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Isocitrate dehydrogenase (IDH) is a key rate-limiting enzyme in the Krebs cycle that
plays an important role in energy metabolism. In recent years, it has been found that
IDH mutations are closely related to the occurrence and development of glioma, and it
is a notable potential therapeutic target. First, IDH mutations can produce high levels
of 2-hydroxyglutaric acid (2-HG), thereby inhibiting glioma stem cell differentiation. At
the same time, IDH mutations can upregulate vascular endothelial growth factor (VEGF)
to promote the formation of the tumor microenvironment. In addition, IDH mutations
can also induce high levels of hypoxia-inducible factor-1a (HIF-1a) to promote glioma
invasion. Ultimately, these changes will lead to the development of glioma. Currently,
a large number of IDH inhibitors and vaccines have entered clinical trials, representing
progress in the treatment of glioma patients.
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INTRODUCTION

Glioma is the most frequent brain tumor, accounting for more than 60% of primary brain
tumors (1). Additionally, gliomas have a notably high mortality and disability rate. For its
complex pathogenesis, the existing surgical and drug-assisted treatments are not effective
(2). Therefore, it is of great significance to find new targets for diagnosis and treatment.
Histologically, the World Health Organization (WHO) classification of tumors of the central
nervous system (CNS) distinguishes astrocytomas, oligodendrogliomas, and ependymomas (3, 4).
Additionally, gliomas are classified into four grades according to the degree of malignancy
by the WHO. Types I and II are low-grade gliomas, and types III and IV are high-grade
gliomas (3). However, the revised WHO classification of tumors of the CNS of 2016 combines
biology-driven molecular marker diagnostics with classical histological cancer diagnosis (4, 5).
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Gliomas are reclassified by molecular similarity beyond
histological ~boundaries: diffuse astrocytoma [isocitrate
dehydrogenase (IDH) mutant, wild-type, or not otherwise
specified (NOS)], gemistocytic astrocytoma (IDH mutant),
anaplastic astrocytoma (IDH mutant, wild-type, or NOS),
glioblastoma (IDH mutant, wild-type, or NOS), diffuse
midline glioma (H3K27M mutant), oligodendroglioma
(IDH mutant and 1p/19q codeleted or NOS), anaplastic
oligodendroglioma (IDH mutant and 1p/19q codeleted or
NOS), oligoastrocytoma (NOS), and anaplastic oligoastrocytoma
(NOS) (4, 5). That reclassification improves outcome prediction
and will increasingly guide treatment decisions. Tumor
evolution of gliomas can be tracked by detecting IDH
in cerebrospinal fluid (6). The mutant-IDH1/2 enzyme
inhibitors have entered clinical trials for patients with
IDH1/2 mutations and represent a novel drug class for
targeted therapy.

IDH

IDH is a small molecule protein that is mainly distributed in
the liver, heart muscle and skeletal muscle (7). IDH is involved
in a number of cellular processes, including mitochondrial
oxidative phosphorylation, glutamine metabolism, lipogenesis,
glucose sensing, and regulation of cellular redox status (8,
9). IDH catalyses the oxidative decarboxylation of isocitrate
to alpha-ketoglutarate (a-KG) and plays an important role in
the reduction of NADP* to reduced nicotinamide adenine
dinucleotide phosphate NADPH (Figure 1). IDH has two forms
of existence in vivo: NADP-dependent IDH (IDH1 and IDH2)
and NAD-dependent IDH (IDH3) (10). Among them, IDHI is
present in the cytoplasm and peroxisomes and has antioxidation
effects in eukaryotes. Additionally, IDH1 both maintains the
antioxidant system in vivo and promotes lipid synthesis. While

IDH2 is present in mitochondria. This protein plays a key
role in tricarboxylic acid (TCA) cycle regulation in multiple
tissues and is mainly involved in cellular energy metabolism (11).
Currently, IDH1 and IDH2 mutations have been identified in
acute myelogenous leukemia, low-grade glioma, and secondary
glioblastoma. While IDH3 mutations do not occur at an
appreciable frequency in glioblastoma (12). Therefore, we focus
exclusively on the roles of IDH1 and IDH2 in glioma biology in
this article.

