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ABSTRACT
The tumor immune microenvironment (TIME) in high-grade glioma (HGG) exhibits high spatial heteroge-
neity. Though the tumor core and peripheral regions have different biological features, the cause of this 
spatial heterogeneity has not been clearly elucidated. Here, we examined the spatial heterogeneity of HGG 
using core and peripheral regions obtained separately from the patients with HGG. We analyzed infiltrating 
immune cells by flow cytometry from 34 patients with HGG and the transcriptomes by RNA-seq analysis 
from 18 patients with HGG. Peripheral region-infiltrating immune cells were in vitro cultured in hypoxic 
conditions and their immunophenotypes analyzed. We analyzed whether the frequencies of exhausted 
CD8+ T cells and immunosuppressive cells in the core or peripheral regions are associated with the survival 
of patients with HGG. We found that terminally exhausted CD8+ T cells and immunosuppressive cells, 
including regulatory T (TREG) cells and M2 tumor-associated macrophages (TAMs), are more enriched in the 
core regions than the peripheral regions. Terminally exhausted and immunosuppressive profiles in the core 
region significantly correlated with the hypoxia signature, which was enriched in the core region. 
Importantly, in vitro culture of peripheral region-infiltrating immune cells in hypoxic conditions resulted in 
an increase in terminally exhausted CD8+ T cells, CTLA-4+ TREG cells, and M2 TAMs. Finally, we found that 
a high frequency of PD-1+CTLA-4+CD8+ T cells in the core regions was significantly associated with 
decreased progression-free survival of patients with HGG. The hypoxic condition in the core region of 
HGG directly induces an immunosuppressive TIME, which is associated with patient survival.

ARTICLE HISTORY 
Received 12 August 2021  
Revised 3 January 2022  
Accepted 3 January 2022 

KEYWORDS 
High-grade glioma; immune 
cell; T cell; tumor 
microenvironment; hypoxia

Introduction

High-grade glioma (HGG) is an aggressive central nervous system 
(CNS) tumor, comprising World Health Organization (WHO) 
grade 3 (e.g., anaplastic astrocytoma and anaplastic oligodendro-
glioma) and grade 4 (e.g., glioblastoma) tumors,1 and representing 
24.1% of primary brain tumors.2 Despite a standard treatment 
regimen, prognosis remains poor because of high heterogeneity of 
inter/intra-tumor and the complex mechanism underlying HGG 
tumorigenesis.3

The CNS has traditionally been considered an immunologically 
privileged site because it is sequestered by the blood-brain barrier 
(BBB). However, a lymphatic system was recently discovered in 
the CNS, indicating that it is an immunologically active site.4 

Moreover, the BBB is compromised in brain tumors and, as in 
other tumors, diverse immune cells infiltrate the brain tumor 
tissue.5 Brain tumor-infiltrating immune cells include not only 
anti-tumor effector cells, but also various anti-inflammatory cells 
that contribute to the immunosuppressive brain tumor-immune 

microenvironment (TIME).6,7 Therefore, tumor-infiltrating 
immune cells are an attractive target for modulating the TIME 
for HGG therapy.

In tumor tissues, CD8+ T cells are a part of the immune 
infiltrate and key effectors with anti-tumor functions. 
However, upon chronic persistent stimulation by tumor anti-
gen, CD8+ T cells differentiate into a dysfunctional or 
exhausted state.8,9 Exhausted CD8+ T cells are characterized 
by high expression of immune checkpoint inhibitory receptors, 
including programmed cell death protein 1 (PD-1), cytotoxic 
T-lymphocyte antigen 4 (CTLA-4), T-cell immunoglobulin 
and mucin-domaincontaining-3 (TIM-3), and T-cell immuno-
globulin and immunoreceptor tyrosine-based inhibitory motif 
domain (TIGIT).10–14 Moreover, several transcriptional fac-
tors/DNA-binding factors are known to regulate the exhaus-
tion and differentiation of CD8+ T cells, including Eomes, 
T-bet, TCF-1, and TOX.15–19 In HGG, previous studies have 
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shown increased expression of immune checkpoint inhibitory 
receptors on tumor-infiltrating CD8+ T cells20,21 and termin-
ally exhausted features.22

In addition to CD8+ T cells, regulatory T (TREG) cells 
infiltrate tumors and suppress anti-tumor immune 
responses.23 TREG cells in tumors exhibit a highly activated 
phenotype with strong expression of PD-1, CTLA-4, OX40, 
and other molecules.24,25 Various tumors also contain tumor- 
associated macrophages (TAMs), which express immunosup-
pressive cytokines and reduce the anti-tumor activity.26,27 In 
particular, TAMs differentiate into polarized M2 cells when 
exposed to tumor-derived IL-4, M-CSF, transforming growth 
factor (TGF)-β, or other molecules.28,29 Several studies have 
demonstrated the infiltration of TREG cells and M2-type TAMs 
in HGG.30–34

The tumor core and peripheral regions have already been 
shown to have different biological features. In general, core 
regions are more hypoxic and acidic than peripheral 
regions.35–37 In addition, core regions have more TREG cells, 
myeloid-derived suppressor cells, and TAMs than peripheral 
regions,38,39 indicating that the microenvironment in core 
regions is more immunosuppressive than that in the peripheral 
regions. This is in line with the tumor core and peripheral 
regions having different microenvironments in HGG.40–42 In 
single-cell transcriptomic analysis of HGG tissues, core regions 
demonstrated more myeloid cells with hypoxic features.41 In 
addition, an immunohistochemistry study of HGG revealed 
that core regions have more exhausted and suppressive 
immune cells than peripheral regions.42 However, previous 
studies did not determine why core regions have more 
exhausted and suppressive immune cells in HGG. In addition, 
the clinical relevance of T-cell exhaustion and suppressive 
immune cells in the core/peripheral regions remains to be 
elucidated.

