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Abstract: Discovery of point mutations in the genes encoding isocitrate dehydrogenases (IDH) in
gliomas about a decade ago has challenged our view of the role of metabolism in tumor progression
and provided a new stratification strategy for malignant gliomas. IDH enzymes catalyze the con-
version of isocitrate to alpha-ketoglutarate (α-KG), an intermediate in the citric acid cycle. Specific
mutations in the genes encoding IDHs cause neomorphic enzymatic activity that produces D-2-
hydroxyglutarate (2-HG) and result in the inhibition of α-KG-dependent enzymes such as histone
and DNA demethylases. Thus, chromatin structure and gene expression profiles in IDH-mutant
gliomas appear to be different from those in IDH-wildtype gliomas. IDH mutations are highly
common in lower grade gliomas (LGG) and secondary glioblastomas, and they are among the earliest
genetic events driving tumorigenesis. Therefore, inhibition of mutant IDH enzymes in LGGs is
widely accepted as an attractive therapeutic strategy. On the other hand, the metabolic consequences
derived from IDH mutations lead to selective vulnerabilities within tumor cells, making them more
sensitive to several therapeutic interventions. Therefore, instead of shutting down mutant IDH
enzymes, exploiting the selective vulnerabilities caused by them might be another attractive and
promising strategy. Here, we review therapeutic options and summarize current preclinical and
clinical studies on IDH-mutant gliomas.
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1. Introduction

Gliomas are the most common central nervous system (CNS) tumors in adults [1].
They can be classified based on the cellular origin of the tumor into astrocytomas, oligo-
dendrogliomas, or ependymomas or on the aggressiveness of the tumor into grade I–IV
gliomas. These classifications are determined by histopathological analysis which may
sometimes be highly difficult and subjective. In 2016, the World Health Organization
(WHO) published a report offering a classification of CNS tumors based on both histo-
logical and molecular features [2]. In this report, one of the most important diagnostic
markers of diffuse glioma is the status of the IDH mutation. Accordingly, both oligoden-
drogliomas and astrocytomas, either lower-grade (grade II or III) or glioblastomas (grade
IV), are separated into IDH-wildtype and IDH-mutant. While the most malignant subtype
of gliomas, glioblastoma (GBM), can appear de novo and be called primary GBM, it may
also result from progression from lower-grade astrocytomas and be called secondary GBM.
Indeed, lower-grade gliomas (LGG) and primary GBMs make up most of the glioma cases
(Figure 1A). Among these, IDH mutations are markedly observed in LGGs and secondary
GBMs (Figure 1B) and are among the early genetic events in tumor progression.
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ondary GBMs (Figure 1B) and are among the early genetic events in tumor progression. 

Figure 1. IDH1 and IDH2 mutation frequencies in gliomas with different histological grades. (A) Percentages of IDH1 and 
IDH2 mutations in different histological grades, all glioma cases. (B) Distribution of IDH1 and IDH2 mutations in lower-
grade gliomas (LGG) and glioblastomas (GBM). The figure is generated with data obtained from the GlioVis portal [3]. 

Isocitrate dehydrogenases (IDH) are enzymes that convert isocitrate to alpha-ke-
toglutarate (α-KG, 2-oxoglutarate, 2-OG). In humans, IDH1, IDH2, and IDH3 genes ex-
press three isoforms of the IDH enzyme, which all have significant functions in metabolic 
reactions. IDH1 is found in the cytoplasm and peroxisome, while IDH2 and IDH3 are in 
the mitochondrial matrix. Although IDH1 and IDH2 have different locations, they are 
both isoenzymes and catalyze the conversion of isocitrate to 2-OG while using nicotina-
mide adenine dinucleotide phosphate (NADP+) as a cofactor to produce NADPH as a by-
product [4]. The cytosolic NADPH is an important antioxidant and has major roles in lipid 
metabolism [5]. On the other hand, 2-OG is used as a cofactor by 2-OG-dependent dioxy-
genases. The best-known 2-OG-dependent dioxygenases in the nucleus are Jumonji-C 
(JmjC) domain-containing enzymes, which are histone lysine demethylases (KDMs), and 
ten–eleven translocation (TET) enzymes, which are DNA demethylases. On the other 
hand, prolyl hydroxylase domain (PHD)-containing enzymes are examples of cytosolic 
dioxygenases, which have a broad range of metabolic functions [6]. IDH3 similarly cata-
lyzes the formation of 2-OG from isocitrate, yet by utilizing NAD+ as its cofactor [7], and 
produces NADH used for adenosine triphosphate (ATP) generation in the electron 
transport chain. There are also other important differences between IDH isoforms. IDH1 
and IDH2 function as homodimers and catalyze reversible reactions [8], while IDH3 func-
tions as a heterotetramer with its different subunits and catalyzes an irreversible reaction 
[9]. 

The mutations observed in IDH enzymes in gliomas are mainly in cytosolic IDH1 
and mitochondrial IDH2, most frequently at codons R132 and R172, respectively [10]. 
These mutations cause IDH1 and IDH2 to gain a neomorphic enzymatic function, by 
which they convert 2-OG produced by the wildtype IDH enzyme into D-2-hydroxyglu-
tarate (2-HG) that is thought to be an oncometabolite [11]; it acts as an antagonist of 2-OG 
and therefore inhibits the enzymatic activities of 2-OG dependent enzymes, KDMs, or TET 
family enzymes [12,13]. Therefore, IDH mutations result in hypermethylated DNA and 
histone profile, which is considered to be among the major mechanisms behind tumor-
igenesis [14,15]. 

Figure 1. IDH1 and IDH2 mutation frequencies in gliomas with different histological grades. (A) Percentages of IDH1
and IDH2 mutations in different histological grades, all glioma cases. (B) Distribution of IDH1 and IDH2 mutations in
lower-grade gliomas (LGG) and glioblastomas (GBM). The figure is generated with data obtained from the GlioVis portal [3].

