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ABSTRACT
Background: Although programmed death-1 (PD-1) blockade is effective in treating several types of
cancer, the efficacy of this agent in glioblastoma (GBM) is largely unknown.
Methods: We evaluated therapeutic effects of anti-PD-1, temozolomide (TMZ), and their combination in
an orthotopic murine GBM model. The phenotype, number, and composition of lymphocytes were
evaluated using flow cytometry. Transcriptional profiles of tumor tissues were analyzed using micro-
arrays. Generation of antitumor immunological memory was investigated upon rechallenge.
Results: Combined treatment with anti-PD-1 and TMZ yielded synergistic antitumor efficacy in the
presence of donor-originated PD-1+CD8+ T cells in vitro, necessitating in vivo validation. Whereas TMZ
did not rescue GBM-implanted mice, anti-PD-1 completely eradicated GBM in 44.4% of mice, and
combination of anti-PD-1 and TMZ in all mice. Anti-PD-1 significantly increased the number of tumor-
infiltrating lymhpocytes (TILs), and reduced frequencies of exhausted T cells and regulatory T cells.
However, combining TMZ with anti-PD-1 significantly decreased the number of TILs, which was also
observed with TMZ treatment alone. A transcriptome analysis of tumor tissues revealed that anti-PD-1
monotherapy perturbed immune-related genes, distinctly with combined therapy. Upon rechallenge,
tumor growth was not observed in mice cured by anti-PD-1 monotherapy, whereas tumors regrew in
the combination group. Furthermore, an analysis of peripheral blood revealed that antitumor memory T
cells were generated in mice cured by anti-PD-1 monotherapy, not in the combination group.
Conclusion: PD-1 blockade induces long-term therapeutic response, and combination with TMZ further
enhances antitumor efficacy. However, immunological memory is provoked by anti-PD-1 monotherapy, not
by combined therapy.
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Introduction

Glioblastoma (GBM) is the most common and aggressive
malignancy of the central nervous system (CNS).1 Despite
multimodal interventions, GBM is associated with a dismal
prognosis and a high recurrence rate, which necessitate the
development of novel therapeutic approaches.2,3 However,
recent studies targeting angiogenic pathways4 and cell-matrix
interactions5 have failed to improve patient outcomes.

The CNS has traditionally been considered as an immune-
privileged organ. However, growing evidence suggests the exis-
tence of interactions between the host immune system and the
CNS.6 In addition, several studies have demonstrated immuno-
suppressive microenvironment in human GBM,7,8 leading to the
expectation that the patient outcomes could be improved by
immunotherapy. Immune checkpoint blockers have garnered
significant recent attention with encouraging clinical data
observed in various malignancies including malignant

melanoma,9 non-small-cell lung cancer,10 and Hodgkin’s
lymphoma.11 Likewise, preclinical investigations on the anti-
glioma effects of immune checkpoint blockade have shown pro-
mising results,12 providing a rationale for incorporation of immu-
notherapy in the treatment of GBM.

Blocking the interactions between programmed death-1 (PD-
1) and its ligand PD-L1, a crucial regulator of T cell exhaustion,
reinvigorates exhausted T cells and reduces tumor burden.13 To
further improve the efficacy of anti-PD-1 or anti-PD-L1 block-
ing antibodies, combinational strategies with other immunomo-
dulatory agents,14 chemotherapy,15 and radiotherapy16 have
been investigated in GBM. However, they are clinically used
without precise mechanisms due to urgent clinical needs, and
few studies have provided insight into the combinatorial effects
of immunotherapy and temozolomide (TMZ), the most widely
used chemotherapeutic alkylating agent in GBM.

In this study, we investigated the antitumor efficacy, immune
response, and immunological memory induced by anti-PD-1
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alone and in combination with TMZ in GBM. Our findings
elucidate the combinational effects and working mechanisms of
immunotherapy and chemotherapy, helping to guide the develop-
ment of effective therapeutic strategies against GBM. As this study
suggests a plausible answer for optimized use of anti-PD-1, which
is very expensive for long-term use, we believe that our data
suggest the possibility of adding immunotherapy to standard
GBM treatment modalities minimizing overdose of antibodies.

