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Purpose of review

Isocitrate dehydrogenase (IDH) mutation is a defining molecular driver of WHO grade 2–4 astrocytomas
and oligodendrogliomas. In this article, we review the recent therapeutic approaches specifically targeting
IDH-mutant gliomas and summarize ongoing clinical trials in this population.

Recent findings

The IDH inhibitor vorasidenib recently demonstrated its efficacy after surgical resection in grade 2 IDH-
mutated gliomas. Several studies in patients with IDH-mutant gliomas are currently exploring various
strategies to target IDH mutations, including the use of small-molecule inhibitors, immunotherapies, peptide
vaccines and agents targeting metabolic and epigenomic vulnerabilities.

Summary

Mutant-IDH targeting holds significant promise in treating progressive or recurrent IDH-mutant gliomas.
Recent results with IDH inhibitors will change practice and influence the existing guidelines in a near future.

Keywords
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INTRODUCTION In IDH-mutant gliomas, extent of resection
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gie, Hôpitaux Universitaires La Piti�e Salpêtri�ere - Charles Foix, 47-83
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Mutations in the isocitrate dehydrogenase enzymes
IDH1 and IDH2 (IDH mutations) define two adult-
type diffuse gliomas: oligodendrogliomas (grade 2 or
3) which are IDH-mutant and 1p/19q codeleted and
astrocytomas (grade 2, 3 or 4) which are IDH-mutant
[1]. IDHmutations affect two highly similar proteins
catalyzing the reversible oxidative decarboxylation
of isocitrate to alpha-ketoglutarate (aKG) while
reducing NADPþ to NADPH [2]. Oncogenic IDH
mutations are heterozygous somatic point muta-
tions that cluster at the active sites of the IDH1
and IDH2 enzymes, leading to the substitution of
the aminoacids arginine 132 in IDH1 and arginine
172 or 140 in IDH2. IDH-mutant enzymes gain
neomorphic enzymatic activity, converting NADPH
and aKG to NADPþ and D-2-hydroxyglutarate
(D-2HG), a metabolite that accumulates to high
levels in IDH-mutant cells. D-2HG competitively
inhibits aKG-dependent dioxygenases, which are
involved in the regulation of several cellular proc-
esses (e.g., epigenetics, response to hypoxia, angio-
genesis), resulting in metabolic and molecular
changes including the CpG island methylator
phenotype (CIMP), which is characterized by DNA
hypermethylation at CpG-rich domains [3]. In glio-
mas, IDH mutations have been associated with
improved prognosis as well as increased benefit
from chemotherapy and radiation therapy com-
pared to tumors with an IDH-wild-type status [4,5].
 2024 Wolters Kluwer H
has been consistently correlated with improved
outcomes in a number of retrospective series [6].
Management of patients therefore involves maxi-
mal well tolerated resection or biopsy as a first step.
According to international guidelines, postopera-
tive management is stratified according to several
factors associated with prognosis (e.g., grade, age,
size of postoperative tumor residue, presence of
neurological symptoms) [7,8

&

]. For patients with
grade 4 IDH-mutant astrocytomas, radiation with
concomitant and adjuvant temozolomide (TMZ)
chemotherapy is recommended based on the
EORTC-NCIC trial [9]. For patients with grade 3
IDH-mutant glioma, radiation followed by adjuvant
alkylating agent chemotherapy (two widely used
protocols: TMZ or polychemotherapy with procar-
bazine, CCNU, vincristine [PCV]) is recommended
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KEY POINTS

� Mutations in isocitrate dehydrogenase genes 1 and 2
(IDH mutations) define two glioma subtypes:
astrocytomas and oligodendrogliomas.

� Several clinical studies evaluating different approaches
to treat IDH-mutant gliomas are currently ongoing,
including trials of small-molecule inhibitors of IDH-
mutant proteins, immunotherapies, peptide vaccines
and agents targeting epigenetic and
metabolic vulnerabilities.

� The dual inhibitor of mutant IDH1/2 vorasidenib has
recently demonstrated to significantly improve
progression-free survival after surgical resection in
grade 2 IDH-mutated glioma.

