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Abstract
Background. Despite aggressive upfront treatment in glioblastoma (GBM), recurrence remains inevitable for most 
patients. Accumulating evidence has identified hypermutation induced by temozolomide (TMZ) as an emerging 
subtype of recurrent GBM. However, its biological and therapeutic significance has yet to be described.
Methods. We combined GBM patient and derive GBM stem cells (GSCs) from tumors following TMZ to explore 
response of hypermutant and non-hypermutant emergent phenotypes and explore the immune relevance of 
hypermutant and non-hypermutant states in vivo.
Results. Hypermutation emerges as one of two possible mutational subtypes following TMZ treatment in vivo and 
demonstrates distinct phenotypic features compared to non-hypermutant recurrent GBM. Hypermutant tumors 
elicited robust immune rejection in subcutaneous contexts which was accompanied by increased immune cell 
infiltration. In contrast, immune rejection of hypermutant tumors were stunted in orthotopic settings where we ob-
serve limited immune infiltration. Use of anti-PD-1 immunotherapy showed that immunosuppression in orthotopic 
contexts was independent from the PD-1/PD-L1 axis. Finally, we demonstrate that mutational burden can be esti-
mated from DNA contained in extracellular vesicles (EVs).
Conclusion. Hypermutation post-TMZ are phenotypically distinct from non-hypermutant GBM and requires per-
sonalization for appropriate treatment. The brain microenvironment may be immunosuppressive and exploration of 
the mechanisms behind this may be key to improving immunotherapy response in this subtype of recurrent GBM.

Key Points

1. Hypermutated recurrent GBM has greater immunogenicity than non-hypermutant tumors.

2. The brain micro-environment suppresses immune response against hypermutated GBM.

3. DNA from hypermutated recurrent GBM is expelled in extracellular vesicles and reflects 
the genomic landscape of originating cells.
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Glioblastoma (GBM) is the most common and deadly type 
of malignant brain cancer in adults. Despite aggressive up-
front treatment which combines resection, radiation therapy 
(RT) and Temozolomide (TMZ), recurrence is inevitable and 
ultimately lethal.1 Patient survival has stagnated since the 
implementation of Stupp protocol in 2005 and with only lim-
ited improvement reported in a recent trial combining RT, 
TMZ and lomustine at the cost of excessive toxicity.2 With 
no approved therapy able to substantially prolong patient 
survival at recurrence, unraveling efficient therapeutic op-
portunities for recurrent glioma is a priority.

Recent studies comparing genetic features of primary 
and recurrent GBM following treatment with TMZ identified 
multiple outcomes at recurrence, including hypermuta-
tion. This hypermutant state is characterized by muta-
tional inactivation causing loss of mismatch repair (MMR) 
gene function and accumulation of single nucleotide var-
iations (SNVs) throughout the genome.3–7 In comparison, 
non-hypermutant recurrent tumors are characterized by 
maintenance of MMR pathway functionality and minimal 
accumulation of mutational burden. Notably, whilst high 
tumor mutational burden (TMB) is a known predictor for 
immune checkpoint inhibitor (ICI) response in several 
cancer types, there is only limited evidence from clinical 
case reports suggesting the capacity for hypermutation to 
predict response to ICI in GBM. More studies are needed 
to evaluate whether hypermutant recurrent GBM represent 
therapeutically relevant subtypes, which can inform subse-
quent treatment approach.

Currently, identification of a hypermutant recurrent 
GBM relies on whole exome (WES) or whole genome 
sequencing (WGS), limiting large-scale implementation 
in most clinical settings. Whilst targeted sequencing ap-
proaches which interrogate specific regions of the genome 
are currently available (eg Foundation 1, T200, MSK-
IMPACT), they remain largely focused upon oncogenic and 
tumor-suppressor regions and not specifically designed to 
detect hypermutation in GBM. The spectrum of mutagen-
esis in TMZ-driven hypermutation has not been observed 
to be concentrated in these regions and use of these ge-
neric cancer gene panels may potentially bias results. 
Additionally, when these panels have been used, cutoffs 
for defining hypermutation are often arbitrarily chosen 
(eg >30 mutations using Foundation 1 panels8), in part 

due to poorly defined criteria to define hypermutation in 
recurrent GBM. Similarly, microsatellite instability (MSI) 
testing has limited utility to detect hypermutation in GBM.5 
Establishing a low-cost targeted gene panel specifically de-
signed to detect hypermutation in GBM would accelerate 
the introduction of hypermutation as a potentially clinically 
actionable biomarker.9

We previously demonstrated that GBM stem cell (GSC) 
xenografts subjected to treatment with TMZ undergo di-
vergent evolutionary phenotypic changes including 
hypermutant TMZ resistance patterns.10 These phenotypic 
changes were reflected in the transcriptome of extracel-
lular vesicles (EV) released from these cells.10

In this study, we utilize immunocompromised and 
immunocompetent models of hypermutant and non-
hypermutant glioma and characterize their mutational, 
phenotypic and therapeutic profiles. Using an immunocom-
petent in vivo system, we demonstrate that hypermutant 
GSC injected subcutaneously induce immune response 
and display a high rate of immune rejection which is not 
observed in non-hypermutant GSCs. We also establish the 
importance of the brain microenvironment in establishing 
failed immune response as hypermutant GSCs fail to in-
duce immune response in orthotopic contexts which was 
unable to be rescued by ICI treatment. Finally, we report 
a limited gene signature, which identifies hypermutation 
and demonstrate that this signature is detectable in EVs, 
paving the way to non-invasive liquid biopsy-based ap-
proaches to detect these genes.

Methods

Cell Culture and Treatment

GSCs were cultured in Dulbecco’s modified Eagle’s medium/
F12 supplemented with B27 (2%), Glutamax, epidermal 
growth factor (20  ng/mL), basic fibroblast growth factor 
(20  ng/mL), penicillin/streptomycin (Life Technologies) 
and heparin 5 μg/mL (Stem Cell Technologies) following 
our institutional guidelines (RI-MUHC Biohazard Safety 
Certificate). Murine GL261 cells were cultured using DMEM 
high glucose medium supplemented with FBS (10%). Cell 
lines were established and provided by Ichiro Nakano. 