In the present study, we examined differences in the com-
position and phenotypes of tumor-infiltrating immune cells 
between the core and peripheral regions of HGG using multi- 
color flow cytometric analysis. We also examined transcrip-
tional differences between the core and peripheral regions 
using RNA-seq analysis. We show that the core regions have 
more exhausted CD8+ T cells and immunosuppressive cells 
and demonstrate that the hypoxic condition directly increases 
CD8+ T-cell exhaustion and immunosuppressive cells in an 
in vitro culture system. Finally, we show that the relative 
frequency of severely exhausted CD8+ T cells in core regions 
is significantly associated with patient survival.

Materials and methods

Patient characteristics

Thirty four patients with HGG were enrolled in this study. 
The patients had homogeneously undergone current best 
clinical practice including maximal safe resection (complete 
resection in all cases) and adjuvant radiotherapy and che-
motherapy depending on their WHO grades. Informed con-
sent was obtained from all patients included in this study in 
accordance with the institutional review board at Seoul 
National University Hospital (IRB approval no. H-1902- 

062-1010). The clinicopathological characteristics of the 
patients are presented in Table S1. The patients whose sam-
ples were used in this study did not receive any prior treat-
ment other than routine short-course steroids and anti- 
epileptic drugs. Intravenous dexamethasone (4 mg) was uni-
formly administered to all patients four times in the 24 hours 
prior to surgery to enhance the intraoperative fluorescence of 
the tumor tissue.

Tissue collection

Fresh tumor tissues were obtained from 34 patients under-
going surgical resection of HGG after oral administration of 
5-aminolevulinic acid (5-ALA, Gliolan®; Medac, Wedel, 
Germany).43,44 Histological diagnosis consisted of 26 glioblas-
tomas (GBMs), 4 anaplastic oligodendrogliomas (AOs), and 4 
anaplastic astrocytomas (AAs). Tissue specimens were col-
lected separately from the core and peripheral areas of tumor 
tissue showing positive and negative fluorescence, respectively, 
and immersed in RPMI media at room temperature immedi-
ately after surgical resection. The MACS brain tumor dissocia-
tion kit (Miltenyi Biotec, Auburn, CA, USA) and 
gentleMACSTM Dissociators (Miltenyi Biotec) were used to 
dissociate the tissue samples within 2 hours after collection, 
and debris was removed using MACS Debris Removal Solution 
(Miltenyi Biotec) according to the manufacturer’s protocol. 
Only the samples with cell viability > 80% after dissociation 
were used in this study. Isolated single cells were cryopreserved 
until further use.

Flow cytometry

Cryopreserved single cell suspensions were thawed and stained 
using the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit 
(Invitrogen, Carlsbad, CA, USA). The cells were then washed 
once and stained with fluorochrome-conjugated antibodies in 
the dark at 4°C for 20 minutes. For intracellular staining, the 
cells were fixed and permeabilized using the Foxp3 staining 
buffer kit (eBioscience) following the manufacturer’s instruc-
tions. Multicolor flow cytometry was performed using an LSR 
II flow cytometer (BD Bioscience, NJ, USA) and the data 
analyzed by FlowJo V10 software (Treestar, San Carlos, CA, 
USA). The antibodies used for flow cytometry are listed in 
Table S2.

Cell quantification analysis

The number of isolated live single cells from tumor tissues was 
measured as the cell number/gram of tumor tissue. In flow 
cytometric analysis, the percentage of CD45+ cells among the 
total singlet cells was first determined. Each immune cell subset 
was identified by specific lineage markers. The gating strategy 
for each immune cell subset is presented in Figure S1. The 
percentage of each immune cell subset among the CD45+ cells 
was determined, and the number of cells in each immune cell 
subset was calculated as the cell number/gram of tumor tissue 
by multiplying the above values.45
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RNA sequencing

Total RNA was isolated from the core and peripheral areas of 
tumor tissue obtained from 18 GBM patients using the RNeasy 
Lipid Tissue Mini Kit (Qiagen, Maryland, USA). The compa-
tible library was prepared using the TruSeq stranded total RNA 
LT sample prep kit (Illumina, San Diego, CA, USA) according 
to the manufacturer’s instructions. Sequencing was achieved 
with the NovaSeq 6000 system (Illumina). Paired-end reads 
with 75 base pairs were aligned to the human reference genome 
using STAR (v 2.7.2).46 Read counts were normalized for 
effective library size, and differentially expressed genes were 
analyzed using DESeq2.47

In vitro hypoxic cultures of tumor-infiltrating immune cells

To validate hypoxic conditions, cryopreserved cells from 
the dissociated peripheral tumor were thawed, suspended 
in RPMI-1640 medium (WelGENE, Republic of Korea) 
containing 10% FBS (Corning, Arizona, USA) and 1% 
penicillin/streptomycin (WelGENE) without any cytokines 
and incubated in the presence of 0.5 μM Image-iT Green 
Hypoxia Reagent (Invitrogen) for 6 hours under 21% or 1% 
oxygen using invivO2 400 (RUSKINN BAKER, UK). To 
examine the effect of hypoxia on the immunophenotypes 
of tumor-infiltrating cells, thawed cells were suspended in 
the medium and incubated for 72 hours under 21% or 1% 
oxygen.