Advances in the treatment of IDH-mutant gliomas Baek et al.
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based on the RTOG 9402, EORTC 26951 and CAT-
NON trials [10–12]. For patients with grade 2 IDH-
mutant gliomas, the management is individualized
according to the presence of risk factors for recur-
rence and adverse evolution, which are currently
not consensual. In patients with complete resection
or small postoperative residue, a ‘watch and wait’
approach can be proposed. In patients with residual
or recurrent disease not requiring radiation and
chemotherapy, the INDIGO trial demonstrated
the progression-free survival (PFS) benefit of the
IDH1/2 inhibitor vorasidenib compared to placebo
[13

&&

]. In a subset of patients with grade 2 IDH-
mutant glioma, radiation followed by adjuvant
chemotherapy (PCV or TMZ) is proposed based on
the RTOG 9802 trial [14].

Unfortunately, virtually all patients with IDH-
mutant glioma experience relapse after first line
treatment. No treatment demonstrated a significant
benefit in the recurrent setting. Therefore, the devel-
opment of novel effective therapeutic strategies
improving disease control after first-line treatment
or at recurrence represents an unmet clinical need.
This review summarizes the ongoing development
of novel mutant-IDH (mIDH) inhibitors (IDHi),
immunotherapies and other therapeutic approaches
exploiting specific vulnerabilities for the treatment
of IDH-mutant gliomas (Table 1).
INHIBITORS OF MUTANT-ISOCITRATE
DEHYDROGENASE ENZYMES

Randomized studies have demonstrated the efficacy
of small-molecule IDHi for the treatment of acute
myeloid leukemia or cholangiocarnicoma [15,16],
leading to recent regulatory approval for these indi-
cations. Vorasidenib (Voranigo), a dual inhibitor
of mutant IDH1/2 proteins, was approved on
1350-7540 Copyright © 2024 Wolters Kluwer Health, Inc. All rights rese

Copyright © 2024 Wolters Kluwe
August 2024 by the FDA for patients 12 years and
older with grade 2 astrocytoma or oligodendro-
glioma with an IDH1 or IDH2 mutation, following
surgery including biopsy, sub-total resection, or
gross total resection. Evidence regarding IDH-
mutant gliomas is discussed below (Fig. 1).
Early phase trials with ivosidenib and
vorasidenib

Two phase I trials evaluated the mIDH1 inhibitor
ivosidenib [17] and the dual mIDH1/2 inhibitor vor-
asidenib [18] in 66 and 93 patients, respectively.
Results showed a favorable safety profile for both
molecules, with mainly increased transaminases
and QT prolongation observed at higher dose levels.
Patients with nonenhancing glioma treated with
ivosidenib had an objective response rate (ORR) of
2.9% and a median progression-free survival (PFS) of
13.6months [95% confidence interval (95%CI), 9.2–
33.2],whilepatients treatedwithvorasidenib showed
an ORR of 18% and a median PFS of 36.8months
(95% CI, 11.2–40.8). In patients with enhancing
gliomas, no significant responses were observed;
the median PFS was 1.4months (95% CI, 1.0–1.9)
and 3.6months (95% CI, 1.8–6.5) when treated by
ivosideniborvorasidenib, respectively.Aphase Iperi-
operative study explored vorasidenib and ivosidenib
to select a molecule for phase 3 evaluation [19

&

].
Forty-nine patients with nonenhancing mIDH low-
grade glioma were randomized 2 : 2:1 to vorasidenib
[50mg daily (q.d.)], ivosidenib (500mg q.d.), or no
treatment for approximately 4weeks before surgery.
After surgery, all patients received treatment until
disease progression or unacceptable toxicity and
patients without neo-adjuvant treatment were
randomized 1 : 1 to vorasidenib or ivosidenib. The
primary endpoint, the concentration of the oncome-
tabolite D-2HG in brain tumor after vorasidenib or
ivosidenib treatment,was reducedby92.6% (95%CI,
76.1–97.6) and 91.1% (95% CI, 72.0–97.0), respec-
tively. Pharmacokinetics parameters study showed
that for both vorasidenib and ivosidenib, the tumor
concentrations were above the half-maximal inhib-
itory concentration (IC50) for inhibition of the
mIDH1-R132H allele, but the tumor/plasma ratio
was significantly higher for vorasidenib than for
ivosidenib (1.69 versus 0.10).