Results

Anti-PD-1 alone and in combination with TMZ exerts
antitumor effects in human GBM co-culture system and
orthotopic murine GBM model

To test antitumor effects of anti-PD-1 and/or TMZ, in vitro
co-culture system of PD-1+CD8+ T cells and human GBM
cells were established. In this assay, HLA-A*0201 (+) U87MG
cells with MGMT promoter methylation and HLA-A*0201 (+)
T98G cells without MGMT promoter methylation were used
as target cells. In the presence of HLA-A*0201(+) donor-
originated PD-1+CD8+ T cells (Supplementary Fig. S1A and

B), anti-PD-1 blocking antibodies induced cell death more
efficiently in both GBM cell lines (Supplementary Fig. S1C
and D). Compared to anti-PD-1 or TMZ treatment alone,
combined treatment with anti-PD-1 and TMZ induced higher
levels of cell death in both GBM cell lines. These findings
prompted us to conduct further in vivo experiments.

In vivo therapeutic effects of anti-PD-1 and/or TMZ
were evaluated in a murine GBM model using luciferase-
transfected GL261 cells (GL261-luc). Experimental schedule
(15-wk course) was designed as follows (Figure 1(a)): One
week after tumor implantation in the right hemisphere,
engraftment was confirmed using in vivo imaging system
(IVIS). TMZ was administered once daily for five days. One
day after completion of TMZ administration (day 13), anti-
PD-1 antibodies were administered twice a week.
Treatment was maintained until week 15, and IVIS images
were obtained every two weeks (Supplementary Fig. S2).
Bioluminescence imaging revealed that all treatment regi-
mens exhibited antitumor efficacy compared with untreated
controls (Figure 1(b,c)). Consistently, prolonged survival
was demonstrated in all treatment groups (Figure 1(d)).
Notably, bioluminescent imaging analysis showed complete

Figure 1. In vivo antitumor efficacy of anti-PD-1 and/or TMZ.
In vivo therapeutic effects of anti-PD-1 and/or TMZ on tumor growth were tested in a mouse orthotopic model using GL261-luc cells (15-wk course). (A) Experimental
schedule; applies to Figure 1 and Supplementary Fig. S2. (B) Tumor volume (signal intensity of bioluminescence images) for each mouse is depicted as spider plots.
Signal intensity was quantified as total luminescence flux (photon/s). (C) Differences in tumor volume among treatment groups at 5 wk were compared by one-way
ANOVA with Tukey’s post hoc test for multiple comparisons (**P < 0.01, compared to control). (D) Survival probability for each group was estimated based on Kaplan-
Meier curves. Log-rank test was performed to calculate statistical significance (P < 0.001).
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responses in 44.4% of subjects (4/9) treated with anti-PD-1
monotherapy and in all subjects (9/9) treated with the
combination of anti-PD-1 and TMZ (Figure 1(b)), indicat-
ing a synergistic effect of the combination.

Anti-PD-1 reduces the relative frequency of tumor-
infiltrating t cells with exhausted phenotypes

To examine immunological responses, we sacrificed
tumor-implanted mice early after treatment (Figure 2(a))
and confirmed no differences in tumor volume among
groups (Supplementary Fig. S3A and B). Prior to the
main flow cytometry analysis, we found that therapeuti-
cally administered anti-PD-1 (clone RMP1-14) was bound
to tumor-infiltrating lymphocytes (TILs) across blood-
brain barrier (Supplementary Fig. S4A). No interference
between therapeutic antibodies and detection antibodies
(clone 29F.1A12) was observed, enabling further analyses
(Supplementary Fig. S4B).

Among tumor-infiltrating CD8+ T cells, the relative fre-
quency of PD-1+ cells was significantly decreased by anti-PD-
1 monotherapy and combined treatment, but not by TMZ
monotherapy. We also examined the expression of lympho-
cyte-activation gene 3 (LAG-3), another marker of T cell
exhaustion.17 The relative frequency of LAG-3+ cells among
tumor-infiltrating CD8+ T cells showed similar patterns with
those of PD-1+ cells (Figure 2(b,c)). The frequency of PD-1+

or LAG-3+ cells among tumor-infiltrating CD4+ T cells also
showed similar results (Figure 2(b,d)). Moreover, anti-PD-1
increased the frequency of interferon-γ- (IFN-γ) or tumor
necrosis factor- (TNF) producing TILs in intracellular cyto-
kine staining assays, whereas addition of TMZ decreased their
frequency (Supplementary Fig. S5A-C). There were no differ-
ences in the frequency of PD-1+ cells among splenic CD8+ or
CD4+ T cells (Supplementary Fig. S6A). LAG-3+ cells were
not detected among splenic CD8+ or CD4+ T cells (data not
shown). These data indicate that anti-PD-1 treatment reduces
the frequency of exhausted T cells in the tumor
microenvironment.