In addition, to examine the effect of hypoxia on the prolif-
eration of CD8+ T cells from the peripheral region of HGG, 
thawed cells were labeled with CellTrace Violet (CTV; 
Invitrogen) according to the manufacturer’s instructions. 
CTV-labeled cells were suspended in the medium and stimu-
lated with 1 ng/ml plate-bound anti-CD3 (clone OKT3; 
eBioscience) for 96 hours under 21% or 1% oxygen. The pro-
liferation of CD8+ T cells was analyzed by CTV dilution.

Statistics

Statistical analyses were performed using Prism 7 (GraphPad 
Software) and verified using R (v 4.1.0). The D’Agostino- 
Pearson normality test was used to examine the distribution 
of variables in each statistical analysis. We used the paired 
student’s t-test and Wilcoxon matched-pairs signed rank test 
for parametric and non-parametric data, respectively. 
A Spearman correlation test was performed to assess the sig-
nificance of the statistical correlation. Kaplan-Meier curves 
with the log-rank test were used to compare survival outcomes. 
Hazard ratios were calculated using multivariate Cox propor-
tional hazard models. Significance was set at P < .05.

In RNA sequencing data analysis, differentially expressed 
genes were defined by an adjusted p-value < .05 and an absolute 
fold change > 2. Gene set enrichment analysis was conducted 
with gene sets in the MSigDB Collection (h.all.v7.0.symbols. 
gmt) using the R package clusterProfiler (v 3.14).48 The enrich-
ment score for each sample was determined by single sample 
enrichment analysis with gene sets (h.all.v7.0.symbols.gmt; c5. 
bp.v7.0.symbols.gmt) in the R package GSVA (v 3.12).49

Results

Immune cell compositions are different between the core 
and peripheral regions of HGG

In the present study, we obtained the core and peripheral regions 
of HGG (n = 34), prepared single-cell suspensions, and examined 
the immune cell composition by flow cytometry, including CD3+, 
CD4+, and CD8+ T cells, NK cells, B cells, monocytes, and den-
dritic cells (DCs) among CD45+ cells (Figure S1 and S2). The 
relative frequencies of CD3+ and CD4+ T cells and monocytes 
were significantly higher in the core region than in the peripheral 
region, whereas the relative frequencies of CD8+ T cells, NK cells, 
and B cells were not different between the core and peripheral 
regions (P = .0008 for CD3+ cells, P < .0001 for CD4+ cells, 
P = .1012 for CD8+ cells, P = .1862 for CD56+ cells, P = .2491 for 
CD19+ cells, P < .0001 for CD68+ cells, P = .0087 for CD163+ cells, 
P < .0001 for CD14+ cells; Figure 1a, Figure S3a). The relative 
frequency of DCs was higher in the peripheral region than in the 
core region (P < .0001). In addition, we analyzed the absolute 
numbers of immune cells. The number of CD45+ cells was sig-
nificantly higher in the core region than in the peripheral region 
(P < .0001; Figure S3b). The numbers of CD3+, CD4+, and CD8+ 

T cells, NK cells, and monocytes were significantly higher in the 
core region than in the peripheral region, whereas the number of 
B cells was not different between the core and peripheral regions 
(P < .0001 for CD3+ cells, P < .0001 for CD4+ cells, P < .0001 for 
CD8+ cells, P = .0005 for CD56+ cells, P = .2702 for CD19+ cells, 
P = .0003 for CD68+ cells, P = .003 for CD163+ cells, P = .0001 for 
CD14+ cells; Figure S3c). The number of DCs was higher in the 
peripheral region than in the core region (P = .0178).

The expression levels of activation markers of CD11 c+ cells, 
including CD80, CD86, and MHC class II (MHC-II), were also 
significantly higher in the peripheral region than in the core 
region (P = .0156 for CD80, P = .0469 for CD86, P = .0469 for 
MHC-II; Figure S4). These data indicate that the core and 
peripheral regions have different immune cell compositions.

CD8+ T cells in the core region exhibit a more severely 
exhausted phenotype

Although the relative frequency of CD8+ T cells did not differ 
between the core and peripheral regions, we focused on the 
phenotypic difference in CD8+ T cells between the two regions 
because CD8+ T-cell exhaustion is a hallmark in the TIME. First, 
we examined the expression of various immune checkpoint co- 
inhibitory receptors, including PD-1, CTLA-4, and TIM-3. The 
percentage of CTLA-4+ cells among CD8+ T cells was significantly 
higher in the core region than in the peripheral region (P = .0023), 
whereas the percentage of cells expressing the other receptors was 
not (P = .0819 for PD-1+ cells, P = .5656 for Tim-3+ cells; Figure 1b, 
Figure S5a). We examined the expression level of PD-1 on PD- 
1+CD8+ T cells and found that it was significantly higher in the 
core region than in the peripheral region (P = .0273; Figure 1c, 
Figure S5b). In addition, the percentage of PD-1+CTLA-4+ cells 
among CD8+ T cells was significantly higher in the core region 
than in the peripheral region (P < .0001; Figure 1d, Figure S5c). 
However, we found no difference in the expression of co- 
stimulating receptors, including TIGIT, 4–1BB, and OX40 
(P = .058 for TIGIT+ cells, P = .4037 for 4–1BB+ cells, P = .2312 
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for OX40+ cells; Figure S5d). The absolute numbers of CD8+ 