Isocitrate dehydrogenases (IDH) are enzymes that convert isocitrate to alpha-ketoglu-
tarate (α-KG, 2-oxoglutarate, 2-OG). In humans, IDH1, IDH2, and IDH3 genes express
three isoforms of the IDH enzyme, which all have significant functions in metabolic re-
actions. IDH1 is found in the cytoplasm and peroxisome, while IDH2 and IDH3 are in
the mitochondrial matrix. Although IDH1 and IDH2 have different locations, they are
both isoenzymes and catalyze the conversion of isocitrate to 2-OG while using nicoti-
namide adenine dinucleotide phosphate (NADP+) as a cofactor to produce NADPH as a
byproduct [4]. The cytosolic NADPH is an important antioxidant and has major roles in
lipid metabolism [5]. On the other hand, 2-OG is used as a cofactor by 2-OG-dependent
dioxygenases. The best-known 2-OG-dependent dioxygenases in the nucleus are Jumonji-C
(JmjC) domain-containing enzymes, which are histone lysine demethylases (KDMs), and
ten–eleven translocation (TET) enzymes, which are DNA demethylases. On the other hand,
prolyl hydroxylase domain (PHD)-containing enzymes are examples of cytosolic dioxy-
genases, which have a broad range of metabolic functions [6]. IDH3 similarly catalyzes
the formation of 2-OG from isocitrate, yet by utilizing NAD+ as its cofactor [7], and pro-
duces NADH used for adenosine triphosphate (ATP) generation in the electron transport
chain. There are also other important differences between IDH isoforms. IDH1 and IDH2
function as homodimers and catalyze reversible reactions [8], while IDH3 functions as a
heterotetramer with its different subunits and catalyzes an irreversible reaction [9].

The mutations observed in IDH enzymes in gliomas are mainly in cytosolic IDH1 and
mitochondrial IDH2, most frequently at codons R132 and R172, respectively [10]. These
mutations cause IDH1 and IDH2 to gain a neomorphic enzymatic function, by which
they convert 2-OG produced by the wildtype IDH enzyme into D-2-hydroxyglutarate
(2-HG) that is thought to be an oncometabolite [11]; it acts as an antagonist of 2-OG
and therefore inhibits the enzymatic activities of 2-OG dependent enzymes, KDMs, or
TET family enzymes [12,13]. Therefore, IDH mutations result in hypermethylated DNA
and histone profile, which is considered to be among the major mechanisms behind
tumorigenesis [14,15].

In vivo glioma models, which are extremely useful tools to study tumorigenesis [16],
indicated that IDH mutations by themselves, despite being early events, are not sufficient to
drive tumorigenesis, making the involvement of other molecular players necessary [17]. For
example, telomerase reverse transcriptase (TERT) promoter, Drosophila homolog of capicua
(CIC) gene, far upstream element-binding protein 1 gene (FUBP1) mutations associated
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with chromosome 1p/19q codeletion are diagnostic markers of oligodendrogliomas [18,19].
Mutations in the tumor protein 53 (TP53) gene and alterations in the ATRX gene along with
chromosome 1p/19q non-codeletion are characteristic determinants of astrocytic lineage
gliomas [20,21]. These additional mutations may either be early events or acquired during
tumor progression. Some gliomas have been named “triple-negative,” referring to the
ones that have an IDH-wildtype profile without the p53 mutation or chromosome 1p/19q
codeletion [22]. These gliomas may have EGFR alterations, which are also considered
independent drivers of gliomagenesis [23], TERT promoter mutations, chromosome 7
gain, and chromosome 10 loss [20]. Secondary GBMs with IDH1 mutations are mostly
developed from grade II gliomas, whereas secondary GBMs lacking IDH1 mutations are
progressed from grade III gliomas via additional genetic, epigenetic, or chromosomal
alterations making them more aggressive [24,25]. Furthermore, grade IV gliomas located
along the midline may harbor the H3 K27M mutation that causes a global decrease in
H3K27 trimethylation [26].

Several studies focusing on clonal evolution in tumor samples reveal that IDH mu-
tations appear early in oncogenesis and that they are accepted as driver mutations in
LGGs [27–29]. Therefore, IDH mutations provide attractive intervention points and in-
hibitors of mutant IDH enzymes are considered prime therapeutic candidates [30–32].
While this approach is very promising, it imposes several challenges due to the unconven-
tional phenotypes of IDH-mutant tumor cells. For example, it is known that IDH-mutant
cells grow slower than the wildtype ones possibly because they have an altered metabolic
profile due to the impaired TCA cycle [33], inhibition of mTOR and the ATP synthase [34],
and changes in the expression of the LDHA enzyme [35]. There is an accumulating num-
ber of studies examining such specific vulnerabilities of IDH-mutant gliomas, including
ours [36]. Therefore, exploiting the weaknesses of IDH-mutant gliomas and targeting them
based on these deficiencies might be an equally, if not more, promising therapeutic strategy
(Figure 2). Indeed, the survival benefit received from some of the existing mutant IDH
inhibitors was minimal [37,38] in mouse glioma models. The results gained with one of
the mutant IDH inhibitors, AGI-5198, were contradictory. While it led to the regression of
growth of an IDH1R132H glioma in one report [30], AGI-5198 did not affect tumor growth
despite complete elimination of 2-HG levels [39]. Additionally, these inhibitors may inter-
fere with the efficacy of conventional chemotherapy and radiotherapy [40,41]. Therefore,
given the “double-edged sword” nature of IDH-mutant gliomas, more systematic research
efforts are required to determine the best targeted therapeutic strategy and uncover novel
targets for these tumors. In this review, we present an overview of the state-of-the-art of
the therapeutic approaches applied in IDH-mutant gliomas and provide a summary of
both preclinical studies and clinical trials.
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Figure 2. Multistep progression of IDH-mutant gliomas and acquisition of selective vulnerabilities. IDH1/2 mutations
are the primary alterations during gliomagenesis. Based on the cell of origin, secondary alterations promote this process
differently. TP53 and ATRX mutations are the marker alterations of astrocytomas; CIC, FUBP1, and TERT mutations and
1p/19q codeletions are the marker alterations of oligodendrogliomas. However, tertiary alterations such as PDGFRA, MET,
or MYC amplifications or PIK3A and KRAS mutations increase tumor aggressiveness and mostly render tumor progression
independent of IDH mutations. Mutant IDH inhibitors (mIDHi) are mostly effective in LGGs, in which only the primary
and secondary genetic alterations occur. However, mIDHi are mostly ineffective in secondary glioblastomas, in which
tertiary alterations occurred. In parallel, most vulnerabilities appear directly upon IDH mutations. Therefore, therapeutic
approaches targeting cellular vulnerabilities are promising for IDH-mutant gliomas. Figure created with BioRender.com.

