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Abstract

Low-grade gliomas cause considerable morbidity and most will recur after initial therapy. At recurrence, low-grade
gliomas can undergo transformation to high-grade gliomas (grade Ill or grade 1V), which are associated with worse
prognosis. Temozolomide (TMZ) provides survival benefit in patients with glioblastomas, but its value in patients
with low-grade gliomas is less clear. A subset of TMZ-treated, isocitrate dehydrogenase—mutant, low-grade astro-
cytomas recur as more malignant tumors with thousands of de novo, coding mutations bearing a signature of
TMZ-induced hypermutation. Preliminary studies raise the hypothesis that TMZ-induced hypermutation may con-
tribute to malignant transformation, although with highly variable latency. On the other hand, hypermutated glio-
mas have radically altered genomes that present new opportunities for therapeutic intervention. In light of these
findings and the immunotherapy clinical trials they inspired, how do patients and providers approach the risks and
benefits of TMZ therapy? This review discusses what is known about the mechanisms and consequences of TMZ-

induced hypermutation and outstanding questions regarding its clinical significance.
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Introduction

Disruption of DNA repair pathways increases mutagen-
esis and genomic instability, thereby promoting cancer
progression and resistance to therapies.'? Isocitrate dehy-
drogenase (IDH)-mutant, low-grade astrocytomas treated
with TMZ can recur as more malignant tumors with DNA
mismatch repair (MMR) defects and a hypermutator phe-
notype,®® as observed in temozolomide (TMZ)-treated glio-
blastoma (GBM) patients.*® TMZ-induced hypermutation
is defined by a dramatic increase in the mutation rate and
a TMZ-associated mutational signature in posttreatment
recurrences. In order to present the current knowledge of
TMZ-induced hypermutation in gliomas, this review first
provides relevant background on the new molecular clas-
sification of gliomas, TMZ clinical trial results, and mech-
anisms of TMZ action in relation to DNA repair and the
genesis of hypermutated clones. The review focuses on
TMZ-induced hypermutation in IDH-mutant gliomas. At the

conclusion of the review, we discuss immune checkpoint
inhibitors as a new experimental therapy for patients with
hypermutated gliomas.

The 2016 World Health Organization
Molecular Classification of Gliomas

Objective classification of gliomas is critical for under-
standing which gliomas may undergo TMZ-associated
hypermutation, and how this event might influence thera-
peutic response and survival. In 2016, the guidelines for
the World Health Organization (WHO) classification of
gliomas were revised from the 2007 guidelines to incorp-
orate molecular parameters.® By molecular classification,
grade Il and grade Ill astrocytic tumors are further stratified
into IDH-mutant (most of grade Il and grade lll) and IDH-
wildtype groups.The majority of grade Il and grade lll astro-
cytic tumors falls into the IDH-mutant group and shows
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characteristic mutation of TP53 and loss of alpha thalas-
semia/mental retardation syndrome X-linked (ATRX) stain-
ing. Of note, current WHO grading poorly distinguishes
prognoses for grades Il and Ill IDH-mutant astrocytomas.'®
Diagnostic criteria for grade Il or Ill oligodendrogliomas
includes both IDH mutation status and combined whole
chromosome arm losses of 1p and 19q (1p/19q codeletion).
The diagnoses of oligoastrocytoma and anaplastic oligoas-
trocytoma are now strongly discouraged.®

IDH mutation status and 1p/19q codeletion have prog-
nostic value for gliomas.The Cancer Genome Atlas (TCGA)
network performed genome-wide analyses of 293 grades
Il and Il gliomas from adults." Three molecular subgroups
of WHO grade Il and grade lll gliomas emerged which cor-
related with clinical outcomes, recurrence, and survival: (i)
IDH-mutant gliomas with 1p/19q codeletion, (ii) IDH-mutant
gliomas without 1p/19q codeletion, and (iii) IDH-wildtype
gliomas without 1p/19q codeletion.The median survival for
patients with mutant IDH plus 1p/19q codeletion, mutant
IDH without 1p/19q codeletion, and IDH-wildtype gliomas
without 1p/19q codeletion are 8, 6.3, and 1.7 years, respect-
ively.” Another study looking at 1087 grade II-IV gliomas
demonstrated that nearly all tumors could be placed in one
of 5 molecular subgroups on the basis of 3 markers: IDH
mutation, 1p/19q codeletion, and telomerase reverse tran-
scriptase (TERT) promoter mutations.'> Among patients
with grade Il or Il gliomas, the molecular groups were inde-
pendently associated with overall survival (0S)."? Given
their longer OS, the mutagenic consequences of TMZ are
particularly relevant in the low-grade glioma subgroups.

