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Mutations in the isocitrate dehydrogenase genes IDH1 and IDH2 are among the first genetic alterations observed during
the development of lower-grade glioma (LGG). LGG-associated IDH mutations confer gain-of-function activity by
converting α-ketoglutarate to the oncometabolite R-2-hydroxyglutarate (2HG). Clinical samples and gene expression data
from The Cancer Genome Atlas (TCGA) demonstrate reduced expression of cytotoxic T lymphocyte–associated genes
and IFN-γ–inducible chemokines, including CXCL10, in IDH-mutated (IDH-MUT) tumors compared with IDH-WT tumors.
Given these findings, we have investigated the impact of IDH mutations on the immunological milieu in LGG. In
immortalized normal human astrocytes (NHAs) and syngeneic mouse glioma models, the introduction of mutant IDH1 or
treatment with 2HG reduced levels of CXCL10, which was associated with decreased production of STAT1, a regulator of
CXCL10. Expression of mutant IDH1 also suppressed the accumulation of T cells in tumor sites. Reductions in CXCL10
and T cell accumulation were reversed by IDH-C35, a specific inhibitor of mutant IDH1. Furthermore, IDH-C35 enhanced
the efficacy of vaccine immunotherapy in mice bearing IDH-MUT gliomas. Our findings demonstrate a mechanism of
immune evasion in IDH-MUT gliomas and suggest that specific inhibitors of mutant IDH may improve the efficacy of
immunotherapy in patients with IDH-MUT gliomas.
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Introduction
Gliomas are the most common primary brain tumors and are typi-
cally classified on the basis of WHO criteria as grades I–IV, in order 
of increasing anaplasia (1). Grade IV glioblastomas (GBMs) are the 
most aggressive, with a median survival time of less than 15 months 
(2). While the majority of WHO grade I gliomas are curable, lower- 
grade (WHO grade II or III) diffuse gliomas (1) are considered 
malignant because of their invasive growth, resistance to therapy, 
and high risk of transforming into higher-grade gliomas (3).

Recent genomic studies, including those of The Cancer Genome 
Atlas (TCGA), have guided us toward a better understanding of the 
molecular characterizations of lower-grade gliomas (LGGs) (4). 
Among the earliest signature molecular alterations, mutations in 
the isocitrate dehydrogenase IDH1 and IDH2 genes are of partic-
ular interest. These mutations have been found to be early and fre-
quent (70%–80%) genetic alterations in LGG patients (5), as well as 
in a small fraction of GBM patients, especially those with secondary 
GBM who progress from LGG (6). IDH mutations persist throughout 
multiple recurrences, chemotherapy, and resections (7). All IDH1 and 
IDH2 mutations identified to date affect a single amino acid located 

within the isocitrate-binding site (IDH1 [R132] or IDH2 [R140 and 
R172]) and confer a novel gain-of-function activity by converting 
α-ketoglutarate (αKG) to its (R)-enantiomer of 2-hydroxyglutarate 
(2HG). Reduced availability of αKG and accumulation of 2HG by 
mutant IDH (8) may coordinate genome-wide epigenetic changes, 
such as the glioma–CpG island methylator phenotype, that predis-
pose the cells toward malignant transformation (reviewed in ref. 5).

Immunotherapy remains an unproven but promising 
approach for treating brain tumors (reviewed in refs. 9, 10). We 
have demonstrated that tumor-specific type 1 CD8+ T cells, which 
predominantly secrete IFN-γ, but not type 2 CD8+ T cells, can effi-
ciently traffic into brain tumor sites and mediate effective tumor 
cell killing (11) via the type 1 chemokine CXCL10 (11–14). Despite 
the importance of the type 1 T cell response, gliomas and other 
cancers secrete numerous type 2 cytokines (15–17) that promote 
tumor proliferation (18, 19) and immune escape (20–22).

Therefore, we asked whether IDH mutations could directly sup-
press genes required for a type 1 CD8+ T cell response, allowing for 
glioma growth. Our analyses of clinical samples and TCGA RNA- 
sequencing (RNA-seq) data demonstrated reduced expression of 
CD8, type 1–associated effector molecules, and chemokines. Using 
orthotopic syngeneic glioma models, we demonstrated that IDH1 
mutations and 2HG recapitulate this phenotype. As intrinsic events 
in an IDH-mutated (IDH-MUT) tumor cell, we found that either the 
IDH1 R132H mutation or 2HG can suppress the protein-level expres-
sion of STAT1, leading to the observed decrease in type 1–associated 
chemokines, such as CXCL10. Finally, use of IDH-C35, the spe-
cific inhibitor of mutant IDH1, improved antitumor immunity and 
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impact the immunological environment of LGGs, we first per-
formed immunofluorescence analysis on formalin-fixed, paraf-
fin-embedded (FFPE) tissue sections derived from IDH-MUT  
(n = 11) and IDH-WT (n = 9) WHO grade III gliomas. We confirmed 
IDH1 and IDH2 status by sequencing, using the method previ-
ously described (ref. 23 and Supplemental Figure 1; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI90644DS1.org). Using TissueFAXs and StrataQuest tissue anal-
ysis software, CD3+CD8+ double-positive (dp) cells were identified 
(indicated by red circles) on the IDH-WT and IDH-MUT tissue sec-

enhanced the efficacy of a peptide vaccine. Our findings demon-
strate what we believe to be a novel, IDH-MUT–mediated mecha-
nism of immune evasion and further suggest that mutant IDH inhib-
itors can be used to enhance glioma immunotherapy in patients with 
IDH-MUT gliomas.

