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Abstract

Background. Chemotherapy improves overall survival after surgery and radiotherapy for newly diagnosed high-
risk IDH-mutant low-grade gliomas (LGGs), but a proportion of patients treated with temozolomide (TMZ) will de-
velop recurrent tumors with TMZ-induced hypermutation. We aimed to determine the prevalence of TMZ-induced
hypermutation at recurrence and prognostic implications.

Methods. We sequenced recurrent tumors from 82 patients with initially low-grade IDH-mutant gliomas who under-
went reoperation and correlated hypermutation status with grade at recurrence and subsequent clinical outcomes.
Results. Hypermutation was associated with high-grade disease at the time of reoperation (OR 12.0 95% CI 2.5-
115.5, P =.002) and was identified at transformation in 57% of recurrent LGGs previously exposed to TMZ. After
anaplastic (grade lll) transformation, hypermutation was associated with shorter survival on univariate and multi-
variate analysis (HR 3.4, 95% Cl 1.2-9.9, P=.024), controlling for tumor grade, subtype, age, and prior radiotherapy.
The effect of hypermutation on survival after transformation was validated in an independent, published dataset.
Hypermutated (HM) tumors were more likely to develop discontiguous foci of disease in the brain and spine
(P = .003). To estimate the overall incidence of high-grade transformation among low-grade IDH-mutant tumors,
data from a phase Il trial of TMZ for LGG were analyzed. Eight-year transformation-free survival was 53.8% (95% Cl
42.8-69.2), and 61% of analyzed transformed cases were HM.

Conclusions. TMZ-induced hypermutation is a common event in transformed LGG previously treated with TMZ
and is associated with worse prognosis and development of discontiguous disease after recurrence.These findings
impact tumor classification at recurrence, prognostication, and clinical trial design.

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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e TMZ-induced hypermutation is associated with high-grade transformation.

® TMZ-induced hypermutation is associated with shorter survival after
transformation.

e TMZ-induced hypermutation is associated with the development of discontiguous

disease.

Importance of the Study

Chemotherapy is a part of the standard of care for initial
management of low-grade /DH-mutant gliomas. A pro-
portion of patients initially treated with TMZ will develop
disease that is hypermutated. TMZ-induced hypermu-
tation is associated with high-grade histology at recur-
rence. After high-grade transformation, TMZ-induced

Diffuse IDH-mutant low-grade gliomas (LGGs) are low-
grade primary brain tumors that are typically diagnosed in
young, otherwise healthy adults. Although most tumors ini-
tially follow an indolent clinical course, the natural history of
these tumors is punctuated by repeated recurrences. A pro-
portion of patients will eventually develop high-grade trans-
formation, resulting in rapid growth and shortened survival.
Median survival after transformation is just 2.4 years.'

Following surgical resection of /IDH-mutant LGGs,
treatment strategies range from observation to ag-
gressive treatment with radiation plus chemotherapy
or chemotherapy alone.? RTOG 9802 established a sur-
vival benefit for the addition of procarbazine, lomustine
(CCNU), and vincristine (PCV) to radiotherapy over ra-
diotherapy alone following maximal safe resection.?
Although the initial study did not stratify by molecular
subtype, a recent post-hoc molecular analysis confirmed
the benefit of PCV in both IDH-mutant 1p/19q co-deleted
oligodendrogliomas and [DH-mutant 1p/19g non-co-
deleted astrocytomas (/DH-mutant astrocytoma).* In
contemporary practice, temozolomide (TMZ) is fre-
quently used in place of PCV due to a more favorable
toxicity profile, extrapolating from trials in higher-grade
gliomas that have demonstrated efficacy, but this prac-
tice is not based on randomized clinical trials in LGG.The
CATNON trial has already established the benefit of adju-
vant TMZ after maximal safe resection and radiotherapy
for patients with grade Ill IDH-mutant astrocytomas; the
utility of concurrent TMZ has not yet been reported.®
The ongoing CODEL clinical trial (NCT00887146) is cur-
rently comparing strategies using radiotherapy and TMZ
or PCV for the treatment of WHO grade Il and Il 1p/19q
co-deleted oligodendrogliomas.®

TMZ is a cytotoxic DNA alkylating agent with muta-
genic potential.”® These agents induce cell death via
mismatch repair (MMR)-mediated futile cycling, and
loss of MMR is a well-described evolutionary escape

hypermutation is associated with shorter overall sur-
vival and increased risk of discontiguous disease in the
brain and spine. Next-generation sequencing should be
considered for recurrences in this patient population.
These data have important implications for the manage-
ment of recurrent /[DH-mutant LGG.

mechanism for both low- and high-grade gliomas ex-
posed to alkylators.’® Cells lacking MMR function fail to
recognize alkylated bases and can develop thousands of
mutations distributed throughout the genome. Because
of the base specificity of TMZ, these mutations are
characterized by a specific mutational signature. Thus,
following exposure to alkylating agents, neoplastic
cells can develop defects in DNA repair that lead to a
hypermutator phenotype.”"-4