Importance of the Study

We report several unexplored aspects re-
garding the therapeutic relevance of hy-
permutation in recurrent GBM. First, we 
confirm using multiple experimental models 
of glioma that TMZ treatment leads to two 
mutational subtypes at recurrence; non-
hypermutant and hypermutant. These recur-
rent subtypes are phenotypically distinct and 
response differently to several drugs sug-
gesting the need for distinct treatment ap-
proaches. Second, we find that the orthotopic 

brain microenvironment contributes to im-
mune suppression, resulting in loss of immu-
nogenicity even in hypermutant GBM tumors, 
which otherwise have the capacity to evoke 
immune response in subcutaneous contexts. 
Finally, we show that acellular vesicles re-
leased from hypermutant recurrent GBM con-
tain genomic material which can be used to 
detect and diagnose hypermutation, opening 
the opportunity for further development to-
wards liquid biopsy diagnostic tests.
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Manipulations and cell line derivatives are listed in the 
Supplementary Table 1.

In vitro radiation studies were performed using a 
Faxitron irradiator and clonogenic assessment of sur-
vival performed after 14–21  days. In vitro drug treat-
ment studies were performed by assessment of viability 
4  days after treatment using standard Resazurin assay 
conditions.

Molecular Analysis

Methylation specific PCR was performed as previously de-
scribed.11 Briefly, purified DNA was bisulfite converted (EZ 
DNA methylation-Lightning Kit, Zymo) followed by PCR 
using the following conditions (95˚C for 15  min, then 35 
cycles of 95˚C for 50 s, 59˚C for 50 s and 72˚C for 50 s, fol-
lowed by a final step at 72˚C for 10 min).

Immunoblot analysis of protein lysates was performed 
as previously described.10 Primary antibodies including 
anti-MGMT (SPM287, santa cruz), anti-MSH2 (D24B5) anti-
MSH6 (3E1) and anti-EGFR (#4267) from Cell Signaling 
were used in conjunction with appropriate HRP-conjugated 
secondary antibodies and chemiluminescence detection 
reagents (GE Healthcare) for visualization.

For immunohistochemistry analysis, paraffin sections 
were cleared and rehydrated through a series of Xylene 
then ethanol and water immersion. Following blocking, pri-
mary antibodies were incubated overnight at 4˚C, washed 
in PBS and incubated with secondary antibody for 1 h at 
room temperature. Immunohistochemical detection was 
performed using a Vectastain ABC kit (Vector Laboratories, 
Burlingame, CA) and diaminobenzidine (DAB; Merck, 
Darmstadt, Germany).

Allele specific PCR has been performed as previ-
ously described.12 Briefly, purified DNA was mixed with 
ddPCR Supermix for probes (186-3032, BioRad) along 
with custom FAM-HEX probes before droplet generation. 
A two-step PCR was run (95˚C for 10 min, then 45 cycles 
of 94˚C for 50 s, 59˚C for 60 s, followed by a final step at 
72˚C for 10  min) before analysis on the QX200 Droplet 
Reader (BioRad).

In Vivo Studies

All procedures involving animals were performed in ac-
cordance with the guidelines of the Canadian Council 
of Animal Care and the Animal Utilization Protocols, ap-
proved by the Institutional Animal Care Committee at 
the McGill.

NSG mice were orthotopically injected with various 
GSCs (20 000) and randomized into treatment and control 
groups. For radiation experiments, radiation was initiated 
5 days after surgery and performed on the small animal 
X-RAD 225Cx (PXI, North Branford, CT, USA). A  regime 
consisting of 20 Gy/10 fractions was delivered to treatment 
group and mice were monitored until ethical end points.

B57BL/6 mice were either subcutaneously injected with 
1 million of cells or orthotopically injected at 20 000 using 
the murine glioma line GL261 or derivative lines and tumor 
growth monitored prior to treatment. For immunotherapy 

studies, treatment with anti-PD-1 (5  mg/kg, clone RMP1-
14, Bio X Cell) was started 7 days following injection for 4 
weeks or until ethical end-point was reached.

Whole Genome Sequencing

Whole-genome sequencing was performed in Genome 
Quebec (McGill). Paired end libraries were prepared 
from GL261 lines and sequenced at low depth (40X) on 
the Illumina HiSeq 2000 platform. Raw sequencing reads 
were mapped to a mouse reference genome (mm10) 
and variants called using MuTect2. Raw variant sites 
were subjected to a series of quality filtering, such as 
the allelic and overall depth of coverage prior to further 
analysis.

Extracellular Vesicle Studies

Cells were plated and conditioned media collected after 
at least 3  days of growth. Media was cleared of debris 
at 2000  g prior to concentration using Amicon Ultra-15 
Centrifugal filter units (EMD Millipore, Billerica, MA) fol-
lowed by centrifugation at 110 000 g for 120 mins. Vesicular 
pellets were washed once with PBS and spun down again 
at 110 000 g prior to utilization.

For pulldown enrichment studies, EVs were pre-cleared 
using unconjugated magnetic protein-A beads blocked 
with blocking solution (PBS, 5% Normal Goat Serum + 
2% BSA) then incubated with rabbit anti-EGFR primary 
antibody (Cell Signalling #4267) and rocked overnight 
at 4˚C. Blocked protein-A beads (Thermofisher) were 
added the next day and rocked for 1hr at room temp. and 
then washed with blocking solution before downstream 
analysis.