Results
Immunofluorescence evaluation confirms reduced CD3+CD8+ T cell 
infiltration levels in IDH-MUT WHO grade III gliomas compared 
with levels in IDH-WT gliomas. To understand how IDH mutations 

Figure 1. Reduced CD8+ T cell numbers in WHO grade III IDH-MUT gliomas compared with IDH-WT gliomas. FFPE 
sections from IDH-WT (n = 9) and IDH-MUT (n = 11) WHO grade III gliomas were stained for CD3 (Cy5) and CD8 
(Texas Red [TEX]) and analyzed using StrataQuest software. (A) Representative staining for CD3 (red), CD8 (yellow), 
and nuclei (blue) either alone or merged in both IDH-WT (WT) and IDH-MUT (MUT) cases. Red circles represent 
automated cell masks on CD3 and CD8 dp cells. Scale bars: 20 μm. (B) Number of CD3+CD8+ dp cells per area (mm2) 
of tumor calculated for each case. The average tumor area per tissue section was 111.21 mm2 for IDH-WT and 165.35 
mm2 for IDH-MUT cases. (C) Scatter diagrams illustrating the staining intensity of CD3 and CD8 on the x and y axes, 
respectively. The percentage of cells in each quadrant was based on the total number of DAPI+ (blue) nuclei. Each 
dot represents an individual case. (D) CD3+CD8+ dp cells as a percentage of total DAPI+ cells (nuclei) calculated for 
each case. In B and D, each dot represents a value from a single patient, black lines represent the mean, and error 
bars indicate the SD of samples in a group. P values were obtained using a 2-sided, unpaired Mann-Whitney U test. 
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patients with LGG. Using level 3 gene expression data from TCGA 
database, we compared gene expression profiles of IDH-MUT  
(n = 149) and IDH-WT (n = 58) cases. As oligodendroglioma has a 
different biology and prognosis than does astrocytoma, we exclud-
ed cases with chromosome 1p/19q deletion, which is a marker 
for oligodendroglioma (1). Genes related to CD8+ CTLs (CD8A, 
CD8B, GZMA, and GZMB) (Figure 2A), IFN-γ and IFN-γ–inducible 
genes (IFNG and OAS2), as well as the chemokines CXCL9 and 
CXCL10 (Figure 2B) were significantly lower in IDH-MUT cases 
compared with IDH-WT counterparts. Conversely, we observed 
no differences in the Th2- or Treg-associated cytokines TGFB1, 
IL5, IL10, or CD4 (Figure 2C).

To evaluate genes that are upregulated or downregulated in 
IDH-MUT cases in an unbiased and comprehensive manner, we 
evaluated Gene Ontology (GO) terms, each containing genes anno-
tated by each term (24), in these cases. We found that 465 GO terms 
are upregulated (Supplemental Table 1) and 704 GO terms are 

tions (Figure 1A and Supplemental Figure 2). We observed great-
er numbers of CD3+CD8+ cells per tumor area in IDH-WT tumors 
than in IDH-MUT tumors (Figure 1B). To ensure that the higher 
numbers of T cells were not merely due to differences in overall cell 
density between the 2 groups, we confirmed the greater numbers 
of CD3+CD8+ cells per total DAPI+ nuclei, which represent all cells, 
in IDH-WT compared with IDH-MUT tumors (Figure 1, C and D). 
On the other hand, we observed no difference in CD3+CD8– cells 
between IDH-WT and IDH-MUT cases (Supplemental Figure 3). 
The CD3+CD8– cell population included CD3+CD4+ T cells, but we 
were unable to detect any γδ+ T cells in IDH-WT or IDH-MUT cas-
es (Supplemental Figure 3). Also, we were unable to reliably enu-
merate CD4+ T cells. Overall, these data demonstrate a significant 
reduction of CD3+CD8+ T cell accumulation in IDH-MUT tumors 
compared with accumulation in IDH-WT tumors.

IDH mutations are associated with lower levels of CD8+ cytotoxic  
T cell infiltration and IFN-γ–induced chemokine gene expression in 

Figure 2. Lower expression levels of CD8+ T cell–associated genes in IDH-MUT versus IDH-WT patients. TCGA level 3 gene expression data were downloaded 
from the University of California Santa Cruz Cancer Genome Browser for 1p/19q intact, WHO grade II or III glioma cases (n = 207) (http://www.cbioportal.org/). 
IDH-MUT (n = 149) and IDH-WT (n = 58) cases were compared for immune cell and immune effector gene expression levels. Differentially expressed genes 
associated with (A) CD8+ CTLs and (B) IFNG and IFN-γ–inducible genes. (C) Gene expression associated with immunosuppression (TGFB1), CD4 T cells (CD4), 
and type 2 immunity (IL5 and IL10). Graphs depict the log2 expression value of each gene: each dot represents 1 patient; black bars show the average value.  
P values were determined using 2-sided, unpaired t tests, with Benjamini-Hochberg adjustment for multiple testing.
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We harvested glioma tissues from C57BL/6 mice implanted 
with IDH1WT or IDH1R132H gliomas in the brain and then evaluated 
the expression of immune response–related genes by real-time PCR 
(RT-PCR). Consistent with TCGA data, both SB28R132H (Figure 3A) 
and GL261R132H (Supplemental Figure 5) tumors had reduced levels 
of CTL-associated and IFN-γ–inducible chemokine-related genes 
compared with WT counterpart tumors. Additionally, CXCL10 ELI-
SA revealed significantly reduced levels of CXCL10 in GL261R132H 
tumors compared with levels in GL261WT tumors (Figure 3B). Fur-
thermore, immunofluorescence staining showed reduced CTL 
accumulation in intracranial GL261R132H gliomas compared with 
accumulation in GL261WT gliomas (Figure 3, C and D). These data 
demonstrate the direct role of IDH1R132H in the suppression of T cell 
accumulation in gliomas.

IDH-MUT glioma cells produce reduced levels of CTL-attracting 
chemokines. The observed expression of immune-related genes in 

downregulated in IDH-MUT (Supplemental Table 2) cases com-
pared with IDH-WT cases. Among them, only 2 immune-related 
GO terms are upregulated in IDH-MUT cases (Supplemental Table 
1), while 74 immune-related GO terms are downregulated in IDH-
MUT cases (Supplemental Table 2).

Syngeneic mouse gliomas with the IDH1 R132H mutation recapit-
ulate the immune phenotype of human IDH-MUT gliomas in vivo. To 
determine what mechanisms underlie the observed suppression 
of CD8+ CTL accumulation in IDH-MUT gliomas, we stably trans-
fected mouse GL261 and SB28 glioma cell lines as well as normal 
human astrocytes (NHAs) with cDNA encoding either WT-IDH1(WT) 
or IDH1 containing the R132H mutation (R132H), the most common 
mutant IDH mutation (25). Liquid chromatography–mass spec-
trometry (LC-MS) analysis verified the functional expression of the 
mutant IDH1 through detection of oncometabolite 2HG production 
in GL261R132H, NHAR132H, and SB28R132H cells (Supplemental Figure 4).