Grade IV GBMs are further stratified into IDH-wildtype
(90%) or IDH-mutant (10%) molecular subtypes. IDH-
wildtype GBMs are also known as primary GBMs that arise
de novo. IDH-mutant GBMs, or secondary GBMs, may arise
from a low-grade diffuse astrocytoma or anaplastic astro-
cytoma.'®'* |DH-mutant GBMs have high rates of ATRX
mutations (~80%), which are less common in IDH-wildtype
GBMs (7%); rather, up to 83% of primary GBMs have fre-
quent TERT promoter mutations.’®" Patients with IDH-
wildtype GBMs have a median OS of 15 months, whereas
patients with IDH-mutant GBMs have a median survival of
31 months.'™® TMZ, given concurrently with radiation post-
operatively and adjuvantly (the Stupp regimen), increases
OS in GBMs and is therefore the standard of care.™

Malignant Transformation of Low-
Grade Gliomas

As a group, low-grade gliomas are histologically and bio-
logically heterogeneous and are associated with marked
diversity in survival times. Although some patients may
survive for more than a decade, most tumors recur. At
recurrence, a tumor can undergo malignant transformation
to a high-grade glioma (grade Il or IV), which is associated
with worse prognosis.?° On MRI, malignant transformation
correlates with the development of focal contrast enhance-
ment, which is often used as a radiographic surrogate of
malignant transformation.?’

The interval between initial presentation and malignant
transformation is highly variable, with a reported incidence

ranging from 17% to 73% and median interval after initial
resection ranging from 2.1 to 10.1 years.?® Known risk fac-
tors for malignant transformation of an initial low-grade
glioma include larger preoperative tumor volume, higher
tumor growth rate, and decreased extent of surgical resec-
tion.?223 Genetic alterations associated with malignant
transformation in IDH-mutant gliomas include the acquisi-
tion of genetic alterations in the retinoblastoma (RB) and
Akt—-mammalian target of rapamycin (mTOR) pathways,
activation of the MYC and RTK-RAS-phosphatidylinosi-
tol-3 kinase (PI3K) pathways, upregulation of the Forkhead
box M1 (FOXM1)- and E2F2-mediated cell cycle transitions,
and epigenetic silencing of developmental transcription
factors.®?* In a study of 204 patients with grade Il gliomas
treated prospectively on North Central Cancer Treatment
Group clinical trials, malignant transformation occurred
in 70% of low-grade astrocytomas compared with 45% in
oligodendrogliomas.?® Of note, this study was performed
prior to molecular subtyping of gliomas and thus the pro-
portion of malignant transformation in the corresponding
molecularly defined groups may differ.

The Role of Chemotherapy in the
Management of Gliomas

The role of TMZ treatment in patients with high-grade
gliomas is well established. In general, the treatment
paradigm is maximal safe surgical resection followed
by adjuvant chemoradiation. The landmark European
Organisation for Research and Treatment of Cancer-
National Cancer Institute of Canada (EORTC-NCIC) study
established that postoperative radiotherapy with concur-
rent and adjuvant TMZ improved survival in patients with
GBM compared with adjuvant radiotherapy alone, and a
subsequent study demonstrated improved survival with
adjuvant TMZ even for elderly patients receiving adjuvant
hypofractionated radiotherapy.?6?’ Studies in anaplastic
oligodendrogliomas have demonstrated a benefit with the
adjuvant procarbazine, lomustine (CCNU), and vincristine
(PCV) chemotherapy regimen.?®2° Recently, it has been
shown that adjuvant TMZ is associated with a survival
benefit in patients with 1p/19q intact anaplastic tumors (the
Concurrent and/or Adjuvant TMZ for 1p/19g Nondeleted
Tumors [CATNON] trial).3°The RadiationTherapy Oncology
Group (RTOG) 9813 phase lll study of radiotherapy with
TMZ versus nitrosourea in adults with anaplastic astrocy-
toma, showed no significant difference in survival between
the 2 treatment arms, butTMZ was better tolerated; 1p/19q
status was not reported, but /IDH7 mutation was found to
be prognostic for 0S.3' An ongoing study (CODEL) is dir-
ectly comparing radiation plus concurrent and adjuvant
TMZ versus radiation plus adjuvant PCV in patients with
1p/19q codeleted, high-risk, grade Il and Ill gliomas.3?Thus,
TMZ in combination with adjuvant radiotherapy consti-
tutes standard of care for all WHO grade IV and 1p/19q
intact WHO grade Ill gliomas.