Results

Identification of Hypermutant and Non-
Hypermutant Recurrent GBM Subtypes

In an attempt to characterize genetic subtypes which 
emerge following exposure to TMZ, we analyzed avail-
able exome datasets7 with matched primary and recur-
rent glioma (n = 114). We compared mutations at primary 
and recurrent stages to derive newly acquired mutations 
post-TMZ treatment, then carried out mutational signa-
ture analysis and performed consensus average linkage 
hierarchical clustering. Two clusters of greatest sta-
bility were derived which could classify post treatment 
glioma (Figure 1A, B) whilst increasing clusters to k = 3 
or beyond resulted in greater misclassification of samples 
(Supplementary Figure 1). Cluster significance was evalu-
ated using the R tool pvclust,13 which utilizes multiscale 
bootstrap resampling to calculate approximately unbi-
ased P-values and both clusters were found to be sta-
tistically significant (Figure 1B). Following unbiased 
classification of these clusters, representative mutational 
signatures (COSMIC “catalogue of somatic mutations in 
cancer” signatures) were derived to show accumulation 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
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Figure 1. Identification of hypermutant and non-hypermutant subtypes and in vivo modelling of recurrence. (A) hierarchical clustering of 114 re-
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of C > T/G > A substitutions in cluster 2 (referred to here-
after as hypermutant), which was missing from cluster 1 
tumors (referred to hereafter as non-hypermutant; Figure 
1C). Characteristics of hypermutated tumors included (i) 
dramatic increase in mutational load across the genome 
compared to the matched primary tumor, (ii) acquired 
mutations in mismatch repair (MMR) genes including 
MSH2, MSH6 and PMS2, as well as (iii) enrichment of a 
transversion signature (COSMIC signature 11)  at recur-
rence, indicating the effects of alkylating agents such as 
TMZ.14

The role of TMZ as a causal factor in driving hypermu-
tation was corroborated using WES of patient derived 
xenografts (PDXs) (Figure 1D). TMZ treatment resulted 
in divergent outcomes, with the majority (5/7) of tu-
mors emerging as hypermutant following TMZ whilst 
the minority (2/7) became non-hypermutant (Figure 1D). 
Importantly, analysis of exome sequencing from three rep-
licate injections of a single parental glioma stem cell (GSC 
1123) line we had previously published,10 we observed both 
hypermutated (1123R7, 1123R8) and non-hypermutated 
(1123R9) outcomes at recurrence following treatment with 
TMZ (Figure 1D).

Hypermutant GSCs Exhibit MGMT-Independent 
TMZ Resistance and Radioresistance Compared 
to Non-Hypermutant GSCs

We and others have previously demonstrated that 
O6-methylguanine DNA methyltransferase (MGMT) is 
upregulated in a subset of glioma after TMZ where MGMT 
mediates the primary mode for chemoresistance.10 
Immunoblot confirmed MGMT upregulation only in non-
hypermutant 1123R9 GSCs suggesting its role in protec-
tion from mutational acquisition (Figure 2A).10 Methylation 
specific PCR revealed maintenance of MGMT methylation 
in both MGMT-negative 1123R7 and MGMT-expressing 
1123R9 GSCs (Figure 2B) indicating an alternate method 
of upregulation similar to prior reports.15 As expected, de-
pletion of MGMT in hypermutant 1123R7 GSCs revealed 
no change in clonogenic survival when challenged with 
TMZ (Figure 2C). In comparison, 1123R9 GSCs treated with 
TMZ and 06-BG showed decreased clonogenic survival 
compared to control (P < .0005; Figure 2D). We also tested 
several other chemotherapeutic agents and found that 
hypermutant 1123R7 GSCs demonstrated an increase in re-
sistance to Cisplatin compared to non-hypermutant 1123R9 
GSCs (Supplementary Figure 2A–E).

We then assessed whether these cells differ in their re-
sponse to RT. Clonogenic assessment of survival revealed 
that hypermutant 1123R7 GSCs were less responsive to RT 
compared to non-hypermutant 1123R9 GSCs (SF2 = 0.67 vs 
0.48, P = .032; Figure 2E). This differential sensitivity to RT 
was confirmed through an in vivo study as hypermutant 
1123R7 tumors exhibit less response to a fractionated RT 
regime (20 Gy/10 fractions) compared to non-hypermutant 
1123R9 (median survival of 32  days vs 44  days respec-
tively; P = .00318; Figure 2F). This suggests that hypermu-
tation at recurrence may indicate a limited response to 
re-irradiation although the mechanisms by which this oc-
curs are still to be elucidated.

Hypermutation Predicts Immunogenicity in 
Immunocompetent Models

Tumor mutational burden predicts immunotherapy re-
sponse across multiple cancer types.16 To investigate 
whether this was true for GBM, we generated recurrent 
GBM by orthotopically injecting the mouse glioma line 
GL261 into NSG mice prior to treatment with either TMZ 
(120  mg/kg) or vehicle as previously published.10 From 
these experiments, we derived three lines (1) a primary un-
treated line (GL261-ctr), (2) a recurrent line following TMZ-
treatment (GL261-TMZ), and (3) an additional recurrent 
line (GL261-TMZ+06BG) which was similarly isolated from 
a TMZ-treated recurrent tumor then treated for an addi-
tional 4 weeks in vitro with TMZ (50 μM) and O6BG (25 μM). 
Of note, these lines were generated in an immune com-
promised NSG mouse to overcome negative selection by 
the immune system, which may result in suppression of 
hypermutated phenotype.

We then investigated the mutational landscape of pri-
mary (GL261-ctr) and recurrent GL261 lines (GL261-
TMZ, GL261-TMZ+O6BG) by performing whole genome 
sequencing (Figure 3B). As expected, the greatest increase 
in mutational burden was seen in GL261-TMZ+O6BG 
cells. These cells displayed all the features character-
istic of hypermutant tumors which included high mu-
tational burden (~112 SNV/Mbp) and enrichment for 
TMZ-associated mutational signature 11 (~90%; Figure 
3B). In contrast, GL261-TMZ cells gained fewer mutations 
(~10 SNV/Mbp) consistent with the limited TMZ impact and 
only a minor enrichment (~24%) for mutational signature 
11 (Figure 3B). As expected, GL261-ctr cells were the most 
similar to the un-injected parental GL261 cell line and had 
an absence of TMZ specific mutational signature 11.