Figure 3. Syngeneic IDH-MUT murine gliomas demonstrate reduced chemokine- and IFN-γ pathway–related genes and CTL infiltration. C57BL/6 mice 
received intracranial injections of 1 × 105 GL261 or SB28 glioma cells stably transfected with cDNA for either WT or the R132H form of IDH1. Day-21 tumors 
were removed from mice and further assessed. (A) RT-PCR analysis of SB28 tumor–derived RNA showing decreased expression of CTL response–related 
genes in SB28-MUT (MUT tumor; n = 4) versus SB28-WT (WT tumor; n = 4) tumors. (B) CXCL10 ELISA was performed on tumor-derived protein extracts 
from mice bearing GL261-WT or GL261-MUT tumors. (C) Representative fluorescence microscopy images from sections stained with DAPI (blue), CD3 
(magenta), and CD8 (yellow) on frozen tumor sections from mice bearing GL261-WT or GL261-MUT tumors. Cells were imaged as described in Figure 2. 
Scale bars: 10 μm. (D) Quantification of CD3+CD8+ dp cells from GL261-WT (n = 14) and GL261-MUT (n = 16) tumors using StrataQuest software. P values 
were obtained using a 2-sided, unpaired t test.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 4 2 9jci.org   Volume 127   Number 4   April 2017

reduced levels of CTL-attracting chemokines, which can directly 
lead to the decreased migration of CD8+ T cells.

Furthermore, treatment of neurosphere cultures derived 
from 4 IDH-MUT glioma patients (NCH612, grade III oligo-
dendroglioma; NCH1681, grade III astrocytoma; NCH551b and 
NCH620, secondary GBM) with IDH-C35 resulted in enhanced 
OAS2 and CXCL10 expression (Figure 4C). Of note, these neuro-
sphere cultures expressed cancer stem cell–related genes includ-
ing CD133, SOX2, CD44, CSPG4, CD90, and nestin (ref. 26 and 
Supplemental Figure 9), suggesting that the observed mechanism 
may also be relevant to glioma stem cells.

Decreased STAT1 in IDH-MUT and 2HG-treated tumor cell lines. 
To understand the mechanism by which IDH-MUT cells produce 
reduced levels of CTL-attracting chemokines, we evaluated the regu-
lators of CXCL9 and CXCL10, IFN regulatory factor 1 (IRF1), STAT1, 
and phosphorylated STAT1 (p-STAT1) by Western blotting (ref. 27 
and Figure 5, A and B). Surprisingly, in addition to decreased levels of 
IRF1 and p-STAT1, the total amount of STAT1 protein was markedly 
decreased in GL261R132H cells compared with that in GL261WT cells, 
despite STAT1 activity being commonly regulated through its phos-
phorylation (ref. 28 and Figure 5, A and B). We observed reduced 
STAT1 signaling even in the presence of IFN-γ, which is a primary 
activator of STAT1 signaling (28). Additionally, IDH-C35 treatment 
of GL261R132H restored STAT1 levels to those of GL261WT cells (Figure 
5, A and B). Since mutant IDH leads to production of the oncometab-
olite 2HG, we next examined the ability of 2HG to directly suppress 
STAT1 protein. Treatment of parental GL261 cells with 3 mM 2HG 
for 1, 3, or 5 days resulted in the gradual loss of STAT1 protein (Figure 
5, C and D). Similarly, NHA and SB28 cells treated with 3 mM 2HG 
for 5 days showed strongly reduced STAT1, p-STAT1, and IRF1 pro-
tein levels (Figure 5, C and E).

We further examined STAT1 expression on IDH-WT and 
IDH-MUT LGG tissue sections by immunohistochemical staining 

LGG and murine glioma tissues led us to examine whether these 
genes are expressed by glioma cells themselves. RT-PCR eval-
uation of in vitro–cultured cells revealed that the NHA cell line 
and mouse glioma cell lines GL261 and SB28 expressed the CTL- 
attracting chemokines CXCL9 and CXCL10 (Figure 4A and Sup-
plemental Figure 6), but not CD8A, CD8B, GZMB, or IFNG (Sup-
plemental Figure 7). GL261R132H cells expressed reduced levels 
of the CTL-attracting chemokines Cxcl9 and Cxcl10 in compari-
son with GL261WT cells (Figure 4A). We observed similar results 
by RT-PCR in both SB28 and NHA models and by CXCL10- 
specific ELISA in the NHA model (Supplemental Figure 6). 
Treatment of GL261R132H cells with a specific inhibitor of mutant 
IDH1 (IDH-C35) reversed the levels of Cxcl9 and Cxcl10 to those 
observed with GL261-WT cells. However, IDH-C35 did not affect 
the Cxcl9 or Cxcl10 levels in GL261-WT cells (Figure 4A). These 
findings indicate that mutant IDH1 leads to decreased expression 
levels of CTL-attracting chemokines within glioma cells.

We next performed a Transwell assay to assess the migra-
tion of murine splenocyte-derived CD8+ T cells toward glioma 
cell line–conditioned media (CM) derived from either IDH1WT 
or IDHR132H cell lines. Migration of CD8+ T cells toward CM of 
IDHR132H tumors was reduced compared with that observed in 
IDH1WT CM using both SB28 and GL261 models (Figure 4B and 
Supplemental Figure 8). Importantly, antibody-mediated block-
ade of CXCR3, the receptor for CXCL9 and CXCL10, reduced 
T cell migration toward GL261WT CM. Furthermore, the addi-
tion of recombinant murine CXCL10 to CM from IDHR132H cul-
tures increased T cell migration to levels observed when using 
IDHWT CM (Figure 4B). Remarkably, when CM was derived from 
GL261R132H or SB28R132H cells treated with IDH-C35, migration of T 
cells recovered to the levels observed with IDH1WT CM (Figure 4B 
and Supplemental Figure 8, respectively). Taken together, these 
observations demonstrate that IDH-MUT glioma cells produce 