The clinical management of low-grade gliomas
remains controversial but is evolving rapidly. After resec-
tion, treatment options include observation, adjuvant
radiation alone, chemotherapy alone, or radiation plus
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chemotherapy. Patients with low-grade glioma are typic-
ally young and have longer expected survival compared
with patients with high-grade gliomas. Thus, treatment-
related toxicities and quality of life are important clinical
considerations. Early studies demonstrated that adjuvant
radiotherapy improved progression-free survival (PFS)
compared with observation for patients with low-grade
gliomas, but that salvage radiotherapy at the time of pro-
gression yielded equivalent 0S.33 These results led many
to advocate for initial observation after surgical resection
in an effort to delay adjuvant radiotherapy and associated
risk of long-term neurocognitive decline. More recent work
has focused on tailoring adjuvant treatment based on indi-
vidual risk factors, with the RTOG 9802 study demonstrat-
ing improved PFS and OS with the addition of adjuvant
PCV to radiotherapy versus radiotherapy alone for patients
with high-risk low-grade gliomas.®* Although IDH muta-
tion status was assessed post-hoc in a subset of patients,
1p/19q status was not reported, so the differences between
IDH-mutated subtypes are unknown. Whether TMZ can
be substituted for PCV chemotherapy remains unproven.
Furthermore, it is not clear how TMZ and PCV compare in
the induction of hypermutation. In addition to RTOG 9813,
RTOG 0424, a phase |l study of radiation with concurrent
and adjuvantTMZ, demonstrated promising results; many
practitioners have extrapolated positive results with TMZ
in malignant gliomas to the low-grade setting, given the
favorable toxicity profile of TMZ.3"% The results of the
CODEL study should determine whether TMZ is an appro-
priate substitute for PCV.

While RTOG 9802 clearly established a role for adju-
vant chemotherapy in patients with low-grade gliomas,
the study did not address the underlying controversy
regarding the timing of radiation and chemotherapy.
Appropriately selected patients could be considered for
adjuvant chemotherapy alone, with combination chemo-
radiotherapy reserved for the time of progression, but it
remains to be seen if this strategy yields survival results
comparable to those observed in RTOG 9802. A recently
published phase Il study examined the utility of adjuvant
TMZ alone in patients with high-risk low-grade gliomas,
and found thatTMZ yielded a high rate of radiographic sta-
bility and meaningfully delayed the receipt of radiother-
apy, with most patients on the study not having received
radiation with a median follow-up of almost 6 years.3®
Long-term survival was comparable to that of patients
enrolled on RTOG 9802 receiving adjuvant radiation alone,
but patients on the study were not salvaged with com-
bined chemoradiotherapy, as would currently be consid-
ered standard of care. In an unplanned subgroup analysis,
the study demonstrated particularly favorable results for
patients with 1p/19q codeletion and limited residual dis-
ease after surgical resection, suggesting that a selected
subgroup of patients may be appropriate candidates for
adjuvantTMZ alone. It is also important to note that malig-
nant transformation was observed in 33 of 55 patients on
the study who underwent surgical resection for progres-
sion after therapy, similar to previously observed rates of
malignant transformation.?23337 Thus, the appropriate role
for adjuvant therapies in the management of low-grade
gliomas remains controversial. Future adjuvant treatment
decisions for low-grade gliomas are likely to be based on

an individual patient’s risk profile, incorporating clinical,
molecular, and radiographic features, and assuming bio-
markers can be identified, an assessment of the risk of
hypermutation.

The Cytotoxic Mechanism of TMZ

The mechanism of TMZ-induced cytotoxicity and mutagen-
icity is well studied. TMZ is a lipophilic, monofunctional
alkylating agent that is administered orally and is well tol-
erated, with main toxicities of mild nausea, vomiting, and
dose limiting myelosuppression.’TMZ is a prodrug that is
absorbed intact at acidic pH, allowing oral administration,
but rapidly decomposes at pH >7 to form monomethyl
triazene 5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide
(MTIC). MTIC further reacts with water to form 5-amino-
imidazole-4-carboxamide and the methyldiazonium cat-
ion. The methyldiazonium cation then preferentially adds
methyl groups to DNA at N7 positions of guanine in gua-
nine-rich regions (N’-MeG), N® adenine (N3-MeA), and O°
guanine residues (08-meG).3940

Although N’-MeG is the major DNA adduct induced
by TMZ, the cytotoxicity and mutagenicity is primar
ily attributed to the O8-meG lesion.*® O%-meG lesions are
directly repaired in cells by the suicide repair protein, O%
methylguanine DNA methyltransferase (MGMT), which
removes the methyl adduct in a one-step alkyl transfer
reaction that transfers the alkyl group from the oxygen in
the DNA to the sulfur of a cysteine residue in the catalytic
pocket of MGMT, thereby restoring guanine and inactivat-
ing MGMT. A single MGMT molecule can repair only one
alkyl adduct, therefore the repair of O8-meG adducts is
dependent on the number of MGMT molecules per cell and
on the rate of MGMT regeneration.*'

Unrepaired 05-meG DNA adducts are cytotoxic. The
methylation of the 08 position of guanine changes the nor-
mal hydrogen bonding of guanine with cytosine result-
ing in mispairing of 0%-meG with thymine during DNA
replication.** The DNA MMR machinery recognizes the
mispairing of 06-meG with thymine and repairs the daugh-
ter strand but leaves behind the 0%-meG in the template
strand. This leads to repeated attempts by the MMR path-
way to repair the same mismatched base in a process
called futile cycling. Futile cycling occurs in the context
of DNA replication and results in replication-associated
DNA double-strand breaks, which are repaired by hom-
ologous recombination; unrepaired DNA double-strand
breaks result in cell death.*? Thus, cytotoxicity from TMZ
is dependent on an intact MMR pathway and low levels
of MGMT.

