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Inhibition of 2-hydroxyglutarate elicits metabolic
reprogramming and mutant IDH1 glioma immunity in

mice
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for mIDH1/mATRX/mTP53 glioma patients.

Introduction

Gliomas are highly infiltrative brain tumors accounting for 32%
of all primary central nervous system malignancies (1). With
advances in molecular biology and sequencing technologies, a
distinct profile of genetic alterations for gliomas has emerged
(1-3). A gain-of-function mutation in the gene encoding isocitrate
dehydrogenase 1 (IDH1) mutation has been reported in approxi-
mately 20%-25% of all infiltrative gliomas (4, 5). This mutation
resultsin the replacement of arginine (R) for histidine (H) at amino
acid residue 132 (R132H) (6, 7). In gliomas, the IDH1-R132H muta-
tion co-occurs with the following genetic alterations: (a) 1p/19q
codeletion, and TERT promoter mutations in oligodendroglioma,
or (b) inactivation of tumor suppressor protein 53 (TP53) gene and
loss-of-function mutations in alpha thalassemia/mental retarda-
tion syndrome X-linked gene (ATRX) in astrocytoma (2, 8, 9).
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Mutant isocitrate dehydrogenase 1 (IDH1-R132H; mIDH1) is a hallmark of adult gliomas. Lower grade mIDH1 gliomas

are classified into 2 molecular subgroups: 1p/19q codeletion/ TERT-promoter mutations or inactivating mutations in
a-thalassemia/mental retardation syndrome X-linked (ATRX) and TP53. This work focuses on glioma subtypes harboring
miDH1, TP53, and ATRX inactivation. IDH1-R132H is a gain-of-function mutation that converts a-ketoglutarate into
2-hydroxyglutarate (D-2HG). The role of D-2HG within the tumor microenvironment of mIDH1/mATRX/mTP53 gliomas
remains unexplored. Inhibition of D-2HG, when used as monotherapy or in combination with radiation and temozolomide
(IR/TMZ), led to increased median survival (MS) of mIDH1 glioma-bearing mice. Also, D-2HG inhibition elicited anti-mIDH1
glioma immunological memory. In response to D-2HG inhibition, PD-L1 expression levels on mIDH1-glioma cells increased
to similar levels as observed in WT-IDH gliomas. Thus, we combined D-2HG inhibition/IR/TMZ with anti-PDL1immune
checkpoint blockade and observed complete tumor regression in 60% of mIDH1 glioma-bearing mice. This combination
strategy reduced T cell exhaustion and favored the generation of memory CD8* T cells. Our findings demonstrate that
metabolic reprogramming elicits anti-mIDH1 glioma immunity, leading to increased MS and immunological memory. Our
preclinical data support the testing of IDH-R132H inhibitors in combination with IR/TMZ and anti-PDL1 as targeted therapy

The IDH1-R132H neomorphic mutation (mIDH1) confers
a gain-of-function catalytic activity, prompting the NADPH-
dependent reduction of alpha ketoglutarate (a-KG) to the
oncometabolite D-2-hydroxyglutarate (D-2HG) (6, 10, 11). The
accumulation of D-2HG acts antagonistically to a-KG, compet-
itively inhibiting a-KG-dependent dioxygenases, including the
ten-eleven translocation (TET) methylcytosine dioxygenases
and Jumonji C (JmjC) domain-containing histone demethylases
(6, 11-13). This leads to a DNA and histone H3 hypermethyla-
tion phenotype, resulting in an epigenetic reprogramming of the
glioma cell transcriptome (9, 14, 15).

Ongoing research has demonstrated the benefits of targeting
IDH1-R132H in gliomas with small molecule inhibitors (16). The
compound AGI-5198 is an allosteric, competitive inhibitor that
is selective for the IDH1-R132H enzyme, inhibiting the synthesis
of D-2HG in mouse and human glioma cells (7, 15, 16). Our lab-
oratory generated a genetically engineered mouse model of gli-
oma expressing IDH1-R132H (mIDH1) concomitantly with loss
of ATRX and TP53 to study IDH1-R132H within the scope of the
genetic lesions encountered in human astrocytomas (2, 9). Using
this model, we demonstrated that AGI-5198 treatment decreased
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D-2HG levels, induced radiosensitivity, and decreased prolifera-
tion of mIDH1 glioma neurospheres in vitro (9). AGI-5198 has also
been shown to inhibit D-2HG production in vivo and impair tumor
growth in an anaplastic oligodendroglioma patient-derived xeno-
graft model expressing 1p/19q codeletion and IDH1-R132H (17).
AG-120, an IDH1-R132H inhibitor that is structurally related to
AGI-5198, is currently being evaluated clinically for the treatment
of cholangiocarcinoma (ClinicalTrials.gov NCT02989857) and
acute myeloid leukemia (AML) (ClinicalTrials.gov NCT031732438)
(18). Recently, AG-120 has been shown to have a favorable safety
profile for nonenhancing IDH1-R132H gliomas (19).

Herein, we used the genetically engineered mouse model
of glioma expressing IDH1-R132H and loss of ATRX and TP53
(mIDH1) (9) to elucidate the role played by D-2HG in the gli-
oma immune microenvironment. Our findings demonstrate
that treating mIDH1 glioma-bearing mice with IDH1-R132H
inhibitor alone or in combination with ionizing radiation (IR)
and temozolomide (TMZ), which is standard of care (SOC) for
mIDHI glioma patients, substantially prolonged the median
survival (MS) of mIDH1 glioma-bearing mice and elicited anti-
glioma immunity. To date, the efficacy of PD-1/PD-L1 immune
checkpoint blockade therapy has not been explored in glioma
models harboring IDH1-R132H in the context of ATRX and TP53
loss. In this study, we demonstrate that coadministering aPD-L1
immune checkpoint blockade with IDH1-R132H inhibition and
SOC markedly enhances the overall survival of mIDH1 glioma-
bearing mice. Furthermore, this treatment strategy reduces T
cell exhaustion and promotes the generation of memory CD8* T
cells, leading to immunological memory. Collectively, our find-
ings demonstrate that upon metabolic reprogramming it is pos-
sible to elicit anti-mIDH]1 glioma immunity, leading to increased
MS and antitumor immunological memory. Our data support the
clinical testing of IDH1-R132H inhibitors in combination with
SOC and oPD-L1 immune checkpoint blockade to treat glioma
patients expressing IDH1-R132H in the context of TP53, ATRX
inactivating mutations.

Results

Inhibition of D-2HG production sensitizes mIDHI glioma to radio-
therapy and induces immunogenic cell death. In this study, we sought
to determine whether inhibiting D-2HG production would sen-
sitize mIDH1 glioma to IR treatment and induce immunogenic
cell death (ICD). We performed a clonogenic assay on mIDH1
and WT-IDH mouse neurospheres (mouse-NSs) (Figure 1A) and
human glioma cells (human-GCs), by treating them with the
mIDH1inhibitor AGI-5198 and IR. Compared with mIDH1 mouse-
NSs subjected to IR alone, we observed a significant reduction in
clonogenic survival of mIDH1 mouse-NSs treated with AGI-5198
and IR (P < 0.0001), suggesting that D-2HG inhibition radiosen-
sitizes mIDH1 NS (Figure 1B). On the other hand, we observed
a dose-dependent decrease in clonogenic survival of WT-IDH
mouse-NSs in response to IR, irrespective of AGI-5198 treat-
ment (Figure 1C). Notably, treating radioresistant human mIDH1
glioma cells (MGG119), which endogenously express IDHI1-
R132H, ATRX, and TP53 inactivating mutations, with AGI-5198
rendered them radiosensitive (P < 0.0001; Figure 1D). AGI-5198
treatment of radiosensitive human WT-IDH (SJGBM2) cells,
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which endogenously express ATRX and TP53 inactivating muta-
tions, did not alter their response to radiation (Figure 1E).

Next, we assessed if AGI-5198 therapy in combination with
IR induces ICD in mIDHI mouse-NSs and human-GCs. We mea-
sured the levels of calreticulin (CRT), ATP, HMGBI, IL-1a, and
IL-6, common damage-associated molecular pattern molecules
(DAMPs) expressed by dying tumor cells (20). First, we quantified
the levels of CRT expression in mIDH1 mouse-NSs and human-
GC cells in response AGI-5198 alone, IR alone, or AGI-5198+IR
treatments. The mIDH1 mouse-NSs treated with AGI-5198 dis-
played a 6-fold (P < 0.0001) increase in CRT expression relative
to vehicle and IR alone groups (Figure 1F). This response was fur-
ther increased by approximately 1.5-fold (P < 0.0001) with AGI-
5198+IR treatment (Figure 1F). A similar response was observed in
mIDH1 human-GCs treated with AGI-5198+IR (Figure 1G).