We next sought to evaluate whether hypermutation 
was predictive of greater immunogenicity. To this end, we 
subcutaneously injected GL261 lines into immune com-
petent C57BL/6 mice and evaluated growth (Figure 3C). 
We found a striking difference in tumor growth in C57BL/6 
mice, with significant growth delay of the hypermutant 
GL261-TMZ+O6BG in C57BL/6 compared to GL261-TMZ 
(P  =  6.42  ×  10-13) or GL261-ctr (P  =  2.31  ×  10-8). Notably, 
over half (5/9) of C57BL/6 mice injected with hypermutated 
GL261-TMZ+O6BG displayed rejection of allograft formation 
(Figure 3C, Supplementary Figure 3A). We also performed 
injections into immunocompromised NSG mice to infer the 
role of the immune system in preventing tumor formation 
from hypermutant GL261 cells (Figure 3D). Both GL261-
TMZ and GL261-TMZ+O6BG rapidly grew tumors following 
subcutaneous injection, giving evidence that the failure of 
tumor formation observed in C57BL/6 mice after injection of 
hypermutant GL261-TMZ+O6BG cells is likely due to an im-
mune rejection (Figure 3E). Together, these results suggest 
that injection of subcutaneous hypermutant tumors are suf-
ficient to elicit an immune response in C57BL/6 mice.

Hypermutant Recurrent GBM Exhibits Limited 
Immunogenicity in Orthotopic Settings

Given our observation of robust immune response to 
subcutaneous hypermutant xenografts, we investigated 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
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whether this can be recapitulated in an orthotopic micro-
environment and whether hypermutation might be predic-
tive of anti-PD-1 immune checkpoint inhibitor response. 
Following orthotopic implantation of GL261 cells into im-
munocompetent C57BL/6 mice, we treated with mAb PD-1 
over 4 weeks (Figure 4A). In contrast to the robust immune 
response leading to xenograft rejection in over half of 
GL261-TMZ+O6BG injected into the flank of C57BL/6 mice, 
orthotopic injection of hypermutant GL261 cells resulted 
in 100% of brain tumor formation in GL261-TMZ+O6BG 
mice. Similarly, GL261-ctr and GL261-TMZ also engrafted 
with 100% success rate (Figure 4B). In the absence of PD-1 
inhibitor, there was no statistical difference in survival 
for mice with hypermutated GL261-TMZ+O6BG tumors 
compared to GL261-ctr (21 days vs 25 days; P =  .072) or 
GL261-TMZ (20 days vs 25 days; P = .091). Comparison of 
anti-PD1 treated mice resulted in a survival advantage for 
hypermutant GL261-TMZ+O6BG mice compared to GL261-
crt (26 days vs 15 days; P = 2.16 × 10-4) as well as compared 
to non-hypermutant GL261-TMZ mice (26 days vs 17 days; 
P  =  1.54  ×  10-3). Interestingly, we found no survival im-
provement with use of anti-PD1 treatment on hypermutant 
GL261 tumors consistent with limited efficacy of ICI mono-
therapies in GBM.17–22

Given the striking difference in immune response be-
tween orthotopic vs subcutaneous tumors, we then inves-
tigated whether this could be due to differences in immune 
cell infiltration. Consistent with this hypothesis, CD8 T-cell 
infiltration was significantly greater in subcutaneous 
hypermutant GL261 tumors compared to non-hypermutant 
tumors (P = .0038; Figure 4C, D; Supplementary Figure 4A). 
In contrast, orthotopic tumors had limited CD8 T-cell infil-
tration and this was observed in both non-hypermutant 
GL261-ctl as well as hypermutant GL261-TMZ+O6BG tu-
mors (P  =  .63). Analysis of T-regulatory cells (FOXP3) re-
vealed that there was robust presence of positive cells 
in subcutaneous tumors but an absence of FOXP3 pos-
itive cells in orthotopic tumors (Supplementary Figure 
4B). In contrast, macrophages (F4/80) were present in 
both subcutaneous and orthotopic tumors, however we 
did not observe any differences between hypermutant 
and non-hypermutant tumors (Supplementary Figure 
4B). No differences were observed in CD14 staining be-
tween hypermutant and non-hypermutant tumors 
(Supplementary Figure 4B).

Quantification of Hypermutant Mutational 
Burden Using a Minimal Gene Panel

Despite the loss of MMR functionality in hypermutant 
glioma, microsatellite instability is similar to that of non-
hypermutant tumors5 and is a poor diagnostic marker for 
hypermutation. Similarly, MMR gene mutations whilst 
now accepted to be causal in driving hypermutation are 
not ubiquitously mutated in all hypermutant tumors23,24 
nor do they indicate the level of mutational burden, cre-
ating a need for alternative approaches to identify and 
quantify hypermutation. To derive a minimal gene panel 
which could diagnose hypermutation, we first analyzed 
paired primary and recurrent GBM sequencing datasets 
(taken from ref 12; n = 114 patients). Mutations were spread 

over the whole genome, with no single chromosome exclu-
sively hypermutated in hypermutant GBM (Supplementary 
Figure 5A). With respect to gene-level mutational accu-
mulation, we observed that while many genes were ex-
clusively mutated in hypermutant tumors, no individual 
gene was consistently mutated in all hypermutant GBM, 
indicating that a combination of genes would be neces-
sary for accurate discrimination between hypermutant 
and non-hypermutant tumors (Supplementary Figure 5B). 
Strikingly, among genes exclusively mutated at recurrence 
in hypermutant GBM, a combination of six genes (denoted 
as Hyper-6: LRP1A, PCNX1, KMT2D, DST, SYNE2 and NEB) 
was able to successfully identify 100% of hypermutated 
tumors (Figure 5A). Non-hypermutated tumors were not 
observed to gain mutations in any of these six genes at 
recurrence, allowing 100% accuracy of diagnosis when 
used upon the discovery dataset (Figure 5B). Comparison 
against random gene set permutations highlighted the 
accuracy of the Hyper-6 panel, as the maximum accuracy 
reached with these was 52%, well below the 100% accuracy 
achieved when using the Hyper-6 (Supplementary Figure 
5C). Further investigation of our panel revealed that mu-
tational burden was highly correlated with the number of 
mutations over these six gene sequences but not random 
gene sets (R2 = 0.9777l; Figure 5C, Supplementary Figure 
5D).

