cell lung cancer. Clin Cancer Res 2017;23(5):1220-6.
PUBMED | CROSSREF

48. Lu C, Paschall AV, Shi H, Savage N, Waller JL, Sabbatini ME, et al. The MLL1-H3K4me3 axis-mediated PD-
L1 expression and pancreatic cancer immune evasion. J Nat! Cancer Inst 2017;109(6):djw283.
PUBMED | CROSSREF

49. Xiao G, Jin LL, Liu CQ, Wang YC, Meng YM, Zhou ZG, et al. EZH2 negatively regulates PD-L1 expression
in hepatocellular carcinoma. | Immunother Cancer 2019;7(1):300.
PUBMED | CROSSREF

50. Emran AA, Chatterjee A, Rodger EJ, Tiffen JC, Gallagher SJ, Eccles MR, et al. Targeting DNA methylation
and EZH2 activity to overcome melanoma resistance to immunotherapy. Trends Immunol 2019;40(4):328-44.
PUBMED | CROSSREF

51. Zhangy, Xiang C, Wang Y, Duan Y, Liu C, Zhang Y. PD-L1 promoter methylation mediates the resistance
response to anti-PD-1 therapy in NSCLC patients with EGFR-TKI resistance. Oncotarget 2017;8(60):101535-44.
PUBMED | CROSSREF

52. YangH, Bueso-Ramos C, DiNardo C, Estecio MR, Davanlou M, Geng QR, et al. Expression of PD-L1,
PD-L2, PD-1 and CTLA4 in myelodysplastic syndromes is enhanced by treatment with hypomethylating
agents. Leukemia 2014;28(6):1280-8.
PUBMED | CROSSREF

53. Yangl, Tihan T, Han SJ, Wrensch MR, Wiencke J, Sughrue ME, et al. CD8+ T-cell infiltrate in newly
diagnosed glioblastoma is associated with long-term survival. J Clin Neurosci 2010;17(11):1381-5.
PUBMED | CROSSREF

54. McVicar DW, Davis DF, Merchant RE. In vitro analysis of the proliferative potential of T cells from patients
with brain tumor: glioma-associated immunosuppression unrelated to intrinsic cellular defect. | Neurosurg
1992;76(2):251-60.
PUBMED | CROSSREF

55. El Andaloussi A, Lesniak MS. An increase in CD4+CD25+FOXP3+ regulatory T cells in tumor-infiltrating
lymphocytes of human glioblastoma multiforme. Neuro-Oncology 2006;8(3):234-43.
PUBMED | CROSSREF

https://doi.org/10.3346/jkms.2023.38.€258 23/24


http://www.ncbi.nlm.nih.gov/pubmed/20525992
https://doi.org/10.1056/NEJMoa1003466
http://www.ncbi.nlm.nih.gov/pubmed/22658127
https://doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/17404100
https://doi.org/10.1158/1078-0432.CCR-06-2070
http://www.ncbi.nlm.nih.gov/pubmed/29567705
https://doi.org/10.1126/science.aar4060
http://www.ncbi.nlm.nih.gov/pubmed/28302645
https://doi.org/10.1084/jem.20160801
http://www.ncbi.nlm.nih.gov/pubmed/32152508
https://doi.org/10.1038/s41590-020-0620-x
http://www.ncbi.nlm.nih.gov/pubmed/35132224
https://doi.org/10.1038/s41571-022-00601-9
http://www.ncbi.nlm.nih.gov/pubmed/20628145
https://doi.org/10.1182/blood-2010-05-282780
http://www.ncbi.nlm.nih.gov/pubmed/27069084
https://doi.org/10.1200/JCO.2016.66.4482
http://www.ncbi.nlm.nih.gov/pubmed/27620277
https://doi.org/10.1158/1078-0432.CCR-16-1069
http://www.ncbi.nlm.nih.gov/pubmed/28131992
https://doi.org/10.1093/jnci/djw283
http://www.ncbi.nlm.nih.gov/pubmed/31727135
https://doi.org/10.1186/s40425-019-0784-9
http://www.ncbi.nlm.nih.gov/pubmed/30853334
https://doi.org/10.1016/j.it.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29254184
https://doi.org/10.18632/oncotarget.21328
http://www.ncbi.nlm.nih.gov/pubmed/24270737
https://doi.org/10.1038/leu.2013.355
http://www.ncbi.nlm.nih.gov/pubmed/20727764
https://doi.org/10.1016/j.jocn.2010.03.031
http://www.ncbi.nlm.nih.gov/pubmed/1730954
https://doi.org/10.3171/jns.1992.76.2.0251
http://www.ncbi.nlm.nih.gov/pubmed/16723631
https://doi.org/10.1215/15228517-2006-006

Epigenetic Regulation in the T Cell of Glioblastoma

JKMS

https://jkms.org

56.

57.

58.

59.

60.

61.

62.

63.

64.

065.

66.

67.

68.

Bakhshi TJ, Georgel PT. Genetic and epigenetic determinants of diffuse large B-cell lymphoma. Blood
Cancer ] 2020;10(12):123.

PUBMED | CROSSREF

Béguelin W, Rivas MA, Calvo Fernandez MT, Teater M, Purwada A, Redmond D, et al. EZH2 enables
germinal centre formation through epigenetic silencing of CDKN1A and an Rb-E2F1 feedback loop. Nat
Commun 2017;8(1):877.