As early as 2008, Parsons et al found a link between glioma
and IDH mutation in the exon sequencing of glioblastoma. These
researchers also found the IDH1 gene in more than 1/5 of the
tumor samples. The arginine (R) at position 132 is converted
to histidine (H) (13). Further studies have found that the IDH1
R132H mutation is the most common mutation in gliomas, while
the IDH2 gene also undergoes similar mutations at R172, but the
frequency of such mutations are relatively low (14). A subsequent
range of correlation studies found that IDH mutations were
present in 80-90% of grade II and III gliomas (14, 15). The study
also found that IDH1/2 mutations are relatively independent and
mutually exclusive with few mutations at the same time (16).

IDH1/2 MUTATIONS AND THE
DEVELOPMENT OF GLIOMA

Mutations in genes encoding enzymes of the TCA cycle often
contribute to cancer development and progression by disrupting
cell metabolism and altering the epigenetic landscape. IDH
catalyses the production of a-KG from isocitrate, and when
the IDH1/2 gene is mutated, its corresponding function and
product will change. This protein inhibits glioma stem cell
differentiation by producing high levels of 2-hydroxyglutaric acid
(2-HG), upregulates vascular endothelial growth factor (VEGF)
to promote tumor microenvironment formation, and produces
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FIGURE 1 | Relationship between IDH1/2 mutation and glioma.
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high levels of hypoxia-inducible factor-1a (HIF-1a) to promote
glioma invasion, which ultimately leads to the development of
glioma (Figure 1).

IDH1/2 MUTATIONS AND THE
DIFFERENTIATION OF GLIOMA STEM
CELL

Glioblastoma stem cells refer to a very small number of tumor
cells that act as stem cells in glioma cells. According to the
“seed and soil” theory put forward by Paget’s father Paget
(17), if the tumor microenvironment is soil, then glioma stem
cells are seeds, which are closely related to the occurrence and
invasion of glioma. It was found that 2-HG could compete to
occupy the binding position of a-KG due to the high similarity
between 2-HG and a-KG; therefore, 2-HG could be regarded
as a competitive inhibitor of «-KG-dependent dioxygenase
(18). The a-KG-dependent dioxygenase mainly includes histone
demethylase KDM and ten-eleven translocation (TET), and its
catalytic activity involves many physiological and pathological
processes, including angiogenesis, hypoxic stress, and mature
differentiation of cells. These processes are closely related to
the occurrence and development of tumors (19, 20). IDH1/2
mutations confer a gain of function in glioma cells, resulting
in the accumulation and secretion of a vast excess of an
oncometabolite, D-2-HG, which ultimately inhibits the catalytic
activity of a-KG-dependent dioxygenase, damaging the key steps
in histone modification and DNA demethylation (21). This
hypermethylation state caused by IDH1/2 mutations are widely
present in the CpG island of the human malignant tumor
genome. It is noteworthy that such changes are more likely
to occur in cancer stem cells of IDH1/2 mutant tumors (19).
The CpG islands are not only a marker of genes but are also
involved in the regulation of gene expression and the structure of
chromatin. Studies have shown that the hypermethylation status
of CpG islands leads to the inactivation of tumor suppressor
genes and this epigenetic modification. Hypermethylation of
CpG islands is associated with altered gene expression involved
in cell differentiation (22). Therefore, IDH1/2 mutations block
glioma stem cell differentiation (20). However, the study found
that 2-HG is a weak competitive inhibitor of a-KG. Therefore, it
can only be observed to inhibit the differentiation of glioma stem
cells when high levels of 2-HG accumulate (18), and the high
levels of 2-HG alone will not cause glioma (23). Furthermore,
the development of glioma requires not only seeds (glioma stem
cells) but also soil (tumor microenvironment).

IDH1/2 MUTATIONS AND THE TUMOR
MICROENVIRONMENT

Similar with the way that plants modify their surroundings,
tumor seeds can also change the environment in which they
exist. By promoting the formation of microvasculature, tumor
seeds can acquire growth requirements, produce long-term low
inflammation and inhibit immune clearance, which is also an
important reason for drug resistance and escape from immune

system examination. It was found that the mutations of IDH1/2
could promote the formation of the tumor microenvironment
by increasing the expression of VEGF and make it suitable
for glioblastoma stem cell development (24). Simultaneously,
the expression of VEGF in the glioma group of the same
level was higher than that of the non-mutation group (25, 26).
It is worth noting that HIF-la can initiate transcription of
VEGE and hypoxia can induce an increase in VEGF (26). The
IDH1/2 mutations can upregulate VEGF to promote tumor
microvessel formation by inhibiting the breakdown of HIF-
la (27). The newly formed tumor microenvironment provides
nutritional support for glioma cells through exosomes (24),
and a large amount of IDH1 mRNA expression is detected in
the cerebrospinal fluid of glioma patients (28). The IDH1/2
mutations make the tumor microenvironment easier to form.
With the proper soil, the glioma stem cells grow rapidly
and continue to invade the surrounding tissues, eventually
accelerating the development of glioma.