Indeed, in GBM patients, epigenetic silencing of the
MGMT gene by promoter methylation is associated with
longer OS when patients were treated with alkylating
chemotherapy (either carmustine orTMZ) and radiation.4344
A comprehensive characterization by a TCGA consortium
of more than 500 GBMs showed that the MGMT pro-
moter methylation status distinguished TMZ responders
from nonresponders in the classical subtype of GBM.*
Methylation of MGMT is associated with longer survival in
patients with GBM who receive TMZ.%6 In agreement with
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these results, high MGMT protein staining in GBM patient
samples is associated with TMZ resistance.*’ In the phase
Il EORTC-NCIC trial, the addition of concomitant and adju-
vant TMZ to adjuvant radiotherapy improved survival in
GBM patients compared with adjuvant radiotherapy alone;
MGMT promoter methylation was the strongest predictor
for outcome and benefit from TMZ.26Yet, even for gliomas
with unmethylated MGMT promoters, for which TMZ is
less effective, clinical data showed a slight trend toward
survival benefit with adjuvant TMZ.*¢ As a result, TMZ is
often also given to patients with high-grade glioma with
unmethylated MGMT %6

Mechanism of TMZ-Induced
Hypermutation

Alkylating agents, such asTMZ and procarbazine, are also
mutagenic, due to the O%-meG adducts they induce.?048
TMZ, like other alkylating agents, is a known carcinogen,
with case reports linking TMZ use to the development of
acute myelogenous leukemia and acute lymphoblastic leu-
kemia.*®*®0The stoichiometric limitation of MGMT-mediated
repair of O%-meG adducts renders MMR pathway status a
critical determinant of whether tumor cells die or exhibit
resistance in response to alkylating agents. In the context
of cellular MGMT deficiency, futile cycling by intact MMR
causes cell death, whereas loss of MMR function can lead
to the mispairing of guanine with thymine.*” Resistance to
TMZ can arise in cells deficient in MMR, as unrepaired DNA
damage can no longer lead to cell death in this context.5"52

In a radiographic study of untreated low-grade glio-
mas before and after TMZ, tumor growth was slower
among untreated 1p/19q codeleted tumors compared with
untreated non-codeleted tumors (3.4 vs 5.9 mm/y). Tumor
growth was also slower among untreated tumors that do
not overexpress p53, measured by immunohistochemis-
try, compared with untreated tumors overexpressing p53
(4.2 vs 6.3 mm/y).58 After the administration of TMZ, the
growth of both astrocytoma and oligodendroglioma sub-
types were slowed. However, the duration of the effect
was shorter in patients whose tumors overexpressed p53
(an immunohistochemical result that often but not always
reflects TP53 mutation)® and did not harbor 1p/19q code-
letion, suggesting a more accelerated acquisition of TMZ
resistance in astrocytomas versus oligodendrogliomas
and a potential relationship between TP53 mutation and
glioma cell response toTMZ.53

In the absence of MGMT-mediated repair and intact
MMR, cells may incur a large number of G:C>A:T transi-
tions throughout the genome upon DNA replication,
leading to TMZ resistance and a “hypermutator pheno-
type” in recurrent tumors.%’ Spontaneous deamination of
5-methylcytosine to uracil can also cause G:C>A:T transi-
tions, though at much lower rates and mainly at cytosine-
phosphate-guanine (CpG) dinucleotides.’® Therefore,
hypermutation is defined not only by the abundance of
mutations, but also by a strong signature of G:C>A:T tran-
sitions at CpG and non-CpG sites.