We also assessed the amount of ATP released in the super-
natants of mIDH1 mouse-NSs and human-GCs in response to
AGI-5198, IR, or AGI-5198+IR treatments. We observed a 2-fold
(P <0.01) increase in the extracellular release of ATP in the super-
natant of mIDH1 mouse-NSs and human-GCs treated with AGI-
5198 compared with vehicle treatment (Figure 1H). We observed
an additional 1.5-fold (P < 0.001) increase in extracellular ATP in
the supernatant of mIDH1 mouse-NSs and human-GCs treated
with AGI-5198+IR (Figure 1H). No difference was observed in ATP
release between IR and AGI-5198 treatment groups in mIDH1
mouse-NSs. However, there was a 1-fold (P <0.05) increase in ATP
release in mIDH1 human-GCs treated with AGI-5198 compared
with the IR treatment group (Figure 1H).

It has been reported that tumor cells treated with radiother-
apy release high levels of ATP, triggering autophagy activation
(21-23). Microtubule-associated protein light chain 3 (LC3) is
involved in the initiation of autophagosome formation. The pro-
tein exists in 2 forms: cytoplasmic LC3-I and membrane-bound
LC3-II. The increase in LC3-II levels indicates autophagy flux
activation. Western blot analysis revealed increased levels of
LC3-II in mIDH1 mouse-NSs and human-GCs treated with IR
alone compared with untreated controls (Supplemental Figure 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI139542DS]1).

Last, we tested the release of HMGBI in the supernatants of
mIDH1 mouse-NSs and human-GCs in response to AGI-5198, IR,
or AGI-5198+IR treatments. We observed a 1.5-fold (P < 0.001)
increase in the extracellular release of HMGBI in the supernatant
of mIDH1 mouse-NSs treated with AGI-5198 compared with the
IR or vehicle treatment groups (Figure 1I). We observed an addi-
tional 1.6-fold (P < 0.01) increase in extracellular HMGBI release
in the supernatant of mIDH1 mouse-NSs with AGI-5198+IR (Fig-
ure 1I). A similar response was elicited in mIDH1 human-GCs
treated with AGI-5198+IR (Figure 1I). We observed comparable
results for additional DAMPs such as IL-1a (20) and IL-6 (20) in
both mIDH1 mouse-NSs and human-GCs (Supplemental Figure
2). Taken together, these results demonstrate that AGI-5198+IR
induces ICD in mIDH1 mouse-NSs and human-GCs.

We performed flow cytometry analysis to determine the
impact of IDH1-R132H in the context of ATRX and TP53 loss
on the immune microenvironment of sleeping beauty (SB)
gliomas and intracranial gliomas generated from SB-derived NS.
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Figure 1. IDH1-R132H inhibition in mIDH1 mouse-NSs and human-

GCs confers radiosensitivity and promotes release of DAMPs. (A)
Mouse-NS cultures were generated from WT-IDH or mIDH1 glioma
models. (B-E) Clonogenic assay of mIDH1 and WT-IDH mouse-NSs and
human-GCs. (B and C) Mouse-NS were treated with 0-8 Gy ionizing
radiation (IR) and 1.5 uM AGI-5198 (red) or DMSO vehicle (blue). (D and
E) Human-GCs SJGBM2 (WT-IDH) and MGG119 (mIDH1) were treated with
0-20 Gy IR and 5 pM AGI-5198 (red) or DMSQO vehicle (blue). ****P <
0.0001, nonlinear regression. Bars represent mean + SEM (n = 3 techni-
cal replicates). Representative images of colonies stained with crystal
violet in each treatment group are shown under the survival fraction
graphs. (F-1) Calreticulin (CRT), ATP, and HMGB1 expression levels within
mIDH1 mouse-NSs and human-GCs. Mouse-NS were treated with 3 Gy
IR and 1.5 uM AGI-5198 for 72 hours. Human-GC were treated with 10 Gy
IR and 5 uM AGI-5198 for 72 hours. Quantification of CRT expression on
mIDH1 mouse-NSs and human-GCs after treatment is shown in F and G,
respectively. Representative histograms display CRT marker’s expres-
sion levels (black, isotype control; green, DMSO vehicle; light blue, IR;
red, AGI-5198; dark blue, AGI5198 + IR). ****P < 0.0001, **P < 0.001,
1-way ANOVA. Bars represent mean + SEM (n = 3 technical replicates).
(H) Quantification of ATP release in the supernatant of mIDH1 mouse-
NSs and human-GCs. *P < 0.01; **P < 0.01; ***P < 0.001, 1-way ANOVA.
Bars represent mean + SEM (n = 3 technical replicates). (I) Quantifi-
cation of HMGB1 release in the supernatant of mIDH1 mouse-NSs and
human-GCs. **P < 0.01; ***P < 0.001; ****P < 0.0001, 1-way ANOVA.
Bars represent mean + SEM (n = 3 technical replicates).

We observed that the profile of myeloid-derived suppressor cells
(MDSCs), macrophages, CD8* T cells, and CD4* T cells within
the immune microenvironment of both mIDHI1 glioma models
were similar (Supplemental Figure 3). These data indicate that the
immune microenvironment in SB-transposed gliomas and intra-
cranial gliomas generated from SB-derived NS are comparable
(Supplemental Figure 3).

Pharmacological inhibition of IDHI-R132H prolongs the sur-
vival of mIDHI glioma-bearing mice. First, we sought to address if
tumor-derived D-2HG production can be suppressed by IDH1-
R132H inhibitor AGI-5198 in vivo. Mice bearing either WT-IDH
or mIDH1 glioma were treated with AGI-5198 or saline, as indi-
cated in Figure 2A. Tumors were dissected from the brain and
processed for UPLC-MS analysis 2 days after the last treatment
dose (Supplemental Figure 4). Total D-2HG concentration was
approximately 1.5-fold (0.29 pumol/g) higher in mIDH1 tumor
tissue compared with untreated normal brain tissue (0.15
pumol/g; Figure 2B). The levels of D-2HG in mIDHI1 brain tumor
tissue were reduced by approximately 2.4 fold (P < 0.0001;
0.12 pmol/g) after treatment with AGI-5198 (Figure 2B). Fur-
thermore, D-2HG levels in the mIDH1 brain tumor tissue of
mice treated with AGI-5198 were similar to those observed
in WT-IDH brain tissue (0.15 pmol/g; Figure 2B). These data
demonstrate that AGI-5198 is capable of inhibiting IDH-R132H
activity in the brain of our mouse glioma model.

Next, we characterized the in vivo cell cycle profile of mIDH1
tumor-bearing mice treated with AGI-5198, IR, or AGI-5198+IR.
The frequency of mIDH1 cells undergoing mitotic G2/M phase
(pH3Ser10%) of the cell cycle was approximately 1.5-fold (P <
0.001) lower in the AGI-5198 treatment group compared with the
saline control and IR treatment groups (Figure 2C). In mice treated
with AGI-5198+IR, we observed a 1.6-fold (P < 0.05; Figure 2C)
decrease in the frequency of mIDHI1 cells undergoing mitosis

The Journal of Clinical Investigation

compared with the AGI-5198 alone treatment group. Actively
proliferating mIDH1 cells in S phase (EAU*) of the cell cycle were
approximately 2.3-fold (P < 0.001) lower in the AGI-5198 treat-
ment group compared with the saline and IR treatment groups
(Figure 2C). Mutant IDH1 glioma cell proliferation was further
reduced by approximately 6-fold (P < 0.001) in mice treated with
AGI-5198+1R (Figure 2C).

Next, we asked whether AGI-5198 alone or AGI-5198+IR
would improve MS and long-term survival of mIDH1 glioma-
bearing mice. Mutant IDH1 glioma-bearing mice were treated
with (a) saline, (b) IR, (c) AGI-5198, or (d) AGI-5198+IR at the
indicated dose and treatment schedule (Figure 2D). We mon-
itored tumor growth using in vivo bioluminescence imaging. A
significant decrease in bioluminescence signal was observed
over time in mice treated with AGI-5198 or AGI-5198+IR com-
pared with mice treated with saline or IR (Supplemental Figure
5). We observed a 1.3-fold (P < 0.001) increase in MS of mice
in the AGI-5198-treated group (MS: 43 dpi), and a 1.5-fold (P <
0.001) increase in MS of mice in the AGI-5198+IR-treated group
(MS: 50 dpi), when compared with the control mice in the saline
treatment group (MS: 34 dpi) or IR treatment group (MS: 35 dpi).
Treating mIDH1 glioma-bearing mice with PEG-400/ethanol
vehicle control following the same treatment schedule as AGI-
5198 (Supplemental Figure 6A) did not confer a survival benefit
(Supplemental Figure 6B).