2. Potential Therapeutic Approaches

There are several therapeutic approaches either utilizing mutant IDH inhibitors or
targeting the specific vulnerabilities of IDH-mutant gliomas as explained below (Figure 3).
Indeed, there are accompanying clinical trials that either use mutant IDH inhibitors alone,
target different pathways that are altered in IDH-mutant gliomas, such as DNA damage
pathways or epigenetic pathways, or test the effects of combinatorial approaches in IDH-
mutant tumors.
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NAD, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate (reduced); NAMPT, 

Figure 3. Therapeutic approaches for IDH-mutant gliomas. IDH1/2 mutations induce 2-HG accumulation and NADPH
depletion, which lead to global metabolic and epigenetic changes in tumor cells. The first-line therapeutic strategy is using
mutant IDH1/2 inhibitors to reverse an IDH mutation-induced phenotype. On the other hand, 2-HG is shown to inhibit
many 2-OG-dependent dioxygenases such as KDMs, TETs, BCATs, COX, and C-4PH enzymes. NADPH depletion inhibits
de novo lipogenesis and causes oxidative stress. Inhibition of KDMs and TETs leads to histone and DNA hypermethylation,
which makes targeting epigenetic enzymes a therapeutic option. Upon inhibition of BCATs, cells become dependent on GLS
for glutamate production, which is highly important for tumor cell growth. Therefore, GLS inhibition is another therapeutic
option. Inhibition of COX, which has an important role in electron transport chain and induction of oxidative stress,
renders IDH-mutant cells sensitive to mitochondrial stress inducers. On the other hand, 2-HG-induced hypermethylation
phenotype results in the repression of the NAPRT1 gene, which is responsible for NAD+ biosynthesis. Therefore, inhibition
of NAMPT responsible for the salvage NAD+ synthesis pathway is another therapeutic option. Depletion of the NAD+
level, 2-HG-dependent inhibition of KDM4A/B, and hypermethylation of the MGMT promoter also inhibit DNA damage
response, rendering IDH-mutant cells sensitive to DNA damage inducers like TMZ, irradiation, or PARP inhibitors. Finally,
as the specific IDH1R132H mutation creates an immunogenic epitope, immunotherapeutic approaches including peptide
vaccines, immune checkpoint inhibitors and CAR-T cell therapy emerge as other therapeutic strategies. Dark blue, green,
purple, and light blue boxes and lines indicate therapeutic approaches targeting metabolic, epigenetic, DNA damage, and
immunogenic pathways, respectively. Yellow arrows indicate mutant IDH inhibition directly. Black lines with an arrowhead
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indicate activated cellular pathways and blunt-end arrows indicate inhibition. 2-HG, 2-hydroxyglutarate; BCAT, branched-
chain amino acid (BCAA) aminotransferase; C-4PH, collagen prolyl-4-hydroxylase; COX, cytochrome C oxidase; GLS,
glutaminase; KDM, lysine demethylase; MGMT, O6-methylguanine DNA methyltransferase; NAD, nicotinamide adenine
dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate (reduced); NAMPT, nicotinamide phosphoribosyl-
transferase; NAPRT1, nicotinate phosphoribosyltransferase; TET, ten–eleven translocation enzymes; TMZ, temozolomide.
Figure created with BioRender.com.

2.1. Mutant IDH Inhibitors

IDH mutation is accepted as one of the earliest events in tumorigenesis in gliomas,
acute myeloid leukemia (AML) and some other cancer types. Therefore, it is generally
the only mutation found homogenously in tumors and preserved in the recurrences as
well [27–29]. Based on this, mutant IDH enzymes are considered perfect candidates to
target leading to the development of mutant IDH-specific inhibitors [30–32,38].

In 2013, AGI-5198, the first published inhibitor of mutant IDH1 enzyme, and AGI-
6780, the first published inhibitor of the mutant IDH2 enzyme, were shown to be effective
against glioma and leukemia cells in vitro [30,31] Inhibition of 2-HG accumulation by
these molecules induced differentiation of tumor cells and slowed down the in vivo tumor
growth. Many other specific inhibitors targeting mutant IDH1 or IDH2, or pan-inhibitors
were developed afterwards [32,38].

Some of these inhibitors were also shown to be effective in clinical trials, and AG-221
(enasidenib) in 2017 and AG-120 (ivosidenib) in 2018 were approved by the FDA for treat-
ment of relapsed or refractory AML with IDH2 or IDH1 mutations, respectively [42,43].
Both, together with some new inhibitors, are also included in ongoing clinical trials of
gliomas. Moreover, using a noninvasive 3D MRS imaging technique, it was shown that
one of these inhibitors, IDH305, reduced 2-HG levels by 70% in a phase I clinical trial [44].
Controversially, some later studies indicated that mutant IDH inhibitors were efficient in
preventing 2-HG accumulation, but they failed to reverse global DNA or the histone hyper-
methylation phenotype and had no significant effect on the growth of glioma cells [45–47].
It was even reported that long-term treatment with mutant IDH inhibitors accelerated cell
growth and shortened the in vivo survival [45]. Moreover, some studies suggested that
mutant IDH inhibitors may interfere with therapeutic approaches targeting mutant IDH-
caused vulnerabilities [36]. Therefore, even though mutant IDH enzymes create favorable
conditions for tumorigenesis and selection of aggressive mutations, their inhibition may
not always be effective in a tumor that has completed its stages of development.

These conflicting results might be related with the role of IDH mutations in tumor
growth. Mutations in IDH1 or IDH2 are known to be drivers of tumorigenesis in both
gliomas and AML [27–29]. However, as more aggressive mutations are acquired in later
stages of glioma, the IDH1 mutation has been shown to be converted to a passenger muta-
tion which renders glioma cells to proliferate in a mutant IDH-independent manner [48].
On the other hand, the IDH2 mutation is mostly required for leukemia cell proliferation
and tumor growth [49]. This difference may explain the better effects of mutant IDH
inhibitors in AML compared to gliomas. Considering that, it may be hypothesized that
mutant IDH inhibitors might be more effective in IDH-mutant glioma patients who do
not have aggressive tertiary mutations (Figure 2). Clinical trials regarding this difference
would give valuable information on this hypothesis.

Still, for both IDH-mutant gliomas and other tumor types, there are ongoing clinical
trials with mutant IDH inhibitors applied individually (Table 1) or in combination with
other treatment options (Table 2).
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Table 1. Clinical trials with mIDHi in IDH-mutant gliomas.