Figure 4. Decreased chemokines and chemotaxis of T cells to IDH-MUT–derived CM compared with media derived from IDH-WT cells. (A and B) GL261-
WT or GL261- MUT cells treated with either DMSO (control) or 1 μM IDH-C35 for 3 days were stimulated with 10 ng/ml recombinant murine IFN-γ for 6 
hours prior to analysis. (A) RT-PCR analysis of Cxcl9 and Cxcl10 from GL261-WT (WT) and GL261-MUT (MUT) cells treated with or without IDH-C35. Gene 
expression levels were normalized to Gapdh and are shown relative to levels in WT samples. (B) Chemotaxis of activated CD8+ T cells toward GL261 glioma 
cell–CM by Transwell assay. CM were diluted 1:1 with fresh media. For CXCL10 conditions, 100 ng/ml recombinant murine CXCL10 (rCXCL10) was added 
to GL261-MUT–CM. For blockade of CXCR3, T cells were preincubated in 10 μg/ml anti-CXCR3 for 30 minutes prior to use. Results are representative of 3 
independent experiments, each performed in triplicate with highly similar results. (C) RT-PCR analysis of OAS2 and CXCL10 gene expression from 4 unique 
glioma patient–derived neurospheres with IDH1 mutations either untreated (–) or treated with IDH-C35 for 3 days. Each line (and sample name) corre-
sponds to a neurosphere generated from a different patient. Gene expression levels were normalized to GAPDH and are shown relative to expression levels 
in untreated neurosphere NCH1681. P values were obtained using 1-way ANOVA with a Newman-Keuls multiple comparisons test (A and B) and a 2-tailed, 
paired t test (C). *P < 0.05, **P < 0.01, ***P < 0.001; NS, P > 0.05.
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Figure 5. Decreased STAT1 protein levels in IDH-MUT and 2HG-treated tumor cell lines. (A) Western blotting was performed on GL261-WT and GL261-MUT 
cell lysates in the presence or absence of 1 μM IDH-C35 and 100 ng/ml recombinant murine IFN-γ. (B) Quantification of Western blot bands by ImageJ. Data 
represent the mean ± SD of band density/β-actin of 2 to 4 experiments. (C) Western blotting was performed on cell lines treated with 3 mM 2HG. Data 
shown represent GL261 cells treated with 2HG for 1, 3, or 5 days and NHA and SB28 cells treated with 2HG for 5 days. (D) ImageJ quantification of Western 
blot bands from C. Data represent the mean ± SD of band density/β-actin band density from 3 independent experiments. (E) ImageJ quantification of 
Western blot band densities of STAT1, p-STAT1, and IRF1, normalized to β-actin levels for NHA and SB28 cells treated with 2HG. Data are representative of 
2 independent experiments with similar results.
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(Figure 6A). IDH-MUT tumors (23 sections from 11 cases) demon-
strated decreased STAT1+ cells per area of tumor (mm2) compared 
with IDH-WT tumors (56 sections from 9 cases) (Figure 6B).

To demonstrate whether STAT1 directly regulates CXCL9 and 
CXCL10 in glioma cells, GL261WT cells were transfected with retro-
viral vectors encoding either scrambled shRNA or 4 unique shRNAs 
targeting STAT1 and then stimulated for 12 hours with recombi-
nant murine IFN-γ. GL261WT cells transfected with STAT1 shRNA 
demonstrated decreased Stat1, Cxcl9, and Cxcl10 levels by RT-PCR 
(Figure 6C) and decreased CXCL10 as measured by ELISA (Figure 
6D) compared with cells transfected with scrambled shRNA.

IDH-C35 enhanced the efficacy of a peptide-based vaccine in mice 
challenged with GL261. To determine whether IDH mutation status 
impacts the efficacy of peptide-based vaccine therapy, C57BL/6 
mice received 3 doses of prophylactic vaccinations with synthet-
ic peptides derived from glioma-associated antigens (GAAs) 
(EPHA2671–679, EPHA2682–689, TRP2180–188, GARC1177–185, and HBV 
core128–140) (29, 30) emulsified in incomplete Freund’s adjuvant 
(IFA) with polyinosinic-polycytidylic acid with polylysine and car-

boxymethylcellulose (poly-ICLC) as an adjuvant. Vaccinated mice 
were then challenged with GL261WT or GL261R132H tumors. While 
more than 80% of mice challenged with GL261WT tumors rejected 
the tumor, the vaccine treatment prolonged the survival of mice 
challenged with GL261R132H tumors only marginally (median sur-
vival of 21.5 vs. 23.5 days; P = 0.0016) compared with mice treated 
with vehicles alone and was unable to lead to long-term survival 
beyond 40 days after tumor inoculation (Figure 7A).

We then asked whether IDH-C35 could improve vaccine effica-
cy in IDH-MUT tumor–bearing mice. Vaccinated mice challenged 
with GL261WT or GL261R132H tumors received daily treatment 
by oral gavage with IDH-C35 (450 mg/kg/day; Figure 7A). The 
treatment had no affect on the survival of mice bearing GL261WT 
gliomas, with or without prior peptide vaccination (Figure 7A), 
or of mice bearing GL261R132H gliomas without prior vaccination 
(Figure 7A). On the other hand, IDH-C35 significantly improved 
the survival of GAA-vaccinated mice bearing GL261R132H gliomas 
compared with GL261R132H glioma–bearing mice that received pep-
tide vaccine but no IDH-C35 (median survival of 31 vs. 45 days;  

Figure 6. Decreased STAT1 positive cells in IDH-MUT com-
pared with IDH-WT LGG tumor sections. (A) Representative 
images showing STAT1 staining on IDH-WT and IDH-MUT 
WHO grade III LGG samples. Scale bars: 80 μm and 8 μm. (B) 
Quantification of STAT1+ cells per area of tumor (mm2) on 
IDH-WT (56 sections from 9 cases) and IDH-MUT (23 sections 
from 11 cases) tumors. Data represent the mean ± SD. Data 
obtained by 2-tailed unpaired t test. (C) RT-PCR analysis of 
Stat1, Cxcl9, and Cxcl10 expression in GL261WT cells stimulated 
with 10 ng/ml recombinant murine IFN-γ for 12 hours, 36 hours 
after transfection with 1 μg plasmid encoding either scrambled 
shRNA (OriGene Technologies; TR30013) or 4 shRNAs targeting 
STAT1 (OriGene Technologies; TG502153). (D) CXCL10 ELISA 
was performed using supernatant from the cells described in 
C. Data shown in C and D represent the mean ± SD of 3 biologic 
replicate samples and are representative of 2 independent 
experiments; ***P < 0.0001. sh-Ctrl, sh-control.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 4 3 2 jci.org   Volume 127   Number 4   April 2017



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 4 3 3jci.org   Volume 127   Number 4   April 2017

LGG models and suggest that the development of T cell–based 
immunotherapies for LGGs should take into consideration the 
altered chemokine profiles of IDH-MUT tumors.