Figure 2. Effects of anti-PD-1 and/or TMZ on the frequency of tumor-infiltrating CD8+ and CD4+ T cells with exhausted phenotypes early after the treatment.
Effects of anti-PD-1 and/or TMZ on immune microenvironement were assessed in a mouse orthotopic model using GL261-luc cells (16-day course). (A) Experimental
schedule; applies to Figures 2–5 and Supplementary Fig. S3-6 (16-day course). (B) Representative flow cytometry data for tumor-infiltrating CD8+ and CD4+ T cells.
X-axis indicates PD-1 expression; Y-axis indicates LAG-3 expression. (C and D) The relative frequency of PD-1+ (left) or LAG-3+ (right) cells among tumor-infiltrating
CD8+ (C) and CD4+ (D) T cells. Differences among groups were compared by one-way ANOVA with Tukey’s post hoc test for multiple comparisons; means ± SD;
*P < 0.05, **P < 0.01, ***P < 0.001, where asterisks over treatment groups denote significant differences compared with controls.
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Anti-PD-1 monotherapy, but not combined treatment,
increases the number of tils

Next, we examined the number of TILs early after treat-
ment. Anti-PD-1 monotherapy increased the numbers of
total CD3+, CD8+, CD4+, γδ T cells, and natural killer
(NK) cells in the tumor compared with untreated controls,
whereas TMZ treatment decreased them (Figure 3(a)).
Intriguingly, addition of TMZ to anti-PD-1 reduced the
number of TILs compared with anti-PD-1 alone without
any effects on the composition of T cells (Figure 3(b)). The
relative frequency and composition of T cells and NK cells
in the spleen were not changed by anti-PD-1 and/or TMZ

treatment (Supplementary Fig. S6B and C), although sys-
temic lymphodepletion was observed in TMZ-treated mice
(Figure 3(c,d)). These results indicate that anti-PD-1 results
in immune-favorable microenvironment by increasing the
number of TILs; however, addition of TMZ to anti-PD-1
therapy abolishes these favorable effects of anti-PD-1.

Anti-PD-1 reduces relative frequency and function of
tumor-infiltrating regulatory t cells

We also investigated the relative frequency and phenotypes of
tumor-infiltrating CD4+CD25+Foxp3+ regulatory T (Treg)

Figure 3. Effects of anti-PD-1 and/or TMZ on the number and composition of lymphocytes from tumor microenvironment and peripheral blood.
(A) The numbers of immune cells among TIL subsets (CD3+, CD8+, CD4+, γδ T cells, and NK cells). (B) The ratios of immune cell subsets (CD8+, CD4+, and γδ T cells) to
tumor-infiltrating CD3+ T cells. (C) The numbers of immune cells in 1 μL of peripheral blood (CD3+, CD8+, CD4+, γδ T cells, and NK cells). (D) The ratios of immune cell
subsets (CD8+, CD4+, and γδ T cells) to peripheral CD3+ T cells. Differences among groups were compared by one-way ANOVA with Tukey’s post hoc test for multiple
comparisons; means ± SD; **P < 0.01, ***P < 0.001, where asterisks over treatment groups denote significant differences compared with controls.
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cells. Anti-PD-1 monotherapy significantly decreased the fre-
quencies of Treg cells among tumor-infiltrating CD4+ T cells,
whereas TMZ increased them (Figure 4(a)). Addition of TMZ
to anti-PD-1 partially abrogated the effect of anti-PD-1 on
Treg cell frequency. The expression levels of CD39 and cyto-
toxic T-lymphocyte associated protein 4 (CTLA-4), other
markers of Treg cell function,18,19 were also influenced by
the treatments. The relative frequencies of CD39+ or CTLA-
4+ Treg cells were significantly reduced by anti-PD-1 mono-
therapy and combination with TMZ, but not by TMZ mono-
therapy (Figure 4(b,c)). In contrast to its effect on the tumor
microenvironment, TMZ did not affect the relative frequency
or function of splenic Treg cells (Supplementary Fig. S6D and
E). Taken together, TMZ monotherapy results in immune-
suppressive tumor microenvironment by increasing the rela-
tive frequency of Treg cells, whereas anti-PD-1 treatment
induces immune-favorable microenvironment by decreasing
relative frequency and function of Treg cells.