Mutant IDH Inhibitors

ClinicalTrials.gov
Identifier Drug Mechanism of

Action Phase Status Announced Results

NCT02073994 Ivosidenib
(AG-120)

mIDH1
inhibitor Phase I Active, not recruiting

Favorable safety profile. Reduction in
volume and growth rate of only

non-enhancing gliomas [50]

NCT03030066 DS-1001b mIDH1
inhibitor Phase I Active, not recruiting

Favorable safety profile under 100
mg/day. One partial response and one

minor response in 14 patients [51]

NCT02381886 IDH305 mIDH1
inhibitor Phase I Active, not recruiting

Favorable safety profile, therapeutic
responses were announced only for

AML [52]

NCT02746081 BAY1436032 mIDH1
inhibitor Phase I Active, not recruiting

NCT04458272 DS-1001b mIDH1
inhibitor Phase II Active, not recruiting

NCT02977689 IDH305 mIDH1
inhibitor Phase II Withdrawn

Novartis paused all study start-up
activities due to the safety evaluation of

the IDH305 compound

NCT02987010 IDH305 mIDH1
inhibitor Phase II Withdrawn

The sponsor did not want to move
forward with the protocol; the study was

never opened

NCT04521686 LY3410738 mIDH1
inhibitor Phase I Recruiting

NCT04195555 Ivosidenib
(AG-120)

mIDH1
inhibitor Phase II Recruiting

NCT02273739 Enasidenib
(AG-221)

mIDH2
inhibitor

Phase
I/II Completed Closed earlier than planned. High ratio of

adverse events

NCT02481154 Vorasidenib
(AG-881)

mIDH1/2
inhibitor Phase I Active, not recruiting

Favorable safety profile under
100 mg/day. Efficacy data not

announced yet

NCT04762602 HMPL-306 mIDH1/2
inhibitor Phase I Recruiting

NCT04164901 Vorasidenib
(AG-881)

mIDH1/2
inhibitor Phase III Recruiting

NCT03343197
Ivosidenib (AG-120)

or vorasidenib
(AG-881)

mIDH1 or
mIDH1/2
inhibitor

Phase I Active, not recruiting

Table 2. Clinical trials with combinatorial approaches in IDH-mutant gliomas.

Combinatorial Approaches

ClinicalTrials.gov
Identifier Drug Mechanism of Action Phase Status Announced Results

NCT03893903 IDH1R132H peptide
vaccine and avelumab

Combination of an
IDH1R132H-specific vaccine and
an immune checkpoint inhibitor

Phase I Recruiting

NCT03749187 BGB-290 and
temozolomide

Combination of the PARP1/2
inhibitor and an alkylating agent Phase I Recruiting

NCT02193347 IDH1 peptide vaccine
and temozolomide

Combination of a PEPIDH1M
vaccine and an alkylating agent Phase I Active, not

recruiting

NCT04056910 Ivosidenib (AG-120)
with nivolumab

Combination of an mIDH1
inhibitor and an immune

checkpoint inhibitor
Phase II Recruiting
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Table 2. Cont.

Combinatorial Approaches

ClinicalTrials.gov
Identifier Drug Mechanism of Action Phase Status Announced Results

NCT03991832 Olaparib and
durvalumab

Combination of a PARP inhibitor
and an immune

checkpoint inhibitor
Phase II Recruiting

NCT03180502

Proton beam or
intensity-modulated

radiation therapy and
temozolomide

Combination of radiation and an
alkylating agent Phase II Recruiting

NCT02968940
Avelumab and

hypofractionated
radiation therapy

Combination of an immune
checkpoint inhibitor and radiation Phase II Completed

NCT03914742 BGB-290 and
temozolomide

Combination of a PARP1/2
inhibitor and an alkylating agent Phase I/II Recruiting

NCT03684811 Olutasidenib (FT-2102)
and azacitidine

Single-agent treatment with an
mIDH1 inhibitor and a

combination with a DNA
methyltransferase 1 inhibitor

Phase I/II Active, not
recruiting

Favorable safety profile, low
efficacy with a single agent,

evaluation of the combination
is ongoing [53]

NCT02496741 Metformin and
chloroquine

Combination of antidiabetic and
antimalarial agents Phase I/II Completed

NCT03528642
CB-839 with radiation

therapy and
temozolomide

Combination of radiation and an
alkylating agent with a
glutaminase inhibitor

Phase I Recruiting

NCT00626990 Radiation and
temozolomide

Combination of radiation and an
alkylating agent Phase III Active, not

recruiting

Increased overall survival
with adjuvant TMZ in

IDH-mutant gliomas [54]

2.2. Targeting Metabolic Deficiencies

Tumor cells need a high amount of energy and biosynthetic precursors to mediate
continuous cell division. For this reason, significant changes are observed in the metabolic
activities of tumors. Otto Warburg was one of the first scientists, who observed these
metabolic changes in tumor cells. He found that tumor cells mainly use glycolysis to
produce energy instead of oxidative phosphorylation even in the presence of oxygen and
produce lactic acid by fermentation [55]. On the other hand, cellular metabolism consists of
many complex biochemical reactions that are in a well-adjusted balance. Disruption of this
balance mostly leads to metabolic dependencies, which can be targeted to induce synthetic
lethality [56].

IDH enzymes have many critical roles in cellular metabolism. They catalyze the
reaction of isocitrate to the α-KG (2-OG) conversion, which is one of the rate-limiting
steps in the TCA cycle, also important for the biosynthesis of many precursors. Therefore,
besides driving tumorigenesis, mutations in the IDH1 or IDH2 genes lead to the disruption
of various metabolic pathways, which generates vulnerabilities to specific treatments.
Targeting these vulnerabilities might be more reliable than mutant IDH inhibition as they
remain disrupted even at later stages of tumor development.

2.2.1. Lipid Metabolism

IDH1 and IDH2 enzymes use NADP+ to convert isocitrate to α-KG and produce
NADPH, which is important for redox homeostasis and lipogenesis [5,57,58]. However, by
mutations in R132 or R172, respectively, IDH1 or IDH2 acquire neomorphic activities to
produce D-2-HG from α-KG via consumption of NADPH. Badur et al. (2018) found that
increased NADPH consumption inhibits de novo lipogenesis and makes IDH1-mutant cells
more dependent on exogenous lipid sources for proliferation [59]. They showed that lipid
removal from the culture medium significantly decreased the growth of IDH1-mutant cells.
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Therefore, figuring out the in vivo lipid uptake pathway and targeting this mechanism
may be a promising strategy for IDH-mutant tumors.