Efficacy results were consistent with those
reported in the phase I studies. Exploratory analyses
of on-treatment tumor tissues showed that D-2HG
reduction was associated with increased DNA
5-hydroxymethylcytosine, decreased tumor cell
proliferation, immune cell activation as well as
transcriptomic changes consistent with lineage dif-
ferentiation, which was also reported in a recent
rved. www.co-neurology.com 709
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Table 1. Ongoing and completed clinical trials targeting IDH-mutated gliomas

Name of study/drug NCT identifier Intervention
Study
phase Population Enrollment Trial start Status

Ivosidenib (AG120) or
Vorasidenib (AG881)

NCT03343197 IDH inhibitor I IDH1-mutated gliomas 49 2018 active,
not recruiting

INDIGO trial: Vorasidenib NCT04164901 IDH inhibitor III IDH1/2-mutated gliomas 331 2020 active,
not recruiting

Olutasidenib (FT-2102) NCT03684811 IDH inhibitor Ib/II Recurrent or progressive
IDH1-mutated gliomas

93 2018 completed

Safusidenib (DS-1001) NCT04458272 IDH inhibitor II IDH1-R132H mutated gliomas 25 2020 active,
not recruiting

LY3410738 NCT04521686 IDH inhibitor I IDH1-R132H mutated gliomas
and other solid tumors

200 2020 active,
not recruiting

BAY1436032 NCT02746081 IDH inhibitor I IDH1-R132H mutated gliomas
and other solid tumors

81 2016 active,
not recruiting

HMPL-306 NCT04762602 IDH inhibitor I IDH1/2-mutated gliomas and
other solid tumors

90 2021 active,
not recruiting

Enasidenib (AG221) NCT02273739 IDH inhibitor I solid tumors including IDH2-
mutated gliomas

21 2014 completed

Ivosidenib þ Nivolumab NCT04056910 IDH inhibitor þ
Anti-PD1

II IDH1-mutated gliomas 16 2021 completed

Vorasidenib þ Pembrolizumab NCT05484622 IDH inhibitor þ
Anti-PD1

I IDH1-mutated gliomas 72 2023 recruiting

RESIST trial: PEPIDH1M NCT02193347 Peptide vaccine I IDH1-R132H mutated gliomas 24 2016 completed

AMPLIFY-NEOVAC trial:
IDH1R132H peptide vaccine
þ Avelumab

NCT03893903 Peptide vaccine þ
Anti-PDL1

I IDH1-R132H mutated gliomas 60 2023 recruiting

ViCToRy trial: PEPIDH1M þ
Vorasidenib

NCT05609994 Peptide vaccine þ
IDH inhibitor

I IDH1-mutated gliomas 48 2024 not yet
recruiting

GBM6-AD NCT02549833 Vaccine I IDH1/2-mutated gliomas 28 2016 active,
not recruiting

REVOLUMAB trial: Nivolumab NCT03925246 Anti-PD1 II IDH1/2-mutated gliomas 43 2019 completed

Avelumab þ radiotherapy NCT02968940 Anti-PDL1 II IDH1/2-mutated glioblastoma 43 2017 completed

Nivolumab NCT03718767 Anti-PD1 II IDH1/2-mutated gliomas with
and without hypermutator
phenotype

70 2019 recruiting

Nivolumab NCT03557359 Anti-PD1 II Recurrent or progressive
IDH1/2-mutated gliomas
with prior exposure to
alkylating agents

20 2018 unknown

Retifanlimab þ ATRA NCT05345002 Anti-PD1 II Recurrent IDH1/2-mutated
gliomas

55 2022 recruiting

NSC-CRAd-S-pk7 NCT05139056 Oncolytic virus I Recurrent high grade gliomas 36 2023 recruiting

Tasadenoturev (DNX-2401) NCT03896568 Oncolytic virus I Recurrent high grade gliomas 36 2019 recruiting

AGIR trial: Azacitidine NCT03666559 DNMT inhibitor II Recurrent IDH1/2-mutated
gliomas

63 2020 active,
not recruiting

ASTX727 NCT03922555 DNMT inhibitor I Recurrent or progressive
IDH1/2-mutated gliomas

18 2019 recruiting

OLAGLI trial: Olaparib NCT03561870 PARP inhibitor II Recurrent IDH1/2-mutated
gliomas