Transcriptional profiles following anti-PD-1 and/or TMZ
treatment

We next used microarrays to examine the ability of anti-PD-1
and TMZ to reprogram transcriptional profiles of tumor
tissues. Hierarchical clustering of whole differentially
expressed genes (DEGs) showed strong intragroup clustering
and distinct expression patterns compared with controls
(Supplementary Data S1 and Figure 5(a)). Among 1,952
DEGs, 289 and 547 genes were uniquely perturbed by TMZ
and anti-PD-1 monotherapy, respectively, and a total of 928
genes were altered by combined treatment (Figure 5(c)).
Functional annotation of these DEGs using the Gene

Ontology (GO) database revealed distinct enriched gene sets
across the treatment groups. Most immune response-related
gene sets were exclusively enriched by anti-PD-1 monother-
apy, whereas combined therapy affected other groups of gene
sets, including cell cycle, proliferation, death (Supplementary
Data S2 and Figure 5(c)). Similar results were reproduced in
enrichment maps using GO hierarchy, in that DEGs by anti-
PD-1 monotherapy were enriched in immune-associated
modules, whereas DEGs by combined therapy were enriched
in cell cycle-related GO terms (Supplementary Fig. S7).
Differential transcriptional reprogramming effects of each
therapeutic regimen were recapitulated by functional annota-
tion using ImmuneSigDB gene sets. Each DEG group showed
mutually exclusive patterns in enrichment score
(Supplementary Data S3 and Figure 5(d)), suggesting that
anti-PD-1 monotherapy results in immune responses distinct
from those caused by combination treatment.

Anti-PD-1 monotherapy, but not combined treatment,
generates antitumor immunological memory

An in vivo evaluation of antitumor efficacy showed that anti-
PD-1 monotherapy and combined treatment resulted in
complete remission of GBM in 44.4% and 100% of mice,
respectively. We confirmed the absence of tumors on IVIS
images at week 19 (Supplementary Fig. S2), and tested
whether cured mice acquired immunological memory
against the tumor. To this end, we rechallenged these mice
by implanting GL261-luc cells in the contralateral hemi-
sphere at week 22 (Figure 6(a)), and monitored tumor for-
mation without any further treatment. Interestingly, no
tumor growth was observed in mice cured by anti-PD-1

Figure 4. Effects of anti-PD-1 and/or TMZ on the frequency and function of tumor-infiltrating CD4+CD25+FoxP3+ Treg cells.
(A) The ratio of tumor-infiltrating Treg cells to total tumor-infiltrating CD4+ T cells. (B) Representative flow cytometry analysis of tumor-infiltrating Treg cells. X-axis
indicates CTLA-4 expression; Y-axis indicates CD39 expression. (C) The relative frequency of CD39+ (left) or CTLA-4+ (right) cells among tumor-infiltrating Treg cells.
Differences among groups were compared by one-way ANOVA with Tukey’s post hoc test for multiple comparisons; means ± SD; **P < 0.01, ***P < 0.001, where
asterisks over treatment groups denote significant differences compared with controls.
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monotherapy, whereas all mice cured by combined treat-
ment developed progressively growing tumors (Figure 6(b,
c)), similar to naïve mice challenged with GL261-luc cells.
These results were confirmed by survival analysis (Figure 6
(d)). To determine the presence of memory CD8+ or CD4+ T
cells with antitumor immunity, ex vivo co-culture experi-
ments of peripheral blood mononuclear cells and GL261
cells were performed in cured mice before rechallenge.
IFN-γ- or TNF-producing CD8+ or CD4+ T cells were
detected in mice cured by anti-PD-1 monotherapy
(Figure 6(e)) and these cells largely belonged to effector/
memory phenotypes (Figure 6(f)). In contrast, memory T
cells were totally absent in mice cured by combined treat-
ment, similar to mice never implanted GL261 (Figure 6(e)).
To dissect the underlying mechanisms, we compared DEGs
between anti-PD-1 and combination groups (Supplementary
Data S4 and Figure 6(g)). Consistent with Figure 5(d), 145
genes upregulated in the anti-PD-1 group and 84 genes
upregulated in the combination group showed an almost
exclusive pattern of enrichment score calculated by over-
representation analysis (ORA) using ImmuneSigDB gene
sets. Notably, genes upregulated in memory T cells were
enriched in the anti-PD-1 group, whereas downregulated