Strikingly, we observed that 40% of the mIDH1 glioma-bear-
ing mice treated with AGI-5198 or AGI-5198+IR survived long
term (> 90 dpi) and remained tumor free (Figure 2E and Supple-
mental Table 1). Long-term survivors from the AGI-5198 alone or
AGI-5198+IR treatment groups were rechallenged with mIDH1
mouse-NSs in the contralateral hemisphere. These animals
remained tumor free without further treatment, whereas control
mice implanted with glioma cells succumbed due to tumor bur-
den (MS: 32 days; P < 0.0001) (Figure 2F, and Supplemental Fig-
ure 7). When sacrificed at 60 dpi after tumor rechallenge, these
mice showed no evidence of microscopic intracranial tumor
(Supplemental Figure 7). These results suggest the development
of anti-glioma immunological memory in mIDH1 glioma rechal-
lenged animals previously treated with AGI-5198 or AGI-5198+IR.

We also assessed the therapeutic efficacy of AGI-5198 treat-
ment in a WT-IDH glioma model. Mice bearing WT-IDH glioma
were treated with either (a) saline, (b) IR, (c) AGI-5198, or (d)
AGI5198+IR at the indicated doses and treatment schedule (Sup-
plemental Figure 8A). We observed a 2.2-fold (P < 0.01) increase
in MS of WT-IDH glioma mice in the IR (MS: 54 dpi) and AGI-
5198+IR treatment groups (MS: 51 dpi) when compared with con-
trol mice in the saline (MS: 26 dpi) or AGI-5198 alone (MS: 24 dpi)
treatment groups. These data demonstrate that AGI-5198 does not
provide a survival benefit in WT-IDH glioma-bearing mice (Sup-
plemental Figure 8).

Pharmacological inhibition of IDHI-RI32H increases PD-L1
expression on mIDHI glioma cells in vivo. Numerous studies have
shown that PD-L1 is highly expressed by WI-IDH gliomas com-
pared with mIDH1 gliomas (24). We evaluated the PD-L1 expres-
sion levels on mIDH1 and WT-IDH mouse glioma and immune
cells in vivo. Mice were either implanted with WT-IDH or mIDH1
glioma cells and tumors were processed for flow cytometry anal-
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Figure 2. Inhibition of IDH1-R132H decreases the production of D-2HG
in vivo, improves the survival of mIDH1 glioma-bearing mice, and
elicits immunological memory. (A) Experimental design to assess D-2HG
concentration in the brain TME. At 27 dpi brains were harvested for
UPLC-MS analysis of D-2HG in the TME of normal mice (black), WT-IDH
glioma-bearing mice (blue), mIDH1 glioma-bearing mice (red), and mIDH1
glioma-bearing mice treated with AGI-5198 (purple). (B) Quantification
of D-2HG concentration in normal brain, mIDH1 tumor-bearing brain,
WT-IDH tumor-bearing brain, and mIDH1 tumor-bearing brain plus AGI-
5198 treatment. ****P < 0.0001, 2-way ANOVA. Bars represent mean

+ SEM (n = 3 biological replicates). (C) AGI-5198+IR treatment inhibits
mIDH1 glioma cell proliferation in vivo. Mitotic cell division (mitotic
index) in mIDH1 glioma was assessed by the phosphorylation status of
Ser10 in Histone 3 (pH3). Proliferation (S phase) of mIDH1 glioma was
assessed by measuring the amount of EdU incorporation. Representa-
tive histograms display pH3- or EdU-positive cells (red, saline; black, IR;
light blue, AGI-5198; gray, AGI-5198 + IR). ***P < 0.001, 1-way ANOVA.
Bars represent mean + SEM (n = 3 biological replicates). (D) Experimen-
tal design to assess the survival of mIDH1 glioma-bearing mice treated
with AGI-5198 therapy in combination with radiation. (E) Kaplan-Meier
analysis of mice treated with saline (n = 7), IR (n = 6), AGI-5198 (n =10),
or AGI-5198+IR (n = 10). (F) Kaplan-Meier plot for rechallenged long-term
survivors from (D) AGI-5198 (n = 4) or AGI-5198+IR (n = 4), and untreated
animals (n = 6). Data were analyzed using the log-rank (Mantel-Cox) test.
*P < 0.05; ***P < 0.001; ****P < 0.0001.

ysis, as indicated in Figure 3A. We observed a 5.5-fold (P < 0.001)
decrease in PD-L1 expression on CD45°/ Nestin* mIDHI glioma
cells when compared with WT-IDH glioma cells (Figure 3B).
There was also a 2.3-fold (P < 0.01) decrease in PD-L1 expression
on CD45" immune cells in the mIDHI glioma TME when com-
pared with WT-IDH glioma TME (Figure 3C). Next, we evaluated
whether AGI-5198 would change the PD-L1 expression on mIDH1
glioma cells or immune cells in vivo. Mice bearing mIDH1 tumors
were treated with AGI-5198, as indicated in Figure 3A. Admin-
istration of AGI-5198 to mIDHI glioma-bearing mice led to a
3-fold (P < 0.001) increase in the PD-L1 expression on the CD457/
Nestin* tumor cells compared with untreated mIDHI glioma-
bearing mice (Figure 3B). There was no difference in PD-L1
expression on CD45* immune cells in the mIDH1 glioma TME
treated with AGI-5198 when compared with the untreated mIDH1
glioma TME (Figure 3C). Using immunohistochemistry, we con-
firmed the expression of PD-L1 on Nestin* cells in brain sections
from WT-IDH, mIDHI, or mIDH1 glioma-bearing mice treated
with AGI5198. PD-L1 expression was markedly decreased in
mIDH1 glioma compared with WT-IDH glioma (Figure 3D). PD-L1
expression in mIDHI glioma treated with AGI-5198 increased to
levels comparable to WT-IDH glioma (Figure 3D).

Since mIDH1 induces a global hypermethylation phenotype,
we next evaluated the effect of AGI-5198 treatment on the DNA
methylation status within CpG islands of the CD274 promoter
in WT-IDH and mIDHI mouse-NSs (Supplemental Figure 9).
We found that CD274 methylation levels were approximately
9-fold (P < 0.01) higher in mIDH1 mouse-NSs treated with vehi-
cle control compared with WT-IDH mouse-NSs (Figure 3E; Sup-
plemental Figure 10). The mIDH1 mouse-NSs treated with AGI-
5198 displayed approximately 9-fold (P < 0.01) lower PD-L1
DNA methylation levels relative to vehicle control (Figure 3E,
and Supplemental Figure 10). There were no differences in DNA
methylation levels for WT-IDH mouse-NSs treated with AGI-
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5198 compared with vehicle control (Figure 3E, and Supplemen-
tal Figure 10). Taken together, these results demonstrate that
IDH1-R132H inhibition specifically impacts the PD-L1 expres-
sion on mIDHI1 glioma cells.

Consistent with our results, TCGA analysis of grades II and
111 glioma patients harboring IDH1-R132H with TP53 and ATRX
inactivating mutations revealed approximately 1.1-fold (P < 0.001)
lower expression of PD-L1 (gene annotation denoted as CD274)
(25) mRNA compared with WT-IDH glioma patients (Figure 4A).
We also observed that patients with grades II and III glioma har-
boring IDH1-R132H with 1p/19q codeletion have approximately
1.1-fold (P < 0.001) lower expression of CD274 mRNA compared
with patients with WT-IDH glioma (Figure 4A).

Since D-2HG inhibits DNA and histone demethylases (13),
altering the epigenome and gene expression patterns, the change
in PD-L1 expression was mainly observed in mIDH1 glioma
samples (Figure 3, A-E). Therefore, we asked if there were dif-
ferences in the CD274 promoter methylation status between the
patient WT-IDH and mIDH1 tumors. We analyzed the promoter
methylation profiles of the CD274 gene in grades II and III gli-
oma samples from the TCGA. We classified the samples into 3
groups: mIDH1 with 1p/19q codeletion (mIDH1-Codel), mIDH1
with non 1p/19q codeletion (mIDH1-nonCodel), and WT-IDH
group. Within the CpG island of the CD274 gene, we identified
a total of 5 probes (Cgl5837913, Cgl19724470, Cgl4305799,
Cg13474877,Cg02823866). Using 3 of the 5 probes (Cg15837913,
Cgl19724470, and Cgl4305799), we found that DNA methyla-
tion was significantly higher in both mIDH1-Codel and mIDH1-
nonCodel as compared with the WT-IDH group (Figure 4B). The
presence of DNA hypermethylation within the CD274 promoter
region in the mIDH1 samples is correlated with the lower CD274
gene expression, suggesting the involvement of epigenetic regula-
tion of CD274 gene expression in the mIDH1 glioma. Since IDH1-
R123H is also encountered in other cancers, we assessed the
CD274 methylation profile in AML. We did not find differences
in DNA methylation in CpG sites within the CD274 promoter of
AML patient samples (Supplemental Figure 11). These data indi-
cate that CD274 expression is also dependent on other genetic
lesions coexpressed with mIDH1 within the tumor. In the glioma
subtypes we evaluated, IDH-R132H is expressed in the context
of TP53 and ATRX mutations or 1p19q codeletion, differing from
AML, where ATRX inactivating mutations or 1p19q codeletion
are not present. These data indicate that IDH-R132H is direct-
ly involved in regulating CD274 expression in grade II and III
gliomas. In addition, treating human mIDHI cells (SF10602),
which endogenously express IDH1-R132H, ATRX, and TP53
inactivating mutations, with AGI-5198 lowered the CD274 DNA
methylation levels relative to the vehicle control (Figure 4C, and
Supplemental Figure 12). Taken together, these results demon-
strate that IDH1-R132H inhibition specifically impacts the regu-
lation of PD-L1 expression in mIDH1 gliomas.