In a previous study, examining the mutational pro-
file of recurrent IDH-mutant gliomas, we identified TMZ-
induced hypermutation in six IDH-mutant astrocytomas
that had undergone high-grade transformation. Detailed
clinicopathologic dissection of resection specimens sug-
gested high-grade transformation resulted from the clonal
expansion of a hypermutated (HM) cell that had acquired
thousands of new mutations, including in tumor suppres-
sors and oncogenes. These and subsequent studies's'5-17
have focused on genomic correlates of hypermutation.
In this integrated analysis of recurrent IDH-mutant LGGs,
we investigate the association between hypermutation
and high-grade transformation, estimate the prevalence
of hypermutation in transformed gliomas, and define the
significant clinical impact of hypermutation on patterns of
recurrence and prognosis. We validate the prognostic value
of hypermutation status using an independent dataset.'®

I
Methods

Recurrent Glioma Cohort

The institutional Neurosurgery Tissue Biorepository was
queried for patients with recurrent initially WHO grade
Il diffuse gliomas in adult patients (age at diagnosis >
18 years). Patients underwent surgery between October
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2001 and February 2018. Samples were examined by
an expert neuropathologist (J.J.P) to confirm histology.
Patients with tumors lacking mutations in IDH7 or IDH2
were excluded. Patients were required to have >1 clinical
visit after their neurosurgical intervention to be included
in this study. Similarly, the institutional database of pa-
tients sequenced with UCSF500 Cancer Panel was queried
for adult patients with initially WHO grade Il IDH-mutant
diffuse gliomas, who had reoperation for recurrent dis-
ease. Recurrent tumors must have been sequenced for in-
clusion in this study. Of the 82 patients in this cohort, 28
were also within the UCSF Phase Il cohort (described in the
Supplementary Materials).

Tumor Classification and Grading of
Recurrent Tumors

During the study period, the classification and grading of
gliomas evolved from a purely histologic classification
to one incorporating molecular classification.'® IDH7 and
IDH2 mutation status were determined by sequencing
in all cases. Chromosomes 1p/19gq co-deletion status
was determined based on fluorescence in-situ hybrid-
ization or genome-wide chromosomal copy number
analysis. IDH-mutant diffuse astrocytomas were de-
fined as any diffuse glioma harboring either p.R132
hotspot mutation in IDH7 or p.R172 hotspot mutation in
IDH2 without co-deletion of 1p/19q. IDH-mutant 1p/19q
co-deleted oligodendrogliomas were defined as any dif-
fuse glioma harboring either p.R132 hotspot mutation in
IDH1 or p.R172 hotspot mutation in /IDH2 with concomi-
tant 1p/19q co-deletion, involving the entire arms of both
chromosomes in those tumors with genome-wide copy
number data available. In one case, an initially WHO
grade Il IDH-mutant astrocytoma was found to have loss
of IDH mutation via deletion of the IDH7 genomic locus
at the time of recurrence. This tumor was considered an
IDH-mutant astrocytoma for this study.

In the 2016 update of the World Health Organization
(WHO) Classification of Tumors of the Central
Nervous System, all IDH-mutant, 1p/19q co-deleted
oligodendrogliomas are designated either grade |l
or lI."® For our study, IDH-mutant, 1p/19q co-deleted
oligodendrogliomas that had been classified as WHO
grade IV prior to 2016 were accordingly reclassified as
WHO grade I11.78

Because histologic tumor grading requires tumor tissue
acquisition, the exact date of high-grade biologic trans-
formation cannot be reliably ascertained without surgical
intervention. Various imaging surrogates have been de-
veloped for transformation; however, these techniques
require the consistent use of specialized imaging. Thus,
the time of histologically confirmed high-grade transfor-
mation was used as the primary landmark for the analysis
herein. This provides a robust assessment of transforma-
tion and, for IDH-mutant astrocytomas, classification as
WHO grade Ill or grade IV disease, based on the presence
of significant mitotic activity for grade Ill designation, vs
palisading necrosis and/or microvascular proliferation for
grade IV.

Exome and Targeted Panel Sequencing

DNA from fresh-frozen or formalin-fixed paraffin-
embedded (FFPE) tumor samples were extracted and pro-
cessed as previously described. A paired constitutional
DNA sample was extracted from whole blood, buccal
swab, or other non-tumor tissue. Unstained slides were
prepared from either FFPE and or fresh-frozen tumor tissue
samples and stained with hematoxylin and eosin for histo-
pathological review by a neuropathologist (J.J.P) to con-
firm diagnosis and to identify a corresponding region to
isolate for DNA extraction. Whole exome sequencing and
mutation calling were performed using a custom mutation
calling pipeline.’®?° A subset of our cohort was sequenced
using the UCSF500 Cancer Panel as previously described.?!

Definition of Hypermutation

The proposed mechanism and mutation spectrum of TMZ-
induced hypermutation has been previously described
using exome sequencing data.”"'41922 |n the pan-cancer
mutational signature analysis, this pattern corresponds to
Signature 11,22 which is enriched for mutations in G:C>A:T
signature at both CpG and non-CpG sites and also exhibits
strong strand bias. This mutational signature appears
specific to TMZ exposure in the setting of MMR defi-
ciency.”® To study the impact of TMZ-associated hypermu-
tation, hypermutation was defined as a somatic mutation
burden in excess of 10 Mut/Mb and >40% Signature 11."
Hypermutation on targeted sequencing was determined
by a neuropathologist.