genes were enriched in the combination group
(Supplementary Data S5 and Figure 6(h)). These data indi-
cate that anti-PD-1 monotherapy results in antitumor
immunological memory following successful eradication of
the tumor, preventing tumor relapse. However, combined
treatment did not induce antitumor immunological memory,
even after successful initial eradication of the tumor.

Discussion

Despite recent progress in understanding the pathogenesis
of GBM, currently available treatment options are largely
limited. Here, we report that the combination of anti-PD-1
and TMZ showed better antitumor efficacy than anti-PD-1
or TMZ alone. However, favorable immunological effects of
anti-PD-1 therapy, such as increases in the number of TILs
and decreases in the frequency of Treg cells, were abrogated
by addition of TMZ. Importantly, the combination of anti-
PD-1 and TMZ did not result in antitumor immunological
memory, which was only observed with anti-PD-1
monotherapy.

One major limitation of anti-PD-1 monotherapy in
GBM is relatively low response rates in preliminary results
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of prospective trials (NCT0205480, NCT02017717). To
enhance therapeutic effects of anti-PD-1, combinations of
other therapeutic agents with anti-PD-1 have been actively
investigated in preclinical or clinical setting, including
mitochondrial uncouplers,20 antiangiogenic agents,21 and
oncogenic PI3K/Akt and MAPK signaling pathway
inhibitors.22,23 In this study, we employed TMZ as a com-
bination partner of anti-PD-1 based on its widespread use
against GBM and manageable toxicities. Like other che-
motherapeutic agents, TMZ induces lymphopenia and
myelosuppression.24 Consistent with this, our study demon-
strated that TMZ resulted in intratumoral and systemic
lymphodepletion. In addition, TMZ increased the frequency
of Treg cells among TILs, causing more immunosuppres-
sive tumor microenvironment.

Given that frequent relapse is one of the major challenges
in improving outcomes in GBM patients, we also tested how
different treatment modalities impacted recurrence upon
rechallenge. Intriguingly, mice in which tumors were comple-
tely eradicated by anti-PD-1 monotherapy showed no tumor
formation following rechallenge, whereas mice previously
cured by the combinatorial regimen succumbed to tumor
rechallenge. This result suggests that antitumor immunologi-
cal memory is established by PD-1 blockade, but diminished
by TMZ combination. Anti-PD-1 monotherapy may promote
long-term therapeutic responses through generation of immu-
nological memory and prevention of recurrence, an issue of
particular relevance to GBM.

In principle, reinvigoration of PD-1+ T cells by anti-PD-
1 antibodies results in increased proliferation as well as
enhancement of immediate effector functions, such as cyto-
toxicity and cytokine production. TMZ is a DNA-alkylating
agent that suppresses the proliferation of rapidly dividing
cells, e.g., tumor cells and reinvigorated T cells. Therefore,
addition of TMZ to anti-PD-1 therapy might suppress the
proliferation of reinvigorated T cells while preserving the
enhanced immediate effector functions such as cytotoxicity.
This might explain the poor generation of antitumor
immunological memory after addition of TMZ to anti-
PD-1 treatment, in contrast to the excellent primary effi-
cacy of the combinatory strategy (Figure 6(i)). The distinct
transcription profiles elicited by the combination of anti-
PD-1 and TMZ compared with anti-PD-1 monotherapy
provide evidence in support of this. Specifically, genes
related to immunological memory were upregulated in the
anti-PD-1 monotherapy group and downregulated in the
combination group.