Therapeutic efficacy of IDHI-R132H inhibition, SOC, and anti-
PD-L1 blockade in an intracranial mIDHI glioma model. Given that
PD-L1 expression increased on mIDH1 glioma cells when treated
with AGI-5198 (Figure 3B) and that MGMT methylation status
is high in these cells (Supplemental Figure 13), we investigated
whether combining AGI-5198 therapy with SOC (TMZ+IR) and
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Figure 3. Inhibition of IDH1-R132H increases PD-L1 expression levels on mouse mIDH1 glioma cells. (A) Experimental design to characterize PD-L1
expression on glioma cells and immune cells. (B) Representative histograms displaying PD-L1 expression levels on CD45-/Nestin*/Katushka* glioma
cells or (€) on CD45* immune cells in the TME (purple, WT-IDH tumor; black, mIDH1 tumor; blue, mIDH1 tumor treated with AGI-5198). **P < 0.01;
***p < 0.001; 1-way ANOVA. Bars represent mean + SEM (n = 4 biological replicates). (D) Immunofluorescence staining of Nestin (green), PD-L1 (red),
and DAPI (blue) in 5 um brain tumor sections from WT-IDH (24 dpi), mIDH1 (35 dpi), or mIDH1+AGI-5198 (43 dpi) animals. (E) Quantification of PD-L1
promoter methylation levels in mIDH1 or WT-IDH mouse-NSs after treatment with 1.5 uM AGI-5198 or vehicle. **P < 0.01; 1-way ANOVA. Bars represent
mean + SEM (n = 3 technical replicates).

anti-PD-L1 (aPD-L1) immune checkpoint blockade would provide ~ survival benefit compared with saline (MS: 35 dpi; Figure 5B).
therapeutic benefit to mIDH1 glioma-bearing mice. Mice bearing ~ Administration of aPD-L1 (MS:43 dpi), aPDL+TMZ (MS: 42 dpi),
mIDHI1 tumors were treated at the indicated doses and treatment ~ or aPD-L1+ IR (MS: 43 dpi) also conferred a modest approximately
schedule (Figure 5A). Administration of TMZ alone (MS: 39 dpi), 1.2-fold (P < 0.01) survival benefit (Figure 5B).

SOC (TMZ+IR) alone (MS: 38 dpi), or SOC+aPD-L1 (MS: 39 dpi) Treating mIDH1 tumor-bearing mice with AGI-5198+SOC
to mice bearing mIDH1 tumors conferred a 1.1-fold (P < 0.01)  (MS: 52 dpi) enhanced the efficacy of SOC alone (MS: 38 dpi),
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and resulted in 20% long-term survivors (Figure 5C). We also
observed that the addition of AGI-5198 to TMZ+aPD-L1 (MS:
42 dpi) or IR+aPD-L1 (MS: 61 dpi) treatments significant-
ly enhanced therapeutic efficacy in mIDH1 glioma-bearing
mice (Figure 5C). Notably, in the AGI-5198+TMZ+oPD-L1
and AGI-5198 +IR+oPD-L1 treatment groups, 40% of mice
were long-term survivors, but the highest survival advantage
was observed in the AGI-5198+SOC+aPD-L1 treatment group
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(MS: not reached), in which 60% of mice were long-term sur-
vivors (Figure 5C, and Supplemental Tables 2-4). Our statisti-
cal analyses demonstrated that the addition of aPD-L1 to AGI-
5198+SOC can improve the 90-day survival rate by 40% (95%
CIL: 0%-95%, 1-sided P = 0.08). The estimated hazard ratio
is 0.3 (95% CI: 0.06-1.7, P = 0.2), indicating that aPD-L1 can
reduce the hazard of death by 70%. Our survival data did not
reach statistical significance due to the study’s small sample
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Figure 5. Inhibition of IDH1-R132H in combination with SOC and aPD-L1
exhibits enhanced survival of mIDH1 glioma-bearing mice. (A) Exper-
imental design to assess survival for AGI-5198+S0C+aPD-L1 therapy.

(B) Kaplan-Meier survival analysis of C57BL/6 mice treated with saline
(n=5),50C (n=5), TMZ (n = 5), aPD-L1+5S0C (n = 5), aPD-L1 (n = 5),
aPD-L1+TMZ (n = 5), and IR+aPDL (n = 5). (C) Kaplan-Meier survival anal-
ysis of C57BL/6 mice treated with saline (n = 5), AGI-5198+TMZ+aPD-L1
(n =5), AGI-5198+S0C (n = 5), AGI-5198+IR+aPD-L1 (n = 5), and AGI-
5198+5S0C+aPD-L1 (n = 5). (D) Kaplan-Meier survival plot for rechallenged
long-term survivors from (C) AGI-5198+TMZ+aPD-L1 (n = 1), AGI-5198+50C
(n = 2), AGI-5198+IR+aPD-L1(n = 2), and AGI-5198+S0C+aPD-L1 (n = 3)
groups, and control mice (n = 3). Data were analyzed using the log-rank
(Mantel-Cox) test. **P < 0.001; ***P < 0.001. (E) Kaplan-Meier analysis
of mIDH1 glioma-bearing CD8-KO mice treated with saline (n = 5) or AGI-
5198+50C+aPD-L1 (n = 5). (G) C57BL/6 mice bearing mIDH1 glioma were
treated with saline or AGI-5198+S0C+aPD-L1 as detailed in A. At 27 dpi,
brains were harvested for immunohistochemistry analysis. Immunoflu-
orescence staining for Ki67 and CC3 was performed on 50 pm vibratome
tumor sections. Bar graphs represent total number of positive cells for
Ki67 and CC3 in saline or AGI-5198+S0C+0PD-L1 treatment groups. **P

< 0.01; ***P < 0.001, unpaired t test. Bars represent mean + SEM (n

= 3 biological replicates). (F) Nissl staining of 50 um brain sections at

27 dpi from mIDH1 tumor-bearing mice treated with saline and AGI-
5198+S0C+aPD-L1. ****P < 0.001; unpaired t test. Bars represent mean +
SEM (n = 3 biological replicates).

size, but our results suggest that adding aPD-L1 could enhance
the efficacy of AGI-5198+SOC.

The long-term survivors from the AGI-5198+T-
MZ+0PD-L1, AGI-5198+SOC, AGI-5198+IR+aPD-L1, or AGI-
5198+SOC+aPD-L1 treatment groups were rechallenged with
mIDH1 tumors in the contralateral hemisphere (Figure 5A).
These animals remained tumor free without further treatment,
compared with untreated control mice implanted with tumors,
which succumbed due to tumor burden (MS: 35 days; P < 0.0001)
(Figure 5D). When sacrificed at 60 dpi after tumor rechallenge,
mice showed no evidence of microscopic intracranial tumor
(Supplemental Figures 14 and 15), suggesting the development
of immunological memory.

To determine whether the efficacy of AGI-5198+SOC+aPD-L1
is mediated by the adaptive immune system, CD8-KO mice
were implanted with mIDHI1 cells and treated with saline or
AGI-5198+SOC+0PD-L1 at the indicated dose and treatment
schedule (Figure 5A). There was not a statistically significant
difference in MS in CD8-KO mice treated with saline or AGI-
5198+SOC+0PD-L1. These data indicate the critical role that
CD8" T cells have in mediating the observed therapeutic response
induced by AGI-5198+SOC+0aPD-L1 treatment (Figure 5E).

Subsequently, we analyzed the in vivo expression of Ki67
(proliferation marker), cleaved caspase 3 (CC3; apoptosis mark-
er), and CDS8 (cytotoxic T cell marker) in mIDH1 tumors 2 days
after saline, or AGI-5198+SOC+0oPD-L1 treatments (27 dpi, Fig-
ure 5A). Combining AGI-5198 treatment with SOC and oPD-L1
resulted in a significant decrease in Ki67 expression (P < 0.0001)
and an increase in CC3 expression (P < 0.01) compared with the
saline-treated group (Figure 5F). We also observed increased
infiltration of CD8* T cells (P < 0.01) in tumors treated with AGI-
5198+SOC+uPD-L1 when compared with saline (Supplemental
Figure 16). Additionally, we quantified the size of the tumor 2 days
after AGI-5198+SOC+aPD-L1 or saline treatment (27 dpi). We
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observed a 3-fold (P < 0.0001) decrease in tumor size in the mice
treated with AGI-5198+SOC+aPD-L1 (Figure 5G).