IDH mutations are believed to be one of the initial mutations 
to occur in gliomas (7). Thus, all currently available models are 
inherently limited, in that these gliomas lack an IDH mutation 
in early development. Nonetheless, in the current study, we used 
multiple cell models, including the NHA model, which has been 
extensively characterized as a model for tumorigenic transforma-
tion of astrocytes, especially in the presence of an IDH1 mutation 
(33, 34). Additionally, we used the C57BL/6 mouse syngeneic 
SB28 model, which was driven by transfection of the human onco-
genes PDGFB , NRAS, and short hairpin targeting P53 (35), there-
by genetically resembling proneural GBMs, which commonly har-
bor IDH mutations (36). Although GL261 is a chemically induced 
glioma cell line (37), this model was critical for the current study, 
as it is one of the most extensively studied syngeneic mouse glio-
ma models with established T cell epitopes for vaccines (29, 30). 
Although none of these models perfectly resembles human IDH-
MUT LGGs, our data from these models consistently demonstrat-
ed the impact of IDH mutations on STAT1 and the subsequent 
immunological milieu. Furthermore, the use of primary spheroid 
cultures derived from IDH-MUT glioma patients confirmed our 
observations related to the reversal of CXCL10 production follow-
ing IDH-C35 treatment (Figure 4C).

Patients with IDH-MUT LGGs have better survival rates than 
do patients with IDH-WT LGGs (38). This may seem inconsistent 
with our syngeneic mouse models, in which we observed no dif-
ference in survival between mice with GL261-WT and those with 
GL261-MUT tumors (Figure 7). Furthermore, our observations that 
IDH-MUT gliomas have reduced numbers of infiltrating T cells 
may seem contradictory to those of previous studies demonstrating 
that tumor infiltration by CD8+ T cells is predictive of better patient 
survival (39–41). However, it is important to note that human IDH-
WT LGGs may be driven by other oncogenic signals that are not 
present in IDH-MUT tumors, and poor prognosis may indicate that 
the biology of IDH-WT LGGs more closely resembles that of GBM 
than of LGGs (42). In our models, genetic backgrounds for IDH-
MUT versus IDH-WT cells (with SB28, GL261, and NHA) were the 
same except for the status of IDH, which is not the case in human 
LGGs. Future studies are warranted to better understand the tumor 
properties that account for the differential survival of patients with 
IDH-WT LGGs and those with IDH-MUT LGGs.

The biological activities of STAT1 are known to be regulated 
by phosphorylation of STAT1 at tyrosine 701 and serine 727 sites 

P = 0.0177; Figure 7A). Furthermore, IDH-C35 treatment of vacci-
nated mice enhanced CD3+CD8+ T cell infiltration (Figure 7, B and 
C) and Cxcl10 expression (Supplemental Figure 10) in the glioma 
cells compared with mice that received vaccine treatment alone. 
Consistent with our immunofluorescence analyses of WHO grade 
III cases (Supplemental Figure 3), there were no differences in 
the level of CD3+CD8– T cell infiltration (Supplemental Figure 11) 
between GL261-WT and GL261-MUT tumors for either treatment 
condition. Of note, peripheral blood–derived T cells from prevacci-
nated mice with or without IDH-C35 treatment showed equivalent 
levels of IFN-γ response to peptides in the vaccine, indicating that 
the IDH mutation status in the intracranial glioma did not affect 
systemic responses to the peptide-based vaccine (Figure 7D).

Discussion
To understand how IDH mutations influence the immunological 
microenvironment of LGGs, we compared immune responses 
in IDH-MUT and IDH-WT LGGs using clinical specimens, the 
TCGA database, and newly created syngeneic murine models of 
IDH-WT and IDH-MUT gliomas. We found that IDH-MUT LGGs 
exhibited a markedly reduced CD8+ CTL signature compared 
with IDH-WT LGGs. Using the syngeneic SB28 and GL261 mouse 
models, we found that the IDH1 R132H mutation in murine glio-
mas led to a reduction of CD8+ T cells and CTL-attracting chemo-
kines. Our in vitro experiments, designed to investigate glioma 
cell–intrinsic mechanisms, revealed that IDH-MUT tumors had 
reduced expression of the T cell–attracting chemokines CXCL9 
and CXCL10, leading to reduced migration of T cells toward CM 
from IDH-MUT cells compared with media from IDH-WT cells. 
Furthermore, compared with IDH-WT cell lines, IDH-MUT cells 
expressed lower levels of STAT1 protein, an important regulator 
of CXCL 9 and CXCL10. We also found that these changes were 
mediated through 2HG. Finally, IDH-C35, a selective inhibitor 
that blocks the ability of IDH1 mutations to produce 2HG, reversed 
the inhibition of CXCL10 and T cell migration and enhanced the 
efficacy of GAA vaccines in mice bearing GL261R132H gliomas.

Our findings highlight what we believe to be a novel mech-
anism of immune evasion and demonstrate that mutations in 
IDH suppress chemokines critical for the accumulation of CD8+ 
T cells in the tumor. We have previously reported the importance 
of CXCL10 in the recruitment of CD8+ T cells to murine gliomas 
(11, 13, 31) and the preliminary clinical activity of vaccinations 
with α-type 1–polarized DCs, which induced CXCL10 production 
in patients with GBM (32). Our data in the current study corrobo-
rated these previous observations in both clinical and preclinical 