IDH1/2 MUTATIONS AND GLIOMA
INVASION

The invasiveness of glioma is the main reason for its recurrence.
The tumor cells remaining after surgery are more invasive, as
plants will accelerate their sexual maturity process under adverse
external conditions and then produce the next generation earlier
to escape from the bad environment. Continuous seeding of
tumor seeds will further promote the development of tumors,
and IDH1/2 mutations play an important role in this process.
We know that the rapid growth of tumors will quickly consume
the surrounding energy and nutrients. Therefore, glioma cells
exhibit invasive characteristics after human treatment or in the
late stage of the disease, mainly in the pursuit of nutrients
and escape from adverse environments. van Lith et al found
that IDH2 mutation can induce nuclear accumulation of f-
catenin and upregulated HIF-1a, which is closely related to
tumor invasion and chemoresistance, manifested as a search
for glutamate (29). In addition, the IDH1/2 mutations can
cause abnormal expression of platelet-derived growth factor
(PDGF). In the PDGF-induced glioma model, tumor cells exhibit
notable invasive properties, and this effect can lead to abnormal
activation of microglia, further promoting the transformation
of tumor cells into migration morphology (30, 31). Both PDGF
and HIF-1a are closely related to oxygen, and oxygen is a key
component of energy metabolism. Therefore, we hypothesize
that invasiveness is the pursuit of energy and escape from the
adverse environment of tumor cells. We can further explain
the relationship between IDH1/2 mutations and HIF-1a. The
HIF-1a is stably expressed under hypoxia, and its expression is
mainly caused by prolyl hydroxylase (PHD). The hydroxylation is
regulated in a concentration-dependent manner. Notably, PHD
is an a-KG-dependent dioxygenase (27).

The IDH1/2 mutations cause a-KG-dependent dioxygenase
activity to be inhibited (21). The experimental results show that
the expression of HIF-1a is significantly upregulated in tumor
cells surrounding the necrotic area of glioma due to exposure
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to hypoxia, and these cells often exhibit migration patterns (32).
This finding indicates that glioma cells are more likely to escape
from the hypoxic environment and necrotic areas in the case
of IDH1/2 mutations, therefore the glioma cells have stronger
invasiveness. Oxygen content is closely related to the distribution
of microvessels in addition to the migration of glioma cells,
and the microvascular proliferation of tumor abnormalities is
closely related to the formation of the tumor microenvironment.
Therefore, these changes caused by the IDH1/2 mutations will
eventually lead to the development of glioma.

IDH1/2 INHIBITORS AND VACCINES

In view of the important role of IDH1/2 mutations in the
occurrence and development of glioma, studies of these proteins
may enable researchers to identify appropriate inhibitors and
intervene in the treatment of glioma patients with IDH1/2
mutations. Many IDH1/2 inhibitors have entered the stage of
clinical trials. In addition, vaccines against IDH1/2 mutants have
also been studied (Table 1).

INHIBITOR

IDH1/2-mutant inhibitors have been shown to have good effects
in preclinical studies. The inhibitors can both quantitatively
inhibit IDH1/2 mutants and reduce 2-HG dose-dependently
to normal levels and partially reverse histone modification
and DNA hypermethylation, thereby playing a protective role.
The AGI-5198 (the first selective IDH1 R132H/R132C mutant
inhibitor) reduced 2-HG in a dose-dependent manner and
inhibited the growth of tumors both in vitro and in vivo.
In the IDHI-mutant glioma model, AGI-5198 induces the
expression of genes related to the differentiation of astrocytes
and oligodendrocytes and reduces the inhibitory histones at the
promoters of these genes, thereby promoting the differentiation
of glioma cells (44). In addition to preclinical studies, IDH1/2
mutants enzyme inhibitors also show great potential in clinical
trials. Ivosidenib (AG-120) and enasidenib (AG-221) are the
preferred reversible selective inhibitors of IDH1 and IDH2
mutant enzymes, respectively. AG-221, as a therapeutic drug
for acute myelocytic leukemia (AML), has been approved by
the US FDA on August 1, 2017, and is the first cancer
metabolic drug accepted by FDA (45). Interestingly, as early
as 2014, a clinical study of oral AG-221 was carried out in
patients with advanced solid tumors, including gliomas with
IDH2 mutation and angioimmunoblastic T-cell lymphoma. AG-
221 showed inhibitory effects on solid tumors, but due to the
complexity of the development of these indications, the cycle
is considerably longer than that in AML. Therefore, further
clinical trials are needed for verification (35). Since the IDH1
R132H mutation is more common in gliomas, more clinical trials
have been conducted for IDH1. In 2014, a phase I/II clinical
trial (NCT02073994), named “Study on IDH1 mutation of AG-
120 in patients with advanced solid tumors including gliomas,”
was conducted, which mainly verified the safety and tolerance
of AG-120 and preliminarily explored the clinical therapeutic