Clinical Follow-up

We performed a retrospective analysis of all our recurrent
glioma cohorts. Clinical status, pathology, and radiology
reports were reviewed to include systemic therapies, sur-
geries, and radiation. Dates of treatment, radiologic or clin-
ical progression, surgery, and death were recorded.

Imaging Analysis

Available imaging was reviewed for enhancement and
pattern of progression by a radiation oncologist (Y.Y.).
Discontiguous disease was defined as a distinct focus of
enhancing or non-enhancing disease without intervening
or connecting T2 signal abnormality, or the presence of lep-
tomeningeal or ependymal disease. Clinical MRIs were in-
dependently reviewed by a neuroradiologist (J.E.V.) who
was blinded to hypermutation status. Tumor volume at the
time of TMZ administration was assessed in patients who
received TMZ as initial therapy after surgical resection or
biopsy.

Statistics

The date of initial diagnosis was recorded as the date of
initial surgery confirming initial IDH-mutant LGG. The date
of transformation was recorded as the date of the first
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surgery, demonstrating transformation to WHO grade llI
or IV disease. Similarly, the date of confirmed hypermuta-
tion was defined as the date of the surgery demonstrating
hypermutation.

Many patients had multiple reoperations for recurrence,
including patients with initial grade Il recurrence who sub-
sequently developed high-grade transformation. The rela-
tionship between high-grade transformation (WHO grade
Il or IV) and hypermutation status was evaluated using the
tumor specimen with the highest grade for each patient
using Fisher exact test.

The Kaplan-Meier method and the log-rank test were used
for univariate analyses of categorical variables. Multivariate
analyses were performed using Cox proportional haz-
ards models. Patients without high-grade transformation
were censored at date of death or last follow-up if alive.
Progression-free survival (PFS) after high-grade transforma-
tion was defined from the date of surgery confirming trans-
formation to WHO grade lll or IV disease to the date of the
first subsequent progression or death. Patients without sub-
sequent progression or death were censored at the date of
last follow-up. Overall survival (OS) after high-grade transfor-
mation was defined from the date of high-grade transforma-
tion to the date of death. Alive patients were censored at the
date of last follow-up.The median duration of follow-up from
diagnosis and after transformation was determined using
the inverse Kaplan-Meier method. The cumulative incidence
of discontinguous disease was computed using death as a
competing risk. Comparison between dichotomized groups
was performed using Gray's test. Comparison of continuous
variables was performed using the method of Fine and Gray.
Differences in the time to transformation between groups
were evaluated using the Kruskal-Wallis rank sum test.
Differences in the distribution of HM tumors were analyzed
using the Fisher exact test.

Results
Prevalence of Hypermutation at Transformation

We identified 82 patients with initial WHO grade Il IDH-
mutant LGGs (ie, integrated diagnosis for initial resection
of either “diffuse astrocytoma, IDH-mutant, WHO grade I11”
or “oligodendroglioma, IDH-mutant and 1p/19q co-deleted,
WHO grade II”) who underwent at least one reoperation for
recurrent or progressive disease and had sufficient tissue
for whole exome or targeted sequencing. Patient charac-
teristics are shown in Table 1. A total of 139 reoperations
were performed (median total operations 2, range 2-5).
Before reoperation, 63 patients (76.8%) patients were previ-
ously treated withTMZ, 22 (26.8%) were previously treated
with radiotherapy, and 18 were treated with both (28.6%).
Details regarding tumor subtype, IDH1/2 mutation, hy-
permutation, therapy prior to reoperation, and T2-defined
tumor volume at the time of TMZ administration are listed
in Supplementary Tables S1 and S2. Mutational burden
and proportion of Signature 11 mutations (see methods)
are shown in Supplementary Figure S1A, B.

Of these 82 patients, 66 had tumors that transformed to
higher-grade disease. Median time from diagnosis to trans-
formation was 5.9 years (range 1.3-16.4) for all IDH-mutant
LGGs; 4.8 (range 1.3-16.1) for IDH-mutant astrocytomas
and 7.0 (range 2.5-16.4) for IDH-mutant 1p/19q co-deleted
oligodendrogliomas. Fifty-three of the 66 (80.3%) patients
with transformed tumors were previously treated with
TMZ. In this select cohort, 30 of the 53 (57%) patients with
transformed tumors previously exposed toTMZ had hyper-
mutation at the time of transformation. One patient had a
histologically grade Il tumor at first recurrence, which was
HM, but a subsequent recurrence was transformed and
remained HM.

Association Between Hypermutation and High-
Grade Transformation

From the cohort of 82 patients, 105 recurrent glioma sam-
ples were analyzed for pathologic grade and hypermuta-
tion status, including patients with multiple recurrences.
The distribution of WHO grade and hypermutation status
per tumor specimen is shown in Supplementary Table S3.
HM tumors were more likely to be high grade (OR 12.0, 95%
Cl 2.5-115.5, P=.002, Figure 1A). The prevalence of hyper-
mutation among transformed tumors was similar (P =.78)
for IDH-mutant 1p/19q co-deleted oligodendrogliomas 61%
(14/23) and IDH-mutant astrocytomas 53% (16/30, Figure
1B). No patients with transformed tumors (0/13) developed
hypermutation in the absence of TMZ exposure.