Figure 7. Treatment with IDH-C35 improves the efficacy of peptide vaccines in mice bearing GL261-MUT tumors. C57BL/6 mice were vaccinated 3 times 
with synthetic peptides encoding GAAs presented by GL261 cells (EPHA2671–679, EPHA2682–689, TRP2180–188, GARC1177–185, and HBV core128–140) emulsified in IFA 
with 20 μg poly-ICLC as an adjuvant. Control mock vaccines consisted of 100 μg HBV core128–140, but without GAA peptides emulsified in IFA with 20 μg 
Poly-ICLC. Vaccinated mice received intracranial injections of either 1 × 105 GL261-WT or 1 × 105 GL261-MUT cells and received daily treatment with vehicle 
or 450 mg/kg/day IDH-C35. (A) Kaplan-Meier curves demonstrating survival of mice bearing GL261-WT or GL261-MUT gliomas in the brain (n = 10/group). 
(B and C) Mice that received treatments and intracranial tumor challenge as above were sacrificed on day 21 after tumor inoculation for evaluation of 
immune responses. Data are representative of 2 independent experiments with similar results. (B) Representative flow cytometric analysis of tumor- 
infiltrating CD3+CD8+ T cells gated on CD45+ live lymphocytes. Q3, gating on CD45+ live lymphocytes; UL, upper left; UR, upper right; LL, lower left; LR, 
lower right. (C) Mean percentage of tumor-infiltrating CD3+CD8+ cells from each treatment group (n = 3 tumors/group). (D) IFN-γ ELISA evaluation of 
antigen-specific T cell responses in peripheral blood samples derived from treated mice on day 10 after tumor inoculation. Data are expressed as the 
mean ± SD. Results were analyzed by log-rank (Mantel-Cox) and 1-way ANOVA with Dunnett’s multiple comparisons test for data sets in A and C, respec-
tively. *P < 0.05, **P < 0.01, ***P < 0.0001, and NS, P > 0.05.
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phocytes (TILs), in contrast to CD8+ T cells, we did not observe 
any difference in glioma infiltration of CD8– T cells between 
IDH-WT and IDH-MUT samples. One possible explanation for 
this discrepancy would be that CD4+ T cells include Tregs, which 
are known to migrate toward chemokines such as CCL2 (52) and 
CCL22 (53). CCL2 and CCL22 gene expression levels were not 
differentially regulated between IDH-WT and IDH-MUT cases in 
TCGA data. Moreover, Schumacher et al. (54) demonstrated that 
CD4+ T cells can respond to a class II–restricted neoantigen epi-
tope encompassing the R132H IDH mutation. Hence, it is specu-
lated that IDH1-MUT gliomas may attract mutant IDH1–specific 
CD4+ T cells. Ultimately, effective vaccine strategies will likely 
require the cooperation of CD4+ and CD8+ T cells. The current 
study provides a rationale for the combination of an IDH inhibitor 
with peptide-based vaccine strategies, such as one targeting the 
IDH1 R132H–derived neoantigen epitope.

Recent studies have demonstrated that mutation load levels  
within tumors such as GBMs are associated with response to 
immunotherapy (55, 56). As the decreased cytotoxic T lympho-
cyte (CTL) signature in IDH-MUT compared with IDH-WT cas-
es could be due to differences in mutation load, we compared 
the mutation load levels in TCGA data. Interestingly, IDH-MUT 
LGGs have more mutations than do IDH-WT LGGs (Supplemen-
tal Figure 13), indicating that the differential mutation load is not 
likely to be the reason for our results in the current study. Further-
more, the increased mutation load in IDH-MUT cases may be 
due to decreased levels of immune surveillance and subsequent 
immune-selective pressure.

The prophylactic vaccine setting of the current study is rele-
vant, as one of the goals in the treatment of patients with LGG is 
prevention of recurrence. Furthermore, IDH-C35 was given ther-
apeutically to glioma-bearing mice, in a manner similar to how it 
would be administered to patients. We have previously reported 
the induction of robust CTL responses in LGG patients treated 
with synthetic peptides for high-grade glioma-derived GAAs (57).

In the current study, we evaluated the role of IDH mutations 
and 2HG in tumor-intrinsic pathways that subsequently reduce T 
cell accumulation in the tumors. It is known that 2HG can be pres-
ent at millimolar levels in IDH-MUT tumors (58). Therefore, there 
is a strong possibility that 2HG may also impact nontumor cells such 
as microglia, macrophages, and T cells in the tumor microenviron-
ment. Interestingly, in our preliminary experiments, treatment of 
the BV2 microglia cell line with 2HG resulted in reduced STAT1 and 
CXCL10 levels (Supplemental Figure 14). Further studies are war-
ranted to examine the role of 2HG in cells in the tumor stroma.

In summary, we report for the first time to our knowledge that 
IDH mutations in glioma cells lead to decreased STAT1 protein 
levels, which regulate T cell–attracting chemokines and impact 
CD8+ T cell accumulation. Strategies to improve CD8+ T cell accu-
mulation in the tumor, such as the use of mutant IDH inhibitors, 
should be considered for integration into T cell–based therapies for 
patients with IDH-MUT gliomas.

Methods
Experimental design. Vehicle-treated controls were used, and mice 
were randomized into groups when appropriate. Mechanistic studies 
on cells lines were performed without blinding. Sample sizes were 

and involve homodimerization of STAT1 (43). However, regu-
lation of STAT1 signaling may also occur at the expression level 
of STAT1 protein itself (44–46). As 2HG is known to cause CpG 
site hypermethylation (47), we hypothesize that STAT1 expression 
might be regulated by the methylation of its promoter. However, 
our analysis of STAT1 methylation site β values from TCGA 450k 
methylation data (Supplemental Figure 12) and Illumina 850k 
array on NHA cells revealed no significant differences in STAT1 
promoter methylation between IDH-WT and IDH-MUT samples 
(48). Further studies are warranted to understand the mechanism 
by which mutant IDH and 2HG suppress STAT1 protein levels.

In the current study, we showed the efficacy of IDH-C35 in 
recovering STAT1, CXCL10, and T cell chemotaxis. Recently, 
Johannessen et al. (33) demonstrated that IDH mutations irre-
versibly drive anchorage-independent growth of NHA cells, with 
the role of mutant IDH then changing from a driver to a passenger 
mutation. The fact that IDH-C35 did not reverse histone methyla-
tion and the phenotype of tumor cells (33) creates a challenge and 
may raise a question about the use of IDH inhibitors as a monother-
apy in patients. This is consistent with our finding that IDH-C35 
monotherapy did not delay GL261-MUT tumor growth in vivo 
compared with vehicle controls. IDH-C35 improved symptom-free 
survival when used in combination with vaccine, thereby support-
ing the use of IDH inhibitors in combination with immunotherapy.

Several reports have demonstrated that CD8+ T cells can be 
tolerized following chronic antigen exposure by downregulating 
the CD8 coreceptor (49, 50). However, our GO term analysis of 
TCGA data (Supplemental Table 2) demonstrated that many CD8+ 
T cell–related genes, and not just the CD8 gene, are downregu-
lated in IDH-MUT compared with IDH-WT cases. In particular, 
the GO term “lymphocyte aggregation” revealed that 47 genes 
are enriched in WT cases when compared with MUT cases (Sup-
plemental Table 2), suggesting that there is an actual decrease in 
CD8+ T cell numbers rather than a downregulation of the CD8 
coreceptor. Further studies are warranted to examine T cell toler-
ance in IDH-MUT gliomas. Other GO terms comparing IDH-WT 
and IDH-MUT cases supported decreased STAT1 signaling. For 
example, the term “response to interferon-gamma” was enriched 
with 22 genes in IDH-WT compared with IDH-MUT cases. Fur-
thermore, terms such as “lymphocyte chemotaxis” (7 genes) and 
“T cell migration” (8 genes) were enriched in IDH-WT compared 
with IDH-MUT cases.