T cells expressing PD-1, CTLA-4, TIM-3, TIGIT, and 4–1BB 
were significantly higher in the core region than in the peripheral 
region (P < .0001 for PD-1+ cells, P < .0001 for CTLA-4+ cells, 
P = .0015 for TIM-3+ cells, P = .001 for TIGIT+ cells, P = .0042 for 
4–1BB+ cells, P = .4037 for OX40+ cells; Figure S6a). In addition, 
the absolute number of PD-1+CTLA-4+CD8+ T cells was signifi-
cantly higher in the core region than in the peripheral region 
(P < .0001; Figure S6b). These data suggest that CD8+ T cells in 
the core region are more severely exhausted than those in the 
peripheral region of HGG.

Next, to analyze the differentiation status of CD8+ T cells, we 
examined the expression of transcriptional factors related to T-cell 
differentiation. EomeshiT-betloCD8+ T cells are terminally differ-
entiated cells, whereas EomesloT-bethiCD8+ T cells are progenitor- 
like cells among exhausted CD8+ T cells.15,50 We found that the 
percentage of EomeshiT-betlo cells among CD8+ T cells was sig-
nificantly higher in the core region than in the peripheral region 
(P < .0001), whereas the percentage of EomesloT-bethi cells was not 

different (P = .6853; Figure 1e, Figure S5e). In addition, the 
percentage of cells expressing CD127, another marker of progeni-
tor-like cells, among CD8+ T cells was significantly lower in the 
core region than in the peripheral region (P = .025; Figure 1f, 
Figure S5f). The absolute numbers of EomeshiT-betloCD8+ T cells, 
EomesloT-bethiCD8+ T cells, and CD127+CD8+ T cells were sig-
nificantly higher in the core region than in the peripheral region 
(P < .0001 for EomeshiT-betlo cells, P = .0036 for EomesloT-bethi 

cells, P = .0076 for CD127+ cells; Figure S6c, d). These data indicate 
that CD8+ T cells in the core region are more terminally exhausted 
than those in the peripheral region of HGG.

Immunosuppressive cells are more predominant in the 
core region

We also compared the relative frequency of immunosuppres-
sive cells between the core and peripheral regions, including 
Foxp3+CD25+CD127loCD4+ TREG cells and 

Figure 1. Immune cell composition and phenotypes of CD8+ T cells in the core and peripheral regions of HGG. Immune cell compositions (a) and paired tumor 
core and peripheral region-infiltrating CD8+ T cells (b-f) from HGG patients were analyzed by flow cytometry (n = 34). (a) The percentages of respective immune cells 
among CD45+ cells from the tumor core and peripheral regions. ns, not significant; ** P < .01; *** P < .001; **** P < .0001; Wilcoxon matched-pairs signed rank test. (b) 
The percentages of PD-1+, CTLA-4+, and TIM-3+ (n = 34) cells among CD8+ T cells from paired tumor core and peripheral regions. ns, not significant; ** P < .01; Wilcoxon 
matched-pairs signed rank test. (c) The expression level of PD-1 among PD-1+CD8+ T cells from paired tumor core and peripheral regions (n = 34). * P < .05; Wilcoxon 
matched-pairs signed rank test. (d) Representative flow plot from a patient (no. 12). The percentages of PD-1+CTLA-4+ cells among CD8+ T cells from paired tumor core 
and peripheral regions (n = 34). **** P < .0001; Wilcoxon matched-pairs signed rank test. (e) Representative flow plot from a patient (no. 12). The percentages of 
EomeshiT-betlo cells and EomesloT-bethi cells among CD8+ T cells from paired tumor core and peripheral regions (n = 34). ns, not significant; **** P < .0001; Wilcoxon 
matched-pairs signed rank test. (f) Representative flow plot from a patient (no. 12). The percentages of CD127+ cells among CD8+ T cells from paired tumor core and 
peripheral regions (n = 16). * P < .05; Wilcoxon matched-pairs signed rank test. All results were presented means ± SD (standard deviation).
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CD163+CD68+CD14+ M2 TAMs. We found that the percen-
tage of TREG cells among CD45+ cells was significantly higher 
in the core region than in the peripheral region (P < .0001; 
Figure 2a, Figure S7a). We also analyzed TREG subpopulations, 
including CD45RA+Foxp3lo naïve TREG cells and 
CD45RA−Foxp3hi activated TREG cells, which are known to 
exert stronger suppressive functions than naïve TREG cells. 
We found that the percentage of activated TREG cells was 
significantly higher in the core region than in the peripheral 
region (P < .0001; Figure 2b, Figure S7b). The percentage of 
naïve TREG cells was close to 0 in both the core and peripheral 
regions. The absolute numbers of TREG cells, naïve TREG cells, 
and activated TREG cells were significantly higher in the core 
region than in the peripheral region (P < .0001 for TREG cells, 
P < .0001 for naïve TREG cells, P < .0001 for activated TREG cells; 
Figure S8a, b).