Of 63 patients in the recurrent glioma cohort treated with
TMZ, 31 patients were found to have HM recurrences and
93.5% (29/31) had histopathologic evidence of high-grade
transformation in the HM specimen. Both patients with
grade Il HM tumors had clinical courses consistent with
high-grade transformation, suggesting possible under-
grading due to sampling. One of these patients, who de-
veloped a grade Il HM [DH-mutant 1p/19q co-deleted
oligodendroglioma recurrence, exhibited an aggressive
clinical course and developed nodular enhancement within
13 months of reoperation but did not undergo another
surgery to confirm histologic transformation. The second
patient developed an HM grade Il recurrent IDH-mutant
astrocytoma 33 months after completion of TMZ. This pa-
tient developed enhancing disease after 21 months, and
subsequent surgery revealed an HM grade Ill IDH-mutant
astrocytoma. In all other cases, hypermutation coincided
with high-grade transformation.

Clinical and Molecular Factors Associated With
Hypermutation

To identify other risk factors for hypermutation, we exam-
ined the association between hypermutation and clinical-
molecular factors among patients treated with TMZ. Our
group recently described a higher MGMT promoter meth-
ylation level in the initial tumors associated with an in-
creased likelihood of hypermutation upon recurrence.2*We
did not identify a difference in either the number of cycles
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Table1 Patient Demographics and Baseline Characteristics
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Recurrent Glioma Cohort

IDH-Mutant 1p/19q Co-Deleted Oligodendroglioma

IDH-Mutant Astrocytoma

Sex
Male 16 (47.1)
Female 18 (52.9)
Age at diagnosis, median (range) 38 (17-66)
Prior treatment
T™Z 27 (79.4)
RT 10 (29.4)
Transformed 28 (82.4)
Grade lll 28 (82.4)
Grade IV -
Hypermutation 15 (44.1)

28 (58.3) 44 (53.7)
20 (41.7) 38 (46.3)
31 (22-49) 34 (17-66)
36 (76.6) 63 (76.8)
12 (25.5) 22 (26.8)
38 (79.2) 66 (80.5)
20 (41.7) 48 (58.5)
18 (37.5) 18 (22.0)
16 (33.3) 31(37.8)

Transformed Tumors

IDH-Mutant Co-Deleted Oligodendroglioma

N 28
Sex
Male (%) 13 (46.4)
Female (%) 15 (53.6)
Age at diagnosis, median (range) 38 (17-66)
Age at transformation, median 46 (22-71)
(range)
Years to transformation, median 6.9 (2.6-16.4)
(range)
TMZ months, median (range) 15.4 (0-27)
KPS at transformation, median 90 (10-90)
(range)
CDKN2A homozygous deletion (%) 2(7.1)
Extent of resection (%)
Gross total resection 2(7.1)
Subtotal resection 23 (82.1)
Biopsy 0(0.0)
Prior treatment (%)
T™™Z 23(82.1)
RT 10 (35.7)
Transformation (%)
Grade lll 28 (100)
Grade IV -
Hypermutation (%) 14 (50.0)

IDH-Mutant Astrocytoma

38 66
22 (57.9) 35 (53.0)
16 (42.1) 31 (47.0)
32 (22-49) 35 (17-66)
37 (23-56) 43 (22-71)
5.6 (1.3-16.1) 5.9 (1.3-16.4)
10.4 (0-30) 12 (0-30)
90 (70-100) 90 (10-100)
2(5.3) 4(6.1)
5(13.2) 7(10.6)
31(81.6) 54 (81.8)
1(2.6) 1(1.5)
30 (79.0) 53 (80.3)
11(28.9) 21(31.8)
20 (52.6) 48 (72.7)
18 (47.4) 18 (27.3)
16 (42.1) 30 (45.4)

Abbreviations: IDH, isocitrate dehydrogenase; KPS, Karnofsky performance status; RT, radiation therapy; TMZ, temozolomide.

of TMZ received prior to transformation or the volume
of tumor at initial TMZ administration between HM and
non-HM tumors (Supplementary Figure S1C, D).

Because TMZ-induced hypermutation has been associ-
ated withTMZ resistance, we tested the hypothesis that HM
tumors would have a shorter time to transformation com-
pared with non-HM tumors. Contrary to this hypothesis, no
difference in either time from diagnosis to transformation
(mean 6.7 years vs 6.7 years, Kruskal-Wallis P=.38) or time
from TMZ exposure to transformation (mean 5.4 years vs

3.1 years, Kruskal-Wallis P = .26) were identified between
HM and non-HM tumors (Figure 1C). Receipt of prior radio-
therapy (mean 8.6 vs 5.7 years, Kruskal-Wallis P=.010) and
IDH-mutant 1p/19q co-deleted oligodendroglioma subtype
(mean 8.1 vs 5.6, P=.0037) were associated with increased
time from diagnosis to transformation (Figure 1C).