In a recent study, using organelle lipidomics and Raman spectroscopy, it was shown
that membrane integrity of especially the ER and Golgi apparatus are disrupted in IDH1-
mutant glioma cells because of dysregulated lipid metabolism [60]. Besides, it was found
that sphingomyelin and monounsaturated fatty acids are accumulated in these organelles
in IDH1-mutant cells. Based on this finding, the same group recently demonstrated
that boosting these pathways via the addition of N,N-dimethylsphingosine (NDMS) and
sphingosine C17 induced an apoptotic response in IDH1-mutant glioma cells [61].

2.2.2. Amino Acid Metabolism (Glutamate/Glutamine/Glucose)

Glutamine and glutamate are two five-carbon amino acids that play fundamental
roles in cell metabolism as major carbon and nitrogen sources. Glutamine itself is an
important precursor for the biosynthesis of proteins, purines, pyrimidines, and amine
sugars [62]. However, most of the glutamine is converted to glutamate by the glutaminase
(GLS) enzyme to be used in many different metabolic reactions. Glutamate can be used
for the synthesis of glutathione, which is an important antioxidant, or converted to α-KG
(2-OG) either by glutamate dehydrogenases (GLUDs) or transaminases [63]; α-KG may
enter the TCA cycle for energy production or may be used for lipid biosynthesis through
reductive carboxylation. Conversely, glutamate can be converted back to glutamine by the
glutamine synthetase (GS).

In IDH-mutant gliomas, glutamine metabolism has a major role as it has been shown
to be altered in many studies [64,65]. As IDH mutations are almost always found to be
heterozygous, mutant IDH needs the wildtype IDH enzyme to produce α-KG, which
is a substrate for the 2-HG production. However, Seltzer et al. (2010) showed that a
glutaminase-mediated alternative way of α-KG production is also crucial for IDH1-mutant
glioma cells probably because of insufficient production from a single allele [66]. Therefore,
inhibition of glutaminase slowed down the growth of IDH1-mutant glioma cells. Inhibition
of the glutamate-to-α-KG conversion also decreased the growth, but only under glucose-
deprived conditions [66]. After a few years, Chen et al. (2014) found that expression of
GLUD1 and GLUD2, two enzymes converting glutamate to α-KG, increased in IDH1-
mutant gliomas [67]. They observed that ectopic overexpression of IDH1R132H inhibited
the growth of murine glioma progenitor cells and led to the failure of tumor growth
in vivo. However, overexpression of wildtype IDH1 or GLUD2 together with IDH1R132H

rescued its growth inhibitory effects in vitro and in vivo [67]. Interestingly, GLUD2 is an
enzyme specifically expressed in the hominoid brain and is thought to be evolved from
highly conserved GLUD1 during prefrontal cortex evolution [68]. Given that glutamate is
an important neurotransmitter found in high levels in the prefrontal cortex, amino acid
changes in GLUD2 are thought to ensure efficiency in the acidic microenvironment of
astrocytes upon high glutamate intake [69]. As IDH-mutant gliomas occur in the prefrontal
cortex as well [29], GLUD2 upregulation provides degradation of the large amount of
glutamate to produce α-KG and for biosynthesis of other vital molecules, which is critical
for the growth of IDH-mutant cells [67].

On the other hand, branched-chain amino acid (BCAA) transaminases (BCATs), which
provide an alternative way of glutamate synthesis, have also been found to be inhibited
by 2-HG [70]. Therefore, IDH-mutant glioma cells are thought to be more dependent on
GLS, whose inhibition leads to glutamate deficiency [70]. As glutamate is a precursor of
glutathione (GSH), which is an important antioxidant, GLS inhibition has been shown to
sensitize IDH-mutant cells to oxidative stress or irradiation [70].

2.2.3. NAD+ Metabolism

NAD+ is a critical cofactor used in many important metabolic pathways in cells. Upon
metabolic profiling of innate IDH1-mutant GBM cells, Tateishi et al. (2015) observed in-
creases in the NAD+ level with IDH1i treatment and decreases in the NAD+ level compared
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to IDH1-wildtype cells because of methylation of the NAPRT1 promoter [45]. Accordingly,
the authors discovered that IDH1-mutant cells are more sensitive to NAMPT inhibition,
which is responsible for the salvage pathway of NAD+ synthesis [45]. In a later study, it was
shown that combining NAMPT inhibitors with a DNA-alkylating agent, temozolomide,
increased the cytotoxic effects on IDH1-mutant cells by increasing NAD+ consumption as
they are used in base excision repair (BER) upon DNA damage [71]. Similarly, activation of
NAD+-consuming SIRT1 enzymes by small molecules inhibits the growth of IDH1-mutant
cells and increases sensitivity to NAMPT inhibition [72]. Another interesting approach is
increasing the cytotoxic effect of temozolomide by sequestering NAD+ via inhibition of
poly(ADP-ribose) glycohydrolase (PARG), which is responsible for NAD+ release by the
breakdown of PAR chains [73].

As NAD+ is required for poly(ADP-ribose) polymerase (PARP)-mediated DNA repair,
IDH1-mutant cells were thought to have an already impaired PARP-mediated DNA repair
because of their decreased NAD+ level. Based on that, PARP inhibition has been shown to
induce temozolomide cytotoxicity on IDH1-mutant glioma cells [74]. However, later studies
indicated that sensitizing effects of PARP inhibition are mostly independent of NAD+ levels
and are rather related with 2-HG-induced homologous recombination (HR) defects [41,73].

2.2.4. Mitochondrial Metabolism and Oxidative Stress

There are many studies demonstrating the effects of IDH mutations on mitochondrial
metabolism and oxidative stress. Grassian et al. (2014) showed that IDH-mutant tumors
adapted to use oxidative phosphorylation more than their wildtype counterparts [33]. This
made them more dependent on mitochondrial functions and susceptible to inducers of
mitochondrial stress or inhibitors of electron transport chain (ETC) enzymes. Another
study indicated increased sensitivity of IDH-mutant cells to Bcl-2 inhibitors because of the
low mitochondrial threshold for apoptosis by 2-HG-mediated inhibition of the cytochrome
c oxidase (COX) enzyme [75]. Oxidative pentose phosphate pathway (oxPPP) activity is
also increased in IDH-mutant tumors to compensate for the decreased NADPH level [59,76].
However, even this increase is not sufficient for all NADPH-mediated reactions. NADPH
is known to reduce oxidative stress by neutralizing reactive oxygen species (ROS) through
glutathione and thioredoxin systems [77]. Overall, oxidative stress in IDH-mutant cells is
elevated, which may be one of the reasons for higher sensitivity to radiation therapy [76].