The first report of hypermutation induced by alkylating
agents in human GBMs was a targeted sequencing study

of 518 protein kinases across 9 patients.® Consistent with a
lack of MGMT-mediated repair, 2 patients withTMZ-treated,
recurrent tumors with inactivating mutations in the MMR
pathway gene MSH6 had an increase in G:C>A:T transi-
tions at non-CpG dinucleotides. The TCGA consortium also
found 7 hypermutated recurrences from patients treated
with TMZ or CCNU, which chloroethylates DNA. All hyper-
mutated recurrences showed MGMT promoter methy-
lation and higher proportions of non-CpG site G:C>A:T
transitions.* MMR mutations in patients with MGMT pro-
moter methylation were exclusively G:C>A:T transitions
at non-CpG sites, suggesting that MMR inactivation and
hypermutation were results of MGMT promoter methyla-
tion and chemotherapy-induced mutagenesis rather than
spontaneous deamination. In pairs of primary and recur-
rent GBMs from 80 patients who were treated with radi-
ation and TMZ, reduced expression of MMR proteins, but
not changes in MGMT promoter methylation, was char-
acteristic of GBMs recurring after standard of care treat-
ment.®® Hypermutation was not assessed in this study,
however. A recent comprehensive analysis of hypermuta-
tion across >81000 adult and pediatric tumors describes
a mutation signature based on mutations in a specific
nucleotide context that identifies hypermutated brain
tumors with alkylating-associated mutations.%’

TMZ-Induced Hypermutation and
Malignant Transformation of Low-
Grade Astrocytomas

Johnson et al performed a comparison of the mutational
profile of 23 IDH-mutant, low-grade astrocytomas at ini-
tial diagnosis versus at tumor recurrence to determine
the extent to which mutations in the initial tumors differ
from their subsequent recurrent tumors and how treat-
ment with TMZ affects the mutational profile.> Among the
10 TMZ-treated low-grade astrocytomas, 6 harbored TMZ-
induced hypermutation, composed of thousands of coding
mutations which were not seen in the initial tumor prior to
TMZ therapy. The vast majority of the new mutations were
G:C>A:T transitions, the signature of TMZ-induced muta-
genesis.>® All 6 hypermutated tumors underwent malig-
nant transformation to GBM and had acquired new somatic
mutations in MMR genes as well as increased methyla-
tion of the MGMT promoter region.®%® Furthermore, TMZ-
induced mutations consistently affected genes in the RB
and Akt-mTOR signaling pathways, which are frequently
deregulated in GBMs.3* This preliminary study and oth-
ers? led to the hypothesis that TMZ-induced hypermuta-
tion could drive malignant transformation in low-grade
astrocytomas.

These studies proposed an evolutionary path for the
TMZ-resistant tumor clones that repopulate hypermu-
tated recurrences (Fig. 1).358 A TMZ-associated mutation
(G:C>A:T transition unique to the post-TMZ recurrence) in
at least one MMR gene was observed in 5 of 6 hypermu-
tated recurrences.® In 2 cases, preexisting heterozygous
deletions encompassing MGMT, or an MMR gene, were
followed by TMZ-associated mutations in one of the genes
of interest. Hypermutated recurrences showed more than
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Fig. 1

Model of TMZ-associated malignant transformation. An initial low-grade glioma (A) is resected and residual disease is treated with

TMZ, causing tumor cell death (B). If DNA repair capacity is low and TMZ-associated mutations occur within key amino acids of MMR genes,
the loss of MMR function may render cells resistant to TMZ. Resistant cells can acquire high numbers of de novo TMZ-associated mutations,
including thousands in coding regions, resulting in hypermutation (C). After widely varying periods of dormancy, clonal expansions of hyper-
mutated cells drive formation of higher-grade tumor recurrences. Multiple unique hypermutated tumor clones may expand concurrently, as

depicted by the different colored groups of hypermutated cells (D).

1000 TMZ-related, clonal mutations in coding regions and
had significantly higher average MGMT promoter methyla-
tion levels compared with TMZ-treated non-hypermutated
recurrences, or compared with the untreated initial tumors.
These studies suggest that during TMZ treatment, a select-
ive advantage may exist for a minority of cells with higher
MGMT promoter methylation once MMR activity is abro-
gated by TMZ-induced mutation. In this theoretical context,
each resistant tumor cell has a mostly unique repertoire
of mutations, in some cases conferring a distinct, select-
ive advantage, depending on which genes and pathways
are altered. Indeed, alterations of PI3K signaling, the p53
and RB pathways, and cell cycle gene expression serve as
one explanation for the dominant clones in hypermutated
recurrences.>® The increased mutational load from TMZ
includes new driver mutations that are linked to malignant
transformation of IDH-mutant astrocytomas, though add-
itional cases are needed to verify these trends.?

Outstanding Questions on
Hypermutated Gliomas

These studies raise several clinically important questions.
First, what is the true risk of TMZ-induced malignant trans-
formation among IDH-mutant, low-grade gliomas treated
withTMZ? Knowing the risk of TMZ-induced hypermutation
is essential for patients and clinicians to accurately assess
the risks and benefits of TMZ treatment. This may be diffi-
cult to quantify, however, as reoperations are reserved for
selected patients, and thus hypermutation status cannot
be determined directly in an unbiased cohort. Detection of

tumor-associated mutations in cell-free DNA from blood or
cerebral spinal fluid may represent a minimally invasive
technique that can address this bias.®°

Are there patient or tumor factors that are predictive for
risk of hypermutation? It is important to determine why
hypermutation occurred in some, but not all, astrocytomas
treated with TMZ. Knowledge of markers of susceptibility
to TMZ-induced hypermutation could be key to strategies
to prevent or delay malignant transformation in low-grade
glioma patients treated with TMZ.