Next, we analyzed phenotype markers that are known to be 
upregulated in TREG cells, including PD-1, CTLA-4, TIGIT, 4– 
1BB, and OX40. The percentages of cells expressing these 
markers among TREG cells were significantly higher in the 
core region than in the peripheral region (P < .0001 for PD- 
1+ cells, P = .0016 for CTLA-4+ cells, P < .0001 for TIGIT+ cells, 
P = .0034 for 4–1BB+ cells, P < .0001 for OX40+ cells; Figure 2c, 
Figure S7c). Notably, CTLA-4 is directly involved in the sup-
pressive function of TREG cells.51,52 The absolute numbers of 
TREG cells expressing these markers were also significantly 
higher in the core region than in the peripheral region 

(P < .0001 for PD-1+ cells, P < .0001 for CTLA-4+ cells, 
P < .0001 for TIGIT+ cells, P < .0001 for 4–1BB+ cells, 
P < .0001 for OX40+ cells; Figure S8c).

We also found that the percentage of non-TREG cells 
(Foxp3−CD25−CD4+ cells) among CD45+ cells was signifi-
cantly higher in the core region than in the peripheral region 
(P < .0001; Figure S9a). In addition, the percentages of cells 
expressing PD-1, CTLA-4, TIGIT, and 4–1BB among 
non-TREG cells were significantly higher in the core region 
than in the peripheral region (P = .0003 for PD-1+ cells, 
P = .0061 for CTLA-4+ cells, P < .0001 for TIGIT+ cells, 
P = .0226 for 4–1BB+ cells, P = .8774 for OX40+ cells; Figure 
S9b). The absolute numbers of non-TREG cells and non-TREG 
cells expressing PD-1, CTLA-4, TIGIT, 4–1BB, and OX40 were 
significantly higher in the core region than in the peripheral 
region (P < .0001 for PD-1+ cells, P < .0001 for CTLA-4+ cells, 
P < .0001 for TIGIT+ cells, P = .0002 for 4–1BB+ cells, P < .0001 
for OX40+ cells; Figure S10).

Moreover, we found that the percentages of CD163+CD14+ 

cells (M2 monocytes), CD68+CD14+ cells (TAMs), and 
CD163+CD68+CD14+ cells (M2 TAMs) among CD45+ cells 
were significantly higher in the core region than in the periph-
eral region (P < .0001 for all; Figure 3a, Figure S11a). Among 
CD14+ cells, we found that the percentages of CD68+ cells and 
CD163+CD68+ cells were significantly higher in the core region 
than in the peripheral region (P = .0002 for CD68+ cells, 
P = .0004 for CD163+CD68+ cells), whereas the percentages 

Figure 2. The infiltration and phenotypes of TREG cells in the core and peripheral regions of HGG. (a) The percentages of Foxp3+CD25+CD127loCD4+ T cells (TREG 

cells) among CD45+ cells from paired tumor core and peripheral regions (n = 34). **** P < .0001; Wilcoxon matched-pairs signed rank test. (b) The expression of Foxp3 
and CD45RA among CD127loCD4+ T cells from paired tumor core and peripheral regions shown as representative plot from a patient (no. 12). The percentages of 
CD45RA+Foxp3lo cells (naïve TREG cells) and CD45RA−Foxp3hi cells (activated TREG cells) among CD4+ T cells from paired tumor core and peripheral regions (n = 33). ns, 
not significant; **** P < .0001; Wilcoxon matched-pairs signed rank test. (c) The percentages of PD-1+, CTLA-4+, TIGIT+, 4–1BB+, and OX40+ cells among TREG cells from 
paired tumor core and peripheral regions (n = 33). ** P < .01; **** P < .0001; Wilcoxon matched-pairs signed rank test. All results were presented means ± SD (standard 
deviation).
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of CD163+ cells were not different (P = .1349; Figure 3b, Figure 
S11b). The absolute numbers of M2 monocytes, TAMs, and 
M2 TAMs were significantly higher in the core region than in 
the peripheral region (Figure S12). Taken together, the results 
indicate that the core region of HGG has a more immunosup-
pressive environment both quantitatively and qualitatively 
than the peripheral region.

The hypoxia signature is enriched in the core region

To determine why the core region has more severely exhausted 
CD8+ T cells and more immunosuppressive cells, we examined 
the transcriptomic characteristics of the core and peripheral 
regions in grade 4 tumors (18 pairs) using RNA-seq analysis 
(Figure 4a). To identify significant biological features of differ-
entially expressed genes (DEGs), we performed gene set 
enrichment analysis using hallmark gene sets from MsigDB. 
Hypoxia, angiogenesis, and TGF-β signaling-related gene sig-
natures were significantly enriched in the core region com-
pared to the peripheral region (NES = 2.163, adj P < .001 for 
Hypoxia, NES = 2.35, adj P < .001 for Angiogenesis, 
NES = 1.507, adj P = .031 for TGF-β signaling) (Figure 4b). 
Next, we focused on DEGs related to the hypoxia biological 
process and found higher transcript levels of hypoxia-related 
genes in the core region (Figure 4c). To determine the signifi-
cance of this biological feature in samples from the core and 