PUBMED | CROSSREF

Schmitz R, Wright GW, Huang DW, Johnson CA, Phelan JD, WangJQ, et al. Genetics and pathogenesis of
diffuse large B-cell lymphoma. N Engl ] Med 2018;378(15):1396-407.

PUBMED | CROSSREF

Wagener N, Macher-Goeppinger S, Pritsch M, Hiising J, Hoppe-Seyler K, Schirmacher P, et al. Enhancer
of zeste homolog 2 (EZH2) expression is an independent prognostic factor in renal cell carcinoma. BMC
Cancer2010;10(1):524.

PUBMED | CROSSREF

Chang CJ, Hung MC. The role of EZH2 in tumour progression. Br | Cancer 2012;106(2):243-7.

PUBMED | CROSSREF

Orzan F, Pellegatta S, Poliani PL, Pisati F, Caldera V, Menghi F, et al. Enhancer of Zeste 2 (EZH2) is up-
regulated in malignant gliomas and in glioma stem-like cells. Neuropathol Appl Neurobiol 2011;37(4):381-94.
PUBMED | CROSSREF

Yin Y, Qiu S, Peng Y. Functional roles of enhancer of zeste homolog 2 in gliomas. Gene 2016;576(1 Pt
2):189-94.

PUBMED | CROSSREF

Bian EB, LiJ, He XJ, Zong G, Jiang T, LiJ, et al. Epigenetic modification in gliomas: role of the histone
methyltransferase EZH2. Expert Opin Ther Targets 2014;18(10):1197-206.

PUBMED | CROSSREF

Easwaran H, Tsai HC, Baylin SB. Cancer epigenetics: tumor heterogeneity, plasticity of stem-like states,
and drug resistance. Mol Cell 2014;54(5):716-27.

PUBMED | CROSSREF

Hyun K, Jeon J, Park K, Kim J. Writing, erasing and reading histone lysine methylations. Exp Mol Med
2017;49(4):e324.

PUBMED | CROSSREF

Sheikhzadeh F, Ward RK, van Niekerk D, Guillaud M. Automatic labeling of molecular biomarkers of
immunohistochemistry images using fully convolutional networks. PLoS One 2018;13(1):e0190783.
PUBMED | CROSSREF

Hara T, Chanoch-Myers R, Mathewson ND, Myskiw C, Atta L, Bussema L, et al. Interactions between
cancer cells and immune cells drive transitions to mesenchymal-like states in glioblastoma. Cancer Cell
2021;39(6):779-792.€11.

PUBMED | CROSSREF

Zarour HM. Reversing T-cell dysfunction and exhaustion in cancer. Clin Cancer Res 2016;22(8):1856-64.
PUBMED | CROSSREF

https://doi.org/10.3346/jkms.2023.38.€258 94/24


http://www.ncbi.nlm.nih.gov/pubmed/33277464
https://doi.org/10.1038/s41408-020-00389-w
http://www.ncbi.nlm.nih.gov/pubmed/29026085
https://doi.org/10.1038/s41467-017-01029-x
http://www.ncbi.nlm.nih.gov/pubmed/29641966
https://doi.org/10.1056/NEJMoa1801445
http://www.ncbi.nlm.nih.gov/pubmed/20920340
https://doi.org/10.1186/1471-2407-10-524
http://www.ncbi.nlm.nih.gov/pubmed/22187039
https://doi.org/10.1038/bjc.2011.551
http://www.ncbi.nlm.nih.gov/pubmed/20946108
https://doi.org/10.1111/j.1365-2990.2010.01132.x
http://www.ncbi.nlm.nih.gov/pubmed/26435191
https://doi.org/10.1016/j.gene.2015.09.080
http://www.ncbi.nlm.nih.gov/pubmed/25046371
https://doi.org/10.1517/14728222.2014.941807
http://www.ncbi.nlm.nih.gov/pubmed/24905005
https://doi.org/10.1016/j.molcel.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28450737
https://doi.org/10.1038/emm.2017.11
http://www.ncbi.nlm.nih.gov/pubmed/29351281
https://doi.org/10.1371/journal.pone.0190783
http://www.ncbi.nlm.nih.gov/pubmed/34087162
https://doi.org/10.1016/j.ccell.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27084739
https://doi.org/10.1158/1078-0432.CCR-15-1849

	Epigenetic Regulation of the Expression of T Cell Stimulatory and Inhibitory Factors by Histone H3 Lysine Modification Enzymes and Its Prognostic Roles in Glioblastoma
	INTRODUCTION
	METHODS
	Clinical data
	Immunohistochemical staining and its interpretation
	Quantitative reverse transcription-polymerase chain reaction for mRNA
	Survival analysis and statistical analysis
	Ethics statement

	RESULTS
	Results of immunohistochemical staining
	Relationship between T cell co-stimulatory/co-inhibitory factors and H3 histone lysine modification enzyme
	Survival outcome
	Case illustrations

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Table 1
	Supplementary Table 2
	Supplementary Table 3
	Supplementary Table 4
	Supplementary Fig. 1
	Supplementary Fig. 2

	REFERENCES