35 2019 completed

SOLID trial: Olaparib þ
Durvalumab

NCT03991832 PARP inhibitor þ
Anti-PDL1

II IDH1/2-mutated gliomas 58 2019 recruiting

Olaparib þ Pembrolizumab þ
Temozolomide

NCT05188508 PARP inhibitor þ
Anti-PD1

II IDH1/2-mutated and wt
gliomas

57 2022 recruiting

PNOC017 trial: Pamiparib þ
Temozolomide

NCT03914742 PARP inhibitor I/II IDH1/2-mutated grade I-IV
gliomas

60 2020 completed

Telaglenastat NCT03528642 Glutaminase
inhibitor

Ib IDH-Mutated diffuse
astrocytoma and anaplastic
astrocytoma

40 2019 active,
not recruiting

Source: clinicaltrials.gov [Accessed 16 June 2024].

Neoplasms
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Phase I

Phase II

Phase III

Approval

IDH1 mutant
IDH2 mutant
Dual IDH1/2 mutant
*Brain penetrant

Vorasidenib* 

Olutasidenib

Safusidenib*

LY3410738* PEPIDH1M

BAY1436032*

HMPL-306

Ivosidenib*

Mutant-IDH 
Inhibitors

Immunotherapies

Other emerging
Targets (DNA repair, 

metabolism)

Nivolumab

Retifanlimab
Azacitidine

Olaparib

Pamiparib

Telaglenastat

Vorasidenib* + 
Pembrolizumab 

IDH1-Vac + 
Avelumab

PEPIDH1M+
Vorasidenib*

Enasidenib

Ivosidenib*
+ Nivolumab

Avelumab + 
radiotherapy

ASTX727

Olaparib + 
Durvalumab

FIGURE 1. Overview of clinical trials evaluating therapies targeting IDH-mutant gliomas.
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single-cell RNA study of on-treatment tumor samples
[20]. Based on these data, vorasidenib,which inhibits
both IDH1 and IDH2 and showed more favorable
brain penetration properties than ivosidenib, was
selected for the phase III INDIGO study in nonen-
hancing grade 2 gliomas.
INDIGO trial

The INDIGO trial is an international, double-blind,
randomized, placebo-controlled phase III trial
investigating the efficacy and safety of vorasidenib
in patients with recurrent or residual WHO grade 2
IDH-mutant gliomas [13

&&

]. Patients at least 12 years
of age who had measurable disease and had not
received any prior therapy other than surgery were
eligible. Patients with enhancing disease or high-
risk features based on investigator assessment were
excluded. A total of 331 patients were enrolled and
randomized to vorasidenib (40mg q.d., n¼168)
or placebo (n¼163), respectively. The primary
endpoint, median PFS, was significantly longer
in the vorasidenib group as compared to placebo
(27.7 versus 11.1months; hazard ratio 0.39; 95% CI
0.27–0.56; P<0.001). Time to next intervention, the
key secondary endpoint, was also significantly
improved in the vorasidenib group (hazard ratio
versus placebo 0.26; 95% CI 0.15–0.43; P<0.001).
1350-7540 Copyright © 2024 Wolters Kluwer Health, Inc. All rights rese

Copyright © 2024 Wolters Kluwe
Adverse events of grade 3 or higher occurred in
22.8% of patients in the vorasidenib group and in
13.5% in the placebo group. Treatment-related
adverse events of grade 3 or higher were primarily
elevated liver transaminases in the vorasidenib
group. Treatment with vorasidenib reduced the
tumor growth rate, which was at 13.2% (95% CI,
10.3–16.3) pretreatment and -3.3% (95% CI, -5.2 to
-1.2) posttreatment, while no significant difference
was observed with placebo [21]. Patient-reported
health-related quality of life (HRQoL) and cognitive
function were preserved in both trial arms after a
follow-up of approximately 13months [22].