We also assessed complete blood cell counts (CBC), serum
biochemistry for aminotransferase (ALT), bilirubin, urea (BUN)
and creatinine for mice treated with saline or AGI-
5198+SOC+oPD-L1 2 days following the last treatment dose
(Figure 5A). No differences were observed in relation to CBC
between the treatment groups (Supplemental Figure 17). The
levels of ALT, BUN, and creatinine were within the normal
range, indicating normal functioning liver and renal systems
(Supplemental Table 5). The mice were examined daily by a
board-certified veterinarian and no overt signs of respiratory dis-
tress, adverse neurological signs, or weight loss were observed.
Furthermore, liver tissue sections from both treatment groups
showed no signs of necrosis, inflammation, or changes in cellular
structures (Supplemental Figure 18).

Long-term survivors from the AGI-5198+SOC+aPD-L1
treatment group rechallenged with mIDH1 glioma and not
receiving any additional treatment were euthanized 60
days later (Figure 5A). Brains were assessed by immuno-
histochemical staining for myelin basic protein (MBP) as a
marker for myelin sheaths. We did not observe evidence of
demyelination in mIDH1 glioma rechallenged mice from the
AGI-5198+SOC+aPD-L1 treatment group compared with
the saline-treated mice (Supplemental Figure 15). We also
assessed GFAP expression in the brain tumor sections after
AGI-5198+SOC+aPD-L1 treatment and compared it with the
untreated mIDH1 glioma-bearing controls (Supplemental Fig-
ure 15). The rechallenged long-term survivors from the AGI-
5198+SOC+aPD-L1 treatment group did not show any evidence
of intracranial tumor mass in either hemisphere. We observed
reactive astrocytes surrounding the remaining scar tissue at the
site of implantation of the primary tumor (Supplemental Fig-
ure 15). Overall, our data demonstrate that administration of
AGI-5198+SOC+aPD-L1 treatment confers an overall survival
advantage and elicits an anti-mIDH1 glioma immune response
with no overt acute or long-term off-target toxicity effects.

Expansion of mIDHI1 anti-glioma-specific cytotoxic T cells in
response to IDHI-R132H inhibition in combination with SOC and
aPD-L1 immune checkpoint blockade. We next aimed to study the
anti-mIDH1 glioma-specific immune response elicited by AGI-
5198+SOC+aPD-L1 therapy. Mice bearing mIDH1 tumors har-
boring a surrogate tumor antigen, ovalbumin (OVA), were treat-
ed with saline, AGI-5198+SOC, or AGI-5198+SOC+aPD-L1, as
indicated in Figure 6A. Mice were euthanized 2 days after the
last treatment dose and brains were processed for flow cytometry
analysis to characterize the immune cell infiltration in the TME.
Treatment of mIDHI1 glioma-bearing mice with AGI-5198+SOC
therapy induced a 1.6-fold (P < 0.05) increase in the percentage
of tumor-infiltrating plasmacytoid DCs (pDCs: CD45*/CD11c*/
B220%) and a 2.2-fold (P < 0.001) increase in conventional DCs
(cDCs: CD45*/CD11c*/B220°) compared with saline-treated mice
(Figure 6B). In mice treated with AGI-5198+SOC+aPD-L1, we
observed an additional 1.5-fold (P < 0.05; Figure 6B) increase in
tumor-infiltrating pDCs and approximately 1.3-fold (P < 0.001;
Figure 6B) increase in tumor-infiltrating ¢cDCs compared with
mice treated with AGI-5198+SOC.
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Figure 6. Inhibition of IDH1-R132H in combination with SOC and «PD-L1 leads to higher frequency of dendritic cells (DCs) in the mIDH1 glioma TME. (A)
Experimental design to characterize DCs in the TME of mIDH1-0VA glioma-bearing mice after treatment. (B) The percentage of pDCs (CD11c*/B220*) and
cDCs (CD11c*/B2007) within the CD45* cell population in the TME of saline-, AGI-5198+IR-, or AGI-5198+S0C+aPD-L1-treated mIDH1 tumor-bearing mice
was assessed at day 27 dpi. Representative flow plots for each group are displayed. *P < 0.05; **P < 0.01, 1-way ANOVA. Bars represent mean + SEM (n
=5 biological replicates). (C) Activation status of CD11c* DCs in the mIDH1 TME was assessed by expression of MHC Il. Representative flow plots for each
treatment are displayed. *P < 0.05; ***P < 0.001, 1-way ANOVA. Bars represent mean + SEM (n = 5 biological replicates).

To determine the effect of AGI-5198+SOC+0PD-L1 treatment
on DC activation status, we measured expression levels of costim-
ulatory molecules CD80, CD86, and MHC 1I (26-28) in the DCs
of the mIDH1 TME. We observed an increase in MHC II (approx-

J Clin Invest. 2021;131(4):e139542 https://doi.org/10.1172/)CI139542

imately 2.4-fold, P < 0.05), CD80 (0.8-fold, P > 0.05), and CD86
(approximately 2.0-fold, P < 0.05) CD45*/CD11c* DCs positive
cells in the TME of AGI-5198+SOC-treated mice when compared
with saline-treated mice (Figure 6C, and Supplemental Figure 19).
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Figure 7. Inhibition of IDH1-R132H in combination with SOC and ¢PD-L1 induces tumor antigen-specific CD8 T cell responses within mIDH1 glioma TME.
(A) Experimental design to characterize T cells in the TME of mIDH1-OVA glioma-bearing mice after treatment. (B) Tumor-specific CD8* T cells within the
TME of mIDH1-0VA tumors were analyzed by staining with the SIINFEKL-K® tetramer. Representative flow plots for each treatment are displayed. **P <
0.01; ***P < 0.001, 1-way ANOVA. (C) Activation status of CD8* T cells within the TME of mIDH1-0OVA tumors was analyzed by staining for IFN-y after TME
stimulation with the tumor cell lysate. **P < 0.01; ***P < 0.001, 1-way ANOVA. Bars represent mean + SEM (n = 5 biological replicates).

The activation status of DCs was further enhanced by the addition
of oPD-L1 to AGI-5198+SOC treatment. We observed an increase
in the frequency of MHC II (approximately 2.0-fold, P < 0.01),
CD80 (approximately 2.1-fold, P < 0.01), and CD86 (approximate-
ly1.8-fold, P<0.001) DCs in the TME (Figure 6C, and Supplemen-
tal Figure 19). These data suggest that AGI-5198+SOC+aPD-L1
treatment promotes an enhanced adaptive immune response
within the mIDH1 glioma TME through the recruitment and acti-
vation of antigen-presenting DCs.

To further evaluate the specificity of the anti-mIDH1 glioma
immune response elicited by AGI-5198+SOC+aPD-L1 treat-
ment, we assessed antigen-specific CD8* T cell responses in the
TME of mIDHI-OVA glioma-bearing mice in each treatment
group (Figure 7A). We observed a 1.6-fold (P < 0.05) increase in
tumor antigen-specific CD3*/ CD8*/ SIINFEKL-H2K" tetramer*

T cells in the TME of mIDH1-OVA tumor-bearing mice treated
with AGI-5198+SOC compared with the saline treatment group
(Figure 7B). This was also enhanced in mice treated with AGI-
5198+SOC+aPD-L1 by approximately 1.4-fold (P < 0.01; Figure
7B). We observed a significant increase in total CD3* and CD3*/
CD8* T cells in the TME of mIDH1-OVA glioma-bearing mice
treated with AGI-5198+SOC+0PD-L1 compared with the saline
and AGI-5198+SOC treatment groups (Supplemental Figure 19).
No differences were observed in the frequency of CD3*/CD4* T
cells between the 3 treatment groups (Supplemental Figure 20).
Blood serum analysis showed that IL-12, a cytokine critical for
CD8" cytotoxic cell activity (29), increased approximately 1.6-fold
(P <0.001) and approximately 2.7-fold (P < 0.001) in mice treated
with AGI-5198+SOC+aPD-L1 compared with those treated with
AGI-5198+SOC or saline, respectively (Supplemental Figure 21).
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Figure 8. Inhibition of IDH1-R132H in combination with SOC and aPD-L1 decreases the accumulation of MDSCs and Tregs in TME of mIDH1 glioma.

(A) Experimental design to characterize MDSCs and Tregs in the TME of mIDH1-0VA glioma-bearing mice after treatment. (B) The percentage of MDSCs
(CD11b*/Gr1*) within the CD45* cell population in the TME of saline-, AGI-5198+IR-, or AGI-5198+S0C+aPD-L1-treated mIDH1 glioma-bearing mice was
assessed at 27 dpi. Representative flow plots for each group are displayed. *P < 0.05; ***P < 0.001, 1-way ANOVA. Bars represent mean + SEM (n = 5 bio-
logical replicates). (C) The percentage of Tregs (CD4*/CD25*/Foxp3*) within the CD45* cell population in the TME of saline-, AGI-5198+IR-, or AGI-5198+50C
oPD-L1-treated mIDH1 glioma-bearing mice was assessed at 27 dpi. Representative flow plots for each group are displayed. *P < 0.05, 1-way ANOVA. Bars

represent mean + SEM (n = 5 biological replicates).