peripheral regions, we performed gene set variation analysis 
(GSVA) using gene sets for hypoxia (hallmark), the cellular 
response to VEGF stimulus (Gene Ontology; GO:0035924), 
and the response to TGF-β (GO:0071559). We observed that 
the enrichment scores were significantly higher in the core 
regions than in the peripheral regions (P < .0001 for Hypoxia, 
P = .0004 for Cellular response to VEGF stimulus, P = .0001 for 
Response to TGF-β) (Figure 4d). We also found that the 
hypoxia score significantly correlated with transcript levels of 
VEGFA or TGFB1 in the core region (R = 0.83, P < .0001 for 
VEGFA, R = 0.63, P = .001 for TGFB1) but not in the peripheral 
region (R = 0.30, P = .22 for VEGFA, R = −0.01, P = .93 for 
TGFB1) (Figure 4e). Thus, the core region of HGG is charac-
terized by a hypoxic signature that is associated with angio-
genic features and TGF-β-related features.

Immune cell phenotypes correlate with the hypoxia 
signature in the core region

Analyzing whether transcriptomic signatures in the core and 
peripheral regions are associated with the frequencies of term-
inally exhausted CD8+ T cells and immunosuppressive cells, we 
found that hypoxia score significantly correlated with the rela-
tive frequencies of PD-1+CTLA-4+CD8+ T cells (R = 0.54, 
P = .02), EomeshiT-betloCD8+ T cells (R = 0.49, P = .03), TREG 
cells (R = 0.48, P = .04), and M2 TAMs (R = 0.57, P = .01) in the 

Figure 3. The infiltration and phenotypes of monocytes/macrophages in the core and peripheral regions of HGG. (a) The percentages of CD163+CD14+ cells (M2 
monocytes), CD68+CD14+ cells (TAMs), and CD163+CD68+CD14+ cells (M2 TAMs) among CD45+ cells from paired tumor core and peripheral regions (n = 34). **** 
P < .0001; Wilcoxon matched-pairs signed rank test. (b) The percentages of CD163+ cells, CD68+ cells, and CD163+CD68+ cells among CD14+ cells from paired tumor 
core and peripheral regions (n = 34). ns, not significant; *** P < .001 using Wilcoxon matched-pairs signed rank test.
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core region (Figure 5a, Figure S13a). Transcript levels of VEGFA 
significantly correlated with the relative frequencies of PD-1+-
CTLA-4+CD8+ T cells (R = 0.50, P = .03) and 
EomeshiT-betloCD8+ T cells (R = 0.50, P = .03), and M2 
TAMs (R = 0.52, P = .02), but not with the frequency of TREG 
cells (R = 0.33, P = .17; Figure 5a, Figure S13b). These correla-
tions were not observed when transcript levels of TGFB1 were 
analyzed with the immune cell parameters, except a significant 
correlation between TGFB1 and M2 TAMs (R = 0.66, P = .002; 
Figure 5a, Figure S13c). However, we found no association 
between transcriptomic signatures and the frequencies of 
immune cells in the peripheral region (Figure 5b, Figure S14). 
These data suggest that increased frequencies of terminally 
exhausted CD8+ T cells and immunosuppressive cells in the 
core region may be attributed to the hypoxic microenvironment.

Hypoxic conditions increase CD8+ T-cell exhaustion and 
immunosuppressive cells

To investigate whether hypoxia induces terminal exhaustion of 
CD8+ T cells and increases immunosuppressive cells, we cul-
tured tumor-infiltrating immune cells from the peripheral 
region under normoxic (21% O2) or hypoxic (1% O2) condi-
tions (Figure 6a). We found that hypoxia significantly increased 
the frequency of PD-1+CTLA-4+ cells (P = .0156; Figure 6b, 
Figure S15a) and EomeshiT-betlo cells (P = .0156; Figure 6c, 
Figure S15b) among CD8+ T cells. When anti-CD3-induced 
T-cell proliferation was assessed by CellTrace Violet (CTV) 
dilution assays, hypoxia significantly decreased the cellular pro-
liferation of CD8+ T cells (P = .0313; Figure 6d, Figure S15c). In 
particular, hypoxia significantly increased the frequency of 
CTLA-4+ cells among TREG cells (P = .0313; Figure 6e, Figure 

Figure 4. Distinct transcriptomic profiles in the core and peripheral regions of HGG. Bulk RNA-seq was performed with paired tumor core and peripheral tissues 
(n = 18). (a) Heat map showing the gene expression profiles. (b) Gene set enrichment analysis of differentially expressed genes (DEGs) between the tumor core and 
peripheral tissues using the hallmark gene sets in MSigDB. Normalized enrichment scores (NESs) and adjusted p values are presented. (c) Heat map of DEGs in the 
hypoxia gene set. (d) GSVA scores using the gene sets for Hypoxia (hallmark), Cellular response to VEGF stimulus (GO), and Response to TGF-β (GO). *** P < .001; **** 
P < .0001; Wilcoxon matched-pairs signed rank test. Results were presented means ± SD (standard deviation). (e) Correlation between the hypoxia GSVA score and the 
normalized counts of VEGFA or TGFB1 in the tumor core and peripheral tissues, respectively. Significance was assessed by Spearman correlation.
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S15d). Moreover, hypoxia significantly increased the frequency 
of M2 CD163+ cells among CD14+ cells (P = .0156; Figure 6f, 
Figure S15e). However, the intermediate oxygen concentration 
(10% O2) did not induce the immunophenotypes observed 
under hypoxic conditions (Figure S16).