We believe the CD8+ T cells that we found to be decreased in 
IDH-MUT cases were αβ T cells rather than γδ T cells, as we did 
not observe any γδ T cells in WHO grade III glioma cases by immu-
nofluorescence (Supplemental Figure 3). Furthermore, it has pre-
viously been reported in syngeneic GL261 tumors that the γδ T 
cell response occurs on day 10 and then diminishes in developing 
tumors (51). Last, our GO term analysis demonstrated enrichment 
of αβ T cell activation genes in IDH-WT compared with IDH-MUT 
cases. We acknowledge that IDH mutations may also regulate T 
cells through additional mechanisms, as the GO terms “lympho-
cyte activation” and “lymphocyte differentiation” were enriched in 
IDH-WT compared with IDH-MUT cases, although this may also 
be due to increased CD8+ T cell accumulation at the tumor site.

In our analysis of TCGA data, staining of grade III glioma tis-
sue, and flow cytometric analysis of GL261 tumor-infiltrating lym-
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the clusterProfiler R package (60) was used to perform GO enrichment 
analyses. Genes upregulated in IDH-WT and IDH-MUT tumors were 
defined as genes with a Benjamini-Hochberg–corrected P value of less 
than 0.01 and a difference in mean log2 expression of greater than 1. We 
used a background gene list of all genes with expression data.

Intracranial injection of GL261 glioma cells. C57BL/6j mice used for 
the study were purchased from The Jackson Laboratory. The proce-
dure used in the current study has been described previously (13, 61). 
Briefly, using a Hamilton syringe (Hamilton Company), 1 × 105 GL261-
WT or GL261-MUT cells in 2 μl PBS were stereotactically injected 
through an entry site from the bregma, 3 mm to the right of sagittal 
suture, and 3.0 mm below the surface of the skull of anesthetized mice 
by using a stereotactic frame (Kopf). Mice were monitored daily for 
symptom-free survival.

Prophylactic vaccination with GAAs. Prophylactic vaccinations 
were administered as described previously (31). Briefly, mice received 
s.c. vaccinations with 100 μg HBV core128–140 and GAA peptides, 100 μg 
each of hgp10025–33, mEPHA2682–689, mEPHA2671–679, mTRP2180–188, and 
mGARC-177–85, emulsified in IFA (Difco Laboratories), and 20 μg poly-
ICLC on days –25, –15 and –5 relative to the date of tumor inoculation. 
Control mice received poly-ICLC and HBV core128–140 emulsified in 
IFA. Some mice received 450 mg/kg/day IDH-C35 (MedKoo Biosci-
ences) by oral gavage.

Transwell migration assay. CD8+ lymphocytes were selected from 
C57BL/6j mouse–derived splenocytes by positive selection using 
magnetic beads (Miltenyi Biotec). CD8+ cells were stimulated with 
anti-CD3/anti-CD28 Dynabeads at a 1:1 bead/cell ratio with 30 units/
ml hIL-2 for 72 hours, and 5 × 105 cells in 100 μl complete media were 
loaded into the top chamber of Transwell inserts (5.0-μm pore size; 
Costar). The bottom well was filled with RPMI medium with recom-
binant murine CXCL10 (R&D Systems), glioma cell–CM (diluted 1:1 
with fresh media), or media with anti-CXCR3–neutralizing antibody 
(BioLegend; 126517). Glioma cell–CM were derived from media with 
confluent GL261 and SB28 glioma cell lines. Plates were incubated at 
37°C overnight, the contents of the lower chamber were collected, and 
the percentage of viable CD8+ cells present in the bottom chamber was 
determined using the Countess Cell Counter System (Thermo Fisher 
Scientific) and the WST-1 cell viability assay (Roche).

RT-PCR. Tumor samples or cells were placed in Buffer RLT  
(QIAGEN; 79216), lysed using QIAshredder columns (QIAGEN; 
79654), and total RNA isolated using the RNAeasy Kit (QIAGEN). 
Total RNA (10 ng) was further converted to cDNA using an XLT cDNA 
Synthesis Kit (Quanta Bioscience; 95161), and RT-PCR was done with 
2 μl cDNA using Taqman Gene Expression Assays (Thermo Fisher  
Scientific; 4331182) and a StepOne Plus System (Thermo Fisher 
Scientific). GAPDH was used as a housekeeping gene in all gene 
expression experiments.

ELISA. Tumor tissue cell extracts in RIPA buffer were used for 
ELISA. CXCL10 protein levels were determined using either the 
human or mouse CXCL10/IP-10 Quantikine ELISA Kit (R&D Sys-
tems; DIP100 and MCX100, respectively), according to the manufac-
turer’s protocol. Absorbance was measured using an Epoch Spectro-
photometer (BioTek).

Western blot analysis. Total protein was isolated from cells or tissue 
by lysis with ice-cold RIPA buffer containing protease and phospha-
tase inhibitors. Protein concentration was measured with the Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific; 24225). The proteins 

chosen on the basis of power calculations based on previous studies 
to estimate the population mean and SD. All data were included in the 
analysis, and the criteria for interpretation were established prospec-
tively. Experiments were performed a minimum of 2 times (as indicat-
ed in the figure legends).

Reagents. The following reagents were purchased: RPMI 1640, 
DMEM, L-glutamine, sodium pyruvate (NA-Pyr), β-mercaptoethanol 
(2ME), nonessential amino acids (NEAAs), penicillin/streptomycin 
(p/s), and anti-CD3/anti-CD28 Dynabeads (Thermo Fisher Scientif-
ic); heat-inactivated FBS (Gemini Bio-Products); and recombinant 
human IL-2 (rhIL-2) (PeproTech). Poly-ICLC was provided by Onco-
vir Inc. The following peptides were synthesized by the automat-
ed solid-phase peptide synthesizer at the University of Pittsburgh 
Peptide and Peptoid Synthesis Core: H-2Db-binding mEPHA2671–679 
(FSHHNIIRL); H-2Db–binding mGARC-177–85 (AALLNKLYA) (49); 
H-2Db–binding human gp100 (hgp100)25–33 (KVPRNQDWL); H-2Kb– 
binding mEPHA2682–689 (VVSKYKPM); and H-2Kb–binding mTRP2180–188  
(SVYDFFVWL). I-Ab–binding HBV core128–140 (TPPAYRPPNAPIL) was 
purchased from A&A Labs.