Treatment timelines from initial diagnosis to transforma-
tion (Figure 1D) reveal remarkable heterogeneity in the la-
tency period from initial exposure to TMZ to histologically
confirmed high-grade transformation.
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Fig. 1 The frequency and prognostic significance of TMZ-associated hypermutation in /DH-mutant LGG. Panels A-D describe data from the
cohort of gliomas sequenced at recurrence. (A) Among all sequenced tumors, highest histologically confirmed grade at re-resection for HM and
non-HM tumors. (B) Proportion of transformed tumors exposed to TMZ that were hypermutated, stratified by subtype. (C) Time from diagnosis
to transformation stratified by subtype, hypermutation status, and prior radiotherapy. (D) Timelines of prior TMZ exposure. Black lines repre-
sent a time from initial diagnosis to time of transformation (time zero). Red and blue bars represent TMZ exposure for HM vs non-HM tumors.
Many patients received multiple courses of TMZ. Density plots of TMZ exposure are shown below the patient timelines. Abbreviations: Astro,
IDH-mutant astrocytoma; HM, hypermutated; IDH, isocitrate dehydrogenase; LGG, low-grade glioma; Oligo, IDH-mutant 1p/19q co-deleted oligo-
dendroglioma; N.S., non-significant; TMZ, temozolomide. * indicates significant result with P<.05.

High Incidence of High-Grade Transformation
Following TMZ Monotherapy

We next sought to determine the risk of transformation in
patients treated with TMZ. We previously reported a phase
Il clinical trial of TMZ monotherapy for sub-totally resected
grade |l diffuse gliomas.?® Details of the clinical trial and
patient characteristics are described in the Supplementary
Materials (Supplementary Methods, Supplementary
Table S4). Of 84 patients with confirmed /DH-mutant
grade Il gliomas enrolled, 62 progressed, 48 underwent
reoperation, and 32 developed pathologically confirmed
high-grade transformation. Eighteen of these patients had
sufficient tissue at recurrence for sequencing, of which
61% (11/18) were HM. With median follow-up of 8.7 years,
the median OS and PFS were 10.2 years (95% Cl, 8.4-11.8,
Figure 2A) and 4.3 years (95% Cl, 3.5-5.4, Figure 2B), re-
spectively. The median transformation-free survival time
was 7.0 years (95% Cl, 5.9-10.1, Figure 2C) and was not sig-
nificantly different between IDH-mutant 1p/19q co-deleted

oligodendrogliomas and /IDH-mutant astrocytomas. Tumor
volume at trial enrollment was associated with shorter
time to transformation (HR 1.10/10cc, 1.1-1.2, P = .0002,
Figure 2D) and OS (HR 1.09/10cc, 1.0-1.2, P=.0008).

PFS and OS After Transformation

To investigate the prognostic value of hypermutation
after transformation, we evaluated clinical outcomes for
66 patients with high-grade transformation and valid-
ated our findings using an independent, previously pub-
lished cohort from Dana-Farber Cancer Institute (DFCI)
(Supplementary Figure S2, Supplementary Table S5).'3
Baseline characteristics of transformed tumors are shown
in Table 1. With median follow-up after high-grade trans-
formation of 5.4 years, median PFS and OS were 1.3 (95%
Cl, 1.1-1.7) and 2.4 years (95% Cl, 1.9-4.9), respectively.
Molecular subtype, hypermutation status, and receipt
of radiotherapy prior to transformation were associated
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Fig.2 Outcomes from the subset of patients with confirmed /DH-mutant LGGs enrolled on a phase Il clinical trial of TMZ monotherapy for high-
risk LGG. (A) Overall survival and (B) progression-free survival are reported from the time of trial enrollment. Time from trial enroliment to histo-
logic confirmation of high-grade transformation is shown for (C) the subset of confirmed /DH-mutant gliomas and (D) stratified by initial tumor

volume on T2-weighted imaging. Abbreviations: IDH, isocitrate dehydrogenase; LGG, low-grade glioma; TMZ, temozolomide.

with OS after transformation (univariate analysis; Figure
3A-C). Karnofsky performance status (KPS) was avail-
able for only 33 (560%) of the transformed glioma cohort;
higher KPS was associated with better prognosis on uni-
variate analysis (Table 2) but was not included in multivar-
iate modeling due to missing data. Grade and /DH-mutant
astrocytoma subtype were associated with shorter survival
after transformation, but survival was similar for grade Il
astrocytomas and grade lll IDH-mutant 1p/19q co-deleted
oligodendrogliomas (Table 2). Outcomes from diagnosis
for the cohort of 82 patients are shown in Supplementary
Table S6 and Supplementary Figure S3.

To control for the effect of tumor grade, we examined
survival stratifying by tumor grade. Among 48 patients
with tumors that transformed to WHO grade lll, median
survival after transformation was 4.3 years (95% CI 3.5—
not reached). Hypermutation and prior radiation therapy
(RT) before transformation were associated with shorter
OS on univariate analysis. Among grade lll IDH-mutant
1p/19q co-deleted oligodendrogliomas and grade Il

IDH-mutant astrocytomas, hypermutation was a stronger
prognostic factor than molecular subtype (Table 2). On
multivariate analysis, both hypermutation and prior RT
remained significant predictors (Table 2, Figure 3D). This
model was validated using data from the DFCI cohort, with
Harrell’s C statistic of 0.74 and 0.72 for the training and
validation datasets, respectively (Supplementary Figure
S2C-F, Supplementary Table S7, Supplementary Results).
Among 18 patients with transformation to WHO grade IV
IDH-mutant astrocytoma (ie, IDH-mutant glioblastoma),
median survival was 1.5 years (95% CIl 1.1-2.3), and hy-
permutation status was not prognostic (P = .78). Patient-
specific data on outcomes after transformation are listed in
SupplementaryTable S8.