Validation of the Hyper-6 panel was performed upon 
an independent dataset comprised of publicly available 
exome sequencing experiments from 31 glioma.6,25–27 
Analysis of these 31 tumors using the Hyper-6 panel iden-
tified 12 tumors as hypermutant (Figure 5D). Eleven of 
those tumors were found to be hypermutant upon exam-
ination of their exome sequencing data (Figure 5E). In all 
cases, non-hypermutant tumors did not gain any muta-
tion in the Hyper-6 panel of genes. Genomic mutational 
burden was again highly correlated with the number of 
mutations over these 6 genes (R2 = 0.8922; Supplementary 
Figure 5E). Notably, the GL261 hypermutant tumors also 
showed a gain in mutations in several of the hypermutant 
genes which paralleled mutational burden (R2  =  0.9877; 
Supplementary Figure 5F)

Extracellular Vesicles Harbor DNA with a 
Hypermutation Signature

Extracellular Vesicles (EVs) are acellular structures released 
from cells which carry DNA, RNA and proteomic cargo rep-
resentative of the parental cell.28–30 To determine whether 
the hypermutant DNA was encapsulated in the vesicular 
compartment, we isolated EVs from hypermutant 1123R7 
GSCs and performed targeted sequencing for the 6-gene 
signature previously identified. Comparison of variants 
from hypermutant 1123R7 GSCs and 1123R7 EVs revealed 
that all six mutations could be detected using either source 
of DNA (Figure 6A). The variant allele frequency (AF) of the 
six variants was highly correlated between the GSC tumor 
DNA and EV DNA (R2 = 0.6094; Figure 6A), suggesting that 
vesicular DNA may closely represent the genomic land-
scape of hypermutant GBM cells. We further investigated 
this correlation using digital droplet PCR (ddPCR) for LRP1 
mutation found in 1123R7 hypermutant GSCs, observing 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
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a closely related variant AF between these two sources of 
DNA (AF = 0.23 vs 0.19, Supplementary Figure 6A, B).

As EVs harbor proteins present in originating cells, we 
then sought to determine whether cancer-specific EVs 
can be discriminated based upon expression of onco-
genic proteins associated with specific disease states.28,31 
This is especially important for future translation towards 
liquid biopsy use, as tumor EVs in biofluids are mixed 
with EVs secreted by non-tumor cells, leading to loss of 
sensitivity of targeted sequencing methods.32 Epidermal 
growth factor receptor (EGFR) is a transmembrane protein 
overexpressed in over half of GBM and sorted into EVs har-
boring EGFR gene amplification, which reflects EGFR onco-
genic alterations from the original GBM tumor, including 
TMZ-resistant GSCs.10,28,31,33 Protein analysis of GSCs 1123 
and 83 identified overexpression of EGFR in these lines 
compared to normal human astrocytes (NHAs), which ex-
pressed minimal EGFR (Figure 6B). Analysis of EVs derived 
from these cells showed a similar pattern where EGFR 
was present only in EVs from the GSCs, but not in NHA 
EVs (Figure 6B). Nano-flow cytometry confirmed the dif-
ferential EGFR expression between NHA and GSCs, sug-
gesting the existence of a robust subset of EGFR-positive 
EVs released from the GSCs cells (Figure 6C). EGFR 
immunoprecipitation (IP) of EVs isolated from 1123R7 
GSCs, which was readily able to enrich for a CD63 vesicular 
fraction (Figure 6D) confirmed our findings. Thus, EGFR 
pulldown methods provide the means to discern tumor-
EVs from EVs secreted by non-tumor cells.

To explore whether IP-based enrichment can increase 
sensitivity of detection, EVs isolated from NHAs or 1123 
GSCs were mixed at a ratio of 1:1000 and then analyzed 
for AF of hypermutant DNA using ddPCR for LRP1 mutant 
and wild-type sequences. Vesicles isolated from 1123R7 
hypermutant GSCs closely mirrored cells, demonstrating 
a variant AF of 43.867%. From the unenriched and IgG 
pulldowns, we observed an AF of 0.351% and 0.120%, re-
spectively (Figure 6E). In comparison, AF of hypermutant 
LRP1 variant in vesicles following EGFR pulldown was 
found to be 6.504%, representing a 21.6-fold increase, 
improving sensitivity compared to unenriched pulldown 
(P  =  .018; Figure 6E). Together our findings suggest the 
utility of using tumor enriched markers to pulldown tumor 
specific EVs which contain genomic material which may be 
useful in the development of minimally invasive diagnostic 
methods for specific disease states such as hypermutation.

Discussion

Despite decades of investigation, GBM recurrence remains 
inevitable despite aggressive upfront treatment with com-
bined resection and chemoradiation. Immunotherapy has 
emerged as a core therapeutic option in multiple cancer 
types over the past few years, enabling the reactivation 
of immune responses against neo-antigen rich tumor 
cells and improved outcome for patients. Highlighting 
the success of this treatment approach across diseases, 
the FDA has now approved specific ICIs for use in defi-
cient MMR/MSI-H tumors irrespective of cancer type.34 
Immunotherapy in brain tumors has failed to meet the 

primary endpoint using ICIs in several clinical trials for 
both primary and recurrent GBM.35,36 Our work supports 
the emergence of hypermutation post-TMZ resistance as 
a distinct subtype from non-hypermutant recurrent GBM. 
We propose that hypermutant recurrent GBM are pheno-
typically and immunologically distinct from their counter-
parts, able to be recognized by immune cells and evoke a 
greater immune response. However, this response is only 
observed in subcutaneous contexts, as immune rejection 
of hypermutant cells is not observed in orthotopic contexts 
and immune response cannot be rescued by anti-PD-1 
ICI therapy. Finally, we show that genomic material from 
hypermutant tumors is present in acellular vesicles which 
may be useful for the development of minimally invasive 
diagnostic tests.