Are there a threshold dose and/or duration of TMZ expos-
ure that increases the risk of TMZ-associated hypermuta-
tion?The time between the initiation of TMZ treatment and
radiographic progression of a hypermutated tumor ranged
from 12 to 90 months, and the duration of TMZ treatment
also varied.® Clinical or biological factors underlying this
wide range of latencies, from creation of the hypermu-
tated cells during treatment to a clinically significant clonal
expansion, have not been defined. It is important to iden-
tify aTMZ regimen that maximizes treatment benefit while
minimizing the risk of TMZ-induced hypermutation and
hematologic toxicities.

Do TMZ-induced hypermutated GBMs arising from
initially low-grade, IDH-mutant gliomas have different
prognoses compared with their non-hypermutated GBM
counterparts? Hypermutation has been associated with
improved prognosis in other cancer sites. Patients with
MMR-deficient hypermutated sporadic colorectal cancers
have improved outcomes over patients with non-hyper-
mutated cancers of the same stage, although hypermuta-
tion in these cases are not treatment related.’’ Patients
with hypermutated uterine serous carcinomas with som-
atic mutations in MMR genes and the polymerase epsilon
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gene (POLE) exhibit significantly better prognoses com-
pared with patients with non-hypermutated uterine ser-
ous carcinomas, although the reasons are unclear.’? Wang
et al examined longitudinal genomic and transcriptomic
data from 114 GBM patients and showed that 17 out of
100 GBM patients treated with TMZ recurred with hyper-
mutated tumors.’® The median survival time of patients
with hypermutated primary GBM with wildtype IDH1
was 24 months, versus 18 months in other patients with
GBM having wildtype IDH1, although it is unclear whether
this difference was statistically significant and whether
expanded studies of IDH-mutant gliomas will yield similar
results.®® Kim et al identified 5 hypermutated GBMs from
a cohort of tumor samples from 21 patients with pairs of
primary and first recurrent GBMs.8 Three of the patients
with hypermutation were treated with TMZ and radiation,
all 5 had MGMT promoter methylation and mutations in
MMR genes, and 1 had a secondary GBM with mutated
IDHT; it is not clear if the 3 patients treated with TMZ had
TMZ-induced mutations. The 5 patients with hypermutated
GBMs survived for 35, 64, 107, 191, and 245 days after their
second surgeries at recurrence compared with a previ-
ously reported median survival of 7.8 months after surgery
upon first recurrence.®%* Although these data suggest that
hypermutated GBMs may have worse clinical outcomes,
conclusions cannot be drawn from the small sample size.

Are TMZ-induced hypermutated gliomas more sensitive
to radiation or other chemotherapies? A study of germline
ultra-hypermutated cancers with biallelic MMR deficiency
and with loss of polymerase proofreading function sug-
gested that there is an upper limit of 10000 to 20000 exonic
mutations, above which further mutational burden may be
incompatible with cell survival.?® With the onslaught of
additional DNA damage in the setting of a high mutational
burden, hypermutated cancers may have increased sen-
sitivity to DNA-damaging agents.®® In addition, treatment
of MGMT-deficient GBMs with TMZ introduces a strong
selective pressure to lose MMR function. Radiation can
induce a variety of DNA damage lesions, including DNA
double-strand breaks, single strand breaks, and oxidative
base damage. However, the relationship between MMR
deficiency and radiosensitivity is not straightforward;
MMR proficiency has been associated with radiosensitiv-
ity following low-dose-rate ionizing radiation (IR), whereas
loss of MMR was associated with radiosensitivity follow-
ing acute high-dose-rate IR.%7

In addition to their canonical role in the repair of base-
base mismatches and insertion and deletion loops during
replication, MMR proteins have noncanonical functions in
the repair of oxidatively damaged DNA lesions and in mod-
ulating homologous recombination repair of DNA double-
strand breaks which may be therapeutically exploited.®8:6°
Hewish et al screened a pair of isogenic mutL homolog
1 (MLH1)-deficient and MLH1-proficient cancer cell lines
with a library of clinically used drugs and found that cyta-
rabine was selectively toxic to MLH1- and mutS homolog
2 (MSH2)-deficient tumor cells due to increased levels of
cellular oxidative stress, suggesting that MMR-deficient
cancers may be more sensitive to cytarabine-based
chemotherapy regimens.’® Martin et al showed that inhib-
ition of the base excision repair protein DNA polymerase
beta (POLB) was synthetically lethal with MSH2 deficiency,