We also examined the impact of AGI-5198+SOC and AGI-
5198+SOC+aPD-L1 on the activation status of CD3*/CD8 T cells
in the TME through quantification of IFN-y expression levels. The
IFN-y levels of CD8" T cells isolated from the TME of mice treated
with AGI-5198+SOC were approximately 2-fold (P < 0.05) greater
than those of CD8* T cells isolated from control mice treated with
saline (Figure 7C). This response also increased approximately
1.4-fold (P < 0.01) in mice treated with AGI-5198+SOC+aPD-L1
(Figure 7C). Collectively, these data demonstrate that AGI-
5198+SOC+aPD-L1 therapy induces a robust antitumor immune
response through the expansion and activation of mIDH1 glioma-
specific CD8* T cells.

Treatment of mIDHI glioma-bearing mice with IDHI-RI32H
inhibition in combination with SOC and anti-PD-L1 blockade

J Clin Invest. 2021;131(4):e139542 https://doi.org/10.1172/JC1139542

decreases the presence of immunosuppressive cells in the TME. Glio-
mas have been shown to employ numerous mechanisms to sup-
press the immune system (30), thus, we evaluated whether AGI-
5198, SOC, and aPD-L1 treatment reduces the accumulation of
immunosuppressive MDSCs, Tregs, and M2 macrophages (M)
in the mIDH1 glioma TME. Mice with mIDH1-OVA tumors were
treated with saline, AGI-5198+SOC, or AGI-5198+SOC+aPD-L1.
Brains were processed for flow cytometry analysis at 27 dpi, as
indicated in Figure 8A. We observed a 1.4-fold (P < 0.05) decrease
in the percentage of tumor-infiltrating MDSCs (CD45*/CD11b*/
Gr-1) in the AGI-5198+SOC-treated mice compared with the
saline-treated mice (Figure 8B). We also observed a 2.3-fold (P <
0.001; Figure 8B) decrease in tumor-infiltrating MDSCs in ani-
mals treated with AGI-5198+SOC+aPD-L1 compared with mice
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Figure 9. Inhibition of IDH1-R132H in combination with SOC and aPD-L1 decreases the accumulation of M2 macrophages in TME of mIDH1 glioma.

(A) Experimental design to characterize macrophages in the TME of mIDH1-0OVA glioma-bearing mice after treatment. (B) The percentage of M1 (F480*/
(D2067) and M2 (F480*/CD206*) macrophages within the CD45* cell population in the TME of saline-, AGI-5198+IR-, or AGI-5198+S0C+aPD-L1-treated
glioma-bearing mice was assessed at 27 dpi. Representative flow plots for each group are displayed. *P < 0.05; ****P < 0.0001, 1-way ANOVA. Bars repre-

sent mean macrophage quantification + SEM (n = 5 biological replicates).

treated with AGI-5198+SOC. Flow cytometry analysis for Tregs
(CD45*/CD4*/CD25*/Foxp3*) also showed a decrease in mIDH1
glioma by approximately 2.4-fold (P < 0.05; Figure 8C) in mice
treated with AGI-5198+SOC compared with those treated with
saline, and an additional decrease of approximately 1.5-fold (P <
0.05) in mice treated with AGI-519+SOC+aPD-L1 (Figure 8C).
Moreover, we observed a 1.7-fold (P < 0.0001) decrease in the
number of tumor-infiltrating M2 M@s (CD45*/F480*/CD206")
within the TME of AGI-5198+SOC-treated mice compared with
saline-treated mice, and a 1.5-fold (P < 0.05) decrease in mice
treated with AGI-519+SOC+aPD-L1 (Figure 9, A and B). Con-
versely, we observed a 1.5-fold (P < 0.001) increase in the number
of M1 M@s within the TME of AGI-5198+SOC+aPD-L1-treated
mice compared with mIDH1 glioma-bearing mice treated with
AGI-5198+SOC or saline (Figure 9B). Overall, we observed that
AGI-5198+SOC+0PD-L1 treatment significantly decreases the
amount of immunosuppressive MDSCs, Tregs, and M2 M@s in
the TME of mIDHI glioma-bearing mice compared with the AGI-
5198+SOC and saline treatment groups.

Impact of oncometabolite D-2HG on T cell function. D-2HG 1is
produced by mIDH1 glioma cells (9) and released into the mIDH1
glioma TME. Thus, we next aimed to evaluate the impact of
D-2HG on T cell function. Numerous studies have shown D-2HG
to be poorly cell permeable (24). We examined the effect of D-2HG
on the activation and proliferation status of antigen-specific CD8*
T cells from OT-1 transgenic mice, which have T cell receptors
engineered to recognize the SIINFEKL peptide (31). OT-1 spleno-
cytes were fluorescently labeled with 5- and 6-carboxyfluorescein
diacetate succinimidyl ester (CFSE) and stimulated for 4 days with
100 nM SIINFEKL peptide in the presence or absence of 0.25 mM
D-2HG (Figure 10A). We used this concentration as we observed
that the number of T cells undergoing apoptosis (approximately
22%) were similar to the unstimulated control group (Supplemen-
tal Figure 22). Proliferation and activation of T cells was assessed
by CFSE dilution analysis and quantification of IFN-y expression
levels in the supernatants, respectively. Unstimulated OT-1 T
cells did not proliferate and showed low IFN-y levels (Figure 10,
B-D). However, almost 100% of T cells from OT-1 mice under-

J Clin Invest. 2021;131(4):e139542 https://doi.org/10.1172/)CI1139542
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Figure 10. D-2HG does not inhibit T cell pro-
liferation and activation. (A) Experimental
design to analyze the impact of D-2HG on T
cell proliferation. (B) Flow plots show repre-
sentative CFSE stains of unstimulated sple-
nocytes (inactivated T cells), splenocytes
undergoing proliferation in response to 100
nM SIINFEKL (activated T cells), and the
effect of 0.25 mM D-2HG on SIINFEKL-in-
duced T cell proliferation. (C) Quantifica-
tion of OT-1 splenocytes undergoing T cell
proliferation. ***P < 0.001, 1-way ANOVA.
Bars represent mean + SEM (n = 3 technical
replicates). (D) Quantification of IFN-y levels
in the supernatants of OT-1 splenocytes
stimulated with SIINFEKL in the presence
of D-2HG. IFN-y levels were assessed by
ELISA. (E) Representative flow plots of OT-1
splenocytes incubated with 0.25 mM D-2HG
in the presence of 100 nM SIINFEKL peptide
for 4 days and stained with Annexin V-FITC
and propidium iodide (PI). Live activated T
cells (CD3*/CD8*/IFN-y*) were identified as
Annexin V negative and Pl negative. Dead
cells undergoing early apoptosis were iden-
tified as Annexin V positive and Pl negative.
Dead T cells undergoing late apoptosis were
identified as Annexin V positive and PI posi-
tive. Bars represent quantitative analysis of
the distribution of live and dead cells during
4-day incubation period with D-2HG (n = 3
technical replicates).
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Figure 11. Inhibition of IDH1-R132H in combination with SOC and aPD-L1 induces CD8"* T cell memory responses and lowers T cell exhaustion within

the TME of mIDH1 glioma-bearing mice. (A) Experimental design to assess memory T cell response in mIDH1 glioma-bearing mice treated with
AGI5198+S0C+0PDL1. (B) The percentage of Tcm cells (CD62L*/CD44*) and Tem cells (CD62L-/CD44) within the CD45*/CD3* cell population in the TME of
untreated control and AGI-5198+S0C+aPD-L1-treated mice was assessed at 14 dpi after mIDH1 glioma rechallenge (R.C). Representative flow plots for
each group are displayed. ****P < 0.0001, unpaired, 2-tailed t test. Bars represent mean + SEM (n = 3 biological replicates). (C) The percentage of Tcm cells
(CD62L*/CD44*) and Tem cells (CD62L-/CD44) within the CD45*/CD3* cell population in the circulation of untreated control and AGI-5198+50C+aPD-L1-
treated mice was assessed at 14 dpi after mIDH1 glioma rechallenge. Representative flow plots for each group are displayed. ****P < 0.0001, unpaired,
2-tailed t test. Bars represent mean + SEM (n = 3 biological replicates). (D) CD8* T cell exhaustion in the TME of mIDH1 glioma-bearing mice of untreated
control and AGI-5198+S0C+aPD-L1-treated mice was assessed at 14 days after tumor rechallenge, by assessing the expression levels of PD-1, TIM-3, and
TIGIT markers. Representative histograms display each marker’s expression levels (black, isotype control; blue, saline; green, AGI-5198+S0C+aPD-L1). *P <
0.05; ****P < 0.0001, unpaired, 2-tailed t test. Bars represent mean + SEM (n = 3 biological replicates).
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went antigen-specific proliferation in response to SIINFEKL stim-
ulation, and IFN-y levels in the supernatant were approximately
5-fold higher than unstimulated splenocytes (Figure 10, B-D).
The addition of D-2HG to stimulated T cells did not significantly
alter proliferation of IFN-y levels compared with cells treated with
SIINFEKL alone (Figure 10, B-D). These data indicate that D-2HG
does not directly impact T cell activation or proliferation.