Following these results, vorasidenib was
approved by the US FDA for the treatment of
patients with grade 2 IDH-mutant glioma following
surgery. Approval is under review in several other
countries, and the final labeling may vary by region.
Other isocitrate dehydrogenase inhibitors
and ongoing trials

A multicenter, open-label, nonrandomized, phase
Ib/II trial evaluated olutasidenib (FT-2102), a brain-
penetrant and selective inhibitor of IDH1, in 26
relapsed or refractory IDH1-mutant glioma patients,
regardless of tumor grade [23

&

]. The drug was overall
well tolerated with no dose-limiting toxicity (DLT)
rved. www.co-neurology.com 711

r Health, Inc. All rights reserved.
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and treatment-related serious adverse events
reported in three (12%) patients (hepatitis, platelet
count decreased, nausea or vomiting). The median
PFS was 1.9months (95% CI 1.8–4.6) in the whole
response-evaluable population, and 16.9months
(95% CI, 0.9–27.1) in the subgroup of patients with
low-grade gliomas (n¼4).

Another multicenter, open-label, dose-escala-
tion, phase I trial reported the safety and efficacy
of safusidenib (DS-1001), a brain-penetrant selective
inhibitor of IDH1-R132H [24

&

]. Forty-seven patients
with recurrent or progressive glioma of any grade
with an IDH1 R132H mutation were enrolled. The
maximum tolerated dose was not reached. The ORRs
were17.1%forenhancing tumors and33.3%fornon-
enhancing tumors. Median PFS was 10.4months
(95% CI, 6.1–17.7) and not reached (95% CI, 24.1–
not reached) for the enhancing and non-enhancing
gliomas, respectively. D-2HG suppression was con-
firmed inon-treatment tissues at severaldose levels.A
study ofDS-1001 in patientswithWHOgrade 2 IDH1
mutated glioma that have not received any chemo-
therapy or radiotherapy is ongoing (NCT04458272).

BAY1436032 is an IDHi tested in a phase I trial in
55gliomapatients (39 low-gradeglioma[LGG]and16
high-grade) [25]. BAY1436032waswell tolerated, and
no DLT was reported. Objective clinical responses
were only observed in patients with LGG, with an
ORR of 11% [one complete response and three partial
responses (PR)] and stable disease in 43%.

Preliminary results of a phase I study
(NCT04521686) of LY3410738, a covalent dual
inhibitor of IDH1/2 mutations in advanced
cholangiocarcinoma (CCA), gliomas and other solid
tumors were presented at the 2023 AACR Annual
Meeting [26]. Eighty enrolled patients, including
27 who had IDH1-mutated glioma, received
LY3410738 dosed at 25–600mg once daily or
300mg twice daily. The safety profile was favorable
with no DLT or treatment related death. Of the
22 patients with enhancing glioma, the best
response included three PR and nine stable disease.
Other trials evaluating IDH inhibitors are ongoing
(e.g., NCT04762602 for HMPL-306).
IMMUNOTHERAPIES

The term immunotherapy encompasses several
approaches, many of which currently being tested
in adult diffuse gliomas, including immune check-
point inhibitors (ICIs), vaccination, oncolytic viral
therapy, or chimeric antigen-receptor T-cell therapy
[27]. Most trials of immunotherapy in gliomas
focused on IDHwt glioblastoma, which are more
common, but some trials enrolled IDH-mutant
glioma patients (Fig. 1).
712 www.co-neurology.com
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Vaccines

IDH1-R132H peptide vaccines alone or in
combination
Several IDH1-R132H peptide vaccines have been
developed and are currently being tested in clinical
trials. IDH1-mutant peptide constitutes an attrac-
tive target for vaccination due to the precocity of
the event in gliomagenesis and the homogeneous
tumor expression of this epitope during tumor
evolution in most patients. Bunse et al. [28]
showed that IDH1R132H is an immunogenic neo-
epitope presented by MHC class II, which can lead
to spontaneous CD4þ T cell responses detectable in
peripheral blood.