and inhibition of mitochondrial DNA polymerase gamma
(POLG) was synthetically lethal with MLH1 deficiency due
to accumulation of the toxic and mutagenic oxidative DNA
lesions 8-0xo0G, providing a rationale for the development
of POLB and POLG inhibitors.”" In a small molecule screen
to identify drugs that are selectively lethal to cells lacking
functional MSH2, methotrexate was identified as being
highly selective for cells with MSH2 deficiency, which
was attributed to the persistence of 8-oxoG lesions in the
MSH2-deficient cells.”? Dietlan et al performed a functional
screen which identified a druggable synthetic lethal inter-
action between MSH3 deficiency and the DNA-dependent
protein kinase catalytic subunit, an essential component
of the machinery for nonhomologous end-joining repair
of DNA double-strand breaks.”® Aquilina et al showed that
methylation-tolerant cell lines that were generated after
multiple exposures to the alkylating agent N-methyl-\/'-
nitro-N-nitrosoguanidine were more sensitive to CCNU
compared with the parental cell line.”* In addition, meth-
ylation-tolerant cell lines generated after multiple expo-
sures to the alkylating agent N-methyl-N-nitrosourea
(MNU) that were also MMR deficient were more sensitive
to CCNU than isogenic parental cell lines with functional
MMR.” Sensitivity to CCNU and tolerance to MNU (via
loss of MMR) were both detectable only when the MGMT
repair protein was inactivated by the MGMT inhibitor,
08-benzylguanine. The study did not identify the lesion
induced by CCNU that is the substrate for MMR, but it may
involve an interstrand DNA cross-link, which is the cyto-
toxic lesion formed by CCNU.”®> A more recent preclinical
study showed similar findings in GBM cells;TMZ resistance
mediated by MMR deficiency in MGMT-methylated GBM
cells was accompanied by increased sensitivity to CCNU
and to combined CCNU and TMZ.7% Since MMR proficiency
is inversely related to CCNU toxicity, hypermutated glioma
cells may be sensitive to CCNU, although this remains to
be determined. Interestingly, the combination of radiother-
apy, CCNU, and TMZ has shown promising long-term sur-
vival data in patients with newly diagnosed glioblastoma,
especially in the patients with MGMT methylated tumors.””
Overall, exploiting the loss of the noncanonical functions
of MMR may yield new therapeutic strategies for patients
with hypermutated cancers.

Immune Checkpoint Inhibitors for
Hypermutated Tumors

Immune checkpoint inhibition is an attractive therapeutic
avenue that exploits the mutational burden and clonal
mutational architecture of hypermutated tumors.There has
been considerable enthusiasm regarding the success of
immune checkpoint inhibitors in treating recurrences from
a variety of cancer types. The most pronounced responses
have been among tumors known to have high mutational
burdens,’®7® such as subsets of non-small cell lung can-
cers, 88 malignant melanomas,?#8® renal cell carcino-
mas,®” and MMR-deficient tumors.®8 Observations from
a phase |l clinical trial of immune checkpoint inhibitors
among colorectal cancers and MMR-deficient extracranial
malignancies support these hypotheses. Response rates




Choi et al. Temozolomide-associated hypermutation in gliomas

of 40% were observed for MMR-deficient colorectal can-
cers, compared with 0% for MMR-intact colorectal cancers.
Interestingly, all patients with somatic MMR deficits had
objective responses to checkpoint inhibition, compared
with 27% of patients with germline MMR deficits.®8 On
May 23, 2017, the programmed cell death protein 1 (PD-1)
inhibitor pembrolizumab was approved for the treatment
of adult and pediatric patients with unresectable or meta-
static, microsatellite instability-high, or MMR-deficient
solid tumors regardless of tumor site or histology.&®

Even among purportedly immunogenic tumors, not all
cases have durable responses to checkpoint inhibition,
and mixed responses are often observed. Biomarkers of
response to immune checkpoint inhibitors have included
programmed death ligand 1 (PD-L1) staining and lympho-
cyte infiltration. However, the predictive power of these
markers are variable across histologies and are compli-
cated by inconsistencies in immunohistochemistry tech-
nique.®®®" More recently, neoantigen burden® and tumor
clonal architecture®® have been proposed as novel genomic
biomarkers for efficacious checkpoint inhibition. These
findings suggest that checkpoint inhibition may stochastic-
ally amplify T-cell clones with specificity for a small number
of tumor neoantigens. For tumors with highly branched
evolution, T-cell specificity against some but not all tumor
cells may result in partial responses to treatment.Thus, the
extent of intratumoral heterogeneity of hypermutated gli-
oma could be a critical factor in response prediction.®3

Several immune-based therapies, including immune
checkpoint inhibitors, peptide vaccines, dendritic cell
vaccines, and engineered T-cell therapy are under active
investigation for gliomas. Secondary high-grade gliomas
with alkylator-induced hypermutation may elicit a robust
immunogenic response. Given the high mutational bur-
den and the clonal mutational architecture of TMZ-induced
hypermutated GBMs, immune checkpoint therapies may
be promising for GBMs with TMZ-associated hypermuta-
tion. Furthermore, these tumors are highly enriched for
mutations in the Akt-mTOR pathway,® which results in
posttranscriptional increase in PD-L1 membrane presen-
tation, an immune escape mechanism in these tumors®;
perhaps there is a rationale for the use of PI3K or mTOR
kinase inhibitors in conjunction with immune checkpoint
inhibitors.