Since T cell functions require viable T cells, we next evaluated
whether D-2HG would induce apoptosis of activated T cells. OT-1
splenocytes were stimulated with 100 nM SIINFEKL peptide in
the presence or absence of 0.25 mM D-2HG for 4 days (Figure
10A). Activated T cells (CD3*/CD8*/IFN-y*) undergoing early
or late apoptosis were identified by flow cytometry with Annex-
in V/PI staining. In accordance with our data on T cell activation
and proliferation, we observed approximately 90% live (Annexin
V/ PI') T cells in culture with SIINFEKL alone compared with
approximately 76% live T cells in cultures with unstimulated
OT-1 cells (Figure 10E). The addition of D-2HG to the T cell cul-
ture with SIINFEKL did not induce apoptosis (Figure 10E). Nota-
bly, when nonactivated T cells were cultured using a range of
5-30 mM D-2HG, we observed that T cell apoptosis increased in
a dose-dependent manner (Supplemental Figure 22). These data
indicate that at higher doses D-2HG is toxic for CD8* T cells,
rather than inhibiting their proliferating capacity. Overall, our
data indicate that D-2HG, which is present in the mIDH1 glioma
TME, does not alter T cell function.

IDHI-RI32H inhibition in combination with SOC and anti-
PD-L1 immune checkpoint blockade confers memory T cells’ response
following glioma rechallenge. We demonstrated that mIDHI1
glioma-bearing mice survive long term when treated with AGI-
5198+SOC+aPD-L1 and that long-term survivors exhibit immu-
nological resistance to mIDH1 glioma rechallenge in the contra-
lateral hemisphere (Figure 5, C and D). Therefore, we assessed the
T cell memory response in the rechallenged long-term survivors
previously treated with AGI-5198+SOC+aPD-L1 (Figure 11A).
Normal untreated mice implanted with mIDH1 glioma were uti-
lized as controls. Mice were euthanized 14 days after rechallenge,
brains and blood were processed for flow cytometry analysis of
CD45*/CD3*/CD8*/CD44"/CD62L" effector (Tem) and CD45*/
CD3"/CD8*/CD44"/ CD62L" central (Tcm) memory T cells.
Mice treated with AGI-5198+SOC+0oPD-L1 showed an increase
in the percentage of TME infiltrating Tem (approximately 8-fold;
P < 0.0001) and Tem (approximately 3.3-fold; P < 0.0001) cells
compared with the untreated control mice (Figure 11B). We also
observed an increase in the percentage of Tem (approximately
1.6-fold; P < 0.0001) and Tem (approximately 7-fold; P < 0.0001)
cells in the blood of mice treated with AGI-5198+SOC+0oPD-L1
compared with the control mice (Figure 11C). Blood serum anal-
ysis showed that IL-15, a cytokine critical for CD8* memory T cell
activity (32), increased approximately 4-fold (P < 0.001) in mice
treated with AGI-5198+SOC+aPD-L1 compared with untreated
mice (Supplemental Figure 23).

Since aPD-L1 may augment the effector functions of glioma-
infiltrating cytotoxic T cells, we tested the effect of AGI-
5198+SOC+oPD-L1 treatment on T cell exhaustion by measuring
the expression levels of PD-1, TIM-3, and TIGIT markers (33) on
the CD8* T cells in the TME of rechallenged mIDH1 glioma-bear-
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ing mice. We observed a decrease in PD-1 (approximately 3.3-fold,
P < 0.001), TIM-3 (approximately 1.3-fold, P < 0.05), and TIGIT
(approximately 0.6-fold, P < 0.05) expression on CD45*/CD3*/
CD8* T cellsin the TME of rechallenged AGI-5198+SOC+0oPD-L1-
treated mice compared with untreated control mice (Figure 11D).
These data indicate that the combination of AGI-5198, SOC, and
aPD-L1 treatment reduces T cell exhaustion and strongly favors
the generation of a memory CD8" T cell response against mIDH1
glioma. This treatment strategy promotes the generation of adap-
tive immune response against tumor recurrence.

Discussion

A critical factor influencing the success of therapeutic approaches
for gliomas expressing IDH1-R132H (mIDH]1) in the context of
TP53 and ATRX inactivation is the ability to harness the mediated
responses of memory T cells in order to prevent recurrence. Sev-
eral preclinical studies have shown that small molecule inhibitors
targeting IDH1-R132H have been effective in hampering tumor
progression when used as monotherapy in preclinical models of
AML and glioma (17, 19, 24, 34, 35).

We showed that the genetic context in which IDH-R132H
mutation occurs impacts tumor biology and treatment outcomes
(9). For instance, we demonstrated that D-2HG epigenetically
reprograms the expression of genes involved in DNA-damage
response in gliomas harboring IDH1-R132H in the context of
ATRX and TP53 inactivation (mIDH1), eliciting glioma radio-
resistance (9). Treatment of mouse and human mIDH1 glioma
cells with IDH1-R132H inhibitor in vitro radiosensitized mIDH1
glioma cells. Another study demonstrated that IDH1 glioma
radioresistance was determined by the genetic context in which
IDH-R132H was expressed (36). These studies suggest that the
response to therapies for mutant IDH1 gliomas is dependent on
the genetic context in which this mutation is found (9, 36, 37).
Also, ATRX inactivation can have profound effects on chroma-
tin structure, which in turn will affect the transcriptional profile
of the cells in which this genetic lesion is encountered (38-40),
thus it could impact therapeutic efficacy, including the efficacy
of aPD-L1 blockade.

In the clinical setting, new therapeutic approaches are
required to be tested in combination with SOC, hence we assessed
the impact of inhibiting IDH1-R132H enzymatic activity in com-
bination with IR and TMZ in our preclinical mIDH1 model. We
found that the MGMT promoter methylation levels in mIDH1 NS
are higher compared with WT-IDH1 NS, leading to lower MGMT
expression in mIDH1 mouse-NSs compared with WT-IDH mouse-
NSs (Supplemental Figure 13). Our in vivo data show that admin-
istration of TMZ alone to mice bearing mIDH1 tumor confers a
modest survival benefit compared with saline control group. TMZ
treatment has been associated with hypermutation and malignan-
cy, downregulation of PD-L1, and lymphopenia in patients with
glioma (41-43). Areduction in the circulating levels of CD8* T cells
and an increase in circulating Treg levels has also been observed
in patients with glioma receiving systemic TMZ (41, 44, 45). We
and others demonstrated that although TMZ increases the infil-
tration of Tregs into the TME, it does not adversely affect the ther-
apeutic efficacy of immunotherapy (42, 43, 46, 47). In addition,
TMZ has been shown to not adversely impact antitumor immuni-
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ty when combined with immunotherapies in patients with glioma
(41). Furthermore, it is also well documented that TMZ induces
the expression of proinflammatory molecules such as calreticulin
and HMGBI1 by glioma cells, enhancing the immunogenicity of
tumor cells (42, 48). Our data show that concomitant administra-
tion of TMZ with IR, AGI-5198, and aPD-L1 elicits a reduction in
the accumulation of immunosuppressive MDSCs, Tregs, and M2
M@s within the mIDH1 glioma TME (Figures 8 and 9), indicating
an immune-permissive TME.

A critical feature of any proposed therapeutic strategy for
mIDH1 gliomas should be the ability to prevent tumor recur-
rence, which is a salient clinical feature of this disease (49, 50).
The establishment of immunological memory after immuno-
therapy is mediated by tumor-specific memory T cells that can
protect against tumor recurrence (51). A previous study demon-
strated that in primary IDH1-R132H grade II/III gliomas there is
less infiltration of CD8* T cells in the TME; CD8* T cells were
predominantly localized in the perivascular niche (52). This
reduction in T cell numbers was due to decreased expression of
cell adhesion molecules (ICAM1) and chemoattractants (CXCL9
and CXCL10), which mediate the recruitment of T cells from
circulation into the TME (52). Similarly, another study demon-
strated less intratumoral infiltration of CD8* T cells in syngene-
ic GL261 and SB-derived SB28 (driven by NRAS, PDGF-B, and
short hairpin-targeting TP53) models expressing IDH1-R132H
compared with WT-IDH1 tumors. The authors demonstrated
reduced IFN-y expression in the T cells present within the IDH1-
R132H glioma TME (24). Further, reduced expression of genes
involved in leukocyte migration was observed in IDH1-R132H
tumor-bearing Ntva_Ink4a/Arf*- mice (7). However, none of
these studies addressed IDH1-R132H in the genetic context of
ATRX and TP53 inactivation.