One reason for the failure of immunotherapy in GBM 
is the reportedly “cold” immunological microenviron-
ment. Compared to immunologically “hot” tumors which 
present with high levels of cytotoxic T-cell infiltration within 
the tumor mass, “cold” tumors such as GBM have limited 
infiltration and is often cited as the reason for limited re-
sponse to immunotherapies.37,38 Increasing evidence sug-
gests that immune trafficking to the brain is not as limited 
as previously reported.39 Active suppression of immune 
infiltration by local microenvironmental factors might con-
tribute to an immune “cold” system for GBM.37 Acquisition 
of hypermutation during TMZ treatment increases the mu-
tational burden across the genome (reviewed by our group 
in40) and has been suggested as one way in which a “cold” 
tumor can be converted into a “hot” tumor.41 Our observa-
tions suggest that increasing mutational burden is not suffi-
cient per se to convert GBM to a “hot” tumor. Furthermore, 
our results highlight that the brain microenvironment sup-
presses immune response allowing even highly immuno-
logically targetable tumors such as hypermutant GBM to 
grow minimally impeded by immune responses. Cells spe-
cific to the central nervous system such as microglia have 
been shown to be able to contribute to active immune sup-
pression via release of molecules such as FASL and B7-H1 
which drive apoptosis of T-cells.42,43 Further research to 
identify the mechanisms driving poor response of our PDX 
models in orthotopic contexts will provide new insights 
into specific therapies to modulate immune response for 
CNS tumors.

Several clinical trials using ICIs in primary and recur-
rent GBM setting without biomarkers selection (high-MSI 
or TMB) have failed to show a survival benefit compared 
to standard of care. These studies include Checkmate-498 
(NCT02617589) testing Nivolumab in MGMT unmethylated 
GBM, and Checkmate-548 testing Nivolumab in MGMT 
methylated GBM, in combination with standard 
chemoradiation therapy.35 While using hypermutation as 
a biomarker for ICI therapy has gained increased interest, 
standardized definition of this state of hypermutation has 
yet to be established. In recurrent GBM settings, one trial 
testing Pembrolizumab (NCT02658279) is underway using 
patient selection according to hypermutant status; tu-
mors as either having a mutation count of >30 using the 
MSK-IMPACT panel, mutation in one or more MMR genes 
(MLH1, MSH2, MSH6, PMS2, POLE or POLD), or high 
MSI. Yet this definition of an immunologically susceptible 
hypermutated tumor is extrapolated from other diseases 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac076#supplementary-data
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immunologically and genetically distinct from GBM,16 
which might likely limit its accuracy in recurrent GBM. The 
simple six-gene panel identified in our study represents 
genes exclusively mutated in TMZ-driven hypermutant re-
current GBM and highly correlated with TMB.

Whilst we previously observed that there was a high 
number of vesicles release in vitro release from 1123R7 
cells,10 whether this is maintained in vivo was not evaluated. 
Furthermore, whilst we have provided an initial description 
of pulldown methods for enriching tumor specific EV-DNA 
based on differential protein enrichment of EGFR on tumor 
vs non-tumor EVs, the relevance for these methods for 
liquid biopsy detection of hypermutation are still not estab-
lished for GBM. Microfluidic devices which use antibody 
based enrichment methods to increase detection thresh-
olds are gaining interest and preliminary evidence from 
these reports suggest the validity of this approach.44

Treatment for recurrent GBM patients has stagnated 
for over a decade and most patients receive lomustine, 
Avastin, or re-irradiation as standard protocol regardless 
of molecular features. We propose that hypermutant status 
defines a unique subgroup of recurrent GBM which may 
require a different approach to therapy compared to non-
hypermutant GBM. This study lays the groundwork to fur-
ther evaluate how hypermutation can be integrated into 
personalized treatment to ultimately improve the dismal 
outcome of patients with recurrent GBM.

Supplementary material

Supplementary material is available at Neuro-Oncology 
Advances online.

Keywords

glioblastoma | hypermutation | immune therapy | recur-
rence | Temozolomide

Funding

This project was supported by the Varian Independent Research 
Grant (B.A.). Cancer Research Society grant (JR), Genome 
Quebec grant (JR), and Foundation Charles Bruneau grant (JR); 
JR is the Jack Cole Chair in Pediatric Hematology-Oncology. 
P.D.  was funded by Cedar Cancer Foundation and ABBVIE 
Fellowship Award. 

Acknowledgments

A special thanks to Fazila Chouiali (Research Assistant, 
Pathology Laboratory), Cristiana Spinelli and Lata Adnani for 
helpful discussions as well as to the other members of our re-
search team for their support, patience and understanding.

Conflict of interest statement: Authors declare no conflict of 
interest.

Authorship statement: Experimental contributions (P.D., B.M., 
D.C., K.G., A.P.). Conceptualization and manuscript preparation 
(P.D., B.M., S.S., B.A., J.R.). Manuscript review (P.D., B.M., S.S., 
F.J., J.N.S., G.K., Y.R., J.R., B.A.).

References

1. Alexander  BM, Cloughesy  TF. Adult glioblastoma. J Clin Oncol. 
2017;35(21):2402–2409.

2. Herrlinger  U, Tzaridis  T, Mack  F, et  al. Lomustine-temozolomide com-
bination therapy versus standard temozolomide therapy in patients 
with newly diagnosed glioblastoma with methylated MGMT promoter 
(CeTeG/NOA–09): a randomised, open-label, phase 3 trial. Lancet 
2019;393(10172):678–688.

3. Johnson  BE, Mazor  T, Hong  C, et  al. Mutational analysis reveals 
the origin and therapy-driven evolution of recurrent glioma. Science 
2014;343(6167):189–193.

4. Van Thuijl HF, Mazor T, Johnson BE, et al. Evolution of DNA repair defects 
during malignant progression of low-grade gliomas after temozolomide 
treatment. Acta Neuropathol. 2015;129(4):597–607.

5. Indraccolo  S, Lombardi  G, Fassan  M, et  al. Genetic, epigenetic, and 
immunologic profiling of MMR-deficient relapsed glioblastoma. Clin 
Cancer Res. 2019;25(6):1828–1837.