Investigating the effects of hypoxia on the phenotype of 
CD11c+ cells, we found that hypoxia significantly decreased 
the expression of CD80, CD86, and MHC-II (P = .0156 for 
CD80, P = .0156 for CD86, P = .0156 for MHC-II; Figure S17). 
Thus, hypoxia induces immune cell characteristics that were 
observed in the core region of HGG.

The frequency of PD-1+CTLA-4+CD8+ T cells is associated 
with patient survival

Finally, we analyzed whether the frequencies of exhausted 
CD8+ T cells and immunosuppressive cells are associated 
with the survival of patients with HGG. In survival ana-
lyses, the frequency of PD-1+CTLA-4+ cells among CD8+ 

T cells and M2 TAMs among CD45+ cells in the core 
region, but not in the peripheral region, was significantly 
associated with patient survival (cutoff value = 2.98%, 
P = .0044 for the core, P = .89 for the periphery for PD- 
1+CTLA-4+ cells; Figure 7a, cutoff value = 0.071%, P = .02 
for the core, P = .63 for the periphery for M2 TAMs; 
Figure 7b). However, the frequency of EomeshiT-betlo cells 

among CD8+ T cells was not associated with patient survi-
val (cutoff value = 38.5%, P = .42 for the core, P = .40 for 
the periphery; Figure 7c). In addition, the frequencies of 
TREG cells among CD45+ cells were not significantly asso-
ciated with patient survival (cutoff value = 0.28%, P = .95 
for the core, P = .99 for the periphery; Figure 7d). In 
multivariate analysis for patient survival considering age, 
WHO grade, KPS, IDH mutation, ATRX mutation, TERT 
promoter mutation, and MGMT promoter methylation, 
statistical significance of the frequency of PD-1+CTLA-4+ 

cells in the core region was preserved, but that of the 
frequency of M2 TAMs in the core region was not 
(Figure S18). Taken together, the results indicate that the 
increased frequency of PD-1+CTLA-4+CD8+ T cells under 
hypoxic conditions in the core region is a significant 
immune parameter related to the prognosis of patients 
with HGG.

Discussion

HGG is an aggressive tumor of the CNS with a very poor 
prognosis despite current standard treatment.3 Research has 
revealed heterogeneity of the tumor niche, which is composed 
of tumor cells and various immune cells, and the complexity of 
their interaction in the TIME of HGG.6,7 The specialized, 
complex TIME is a major clinical hurdle for devising effective 

Figure 5. Correlation between the hypoxia signature and frequency of exhausted/immunosuppressive cells in the core and peripheral regions of HGG. 
Spearman’s correlation plots for the hypoxia GSVA score, normalized counts of VEGFA and TGFB1, and the percentages of PD-1+CTLA-4+ cells among CD8+ T cells, 
EomeshiT-betlo cells among CD8+ T cells, TREG cells among CD45+ cells, and M2 TAMs among CD45+ cells from the core (a) and peripheral region (b) of HGG (n = 18). 
Correlations with P < .05 are considered significant and displayed as the circle. The color intensity and size of the circle represent correlation coefficient and P value, 
respectively.
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therapeutic strategies for HGG patients. Therefore, 
a comprehensive understanding of the TIME in HGG has 
been needed.

In the present study, we demonstrated distinct spatial char-
acteristics of the HGG TIME and that the core region-enriched 
characteristics of tumor-infiltrating immune cells are related to 
microenvironment features, such as hypoxic conditions. This 
led to a comprehensive perspective of the HGG TIME, which 
may be an important consideration for the clinical approach.

Although the core and peripheral regions were not analyzed 
separately, several previous studies have reported exhausted and 
immunosuppressive phenotypes of HGG-infiltrating immune 
cells.20–22,30–34 For example, CD8+ T cells are exhausted with 
attenuated effector functions in HGG20–22 and TREG cells 
increased.30–32 In addition, M2 TAMs, which produce immuno-
suppressive molecules, such as arginase, IL-10, and TGF-β, accu-
mulate in HGG.33,34 However, these studies have not considered 
immune cell heterogeneity between the tumor core and periph-
eral regions of HGG. In the current study, we found that tumor 
core-infiltrating CD8+ T cells exhibit more severely exhausted 
phenotypes, as evidenced by the increased frequency of PD- 

1+CTLA-4+ cells and EomeshiT-betlo cells. In addition, there 
were more activated TREG cells with higher expression of 
CTLA-4, an immunosuppressive molecule, and M2 TAMs in 
the core region. From these data, we concluded that different 
immune cells accumulate in the core and peripheral regions, 
which may contribute to the distinct features of the TIME 
in HGG.