effect of AG-120 (33, 46). Recently, Agios Pharmaceutical has
conducted a clinical study, called “AG-120 and Vorasidenib (AG-
881) in patients with low-grade glioma” (NCT03343197) (34).
This study is a phase I multicentre clinical study of recurrent non-
enhanced gliomas. Patients requiring surgery have mutation in
IDH1 R132H. The aim of this study was to evaluate the inhibition
of 2-HG by comparing 2-HG concentrations in excised and
untreated control tumors of IDH1 mutant glioma subjects treated
with AG-120 or AG-881 (non-specific IDH inhibitors). Data on
clinical safety, tolerance, pharmacokinetics/pharmacodynamics
(PK/PD), and antineoplastic activity of subjects with IDH1
R132H mutation in recurrent non-enhanced low-grade glioma
will be studied. This study will provide recommended doses of
AG-120 and AG-881 for future glioma research. The early data
on AG-120 as a tumor metabolic regulator in clinical trials are
similar to the efficacy and side effects of AG-221 already on the
market (33, 45, 46). Since IDH1/2 mutants enzyme inhibitors
have good application prospects in pre-clinical research and
clinical trials of glioma, we believe that IDHI/IDH2 mutant
enzyme inhibitors will bring new hope to glioma patients.

VACCINES

Vaccination is the most effective method of disease prevention
and control. Many viruses and bacteria that once caused
catastrophic pandemics (e.g., smallpox, poliomyelitis, measles,
and diphtheria) are either eradicated or effectively controlled
through routine vaccination programmes. Therefore, is the
development of the IDH1/2 vaccine conducive to the treatment
of glioma? The answer is obvious. In some low-grade glioma
patients, the spontaneous immune response to IDH1 mutation
has been found (47). The use of the self-immune response
to treat tumors has also been a heavily researched subject in
recent years. Therefore, immunization therapy may be a new
hope for the treatment of glioma. The IDH1 R132H mutation
occurs in 70% of low-grade gliomas (48). The researchers used
15 amino acids to construct artificial IDH1 polypeptides with
this characteristic mutation and injected mice with human
major histocompatibility complex (MHC) molecules with these
artificial polypeptides to produce specific vaccines. In animal
experiments, it was found that IDH1 mutant cancer cells could
be prevented from growing in the brain, and the vaccine did
not destroy the normal physiological function of the IDHI1
enzyme (47). In addition, by site-directed mutagenesis, the
R132H mutation was introduced into the mouse glioma cell line
GL261 to produce the mIDHI1-GL261 cell line. Mice with p-
GL261 glioma treated with mIDH1-GL261 survived longer than
the control group, even 25% of them were cured. Immunized
mice showed a higher number of peripheral CD8" T cells, higher
levels of IFN-gamma and anti-mIDH]1 antibodies (49). These
results indicate the potential of the vaccine in the treatment
of glioma patients with IDH1 mutation. Subsequently, the
German National Cancer Center launched a Phase I trial, IDH1
Peptide Vaccine in IDH1 R132H Mutant III-IV Glioma (NOA-
16) (NCT02454634) (36), and Duke University also launched a
clinical trial, called “IDH]1 Peptide Vaccine for Recurrent Grade
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TABLE 1 | In glioma: clinical trials of IDH1/2 inhibitors, vaccines and new uses for old drugs.