6. Kim J, Lee IH, Cho HJ, et al. Spatiotemporal evolution of the primary gli-
oblastoma genome. Cancer Cell 2015;28(3):318–328.

7. Wang J, Cazzato E, Ladewig E, et al. Clonal evolution of glioblastoma 
under therapy. Nat Genet. 2016;48(7):768–776.

8. Hassan I, Kotrotsou A, Kamiya-Matsuoka C, et al. A unique MRI-based 
radiomic signature predicts hypermutated glioma genotype. J Clin 
Oncol. 2018;36(15_suppl):2022–2022.

9. Touat M, Li YY, Boynton AN, et al. Mechanisms and therapeutic implica-
tions of hypermutation in gliomas. Nature 2020;580(7804):517–523.

10. Garnier  D, Meehan  B, Kislinger  T, et  al. Divergent evolution of 
temozolomide resistance in glioblastoma stem cells is reflected in ex-
tracellular vesicles and coupled with radiosensitization. Neuro Oncol. 
2018;20(2):236–248.

11. Christians  A, Hartmann  C, Benner  A, et  al. Prognostic value of 
three different methods of MGMT promoter methylation analysis 
in a prospective trial on newly diagnosed glioblastoma. PLoS One. 
2012;7(3):e33449.

12. Chennakrishnaiah  S, Meehan  B, D’Asti  E, et  al. Leukocytes as 
a reservoir of circulating oncogenic DNA and regulatory tar-
gets of tumor-derived extracellular vesicles. J Thromb Haemost. 
2018;16(9):1800–1813.

13. Suzuki R, Shimodaira H. Pvclust: an R package for assessing the uncer-
tainty in hierarchical clustering. Bioinformatics 2006;22(12):1540–1542.

14. Tate JG, Bamford S, Jubb HC, et al. COSMIC: the catalogue of somatic 
mutations in cancer. Nucleic Acids Res. 2019;47(D1):D941–D947.

15. Kitange  GJ, Mladek  AC, Carlson  BL, et  al. Inhibition of histone 
deacetylation potentiates the evolution of acquired temozolomide re-
sistance linked to MGMT upregulation in glioblastoma xenografts. Clin 
Cancer Res. 2012;18(15):4070–4079.



 14 Daniel et al. Hypermutation in recurrent glioblastoma

16. Samstein RM, Lee CH, Shoushtari AN, et al. Tumor mutational load pre-
dicts survival after immunotherapy across multiple cancer types. Nat 
Genet. 2019;51(2):202–206.

17. Ott  PA, Bang  YJ, Piha-Paul  SA, et  al. T-cell-inflamed gene-expression 
profile, programmed death ligand 1 expression, and tumor mutational 
burden predict efficacy in patients treated with pembrolizumab across 
20 cancers: KEYNOTE-028. J Clin Oncol. 2019;37(4):318–327.

18. Reiss SN, Yerram P, Modelevsky L, Grommes C. Retrospective review of 
safety and efficacy of programmed cell death-1 inhibitors in refractory 
high grade gliomas. J ImmunoTher Cancer. 2017;5(1):99.

19. Kurz  SC, Cabrera  LP, Hastie  D, et  al. PD-1 inhibition has only limited 
clinical benefit in patients with recurrent high-grade glioma. Neurology 
2018;91(14):e1355–e1359.

20. Reardon DA, Omuro A, Brandes AA, et al. OS10.3 randomized phase 3 
study evaluating the efficacy and safety of nivolumab vs bevacizumab 
in patients with recurrent glioblastoma: CheckMate 143. Neuro Oncol. 
2017;19(suppl_3):iii21–iii21. 

21. Lukas  RV, Rodon  J, Becker  K, et  al. Clinical activity and safety of 
atezolizumab in patients with recurrent glioblastoma. J Neuro-Oncol. 
2018;140(2):317–328.

22. Caccese M, Indraccolo S, Zagonel V, Lombardi G. PD-1/PD-L1 immune-
checkpoint inhibitors in glioblastoma: a concise review. Crit Rev Oncol 
Hematol. 2019;135(1):128–134.

23. Ritch E, Fu SYF, Herberts C, et al. Identification of hypermutation and de-
fective mismatch repair in ctDNA from metastatic prostate cancer. Clin 
Cancer Res. 2020;26(5):1114–1125.

24. McCord M, Steffens A, Javier R, et al. The efficacy of DNA mismatch re-
pair enzyme immunohistochemistry as a screening test for hypermutated 
gliomas. Acta Neuropathol Commun. 2020;8(1):1–8.

25. Aihara K, Mukasa A, Nagae G, et al. Genetic and epigenetic stability 
of oligodendrogliomas at recurrence. Acta Neuropathol Commun. 
2017;5(1):18.

26. Erson-Omay  EZ, Henegariu  O, Omay  SB, et  al. Longitudinal analysis 
of treatment-induced genomic alterations in gliomas. Genome Med. 
2017;9(1):1–10.

27. Salloum  R, McConechy  MK, Mikael  LG, et  al. Characterizing tem-
poral genomic heterogeneity in pediatric high-grade gliomas. Acta 
Neuropathol Commun. 2017;5(1):78.

28. Al-Nedawi K, Meehan B, Micallef J, et al. Intercellular transfer of the 
oncogenic receptor EGFRvIII by microvesicles derived from tumour cells. 
Nat Cell Biol. 2008;10(5):619–624.

29. Fraser K, Jo A, Giedt J, et al. Characterization of single microvesicles in 
plasma from glioblastoma patients. Neuro Oncol. 2019;21(5):606–615.

30. Vagner T, Spinelli C, Minciacchi VR, et al. Large extracellular vesicles 
carry most of the tumour DNA circulating in prostate cancer patient 
plasma. J Extracell Vesicles 2018;7(1):1505403.

31. Choi D, Montermini L, Kim DK, et al. The impact of oncogenic EGFRvIII on 
the proteome of extracellular vesicles released from glioblastoma cells. 
Mol Cell Proteomics. 2018;17(10):1948–1964.