In conclusion, concurrent targeting of antitumor immune
responses (by PD-1 blockade) and the tumor itself (by TMZ)
exerted the greatest antitumor efficacy and survival improve-
ment in a murine GBM model. However, inclusion of TMZ
abrogated the favorable immune responses and antitumor
immunological memory induced by anti-PD-1 monotherapy.
When considering the use of combination regimens of
chemo-immunotherapy for the treatment of cancer, the
immediate antitumor efficacy is not the only assessment cri-
terion; the generation of antitumor immunological memory,
which prevents tumor recurrence long after initial successful
treatment, is also important. It may be possible to achieve
these two different goals by selecting appropriate chemother-
apeutic agents and optimizing delivery methods and order of
administration, thereby maximizing clinical outcomes in the
treatment of GBM.

Materials and methods

Cell lines

GL261-luc cells were constructed using lentivirus-mediated
transduction and puromycin-based selection, and cultured in
tumorsphere complete media as previously described.25,26

U87MG and T98G cells were purchased from Korean Cell
Line Bank and grown in media according to American Type
Culture Collection recommendations. U87MG cells and T98G
cells revealed methylated and unmethylated MGMT promoter
region, respectively. Peripheral blood mononuclear cells
obtained from HLA-A*0201(+) donors were used to generate
cytomegalovirus (CMV) pp65-specific CD8+ T cell lines.
Briefly, CD8+ T cells were isolated by CD8+ T Cell Isolation
kit (Miltenyi Biotec), and CMV pp65495-503 (NLVPMVATV)-
specific CD8+ T cells were enriched with HLA-A2-pp65495-503
(NLVPMVATV) pentamer (Proimmune Ltd.). Selected CMV
pp65-specific CD8+ T cells were maintained in IL-2 (200 IU/
mL; PeproTech), IL-7 (10 ng/mL; PeproTech), and IL-15
(100 ng/mL; PeproTech)-containing media. Anti-CD3
(Miltenyi Biotec) was used to expand or stimulate CD8+ T
cell lines. Cell yield and viability were measured by dual-
fluorescence method with acridine orange and propidium
iodide (Nexcelom Bioscience).

Orthotopic, immunocompetent models of murine GBM

Male, 6–8 wk old C57BL/6 mice (Central Lab. Animal Inc.)
were used in this study. Dissociated GL261-luc cells (2 × 105)

Figure 6. Evaluation of tumorigenesis after tumor rechallenge.
Mice in which tumors were completely eradicated were rechallenged. (A) Experimental schedule after initial tumor implantation (continues from Figure 1(a)). (B and
C) Tumor volume was measured by bioluminescence imaging (B), and depicted as a spider plot (C). (D) Survival probability of rechallenged mice was estimated based
on Kaplan-Meier curves. Log-rank test was performed to calculate statistical significance (P < 0.05). (E) Representative flow cytometry data for the presence of IFN-γ-
or TNF-producing memory CD8+ (left) and CD4+ (right) T cells with antitumor immunity. Effector cells (peripheral blood mononuclear cells) were co-cultured with
target cells (GL261) at effector:target ratio of 1:10. X-axis indicates IFN-γ production; Y-axis indicates TNF production. (F) Representative flow cytometry data for the
phenotypes of CD8+ (left) and CD4+ (right) T cells in mice cured by anti-PD-1 monotherapy. Red dots indicate IFN-γ- or TNF-producing T cells; Blue dots indicates IFN-
γ- and TNF-negative T cells; X-axis indicates CD44 expression; Y-axis indicates CD62L expression. (G and H) Expression levels of DEGs (84 upregulated and 145
downregulated genes in the combination group) between anti-PD-1 and combination groups are depicted as a heat map (G). Functional annotation of these genes
was performed by ORA using ImmuneSigDB gene sets (H). Statistical significance was determined using Fisher’s exact test; enrichment scores are presented as a heat
map. (I) Summary of action mechanisms of anti-PD-1 and/or TMZ in treatment of GBM.
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were orthotopically implanted (day 0) as previously
described.27,28 TMZ (Sigma-Aldrich) was dissolved in
dimethyl sulfoxide (DMSO), and the anti-PD-1 therapeutic
antibody (Bio X Cell) was diluted with phosphate-buffered
saline (PBS). TMZ (30 mg/kg) was intraperitoneally adminis-
tered to mice; anti-PD-1 (10 mg/kg) was intravenously
injected. Bioluminescence image acquisition and analyses
were performed using an IVIS imaging system and Living
Image v4.2 software (Caliper Life Sciences).29,30 Mice were
injected intraperitoneally with 100 μL D-luciferin (30 mg/
mL, dissolved in PBS; Promega) 15 min prior to signal acqui-
sition, conducted under 2.5% isoflurane anesthesia. Mice
showing more than a 15% decrease in body weights compared
with their maximum were euthanized according to the
approved protocol. Cured mice were rechallenged; the same
number of dissociated tumor cells was injected into the con-
tralateral side of the brain. All experimental procedures were
approved by the Yonsei University College of Medicine
Institutional Animal Care and Use Committee under GLP
principles.