Cell culture. Murine GL261, provided by Robert Prins (UCLA, 
Los Angeles, California, USA) and SB28 (35) glioma cell lines were 
maintained in RPMI 1640 supplemented with 10% FBS, NEAA, 
NA-Pyr, 2ME, and p/s. Immortalized, untransformed NHA cells sta-
bly expressing either WT or R132H-mutant IDH (59) were cultured in 
DMEM containing 10% FBS, NEAA, NA-Pyr, 2ME, and p/s. Primary 
glioma spheres derived from patients with IDH1-MUT WHO grade 
III glioma were cultured in DMEM/Ham’s F-12 with p/s, L-glutamine 
(100 U/ml), and 20% BIT 9500 Serum Substitute (STEMCELL Tech-
nologies) and supplemented with 0.02 ng/ml basic FGF (bFGF) and 
EGF (ReliaTech GmbH). All cell lines were maintained in a humidified 
incubator in 5% CO2 at 37°C.

Generation of cell lines transduced with IDH cDNA. Aliquots of 5 
× 105 GL261 and SB28 cells were plated overnight in antibiotic-free 
media onto 6-well plates. Cells were then transfected with 10 μg 
plasmids encoding cDNAs for either the IDH-WT (OriGene Technol-
ogies; RC210582) or the R132H IDH-MUT (OriGene Technologies; 
RC400096) with Lipofectamine 2000 and Opti-MEM (Thermo Fish-
er Scientific), according to the manufacturer’s protocol. Forty-eight 
hours after transfection, G418 selective media were added for one 
week to select for stably transfected cells. Stable transfection was con-
firmed using Western blotting for the DDK tag.

TCGA analysis. TCGA level 3 gene expression (~20,000 genes) 
data and microRNA data (~1,000 microRNAs) were downloaded from 
the University of California Santa Cruz (UCSC) cancer genome brows-
er for WHO grades II and III glioma patients (started with approxi-
mately 500 cases). 450k methylation data were downloaded directly 
from TCGA database. As oligodendroglioma has a different biology 
and prognosis than does astrocytoma, we excluded cases with chromo-
some 1p/19q deletion, which is a marker for oligodendroglioma (1). 
Data on the IDH mutation status were then obtained from the remain-
ing cases using cBioportal, and cases were stratified into 2 groups on 
the basis of nonmutated WT (58 cases) or mutated (MUT; 150 cases) 
status in IDH1 or IDH2. Log2 expression of genes between the IDH-
WT and IDH-MUT groups was used to compare expression levels of 
310 genes related to immune responses in WT versus MUT cases. A 2- 
sided, unpaired t test was performed, with a Benjamini-Hochberg adjust-
ment for multiple testing using Microsoft Excel. For GO term analysis, 
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the mean ± SD. P values of less than 0.05 were considered sta-
tistically significant. For TCGA data analysis (Figure 2), P values 
were obtained using a 2-sided, unpaired t test, with the Benjamini- 
Hochberg adjustment for multiple testing. For animal survival 
studies (Figure 7), P values were determined by log-rank (Mantel- 
Cox) test and 1-way ANOVA.

Study approval. Clinical samples were obtained from the Brain 
Tumor Research Center Tissue Core at UCSF under a protocol approved 
by the UCSF Committee on Human Research. All mouse studies were 
predefined and performed under a UCSF IACUC–approved protocol.
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were denatured at 95°C for 5 minutes using Blue Loading Gel Dye and 
DTT at 1× concentration from the Blue Loading Buffer Pack (Cell Sig-
naling Technology; 7722). Western blotting was performed using pri-
mary rabbit anti-IRF1 (Cell Signaling Technology; 8478); rabbit anti-
STAT1 (Cell Signaling Technology; 9172); rabbit anti–p-STAT1 (Cell 
Signaling Technology; 9167); and rabbit anti–β actin (Cell Signaling 
Technology; 4967) according to the manufacturer’s recommended 
protocols. Quantification of band densities on Western blot films was 
performed using ImageJ (NIH).

Immunofluorescence staining of mouse samples. Euthanized mice 
received transcardial perfusion with 10 ml PBS. Brains were removed 
and fixed in 4% paraformaldehyde, followed by 30% sucrose solu-
tion and embedded in O.C.T. Compound (Tissue-Tek; 4583; Sakura 
Finetek). Sections (10-μm-thick) were fixed in acetone solution at  
–20°C for 10 minutes and then placed in 10% normal goat serum 
(Abcam; ab7481) for blocking. The following antibodies were used: anti-
CD3 (1:100; Abcam; ab11089); anti-CD8 (1:50; Biorbyt; orb323288); 
goat anti-rat (1:500; Abcam; ab150167); and goat anti-rabbit (1:500; 
Abcam; ab150086). Samples were dehydrated in ethanol (95%–100%) 
and mounted with DAPI (ProLong Gold Antifade Reagent with DAPI; 
Life Technologies, Thermo Fisher Scientific).

Image acquisition and analysis. Images were acquired using a Zeiss 
Axio Imager 2 microscope (×20 magnification) and TissueFAXS scan-
ning software (TissueGnostics). Identical exposure times and thresh-
old settings were used for each channel on all sections of similar exper-
iments. Quantification of dp cells was performed using StrataQuest 
Analysis Software (TissueGnostics), with detection engines set for 
our purposes. In brief, the algorithm detected nuclei on the basis of 
the signal from the DAPI channel, then expanded and built a mask 
over the cytoplasm. On the generated mask, the algorithm searched 
for colocalization of TEX and Cy5 signals. Results were plotted onto 
scattergrams or histograms, and events were manually verified for all 
quadrants. The number of cells per area (mm2) and total number of 
cells (as a percentage of total DAPI+ nuclei) were calculated.

LC-MS detection of 2HG. Metabolite extraction and LC-MS were 
performed as described previously (8). Fresh media were added to  
1 × 106 cells for 24 hours, and media were then collected for analysis. 
Cells were washed twice with cold PBS and then resuspended and vor-
texed in a solution of 80% methanol and 20% water. Cell extractions 
were then immediately stored at –80°C  until analysis. Analysis was 
performed at the UCSF Lipid Mass Spectroscopy Core.

Statistics. Statistical analysis was performed using Excel (Mic-
rosoft) or Prism V (GraphPad Software). Data are expressed as 
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