2.2.5. Mammalian Target of Rapamycin (mTOR) Signaling

The mammalian target of rapamycin (mTOR) signaling pathway is one of the major
pathways playing role in cellular growth. It takes intracellular and nutritional signals and
promotes anabolic reactions, such as protein and lipid synthesis. Several groups observed
alterations in mTOR signaling in IDH-mutant cells [78–81]. Fu et al. (2015) found that
2-HG inhibits the ATP synthase (complex V in ETC) and therefore reduces mitochondrial
respiration [78]. The decrease in the ATP level leads to the inhibition of mTOR signaling
upon both less direct ATP sensing by mTOR, and more AMP sensing by AMPK. This
metabolic defect renders IDH-mutant cells more sensitive to glucose deprivation. Based
on that, fasting and ketogenic diets have been suggested to be beneficial for IDH-mutant
glioma patients. Similarly, Karpel-Massler et al. (2017) observed a reduction in ATP levels
in IDH-mutant glioma cells and mTOR inhibition upon AMPK activation [79]. They aimed
to boost mitochondrial stress via Bcl-xL inhibitors and showed that IDH-mutant cells were
more sensitive to Bcl-xL inhibition.

On the other hand, Carbonneau et al. (2016) [80] and Batsios et al. (2019) [81] offered
mTOR inhibition as a potential treatment approach. According to the former study, 2-HG
inhibits KDM4A, which is responsible for DEPTOR stability; and DEPTOR degradation
induces mTORC1/2 signaling [80]. Here, the authors overexpressed mutant IDH1/2 in non-
malignant astrocytes and fibroblasts to mimic initial tumorigenesis conditions. Nonetheless,
it is known that tertiary mutations in IDH-mutant glioma cells activate more aggressive
pathways which may repress previous phenotypes [82]. In the latter study, Batsios et al.
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used a dual PI3K/mTOR inhibitor XL765 and observed growth inhibition in mutant IDH1
overexpressing normal human astrocytes (NHA) and U87 GBM cells [81]. Interestingly,
the authors did not present evidence for the wildtype counterparts. Therefore, it is diffi-
cult to say growth inhibition is specific to IDH-mutant cells as U87 cells are known to be
PTEN-null and the mTOR pathway is already active in these cells [83,84].

2.2.6. ER Stress

It has been shown that 2-OG-dependent dioxygenases are inhibited by 2-HG, the product
of mutant IDH enzymes [12]. One of these dioxygenases is collagen prolyl-4-hydroxylase
(C-P4H). Sasaki et al. found that inhibition of C-P4H by 2-HG impairs collagen maturation
and induces an ER stress response because of the accumulation of immature collagens in the
ER [85]. Interestingly, IDH1-mutant glioma cells were later shown to activate autophagy of
the ER (ER-phagy) to survive the 2-HG-mediated ER stress [86]. Based on this observation,
inhibition of autophagy via chloroquine (CQ) or bafilomycin A1 (BAF) was shown to be
effective in IDH1-mutant cells and offered as a potential treatment approach [86]. A recent
study also showed that IDH1-mutant cells are more sensitive to ER stress-induced apoptosis as
miR-183 upregulation in these cells inhibits the antiapoptotic semaphorin 3E [87]. As shown
in many other studies of metabolic deficiencies, mutant IDH inhibitor AGI-5198 reversed the
stressed phenotype. All these studies indicate an increase in the basal ER stress level in IDH-
mutant cells, which can be potentiated by pharmacological agents to induce stress-mediated
cell death as a promising therapeutic option.

2.2.7. Hypoxia

As the prolyl hydroxylase domain-containing (PHD) enzymes are also 2-OG-dependent
(12, 13), they can be inhibited in IDH-mutant cells due to the overall decreased levels of
2-OG [88]. Normally, PHD enzymes require 2-OG to hydroxylate specific proline residues
of hypoxia-inducible factor 1 (HIF-1α), a major transcription factor responsible for cellular
survival and proliferation under hypoxic conditions. This leads to the ubiquitylation and
degradation of HIF-1α. Therefore, 2-HG generation and 2-OG depletion indirectly provide
the stabilization of HIF-1α, leading to an increase in HIF-1α target genes, such as the
vascular endothelial growth factor (VEGF), in IDH-mutant gliomas [89]. Based on these
studies, inhibition of HIF-1α may be a good strategy to suppress the growth of IDH-mutant
gliomas. There are many studies where the expression of HIF-1α was inhibited in various
ways. These demonstrated inhibition of the growth of gliomas in vitro and in vivo [90,91],
decreased glioma cell migration and invasiveness under hypoxic conditions [92], increased
efficiency of chemotherapeutic drugs [93], and more sensitivity to radiation therapy [94].

Along these lines, it was later shown that D-2-HG, but not L-2-HG, induces the activity
of HIF prolyl hydroxylases (EGLN) more than 2-OG itself, resulting in increased HIF-1α
degradation [95]. Based on these results, EGLN inhibition was offered as a potential treat-
ment option. Even though this was surprising initially, these results were more consistent
with the clinical outcomes, such as a less aggressive phenotype of IDH-mutant gliomas [96].
Considering these studies together, IDH mutations may cause conflicting changes in both
the stability and the degradation of HIF-1α. Induction of L-2-HG production under hypoxia
adds to the complexity of the targeting of IDH-mutant gliomas [97]. Therefore, the role
of hypoxia in the genesis and progression of IDH-mutant gliomas is very debatable and
further work is needed to dissect out the function of hypoxic regulation in these tumors.
Considering mostly oncogenic potentials of HIF-1α, drugs mimicking 2-OG or molecularly
targeting HIF-1α still seems like a potent therapeutic approach.