Patterns of Failure After Transformation

We reviewed the long-term radiologic patterns of
failure after recurrence. Nineteen patients devel-
oped foci of discontiguous disease within the central
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both hypermutation and prior radiation remain significant predictors of survival. Abbreviations: Astro, IDH-mutant astrocytoma; IDH, isocitrate

dehydrogenase; Oligo, IDH-mutant 1p/19q co-deleted oligodendroglioma.

nervous system; 16 cases occurred after documented
high-grade transformation. Three patients under-
went reoperation demonstrating recurrent, non-HM
grade Il disease, but subsequently developed foci of
discontinguous disease. We investigated predictors of
discontiguous disease among patients with transformed
tumors, including time to transformation. All patients
who developed discontiguous disease were exposed to
TMZ. Hypermutation (Gray’'s test, P = .001, Figure 4A,
Supplementary Figure S4A, B) and grade (Gray’s test,
P =.0011, Figure 4B, Supplementary Figure S4C, D) were

associated with increased risk of discontiguous dis-
ease on univariate analysis, and a trend was observed
for molecular subtype (Gray's test P = .08, Figure 4C,
Supplementary Figure S4E, F). Time from diagnosis to
transformation was associated with decreased risk of
discontiguous disease when analyzed as a continuous
variable (Fine and Gray, P = .005). The cumulative inci-
dence of discontiguous disease dichotomized by the
mean time to transformation (6.7 years) is shown in
Figure 4D (Gray's test P =.05). Competing risks of death
are shown in Supplementary Figure S4.
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Table 2. Univariate and Multivariate Analyses of Survival After Transformation

Survival AfterTransformation, Grade lllTumors Only

Univariate Multivariate
Hazard Ratio  95% ClI PValue  Hazard Ratio  95% ClI PValue

Subtype

IDH-mutant 1p/19q co-deleted oligodendro- 1 Reference - 1 Reference -

glioma

IDH-mutant astrocytoma 1.27 0.55-2.95 0.58 2.56 0.84-7.76 0.098
Hypermutation

Non-HM 1 Reference - 1 Reference -

HM 2.32 1.00-5.40 0.051 3.42 1.18-9.92 0.024
Prior RT

No prior RT 1 Reference - 1 - Reference

Prior RT 2.8 1.20-6.54 0.018 3138 1.36-8.13 0.0084
Age at transformation (per year increase) 1.03 0.99-1.08 0.16 1.03 0.98-1.10 0.34
Time to transformation (per year increase) 0.963 0.86-1.08 0.51
KPSs?2 0.95 0.92-0.99 0.024
Extent of resection

STR or biopsy 1 Reference -

GTR 1.05 0.24-4.52 0.95
CDKN2A status

No homozygous deletion 1 Reference -

Homozygous deletion 1.65 0.38-7.10 0.51

Survival After Transformation, All Transformed Tumors

Univariate
Hazard Ratio 95% ClI

Subtype

IDH-mutant 1p/19q co-deleted oligodendro- 1 Reference -

glioma

IDH-mutant astrocytoma 2.45 1.23-4.86 .01
Hypermutation

Non-HM 1 Reference -

HM 2.15 1.14-4.04 .018
Grade lll vs IV

Grade lll 1 Reference -

Grade IV 6.05 2.92-12.52 <.0001
Prior RT

No prior RT 1 Reference -

Prior RT 1.83 0.97-3.43 .061
Age at transformation (per year increase) 1.03 0.70-1.34 .85
Time to transformation (per year increase) 0.95 0.87-1.03 21
KPs?2 0.96 0.93-0.99 .017
Extent of resection

STR or biopsy 1 Reference -

GTR 0.75 0.23-2.46 .64
CDKNZ2A status

No homozygous deletion 1 Reference -

Homozygous deletion 0.72 0.42-4.51 .59

Abbreviations: GTR, gross total resection of enhancing and non-enhancing disease; HM, hypermutated; IDH, isocitrate dehydrogenase; KPS,
Karnofsky performance status; RT, radiation therapy; STR, subtotal resection of enhancing and non-enhancing disease.
aKPS not included in multivariable models because of missing data (n = 33).
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Abbreviations: Astro, /DH-mutant Astrocytoma; Oligo, /DH-mutant 1p/19q co-deleted Oligodendroglioma.

HM tumors that developed discontiguous disease were
associated with distinct patterns of failure; seven devel-
oped ependymal disease, four developed leptomenin-
geal disease, and two developed parenchymal disease
(Figure 4E). By contrast, all six patients with non-HM tu-
mors that developed discontiguous disease were found
to have parenchymal nodules. Four patients with HM tu-
mors developed spinal dissemination (Figure 4F). One pa-
tient underwent rapid autopsy and exome sequencing of a
spinal deposit, demonstrating a HM tumor derived from a
previously identified intracranial HM clone.