The Neurooncology Working Group of the Ger-
man Cancer Society trial 16 (NOA-16) [29] was the
first clinical trial of a peptide vaccine targeting the
IDH1-R132H mutation. The study enrolled newly
diagnosed grade 3 or 4 IDH1-R132H astrocytoma
patients. Vaccine-related adverse events were
restricted to grade 1. About 93.3% of patients had
vaccine-induced T-cell peripheral responses. The 3-
year PFS was 63% and 3-year OS 84%. Patients with
immune T/B-cell responses as measured by ELISpot
and ELISA assays had a 2-year PFS of 82%. Pseudo-
progression was more frequent in this cohort than in
matched controls and restricted to patients with
immune responses. T-cells were clonally expanded
in a pseudo-progression lesion and exhibited a
T-cell clone reactive for IDH1-R132H, demonstrating
the ability of the vaccine to induce tumor-specific
T-cells with tumor-infiltrating potential. The RESIST
trial (NCT02193347) evaluated another IDHR132H-
vaccine, the PEPIDH1M vaccine, combined with a
vaccine site preconditioning with tetanus diphtheria
toxoid vaccine, in 24 recurrent grade 2 IDH1-R132H
glioma patients. Patients received standard of care
surgery and adjuvant temozolomide after three vac-
cinations. No unacceptable toxicity was reported,
although four patients experienced severe adverse
events (ventricular arrhythmia, respiratory failure,
cellulitis, neutrophil count decreased, platelet count
decreased, white blood cell decreased). Peripheral
T-cell responses were observed in 43% of patients.

Combination trials involving IDH vaccines are
currently ongoing. The AMPLIFY-NEOVAC trial
(NCT03893903) [30] evaluates the neoadjuvant
and adjuvant administration of an IDH vaccine
alone or in combination with the anti-PDL1
immune checkpoint inhibitor avelumab in patients
with resectable recurrent IDH1-R132H mutant
glioma. The trial will evaluate intratumor
abundance and phenotypes of induced T-cells
and correlate this data with clinical outcome.
Other exploratory analyses will include potential
Volume 37 � Number 6 � December 2024

ealth, Inc. All rights reserved.
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predictive biomarkers, such as presentation of
the IDH1-R132H epitope within the pretreatment
tissue.

Other vaccine strategies

Okada et al. [31] reported a phase I study, which
evaluated vaccination with synthetic peptides for
other glioma-associated antigens in high-risk grade
2 gliomas. The authors reported a good tolerance
with a robust specific IFNg response evaluated by
ELISpot assays in most patients. The multipeptide
IMA950 vaccine, associated or not with the agonis-
tic anti-CD27 antibody varlilumab, has been
recently tested in grade 2 glioma patients before
surgery [32]. No regimen-limiting toxicity was
reported. A CD8þ T-cell response was observed in
the peripheral blood. Ogino et al. [33] published the
first results of a phase I trial using a tumor lysate
vaccine (allogeneic glioblastoma stem cell line
lysate). They enrolled seventeen grade 2 astrocy-
toma or oligodendroglioma patients. Vaccinations
were well tolerated. T-cell receptor sequencing of
postvaccination tissue detected T-cell clones.
Immune checkpoint inhibitors alone or in
combination with isocitrate dehydrogenase
inhibitors

ICIs are part of the standard of care of many tumors
such as melanoma [34]. This therapeutic class, how-
ever, failed to achieve these endpoints in phase III
trials in glioblastoma [27,35]. ICI could be more
effective in the neoadjuvant setting, as suggested
in recurrent glioblastoma [36]. In IDH-mutant glio-
mas, ICI were hypothesized to provide increased
benefit at relapse after alkylating agents, given
the high rate of posttreatment hypermutation and
mismatch repair deficiency in this population [37].

The REVOLUMAB trial was the first reported
trial of ICI in IDH-mutant gliomas [38

&

]. The study
evaluated the anti-PD1 nivolumab in recurrent IDH-
mutant gliomas of grade 2 to 4. The 24-week PFS rate
(primary endpoint) was 28.2%, which was below
the prespecified threshold for efficacy. Median PFS
was 1.84 and median OS 14.7months. Nivolumab
was well tolerated and long-lasting responses were
observed in a subset of patients, although no bio-
marker for response was identified. The anti-PDL1
avelumab was tested along with hypofractionated
radiation in six grade 4 astrocytoma patients
(NCT02968940). No dose limiting toxicity was
reported. The median PFS was 4.2months.

Other trials are currently evaluating ICI in IDH-
mutant gliomas (Fig. 1). Two phase II trials evaluate
nivolumab in recurrent or progressive grade 2 to 4
gliomas (NCT03718767, NCT03557359). A phase II
1350-7540 Copyright © 2024 Wolters Kluwer Health, Inc. All rights rese
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trial evaluates the anti-PD1 retifanlimab along with
all-trans retinoic acid (ATRA) in patients with recur-
rent IDH-mutant gliomas (NCT05345002).