In this study, we aimed to assess the immunological impact
of blocking D-2HG production on anti-mIDH1 glioma immunity
in our genetically engineered mutant IDH1 mouse glioma model,
which also harbors ATRX and TP53 loss, recapitulating the salient
genetic lesions encountered in mutant IDH1 astrocytomas (2, 9).
We demonstrate that systemic administration of an IDH1-R132H
inhibitor prolonged the MS of mIDH1 glioma-bearing mice, with
40% being long-term survivors (Figure 2). Furthermore, when the
long-term survivors from the IDH1-R132H inhibition treatment
group were rechallenged with mIDHI tumor cells in the contralat-
eral hemisphere, all the mice remained tumor free without further
treatment, indicating the development of anti-glioma immuno-
logical memory (Figure 2). The reason that 40% of the mice treat-
ed with AGI-5198 were tumor free could be due to the host’s ability
to mount a robust effector immune response, unlike the 60% of
the mice which developed therapeutic resistance and succumbed
due to tumor burden. The variability in the response to combina-
tion of radiotherapy, chemotherapy, and immunotherapy in brain
tumor preclinical models has previously been demonstrated by
several research groups (53-57). Mechanisms that contribute to
treatment resistance are at present unknown and require further
investigation (53-57).

Mutant IDH1 gliomas have been reported to accumulate
D-2HG to levels as high as 30 mM (58). A recent study suggests
that the D-2HG directly inhibits anti-glioma CD8" T cell func-
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tions in mIDH1 glioma TME (59). However, previous reports
have shown that D-2HG is poorly cell permeable (11, 60). Herein,
we demonstrate that D-2HG does not suppress the functions of
mouse antigen-specific CD8" T cell proliferation (Figure 10).
When we cultured CD8* T cells with D-2HG at concentrations
ranging from 5-30 mM, we found that D-2HG induced apopto-
sis in a dose-dependent manner. Around 40% of CD8* T cells
exhibited apoptosis when treated with 5 mM D-2HG, increasing
to more than 70% apoptosis when treated with 30 mM D-2HG
(Supplemental Figure 22). These results indicate that the doses
previously reported might have been toxic for CD8* T cells, rather
than inhibiting their proliferation.

Immunogenic cell death (ICD) elicited by dying tumor cells
contributes to the development of adaptive immunity (61). Our
results show that blocking D-2HG production in mouse and
human mIDH1 glioma increases the expression of CRT, the
release of ATP, and the level of HMGB1 DAMPs molecules (Fig-
ure 1). Although we have shown that mIDH1 mouse and human
glioma cells are radioresistant (9), we observed that mIDH1 cells
treated with IR released ATP at levels similar to those in the IDH1-
R32H inhibition treatment group (Figure 1), causing activation of
the autophagy pathway for survival (21-23) (Supplemental Figure
1). In this respect, it has been shown that tumor cells treated with
radiation release ATP, which triggers autophagy activation (21-23).

ICD elicits the activation of antigen-presenting DCs to prime
cytotoxic CD8* T cells and leads to a robust anti-mIDH1 glioma
response in our model. Mice bearing mIDH1 glioma treated with
IDH1-R132H inhibitor in combination with SOC demonstrated an
increase in pDCs and ¢DCs in the TME compared with mice in the
saline-treated group. This treatment strategy also upregulated the
expression of costimulatory ligands CD80, CD86, and MHC II on
DCs (26-28), polarizing them toward an activated phenotype (Fig-
ure 6, and Supplemental Figure 19). In addition, using a mIDH1
mouse glioma model harboring surrogate tumor antigen oval-
bumin (OVA), we monitored the generation of mIDH1 glioma-
specific T cells in the TME using the H2K® tetramer. Our data show
anincrease in mIDH1 glioma-specific T cells in the TME of mIDH1
glioma-bearing mice treated with IDH1-R132H inhibitor and SOC
compared with mice treated with saline (Figure 7). We observed
that the percentage of tumor-specific CD8" T cells is greater than
IFN-y* T cells in both AGI-5198+SOC or AGI-5198+SOC+aPD-L1
treatment groups (Figure 7). This could be due to increased pro-
liferation or decreased apoptosis of the tumor antigen-specific
CD8" T cells, which does not indicate that they are exhausted or
dysfunctional. The lower percentage of IFN-y* T cells with respect
to the total number of antigen-specific CD8" T cells in the mIDH1
glioma microenvironment indicates that not all of the CD8* T cells
are active at a given time point. These data strongly suggest that
inhibiting IDH-R132H in combination with SOC induces a mIDH1
glioma-specific immune response.

Immunotherapy has emerged as a powerful therapeutic
tool for cancer; however, in glioma it has failed partly due to the
presence of inhibitory receptor molecules on T cells, such as pro-
grammed cell death protein 1 (PD-1) (30). A study evaluating the
immunological gene profile of 282 primary IDH1-R132H gliomas
compared with 151 WT-IDH gliomas from TCGA determined
that the gene and protein expression of PD-L1 was substantially
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lower in mutant IDH1 gliomas compared with WT-IDH1 glioma
(25). We analyzed the expression of PD-L1 in the TCGA data set
of WT-IDH, IDHI1-R132H with 1p/19q codeletion, and IDH1-
R132H with ATRX/TP53 mutation in grade II and III gliomas. We
observed that IDH-R132H is associated with lower levels of PD-L1
expression in glioma samples with 1p/19q codeletion and ATRX/
TP53 mutations (Figure 4A). TCGA analysis also revealed that
IDH1-R132H increased DNA methylation at 3 CpG sites within the
PD-L1 promoter in 1p/19q codeleted and 1p/19q non-codeleted
grade II and III gliomas (Figure 4B). This observation is also sup-
ported by Mu et al. (25). In this study, we demonstrate that mIDH1
mouse glioma cells in situ exhibit lower levels of PD-L1 compared
with WT-IDH mouse glioma cells (Figure 3B). We observed that in
vivo inhibition of IDH-R132H leads to increased PD-L1 expression
on mIDH1 glioma cells in the TME by approximately 2-fold com-
pared with untreated control mice (Figure 3B). Also, when mIDH1
mouse-NSs and human-GCs were treated with AGI-5198 in vitro,
they displayed approximately 9-fold (P < 0.01) lower PD-L1 pro-
moter methylation levels relative to vehicle control (Figure 3E,
and Figure 4C). Our results show that inhibition of IDH1-R132H
reverses PD-L1 promoter methylation, leading to enhanced PD-L1
expression on mIDHI glioma cells.

Since higher expression of PD-L1 on tumor cells leads to T
cell exhaustion (33) and negatively regulates T cell activation,
priming, and expansion (62), we decided to combine inhibition
of D-2HG production with immune checkpoint blockade using
aPD-L1. We observed the highest percentage of long-term survi-
vors (60%) in the AGI-5198+SOC+aPD-L1 group compared with
all other treatment groups. Our data suggest that adding aPD-L1
could enhance the efficacy of AGI-5198+SOC, although the
effect estimates did not reach statistical significance due to small
sample size. The efficacy of PD-1/PD-L1 immune checkpoint
blockade has not been investigated in glioma models harboring
IDH1-R132H in the context of ATRX and TP53 loss. We observed
that aPD-L1, when used as monotherapy, elicited a modest
increase in MS of mice bearing mIDH1 glioma, with no long-
term survivors (Figure 4B). There is evidence that shows that
immune-checkpoint blockade used as monotherapy has failed
in phase III clinical trials to improve overall survival of patients
with glioma (20). Our data demonstrate that coadministering
aPD-L1 with IDH1-R132H inhibitor and SOC improved the MS
of mIDH1 glioma-bearing mice (Figure 5C). Additionally, this
strategy reduced T cell exhaustion and favored the generation
of memory CD8" T cells, which elicited a strong immunological
memory response against mIDH1 glioma rechallenge (Figure 11,
B and C). Effective antitumor immunity in glioma-bearing mice
can be blunted with increased age (53, 54). Although we did not
age match the untreated control mice (approximately 8 weeks
old) with the long-term survivors (17-19 weeks old) in the rechal-
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lenge study, we observed that an effective memory response
was mounted in rechallenged long-term survivors from the AGI
5198+SOC+aPDLI treatment group.

The role of memory T cells in promoting immunological
memory after immunotherapy is critical for preventing mIDH1
glioma recurrence. Our proposed strategy consisting of combin-
ing D-2HG inhibition, SOC, and oPD-L1 immune checkpoint
blockade prolongs MS, yields long-term survivors, and elicits
anti-mIDH1 glioma immunological memory (Figure 5, Figure 7,
and Figure 11). Therefore, our preclinical data provide evidence
that supports the development of combining IDH1-R132H inhi-
bition with SOC and «PD-L1 in a phase I clinical trial for glioma
patients expressing IDH1-R132H in the context of TP53, ATRX
inactivating mutations.

Methods
Additional details on the methods are provided in the Supplemental
Materials.
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