Discussion

Our study adds significantly to a growing body of litera-
ture suggesting the biological, therapeutic, and clinical rel-
evance of hypermutation status in /DH-mutant LGG.'3.1726
Exome sequencing at recurrence reveals a high preva-
lence of hypermutation in transformed IDH-mutant LGG
previously exposed toTMZ, as well as a strong association

between hypermutation and high-grade transformation.
Using data from an institutional phase Il clinical trial of
TMZ monotherapy, we find that high-grade transforma-
tion is a common event with long-term follow-up and that
hypermutation may be identified in a substantial propor-
tion of transformed tumors. Our longitudinal, blinded re-
view of clinical MRI demonstrated, for the first time, an
increased risk of discontiguous disease, including cases of
ependymal and leptomeningeal spread.

Two recent papers have investigated the prognostic sig-
nificance of hypermutation after recurrence with mixed
results.’®' While an initial analysis from the GLASS
Consortium did not demonstrate a prognostic effect for hy-
permutation on univariate or multivariate analysis, these
findings were in the context of smaller (42 IDH-mutant low-
grade tumors) and heterogeneous cohort containing both
initially low and initially high-grade tumors."” Additionally,
the GLASS study analyzed survival from diagnosis, rather
than recurrence, which may impact their analysis, since
only patients who are alive for reoperation could be in-
cluded in their analysis. A larger study by Touat and col-
leagues found hypermutation to be associated with worse
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prognosis after recurrence, but it controlled only for low-
vs high-grade recurrence and did not differentiate between
grade lll vs grade IV recurrence, and thus could not estab-
lish whether hypermutation was prognostic independent
of grade at recurrence. Indeed, in our study, HM IDH-
mutant astrocytomas were much more likely to be grade IV
than grade lll. In this study, we find that hypermutation is a
strong prognostic factor after anaplastic transformation to
grade lll disease and develop an externally validated prog-
nostic model for survival after transformation.

Strikingly, we found that patients with HM tumors were
more likely to develop discontiguous disease, including
several patients that developed ependymal and lepto-
meningeal dissemination, patterns that are otherwise
uncommon in non-HM cases. Four patients with HM tu-
mors developed spinal dissemination, including one pa-
tient where the spinal metastasis was sampled at autopsy
and found to be HM and clonally related to a previously
identified left temporal tumor. The cumulative incidence
of discontiguous disease approached 50% among HM
tumors, far higher than the 12% crude incidence of
discontiguous disease reported by Fukuya and col-
leagues among transformed LGGs previously treated with
nitrosourea-based chemotherapy.?’” For patients who are
found to have HM disease, this pattern of spread may have
implications for follow-up imaging and selection of ther-
apies at recurrence. To limit study bias, a neuroradiologist
who was blinded to tumor hypermutation status reviewed
all available clinical imaging following transformation and
classified discontiguous disease as parenchymal, epen-
dymal, or leptomeningeal. While this finding is striking, it
is based upon a limited number of patients, and validation
in an external dataset is warranted.

The high frequency of hypermutation among trans-
formed, initially LGGs treated with TMZ has implica-
tions for the interpretation of previous clinical trials and
management of these patients with transformed LGGs.
Because hypermutation is prognostic following anaplastic
transformation, randomized trials that do not account for
this phenomenon will be confounded if the proportions of
tumors that are HM are not uniformly distributed between
treatment arms. In current practice, TMZ re-challenge is
often considered for patients who are MGMT methylated
and who have a long disease-free interval after initial TMZ
exposure, but HM tumors are at increased risk of TMZ re-
sistance due to acquired MMR deficiency.’® As our study
shows, a long disease-free interval may not preclude the
possibility of hypermutation. Furthermore, tumors that are
MGMT-hypermethylated are associated with an increased
risk of subsequent hypermutation.?* By contrast, HM cell
lines remain sensitive to nitrosoureas in vitro.'3282% Clinical
trials that explicitly consider hypermutation status at recur-
rence will be needed.

In our analysis of high-risk LGGs treated with 12 months
of TMZ without radiotherapy, the median transformation-
free survival was 7.0 years, and there was a strong asso-
ciation between residual tumor volume at the time of TMZ
administration and the long-term risk of high-grade trans-
formation. This is similar to the 10-year transformation-
free survival of 60% reported by investigators from the
Cleveland Clinic." Because our trial included only pa-
tients with residual disease, the risk of transformation we

observed is likely higher than for unselected IDH-mutant
gliomas. Interestingly, Tom et al. also reported an associa-
tion between adjuvant treatment strategy and subsequent
risk of transformation; 10-year transformation-free survival
was approximately 80% for patients treated with observa-
tion, radiotherapy alone, or chemoradiotherapy." Although
estimates of the transformation-free survival are biased by
the rate of reoperation and the variable latency between
initial treatment and transformation, the 20% risk of trans-
formation observed in patients treated with observation,
radiotherapy, or chemoradiotherapy observed by Tom et al.
is similar to the crude risk of transformation observed on
EORTC 22845 (18.9% vs 16.6% crude risk for radiotherapy
vs observation arms).30 Ultimately, because of the biases
associated with this analysis and the limited sample size,
this study cannot definitively address whetherTMZ mono-
therapy is associated with increased risk of transformation
compared with other adjuvant therapy strategies. Long-
term follow-up of clinical trials, such as EORTC 22033 and
CODEL3" will better address this question.