Several trials are evaluating combinations,
particularly IDHi, with ICI. For instance, a phase I
perioperative study of vorasidenib combined with
the anti-PD-1 pembrolizumab (NCT05484622) is
ongoing in recurrent or progressive grade 2/3
mIDH1 astrocytoma with enhancing disease and
eligible for resection [39]. Another phase II trial
evaluating ivosidenib in combination with nivolu-
mab in mIDH1 enhancing gliomas is ongoing
(NCT04056910).
Oncolytic viruses

Oncolytic viruses can be administered locally to kill
glioma cells, leading to the production of inflam-
matory chemokines and the release of glioma anti-
gens that can be then detected by T cells. Fares et al.
[40] evaluated an engineered oncolytic adenovirus
in newly diagnosed grade 3 and 4 diffuse glioma,
regardless of the IDH mutation status, without
observing any formal dose-limiting toxicity.
The same approach is currently being evaluated
in a phase I trial in recurrent diffuse gliomas
(NCT05139056). Another group reported results of
a phase I of another oncolytic adenovirus (tasade-
noturev), which has been modified to allow its
replication only in cells with disrupted signaling
in the retinoblastoma pathway [41]. One patient
with grade 4 astrocytoma had a complete response
with PFS of more than 3years.
EMERGING TARGETS

In addition to IDHi and immunotherapies, novel
approaches exploiting vulnerabilities of IDH-
mutant cells, including DNA methyltransferases
inhibitors (DNMTi), polyadenosine-5’-diphos-
phate-ribose polymerase (PARP) inhibitors and
other metabolic targets are being evaluated (Fig. 1).
DNA methyltransferase inhibitors

IDH mutations lead to an extensive DNA hyper-
methylation at CpG-rich domains and result in
epigenetic alterations which are thought to be
linked to gliomagenesis [3]. DNMTi have therefore
emerged as a potential strategy. 5-Azacytidine is a
DNMTi approved in myelodysplastic syndrome and
AML treatment [42,43]. Despite promising preclin-
ical data [44], the first clinical experience in
12 patients with IDH1/2 mutated recurrent gliomas
was limited [45]. All patients displayed disease pro-
gression at last follow-up. A subset of patients
rved. www.co-neurology.com 713
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experienced long-lasting responses, suggesting
that this approach might provide benefits to a sub-
population, but this needs to be further demon-
strated. Trials evaluating 5-Azacytidine as well as
the DNMTi ASTX727 (cedazuridine/decitabine) in
recurrent nonenhancing IDH mutated gliomas are
ongoing (NCT03666559, NCT03922555).
PARP inhibitors

PARP is an enzyme of the base excision repair path-
way, which is involved for the repair of single-strand
DNA breaks. The efficacy of PARP inhibition has
been established for tumors with homologous repair
deficiency (e.g., BRCA1/2-deficient tumors). Preclin-
ical studies have showed evidence of homologous
repair defects in IDH-mutant gliomas [46]. These
results provided the rationale for the phase II OLA-
GLI trial, which evaluated the PARP inhibitor ola-
parib in 35 patients with recurrent IDH-mutant
gliomas [47

&

]. The drugwas well tolerated. The study
showed that 11 of 35 (31%) patients were progres-
sion-free at 6months, which did not meet prespe-
cified threshold for efficacy. However, two of 35
(5%) patients achieved a PR and 14 of 35 (37%)
patients had stable disease, according to RANO cri-
teria. Median PFS and OS were 2.3 and 15.9months,
respectively. Another phase II study designed as a
two-step trial evaluated olaparib in recurrent IDH-
mutant gliomas [48]. Fifteen patients were enrolled.
The drug was well tolerated, but the study failed to
meet the prespecified response-based threshold for
moving to step 2. Best response was stable disease
in nine (60%) patients. Prolonged SD was observed
mainly in WHO grade 2-3 patients, suggesting
that olaparib could be clinically meaningful in a
population subset; however, no clear predictive bio-
marker is available yet.