2.3. Targeting the DNA Damage Pathway
2.3.1. Conventional Therapies (Temozolomide and Irradiation)

Many studies have shown that IDH-mutant gliomas respond better to standard
therapy methods such as temozolomide [98,99], irradiation [100,101], and their combina-
tion [102,103]. The promoter methylation status of MGMT, a DNA repair enzyme involved
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in the direct repair pathway, is associated with better chemo/radiotherapy response and
serves as a prognostic marker in gliomas. Indeed, MGMT promoter hypermethylation
has been shown to be positively correlated with IDH1 mutation [104]. However, there
are patients with tumors bearing an IDH mutation but not MGMT promoter methylation.
Therefore, the exact mechanisms behind the better response of IDH-mutant tumors to
conventional therapies are elusive. Despite better response to standard therapies, most of
the lower-grade IDH-mutant gliomas still progress to high-grade levels [105].

2.3.2. PARP-Mediated DNA Repair

Two independent studies in 2017 proposed that targeting PARP-mediated DNA repair
could be a promising strategy for IDH-mutant gliomas, even if each claimed a different
molecular mechanism responsible for this finding [104]. Both groups showed that the
NAD+ level was slightly decreased in IDH-mutant cells, in line with previous reports [45].
According to Lu et al. (2017), the lower NAD+ level leads to more DNA damage upon
temozolomide treatment because of the impaired PARP-mediated repair, which uses NAD+

as a substrate; and this can be boosted by PARP inhibitors [74]. On the other hand,
Sulkowski et al. (2017) indicated 2-HG-mediated inhibition of KDM4A and KDM4B
enzymes, which are thought to be responsible for double-strand break (DSB) repair via
homologous recombination (HR) [41]. The authors claimed that inhibition of HR confers a
“BRCAness” phenotype and renders IDH-mutant glioma cells sensitive to PARP inhibitors.
This phenotype can also be reversed by mutant IDH1 inhibitors, AGI-5198, AG-120, and
IDH1-C227 [41]. Similarly, a recent study showed that PARP inhibition together with
radiation-induced DNA damage is highly effective in both in vitro and in vivo models of
IDH-mutant gliomas [106]. Based on these promising studies, PARP inhibitors are being
tested in ongoing clinical trials individually (Table 3) or in combination with temozolomide
or immune checkpoint inhibitor durvalumab (Table 2).

Table 3. Clinical trials with targeted therapies in IDH-mutant gliomas.

DNA Methyltransferase (DNMT) Inhibitors

ClinicalTrials.gov
Identifier Drug Mechanism of Action Phase Status Announced Results

NCT03922555 ASTX727 DNMT and cytidine
deaminase inhibitor Phase I Recruiting

NCT03666559 Azacitidine DNMT1 inhibitor Phase II Recruiting

Poly ADP Ribose Polymerase (PARP) Inhibitors

ClinicalTrials.gov
Identifier Drug Mechanism of Action Phase Status

NCT03212274 Olaparib
(AZD2281) PARP1/2 inhibitor Phase II Recruiting

NCT03561870 Olaparib PARP1/2 inhibitor Phase II Active,
not recruiting

Immunotherapy

ClinicalTrials.gov
Identifier Drug Mechanism of Action Phase Status

NCT02454634
IDH1 peptide

vaccine
(NOA-16)

IDH1 peptide vaccine Phase I Completed Favorable safety profile, high percentage of
IDH peptide-specific immune response [107]

NCT02771301 IDH1R132H-DC
vaccine

IDH1R132H-dendritic cell
vaccine

Phase I Unknown

NCT03557359 Nivolumab Immune checkpoint inhibitor Phase II Recruiting

NCT03718767 Nivolumab Immune checkpoint inhibitor Phase II Recruiting

NCT03925246 Nivolumab Immune checkpoint inhibitor Phase II Active,
not recruiting
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2.4. Immunotherapy

Even though the mutational load is relatively low in GBMs [108], heterogeneity is still
one of the most important causes of therapy resistance and recurrence [109]. Since IDH mu-
tations are early events in gliomagenesis and are homogenously found at specific codons
in all glioma cells, they are suggested as a potential target for an immunotherapeutic ap-
proach [110]. On the other hand, multiple studies have indicated that the genes responsible
for the production of immune cell-attracting chemokines are suppressed in IDH-mutant
gliomas [111–114]. Based on these studies, a combinatorial approach successfully demon-
strated that the combination of mutant IDH inhibitors with vaccination therapy or immune
checkpoint inhibitors overcomes the mutant IDH-dependent immune evasion [111,114].
In a recent study, the combination of a mutant IDH inhibitor with temozolomide/IR and
an immune checkpoint inhibitor enhanced survival. This combinatorial approach was
more efficient than each individual treatment in an IDH1R132H-bearing mouse glioma
model [115].

2.4.1. Peptide Vaccines

It has been shown that IDH1R132H mutants have an immunogenic epitope suitable for
mutation-specific vaccination [110]. The peptides surrounding this mutated region belong
to major histocompatibility complexes (MHC) class II and promote the IDH1R132H-specific
CD4+ T helper 1 (TH1) responses in patients with mutant IDH. Considering this significant
finding, vaccines targeting this specific epitope were developed and found highly effective
in an intracranial murine glioma model [116]. NOA-16, an IDH1R132H peptide vaccine, is
a first-in-human, multicenter, phase I clinical trial (Table 3). The first report validated the
safety and therapeutic efficacy of NOA-16 in the patients newly diagnosed with malignant
astrocytoma harboring the IDH1 mutation (NCT02454634) [117]. In a recent report of this
trial, vaccine-induced immune responses were seen in 93.3% of the patients [107]. The
authors also showed the presence of tumor-infiltrating CD40LG+ and CXCL13+ T helper
cell clusters dominated by a single IDH1R132H-reactive T cell receptor in a patient with
pseudoprogression. Considering the disease progression in patients who did not develop a
vaccine-induced immune response, this strategy seems promising in terms of efficacy as well.
There is one more IDH1 peptide vaccine, PEPIDH1M, for recurrent grade II gliomas (RESIST)
the safety of which is now being tested in combination with the standard chemotherapy,
temozolomide (NCT02193347). Another clinical trial for an IDH1R132H-dendritic cell vaccine
was launched to test the safety and effectiveness in patients with IDH-mutant gliomas
(NCT02771301). The results of these trials have not been published yet.