Cytotoxicity assay

U87MG and T98G were treated with DMSO or TMZ (10 μM)
for 3 days, labeled with PKH26 dye (Sigma-Aldrich), and
pulsed with 10 μg/mL CMV pp65495-503 (NLVPMVATV;
PeproTech). T cell-mediated cytotoxicity was evaluated by
co-culture of U87MG or T98G and PD-1+ CMV pp65-specific
CD8+ T cells (effector:target ratio 1:1) with isotype control (10
μg/mL; BioLegend) or anti-PD-1 antibody (10 μg/mL;
BioLegend). After then, cells were labeled with TO-PRO-3
dye (Thermo Fisher Scientific) and TO-PRO-3+ cells in
PKH26+ cells were considered as dead target cells.

Flow cytometry

Fresh peripheral blood, spleens, and tumors were obtained to
examine immune cell population. Peripheral blood was obtained
via retro-orbital bleeding. Spleen and brain were mechanically
dissociated using gentleMACSTM Dissociator (Miltenyi Biotec).
RBC lysis buffer (BioLegend) was applied to isolate lymphocytes
from peripheral blood or spleen. Gradient separation was per-
formed using Percoll solution (GE Healthcare Life Sciences) to
isolate lymphocytes from brain. For cell-surface staining, single
cell suspensions were incubated with LIVE/DEAD Fixable Red
Dead Cell Stain kit or ethidium monoazide (Thermo Fisher
Scientific) to exclude dead cells. Cells were then stained with
fluorochrome-conjugated antibodies for 15 min at room tem-
perature. For intracellular staining, cells were incubated with a
fixation/permeabilization solution (Thermo Fisher Scientific)
and stainedwith fluorochrome-conjugated antibodies. For intra-
cellular cytokine staining, cells were stimulated in the presence of
brefeldin A (GolgiPlug, BD Biosciences) and monensin
(GolgiSTOP, BD Biosciences) for 6 hr according to the manu-
facturer’s instructions. All flow cytometry analyses were per-
formed using an LSR II system (BD Biosciences) and FlowJo
software (Tree Star Inc.). The antibodies used for flow cytometry
are described in Supplementary Table S1. Detailed gating stra-
tegies are provided in Supplementary Fig. S8.

Gene expression microarray datasets and analysis

Total RNAwas extracted from the tumormass using RNeasy Plus
Mini kit (Qiagen), and loaded onto GeneChipMouse Gene 2.0 ST
Array (Affymetrix). The rawmicroarray data was deposited in the
Gene Expression Omnibus under accession number GSE110890.
Average linkage hierarchical clustering was performed with
Euclidian distance, and expression levels were depicted as heat
maps using GENE-E. Functional annotation was performed by
ORA using gene sets obtained from ImmuneSigDB 31 and GO
databases. GO gene sets were manually categorized according to
the functional similarity. Additionally, ORA results with GO
terms were visualized as enrichment maps using Cytoscape and
ClueGO 32 plug-in. Enriched GO terms were functionally clus-
tered based on their kappa scores (> 0.36) and GO hierarchy, and
clusters with at least three nodes were displayed. Statistical sig-
nificance was determined using two-sided hypergeometric test.

Statistical analysis

Levels of significance for comparisons among treatment groups
were determined using one-way ANOVA with Tukey’s post hoc
test for multiple comparisons. ORA results were evaluated using
Fisher’s exact test with Bonferroni adjustment. Survival analysis
was performed using Kaplan-Meier curves with log-rank test.
Results were considered statistically significant at a P-value
< 0.05. GraphPad Prism 6 (GraphPad Software Inc.) was used
for quantitative analysis.
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