Two other trials evaluated PARP inhibitors
in combination. The phase II ABTC 1801 trial
(NCT03914742) examined the efficacy of the com-
bination of pamiparib (BGB-290) in addition to
low dose metronomic temozolomide in recurrent
IDH mutant grade 2/3 gliomas. Preliminary results
showed limited benefit with significant hemato-
logic toxicity and no increase in ORR [49]. Prelimi-
nary results of a phase II trial of the combination of
olaparib and durvalumab in IDH-mutated gliomas
showed a good safety profile but no signal of sig-
nificant antitumor activity [50].
Other metabolic targets

Glutaminolysis is a major metabolic pathway selec-
tively used by IDH-mutant cells to compensate the
lack of isocitrate [51]. Thus, targeting the glutamine
714 www.co-neurology.com
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metabolism represents an appealing therapeutic tar-
get, by further depleting energy sources of IDH-
mutant cells. Telaglenastat is a glutaminase inhibitor
that was shown to deplete tumor glutamate and
reduce production of the oncometabolite D-2HG in
AML cell lines [52]. A phase Ib clinical trial investigat-
ing the safety and tolerability of telaglenastat com-
bined with radiotherapy and temozolomide in
patientswithpreviouslyuntreated IDH-mutantgrade
2/3 astrocytoma is ongoing (NCT03528642) [53].

Another potential metabolic target is the pyri-
midine synthesis pathway. Preclinical studies have
shown that IDH-mutant glioma cells are hypersen-
sitive to drugs inhibiting enzymes in the de-novo
pyrimidine nucleotide synthesis pathway such as
dihydroorotate dehydrogenase (DHODH). Inmouse
model of mIDH1-driven astrocytoma and patient-
derived cell lines, blocking pyrimidine synthesis
with the DHODH inhibitor BAY2402234 was effec-
tive [54]. This work provides rationale to initiate
clinical studies using BAY2402234 in the future.

Finally, IDH-mutant cancers are supposed to be
vulnerable to NADþ depletion [55] and to redox
homeostasis maintenance [56], and these metabolic
specificities of IDH-mutant cells represent potential
vulnerabilities for clinical trial design.
CONCLUSION

The discovery of IDH mutations in diffuse gliomas
represents a major advance in the field of neuro-
oncology, leading to significant progress in terms of
glioma classification, prognosis, and therapeutic
development. The most significant recent advance
concerns vorasidenib, which will become part of the
standard of care in a subset of patients following
surgical resection (e.g., grade 2 IDH-mutant diffuse
glioma, residual or recurrent disease without signif-
icant enhancement, naive of chemo and radiother-
apy). Additional trials are now needed to better
define the potential role of vorasidenib out of the
narrow INDIGO population, for example, as mono-
therapy or in combination with other drugs in grade
3 or 4 tumors, or in patients with recurrent IDH-
mutant glioma who have received previous radia-
tion or chemotherapy. Data from preclinical and
clinical studies suggest that IDH-mutant glioma
undergo significant genomic evolution over time,
and that IDH-mutant tumors recurring after chemo/
radiotherapy are likely to bemore aggressive and less
addicted to the oncogenic effects of the IDH muta-
tion (Fig. 2) [57–62]. Therefore, further development
of additional strategies such as immunotherapy
with checkpoint inhibitors or peptide vaccines and
targetingofdependencies associatedwithDNArepair
or metabolism are required to further enhance
Volume 37 � Number 6 � December 2024
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FIGURE 2. Overview of challenges and prospects for the development of IDH-targeted therapies. IDH-mutant gliomas typically
progress to more aggressive forms over time. Both preclinical and clinical studies have indicated that a subset of IDH-mutant
gliomas may decrease or lose their dependency on the IDH mutation as they advance to higher grades. In light of this, further
trials are necessary to explore the effectiveness of IDH inhibitors, either alone or in combination with other treatments, for
managing high-grade tumors. Bev, bevacizumab; CT, chemotherapy; PCV, procarbazine-CCNU-vincristine; R, radiation
therapy; TMZ, temozolomide; TTF, tumor treating fields; Vora, vorasidenib.
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treatment efficacy in late-stage disease (Table 1).
These novel therapeutic strategies will likely enable
improving disease control at every stage of the tumor
andchange treatmentparadigms in thenextdecades.
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