The potential for immune checkpoint inhibitors in hyper-
mutated GBMs is highlighted by 2 case reports. A case
report of 2 siblings with hypermutated GBMs arising from
germline biallelic MMR deficits demonstrated clinically sig-
nificant responses to the PD-1 inhibitor nivolumab.®® This
was the first report demonstrating durable responses of
recurrent GBM to immune checkpoint inhibition. Another
case report showed clinical response to the PD-1 inhibi-
tor pembrolizumab (MK-3475) in a patient with a germline
POLE mutation and GBM with primitive neuroectodermal
tumor features who developed metastatic disease to the
spine after receiving chemoradiation and maintenance
TMZ.%¢ Genomic analyses on the tissue from the pre-
treatment frontotemporal GBM and 2 spinal metastases
showed that all samples were hypermutated and between
2040 and 3254 neoantigenic mutations were identified per
sample. Immunohistochemical analyses performed on
the resected spinal metastases before and 3 weeks after

treatment with pembrolizumab showed cytolytic lympho-
cyte infiltration into the tumors post-pembrolizumab.%
These reports provide preliminary support for the utility of
immune checkpoint inhibitors in hypermutated gliomas.
However, response to immune checkpoint inhibitors in
gliomas with TMZ-induced hypermutation may differ com-
pared with hypermutated gliomas arising from germline or
somatic mutations in MMR genes or in POLE or the poly-
merase delta gene.

Immune checkpoint inhibitors are now being evaluated
for newly diagnosed GBM (CheckMate-498, NCT02617589,
and CheckMate-548, NCT02667587) and for recurrent GBM
(CheckMate-143, NCT02017717).Thus far, results have been
negative. In a preliminary report of CheckMate-143, a phase
[I/1l randomized clinical trial comparing nivolumab versus
bevacizumab for patients with recurrent GBM, nivolumab
did not improve PFS (median 1.5 vs 3.5 mo) or OS (9.8
vs 10.0 mo). Although fewer objective responses were
observed in the nivolumab arm (8% vs 23%), responses
were more durable than those observed with bevacizumab
(11.1 vs 5.3 mo). These results are disappointing, but they
indicate that a small proportion of patients do have dur-
able responses to checkpoint blockade.”” Based on Kim
et al, a low risk for TMZ-induced hypermutation in IDH1-
wildtype primary GBMs under the Stupp regimen might
be expected, though the requirement for a second surgery
results in a biased cohort.? A recent study looked at tumor
mutational burden, PD-1/PD-L1 expression, and DNA MMR
defects in 327 glioma patients and showed that biomarkers
of response to immune checkpoint inhibitors occur infre-
quently in gliomas; a high tumor mutation load was asso-
ciated with loss of MLH1, MSH2, MSH6, and postmeiotic
segregation increased 2 (PMS2) proteins, but was found in
only 3.5% of patients with newly diagnosed GBM.* These
results underscore the importance of patient selection in
clinical trials of immune checkpoint inhibitors in gliomas.
Currently, pembrolizumab is being investigated in patients
with recurrent malignant gliomas with a hypermutator
phenotype (NCT02658279). “Hypermutator phenotype”
in this study is defined as tumors with at least 30 muta-
tions detected by the Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Cancer Targets oncopanel
(or comparable next-generation sequencing) or if tumors
have a mutation in an MMR gene or in genes known to be
associated with hypermutator phenotypes or microsatel-
lite instability. This trial will help address the question of
whether hypermutated gliomas (grades II-IV) are vulner-
able to immune checkpoint inhibitor therapies.

Concluding Remarks

Randomized controlled trials have shown the clear benefit
of TMZ in the management of gliomas. However, prelim-
inary studies show that some low-grade gliomas develop
TMZ-induced hypermutation and malignant transform-
ation. A true estimate of risk of TMZ-induced hypermuta-
tion, why it occurs in some low-grade gliomas but not
others, and its prognostic significance are not well under-
stood; thus, currently there is insufficient evidence to
change clinical practice in the use of TMZ in low-grade
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gliomas. Future studies are needed to better understand
the risk and mechanisms of TMZ-induced hypermutation in
low-grade gliomas and, once hypermutated, whether they
are more vulnerable to certain therapies.
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