In addition to the distinct distribution of immune cells in 
the tumor core and peripheral regions, we found an enhanced 
hypoxia signature in the core region. Hypoxia is one of the 
major biological features in the progression of brain 
tumors,53,54 particularly in the core region of HGG.41,42 In 
the current study, we demonstrated positive correlations 
between the hypoxia signature and the enrichment of severely 
exhausted CD8+ T cells, as well as M2 TAMs and TREG cells, 
suggesting a role of hypoxia in the origin of the immunosup-
pressive TIME. We directly showed that hypoxic conditions 
increase the number of severely exhausted CD8+ T cells and 
immunosuppressive cells. Previous murine studies reported 
that exposure to hypoxic conditions results in enhanced 
expression of inhibitory immune checkpoints55,56 or 

Figure 6. Effects of hypoxic conditions on immune cells in HGG. Cryopreserved cells from the peripheral regions of HGG were thawed, suspended in medium, and 
used for in vitro culture assays. (a) Cells were incubated in the presence of 0.5 μM Image-iT Green Hypoxia Reagent for 6 hours under 21% or 1% oxygen. The 
fluorescence intensity among CD8+ T cells was analyzed by flow cytometry. A representative histogram is shown. (b-c) The percentages of PD-1+CTLA-4+ cells (b; n = 7) 
and EomeshiT-betlo cells (c; n = 7) among CD8+ T cells were analyzed by flow cytometry after culturing for 72 hours under 21% or 1% oxygen. * P < .05; Wilcoxon 
matched-pairs signed rank test. (d) CTV-labeled CD8+ T cells were stimulated with plate-bound anti-CD3 (1 ng/ml) for 96 hours under 21% or 1% oxygen. The 
proliferation of CD8+ T cells was analyzed by CTV dilution (n = 6). * P < .05; Wilcoxon matched-pairs signed rank test. (e-f) The percentages of CTLA-4+ cells among TREG 

cells (e; n = 7) and CD163+ cells among CD14+ cells (f; n = 7) were analyzed by flow cytometry after culturing for 72 hours under 21% or 1% oxygen. * P < .05; Wilcoxon 
matched-pairs signed rank test. All results were presented means ± SD (standard deviation).

ONCOIMMUNOLOGY e2026019-9



polarization into the anti-inflammatory M2 subset,57 corrobor-
ating our data. Regarding the effect of hypoxia on TREG cells, 
conflicting results have been reported.58,59 In the current study, 
we showed that hypoxia directly increased the frequency of 
CTLA-4+ TREG cells. Given that CTLA-4 is one of the main 
immunosuppressive mechanisms of TREG cells, this increase in 
CTLA-4+ TREG cells indicates that the immunosuppressive 
functions of TREG cells are enhanced. Therefore, we suggest 
a relationship between the hypoxic condition and immune cell 
changes in the HGG core TIME.

We categorized patients into high and low groups based 
on the relative frequency of specific immune cells infiltrat-
ing the tumor core and peripheral regions. As a result, the 
frequency of PD-1+CTLA-4+CD8+ T cells in the core region 
was associated with patient survival. Previously, the density 

of tumor-infiltrating immune cells was reported to be asso-
ciated with clinical outcome in many different tumor 
types.39 In HGG, a high density of CD8+ T cells has been 
reported to correlate with better overall survival60 or poor 
prognosis.61 The infiltration of TREG cells correlated with 
decreased survival31,32 or was not associated with survival 
prognosis.62 However, previous studies did not consider 
differences between the core and peripheral regions of 
HGG. Understanding immune cell biology in different 
tumor regions and the underlying mechanisms will be 
pivotal to predicting patient prognosis and further develop-
ing therapeutic strategies that allow the TIME to be altered 
to more immune-favorable conditions. In this regard, the 
hypoxic condition in the core region needs to be modu-
lated. Given that hypoxia directly increases CD8+ T-cell 

Figure 7. Relationship between immune infiltrates in tumor regions and survival of HGG patients. HGG patients were sub-grouped by the median percentages of 
respective subsets of immune cells from the tumor core and peripheral regions of HGG, as ‘High subset’ and ‘Low subset’. Kaplan-Meier plots of progression-free survival 
(PFS) probability according to the enrichment of PD-1+CTLA-4+ cells among CD8+ T cells (a; n = 34), M2 TAMs among CD45+ cells (b; n = 34), EomeshiT-betlo cells among 
CD8+ T cells (c; n = 34), and TREG cells among CD45+ cells (d; n = 34) from the tumor core (left) and peripheral regions (right). Significance was assessed by the log-rank 
test.
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exhaustion and immunosuppressive cells, correction of 
hypoxia will increase anti-tumor immune responses and 
enhance the therapeutic effects of tumor immunotherapy.

In conclusion, we investigated the distinct distribution of 
tumor-infiltrating immune cells and their immunophenotypes, 
as well as the biological signatures shaping the tumor core and 
peripheral microenvironments in HGG. We found that severely 
exhausted CD8+ T cells, immunosuppressive TREG cells, and M2 
TAMs are enriched in the core compared to the peripheral 
region. We also found that the hypoxia signature was enhanced 
in the core region and significantly related to the distribution of 
severely exhausted or immunosuppressive immune cells. We 
demonstrated that hypoxia directly increases the number of 
severely exhausted CD8+ T cells and immunosuppressive cells 
and confirmed the association between differences in the dis-
tribution of tumor-infiltrating immune cells and patient survi-
val. In the future, we need to better understand the spatially 
heterogeneous TIME in HGG in order to develop novel immu-
notherapy for the treatment of patients with HGG.
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