The patients in the sequencing cohort were identified
from a single institution with a uniform treatment strategy,
where a large proportion of patients were treated withTMZ
monotherapy. Many of these patients were treated as part
of a prospective clinical trial. As such, this study evaluates
hypermutation inTMZ-treated patients and cannot address
the risk of hypermutation in patients treated with other
standard alkylating chemotherapy regimens, including
CCNU and PCV. Previous reports have demonstrated that
CCNU can also lead to hypermutation,” but HM cell lines
appear to retain sensitivity to CCNU."® Furthermore, the
previous phase |l clinical trial?® at our institution enrolled
patients with subtotal resection, enriching our cohort for
patients with large volumes of residual disease who were
exposed toTMZ monotherapy.The prevalence of hypermu-
tation in cohorts with small volumes of residual disease
or differing adjuvant therapy strategies may be reduced.
Finally, tumors were selected for resection and tissue
banking over a period of two decades, limiting the general-
izability of our study.

Hypermutation is strongly associated with alterations in
the MMR pathway,”'%'4' which is thought to contribute to
resistance to TMZ and survival of HM, clonal populations.
Whether HM tumors have differing susceptibility to che-
motherapy, PD-1/PD-L1-based immunotherapy, or ther
apies targeting novel immune checkpoints are questions
under active investigation.

This study supports an association between hypermu-
tation and shorter survival after transformation, but the
mechanism for this association remains unclear. HM tu-
mors uniformly harbor MMR mutations, most of which
are G to A, and carry thousands of mutations in exons,
likely tens of thousands across the whole genome. In our
companion genomic analysis, we identified frequent del-
eterious mutations in cell cycle regulatory genes, bearing
the hallmark of TMZ mutagenesis. These same genes and
pathways are altered by other genetic mechanisms during
malignant transformation in non-HM tumors, suggesting
shared mechanisms via different types of genetic altera-
tion. Alternatively, an unmeasured clinical or molecular
factor could be driving both the risk of hypermutation and
poor prognosis after transformation. In our analysis of the
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phase Il trial of TMZ monotherapy, we found residual tumor
volume at the time of TMZ administration to be strongly
associated with PFS, time to transformation, and death;
thus, if HM tumors were larger than non-HM tumors, this
could explain the association between hypermutation and
poor prognosis. However, we could not identify a signifi-
cant difference in tumor volume between HM and non-HM
transformed tumors in the primary sequencing cohort, sug-
gesting that tumor volume may be a risk factor for trans-
formation regardless of hypermutation status. In a recent
analysis of MGMT status and hypermutation, our group
found MGMT-hypermethylated tumors were at increased
risk of hypermutation. While MGMT-hypermethylated tu-
mors are typically associated with favorable prognosis
after treatment with TMZ, they are also subject to strong
evolutionary selection pressure.'%?* This may in part con-
tribute to the high incidence of MMR mutations, which are
associated withTMZ resistance.

The results and conclusions of this study are subject
to selection bias since all patients necessarily underwent
reoperation in order to undergo sequencing. At our in-
stitution, reoperation is typically reserved for patients
who have a single focus of progressive disease that can
be completely resected. Patients with inoperable or mul-
tifocal recurrences are excluded. In the phase Il clinical
trial of TMZ monotherapy, 60% of patients ultimately un-
derwent reoperation. This likely impacts the analysis of
discontiguous disease, as patients who had developed
multifocal recurrences at progression would not have
been captured in this analysis. In addition, our cohort was
biased toward patients with tumors that transformed to
grade lll or IV disease. Because this may impact the overall
prevalence of hypermutation among all sequenced recur-
rences, we have reported the prevalence of hypermutation
among transformed tumors that were previously exposed
toTMZ.This metric should be robust, even if grade Il recur-
rences were not sequenced. In future studies, noninvasive
methods of genotyping tumor recurrences, such as with
sequencing of CSF may help to avoid these biases and
facilitate longitudinal sampling that may not be possible
with invasive testing.3?

This study should not be used to change treatment re-
commendations for newly diagnosed /IDH-mutant LGG.
Additionally, these data cannot be used to evaluate
the overall benefit of TMZ for newly diagnosed LGGs,
since only patients who have surgical resection of the
recurrence are captured in our analysis. Furthermore,
there is emerging randomized evidence which may pro-
vide better guidance on TMZ use in this population. The
CATNON clinical trial has shown an OS benefit for adju-
vant TMZ in IDH-mutant grade lll gliomas without 1p/19q
co-deletion treated with surgery and postoperative radi-
otherapy.® The exploratory molecular subgroup analysis
of the EORTC 22033 clinical trial found TMZ monotherapy
was associated with shorter PFS compared with radio-
therapy alone.®' Similarly, the CODEL clinical trial found
TMZ monotherapy was associated with inferior outcomes
in grade Il and grade Il IDH-mutant 1p/19q co-deleted
gliomas.® Ultimately, long-term follow-up results from
these clinical trials will determine the overall risk and ben-
efit of TMZ in the up-front management of low-grade IDH-
mutant gliomas.

TMZ-associated hypermutation is associated with
shorter survival after transformation and unique risk of
tumor cell dissemination, and therefore hypermutation
status may be clinically useful for the management of pa-
tients with tumors that have transformed to higher grades.
The presence of hypermutation should be considered in
patient eligibility for and interpretation of future clinical
trials that enroll patients with recurrent gliomas.

Supplementary Material
Supplementary material is available at
Neuro-Oncology online.
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