32. Shao H, Chung J, Lee K, et al. Chip-based analysis of exosomal mRNA 
mediating drug resistance in glioblastoma. Nat Commun. 2015;6(1):1–9.

33. Choi D, Montermini L, Jeong H, et al. Mapping subpopulations of cancer 
cell-derived extracellular vesicles and particles by nano-flow cytometry. 
ACS Nano. 2019;13(9):10499–10511.

34. Lemery  S, Keegan  P, Pazdur  R. First FDA approval agnostic of cancer 
site — when a biomarker defines the indication. N Engl J Med. 
2017;377(15):1409–1412.

35. Bristol Myers Squibb - Bristol-Myers Squibb provides update on phase 3 
opdivo (nivolumab) CheckMate -548 trial in patients with newly diagnosed 
MGMT-methylated glioblastoma multiforme. https://news.bms.com/
news/corporate-financial/2019/Bristol-Myers-Squibb-Provides-Update-
on-Phase-3-Opdivo-nivolumab-CheckMate--548-Trial-in-Patients-with-
Newly-Diagnosed-MGMT-Methylated-Glioblastoma-Multiforme/
default.aspx. (Accessed April 7, 2022)

36. Bristol Myers Squibb - Bristol-Myers Squibb announces results from 
CheckMate -143, a phase 3 study of opdivo (nivolumab) in patients with 
glioblastoma multiforme. https://news.bms.com/news/details/2017/
Bristol-Myers-Squibb-Announces-Results-from-CheckMate--143-a-
Phase-3-Study-of-Opdivo-nivolumab-in-Patients-with-Glioblastoma-
Multiforme/default.aspx. (Accessed April 7, 2022)

37. Thorsson V, Gibbs DL, Brown SD, et al. The immune landscape of cancer. 
Immunity 2018;48(4):812–830.e14.

38. Chakravarthy A, Furness A, Joshi K, et al. Pan-cancer deconvolution of tu-
mour composition using DNA methylation. Nat Commun.2018;9(1):3220.

39. Takeshita  Y, Ransohoff  RM. Inflammatory cell trafficking across the 
blood–brain barrier: chemokine regulation and in vitro models. Immunol 
Rev. 2012;248(1):228–239.

40. Daniel P, Sabri S, Chaddad A, et al. Temozolomide induced hypermuta-
tion in glioma: evolutionary mechanisms and therapeutic opportunities. 
Front Oncol. 2019;9(FEB):41.

41. Hodges TR, Ott M, Xiu J, et al. Mutational burden, immune checkpoint 
expression, and mismatch repair in glioma: implications for immune 
checkpoint immunotherapy. Neuro Oncol. 2017;19(8):1047–1057.

42. Badie  B, Schartner  J, Prabakaran  S, Paul  J, Vorpahl  J. Expression of 
Fas ligand by microglia: possible role in glioma immune evasion. J 
Neuroimmunol. 2001;120(1–2):19–24.

43. Dong  H, Strome  SE, Salomao  DR, et  al. Tumor-associated B7-H1 pro-
motes T-cell apoptosis: a potential mechanism of immune evasion. Nat 
Med. 2002;8(8):793–800.

44. Shao H, Chung J, Balaj L, et al. Protein typing of circulating microvesicles 
allows real-time monitoring of glioblastoma therapy. Nat Med. 
2012;18(12):1835–1840.

https://news.bms.com/news/corporate-financial/2019/Bristol-Myers-Squibb-Provides-Update-on-Phase-3-Opdivo-nivolumab-CheckMate--548-Trial-in-Patients-with-Newly-Diagnosed-MGMT-Methylated-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/corporate-financial/2019/Bristol-Myers-Squibb-Provides-Update-on-Phase-3-Opdivo-nivolumab-CheckMate--548-Trial-in-Patients-with-Newly-Diagnosed-MGMT-Methylated-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/corporate-financial/2019/Bristol-Myers-Squibb-Provides-Update-on-Phase-3-Opdivo-nivolumab-CheckMate--548-Trial-in-Patients-with-Newly-Diagnosed-MGMT-Methylated-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/corporate-financial/2019/Bristol-Myers-Squibb-Provides-Update-on-Phase-3-Opdivo-nivolumab-CheckMate--548-Trial-in-Patients-with-Newly-Diagnosed-MGMT-Methylated-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/corporate-financial/2019/Bristol-Myers-Squibb-Provides-Update-on-Phase-3-Opdivo-nivolumab-CheckMate--548-Trial-in-Patients-with-Newly-Diagnosed-MGMT-Methylated-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/details/2017/Bristol-Myers-Squibb-Announces-Results-from-CheckMate--143-a-Phase-3-Study-of-Opdivo-nivolumab-in-Patients-with-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/details/2017/Bristol-Myers-Squibb-Announces-Results-from-CheckMate--143-a-Phase-3-Study-of-Opdivo-nivolumab-in-Patients-with-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/details/2017/Bristol-Myers-Squibb-Announces-Results-from-CheckMate--143-a-Phase-3-Study-of-Opdivo-nivolumab-in-Patients-with-Glioblastoma-Multiforme/default.aspx
https://news.bms.com/news/details/2017/Bristol-Myers-Squibb-Announces-Results-from-CheckMate--143-a-Phase-3-Study-of-Opdivo-nivolumab-in-Patients-with-Glioblastoma-Multiforme/default.aspx

	Methods
	Cell Culture and Treatment
	Molecular Analysis
	In Vivo Studies
	Whole Genome Sequencing
	Extracellular Vesicle Studies

	Results
	Identification of Hypermutant and Non-Hypermutant Recurrent GBM Subtypes
	Hypermutant GSCs Exhibit MGMT-Independent TMZ Resistance and Radioresistance Compared to Non-Hypermutant GSCs
	Hypermutation Predicts Immunogenicity in Immunocompetent Models
	Hypermutant Recurrent GBM Exhibits Limited Immunogenicity in Orthotopic Settings
	Quantification of Hypermutant Mutational Burden Using a Minimal Gene Panel
	Extracellular Vesicles Harbor DNA with a Hypermutation Signature

	Discussion
	Supplementary material