ClinicalTrials.gov Drug Phase Study title References

NCT02073994 AG-120 Il Study of AG-120 in subjects with advanced solid (33)
tumors, including glioma with an IDH1 mutation

NCT03343197 AG-120+AG-881 Il Study of AG-120 and AG-881 in subjects with low (34)
grade glioma

NCT02273739 AG-221 | Study of orally administered AG-221 in subjects (35)

Il with advanced solid tumors, including glioma, and

with angioimmunoblastic T-cell lymphoma, with an
IDH2 mutation subjects with advanced solid tumors,
including glioma, and with angioimmunoblastic T-cell

NCT02454634 IDH1 peptide vaccine Phase | trial of IDH1 peptide vaccine in (36)
IDH1R132H-mutated grade llI-IV gliomas IDH1

NCT02193347 IDH1peptide vaccine IDH1 peptide vaccine for recurrent grade Il glioma 37)
(RESIST)

NCT02771301 IDH1R132H-DC Safety and efficacy of IDH1R132H-DC vaccine in (38)

vaccine gliomas

NCT03666559 Azacitidine Il Treatment with azacitidine of recurrent gliomas with (89)
IDH1/2 mutation

NCT03557359 Nivolumab Il Nivolumab for recurrent or progressive IDH mutant (40)
gliomas

NCT02766270 Temozolomide Early phase | CCRT with temozolomide vs. RT alone in patients (41)
with IDH wild-type/TERT promoter mutation grade
/1l gliomas

NCT02209428 Temozolomide Il Prospective cohort to study the effect of (42)
temozolomide on IDH mutational low-grade gliomas

NCT03684811 FT-2102+-azacitidine land Il Study of FT 2102 in participants with advanced (43)

solid tumors and gliomas with an IDH1 mutation

II Glioma (RESIST)” (NCT02193347) (37). In addition, The
Tiantan Hospital and Yanda International Hospital in China also
launched a clinical trial of “Safety and Effectiveness of IDHI
R132H-DC Vaccine in Glioma” (NCT02771301) (38).

It is difficult for gliomas to be completely cleared by surgery
and drugs, so they often recur, and the recurrent gliomas after
clearance generally have stronger resistance and invasiveness.
Vaccines can play a sustained role in patients. Therefore, finding
a suitable IDH1/2 mutations vaccine will benefit patients greatly
and help them escape the magic spell of glioma recurrence.

NEW USES FOR OLD DRUGS

It is generally known that trials of IDH mutations inhibitors and
vaccines in IDH mutant gliomas and recurrent gliomas have been
conducted. Meanwhile, old drugs for other tumors have also been
developed to treat glioma with IDH1/2 mutations (Table 1), such
as azacitidine, nivolumab, and temozolomide.

Preclinical data have shown a dramatic anti-tumor effect
of hypomethylating drugs, such as 5-azacytidine, on IDHI-
mutated human gliomas. These hypomethylating drugs are
routinely used in myelodysplastic syndrome (MDS) and are
well-tolerated. A clinical trial treating recurrent gliomas with
IDH1/2 mutations with azacitidine was conducted. The main
objective is to evaluate the efficacy of azacytidine according to
the response assessment in neuro-oncology (RANO) criteria on
progression-free survival at 6 months, evaluated according to

the RANO criteria (39). Additionally, a Phase II, open-label,
single-arm study of nivolumab for recurrent or progressive IDH
mutant gliomas with prior exposure to alkylating agents also was
conducted. The study aimed to determine the response rates to
nivolumab of recurrent or progressive IDH mutations high-grade
gliomas with prior exposure to alkylating agents (40). Jinsong
Wu’s study provides a higher level (IIb) of evidence for the
correlation between IDH mutations and the responsiveness to
up-front adjuvant metronomic temozolomide chemotherapy in
young patients with low grade gliomas located in eloquent brain
areas (42). The clinical trials implemented by Tao Jiang also
support temozolomide as an adjuvant therapy for lower-grade
glioma (41). Moreover, the current Phase 1/2 study evaluated
the safety, efficacy, PK, and PD of Olutasidenib (FT-2102, which
is a selective potent inhibitor of IDH1) as a single agent and
in combination with other anticancer drugs in patients with
advanced solid tumors and gliomas (43). We hope that these
clinical trials will be successful and will bring hope to patients.

CONCLUSIONS

The IDH1/2 mutations can produce a high level of 2-HG
to inhibit the differentiation of glioma stem cells, upregulate
the formation of the tumor microenvironment, and produce
a high level of HIF-la to promote the invasion of glioma.
Ultimately, these changes will lead to the occurrence and
development of glioma (Figure1). Therefore, IDH1/2 is an
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important target for the prevention and treatment of glioma.
However, due to the long and uncertain clinical trial cycle
times, most of the clinical trials of IDH1/2 inhibitors and
vaccines are still in progress. There is still considerable research
to be accomplished. However, we believe that the great
potential of IDH1/2 inhibitors and vaccines will bring hope to
glioma patients.
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