2.4.2. Immune Checkpoint Inhibitors

Immune checkpoint inhibitors such as avelumab comprise other promising agents
to suppress the immune evasion of tumor cells [42]. They basically work by blocking the
interaction between cytotoxic T lymphocytes and immune checkpoint ligands, resulting in
the abolition of the ligands’ suppressive effects on lymphocytes. There is a phase II clinical
trial in which avelumab associated with hypofractionated radiation therapy is investigated
in patients with IDH-mutant glioblastomas (Table 2). It was completed, but its result has
not been reported yet (NCT02968940). In another clinical study called AMPLIFY-NEOVAC
(AMPLIFYing NEOepitope-specific VACcine Responses in Progressive Diffuse Glioma),
avelumab associated with the IDH1R132H peptide vaccine is being tested for safety and
tolerability of the combination (NCT03893903). There are other ongoing clinical trials of
immune checkpoint inhibitors nivolumab and durvalumab in patients with IDH-mutant
gliomas (NCT03991832, NCT03557359, NCT03718767, NCT03925246) (Tables 2 and 3).

2.4.3. CAR T Cell Therapy

Some specific antigens may be found on the surface of glioma cells, for example, EGFR
variant III (EGFRvIII). They can be targeted by the genetically modified chimeric antigen
receptor (CAR) T cells or oncolytic viral therapy, in which viruses are genetically engineered
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in order to selectively infect and replicate in tumor cells, therefore resulting in not only
cellular lysis, but also the activation of immunogenic cell death pathways [118,119]. Even
if EGFRvIII is mostly associated with IDH-wildtype gliomas, there are some cases in which
IDH mutation and EGFRvIII are found together [120,121]. Alternatively, PDGFRA, which
is known to be upregulated in IDH-mutant gliomas [122], has recently been shown to be
targeted by CAR T cell therapy in other cancer types [123]. Therefore, targeting neoantigens
with CAR T cell therapy might be an interesting treatment option for IDH-mutant gliomas.

2.5. Epigenetic Approaches
2.5.1. DNA Demethylation

Considering the well-established hypermethylated phenotype in IDH-mutant tumors,
DNA demethylation agents were among the first agents tested as a therapeutic approach.
In 2013, two companion papers indicated that 5-azacytidine and decitabine, which are
well-known DNA methyltransferase inhibitors (DNMTi), induced differentiation of IDH1-
mutant glioma cells and inhibited tumor growth in xenograft models [39,124].

In 2017, the group that published one of the papers in 2013 demonstrated that the
effect of 5-azacytidine can be enhanced when combined with temozolomide [125]. As
a single agent, 5-azacytidine had similar effects on IDH1-wildtype and -mutant glioma
cells in vitro and slightly reduced IDH1-mutant tumor growth in vivo. However, the
combination with temozolomide further decreased tumor volume and increased survival
in both subcutaneous and orthotopic glioma models. They also tested the mutant IDH1
inhibitor, AGI-5198, and found that it has no effect on the proliferation of IDH1-mutant
glioma cells neither individually nor with 5-azacytidine.

Based on these results, there are ongoing clinical trials testing 5-azacytidine individu-
ally or in combination with mutant IDH inhibitors (Table 2). Another clinical trial testing
ASTX727, which is a fixed-dose combination of cedazuridine and decitabine, is also being
conducted in IDH-mutant glioma patients (NCT03922555). Cedazuridine is an inhibitor of
cytidine deaminase (CDA) and has been shown to inhibit CDAs in the gut and the liver,
allowing to achieve high plasma concentration of orally delivered decitabine [126,127].

2.5.2. BET Inhibitors

Bai et al. (2016) identified activation of aggressive oncogenic pathways such as the
MYC or RTK-RAS-PI3K signaling pathways as well as important epigenetic pathways
evident in the progression of IDH1-mutant gliomas [128]. Based on these alterations
and the previous studies showing the efficacy of bromodomain and extraterminal motif
(BET) inhibitors for primary GBMs, the authors tested BET inhibitors on IDH1-mutant
glioma cells. They observed high sensitivity of patient-derived IDH1-mutant glioma
cells with submicromolar IC50 values, which are several orders of magnitude lower than
IC50 of temozolomide [128]. Therefore, BET inhibitors also offer a clinical potential in
IDH-mutant gliomas.

2.5.3. Combination Treatments

IDH1-mutant tumors are known to have a distinct epigenetic profile due to mutant
IDH1-dependent chromatin modifications [47]. Prolonged presence of mutant IDH1 ren-
ders most of these modifications irreversible, which may have critical importance for tumor
progression. Based on this epigenetic reprogramming, we recently conducted chemical
screening in IDH1-mutant GBM cells, including inhibitors of epigenetic enzymes [36]. We
found that IDH1-mutant GBM cells are sensitive to different epigenetic enzyme inhibitors
such as DNMT inhibitor 5-azacitidine, HMT inhibitor chaetocin, KDM inhibitor GSK-J4,
and HDAC inhibitor belinostat. Moreover, combined inhibition of KDM6A/B and HDACs
was markedly more effective than individual treatments of IDH1-mutant gliomas. These
results may indicate that IDH1-mutant tumors are dependent on their distinct epigenome
and exploiting this distinct phenotype via chemical inhibitors may lead to the development
of successful therapeutic approaches.
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3. Conclusions

IDH mutations are highly frequent in lower-grade gliomas and secondary GBMs.
Although they have been shown to be less aggressive than IDH-wildtype gliomas, there is
still no approved therapy for IDH-mutant gliomas. Considering that they are among the
driver mutations in gliomagenesis, many mutant IDH inhibitors are being developed to
reverse this phenotype. Even if some of these inhibitors were approved for AML treatment,
their efficacy in gliomas has been shown to be dismal. There are still ongoing clinical trials
in which mutant IDH inhibitors are being used individually or in combination with other
treatment options. On the other hand, mutant IDH can induce unique dependencies and
weaknesses in tumor cells, which can be exploited as an alternative therapeutic approach.
Targeting metabolic deficiencies or DNA damage pathways has already been shown to
be effective in preclinical studies. Based on the highly specific and homogenous nature of
IDH mutations, immunotherapeutic options targeting IDH1R132H have also been offered
as an alternative treatment method. Lastly, the distinct epigenetic profile of IDH-mutant
gliomas makes it possible to develop potential therapeutic approaches using epigenetic
enzyme inhibitors. Overall, there are many alternative approaches shown to be effective
in preclinical studies for IDH-mutant gliomas, which increase the chance of having an
approved treatment upon completion of clinical trials.
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