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Figure 2. Correlation between EGFR amplifica-
tion status (x-axis) and EGFR gene expression lev-
els (y-axis) as determined by (RT-)QPCR on tumor
DNA or RNA.

a two-fold decrease in tumor content would result in a maximal decrease in Ct value
of one (i.e. one PCR cycle). The EGFR amplification status would change in eight/
thirteen samples showing a change > 2.5 ACt values between primary and recurrent:
Five from amplified to non-amplified (of which three from high copy amplification i.e.
ACt values > 5 to not-amplified) and three from EGFR not amplified to amplified (all
of which resulting in moderate levels of EGFR amplification i.e. ACt values >3 but
< 5). Overall, the EGFR amplification status (dichotomized to either non-amplified or
amplified) remained identical in most tumor pairs (46/55; 84 %, table 2).

Table 2. summary of EGFR and EGFRvIII data

in recurrent tumour

Non-amp Amp n

in primary Non-amp 10 5% 15
tumour Amp 7 33 40
n 17 38 55

in recurrent tumour

Absent Present n

in primary Absent 25 2 27
tumour Present 7 8 15
n 32 10 42

Cutoff value for EGFR amplification is ACt>3 between EGFR and control probes. * Of the samples that change
EGFR status from wt > amplified or from amplified > wt, 9 shown a difference in ACt value > 2.5 between the
primary and recurrent tumor. When considering a change in EGFR amplification status also requires > 2.5
ACt values difference between primary and recurrent tumors, 46/55 (84%) tumors retain their EGFR status.
Only 5 show a difference in ACt value > 3 between the primary and recurrent tumor.
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GBMs can lose EGFRvIII expression at tumor recurrence

The relative expression of EGFRvIII often was lower in recurrent tumors than that
in the primary tumor. Of the 15 tumors with detectable EGFRvIII expression in the
primary tumor, 8 showed a >20% decrease in relative abundance of EGFRvIII tran-
scripts (figure 1D). In fact, in seven out of fifteen EGFRvIII positive tumors at first
surgery, the EGFRVIII variant was lost at the time of progression. These data are in line
with data reported in a different study using an unselected patient cohort'®, although

intratumoral heterogeneity may also explain part of this variability'**’.

Of the 15 tumors with EGFRvIII expression, corresponding EGFR amplification status
was available for 14. The majority of these (9/14) showed a relative increase in EGFR
amplification (ACt between the tumor at initial diagnosis and at recurrency between 0
and 3), eventhough EGFRVIII expression decreased (n=8) or stayed the same (n=1).
In fact only 3/14 showed concordant decrease in EGFR amplification status( > 2.0
ACt values between initial recurrent tumors) and decrease in EGFRVIII expression.

Qualitatively EGFRvIII status (present or absent) remained similar between the prima-
ry and recurrent tumor in 33/42 (79 %) samples: in 25 samples EGFRvIII was absent
from the primary and recurrent tumor, in 8 samples it was expressed in both (table 2).
The loss of EGFRvIII expression may be explained by the hypothesis that EGFRvIII de-
letions occur after EGFR amplification and that individual cells harbor varying levels
of EGFRVIIP. Loss of EGFRvIII expression at tumor recurrent then represents clonal
selection of the tumor. Indeed, gliomas are heterogeneous tumors in which distinct
subpopulations of cells, each with different genetic makeup, exist>*. However, recent
evidence also suggests the genomic EGFRvIII deletion is an early event and that EG-
FRvIIT expression is regulated by the tumor'. In fact, mice experiments demonstrated
that at regrowth, the ratio of EGFRwt/EGFRvIII expression is similar to the primary
tumor even when sorting for EGFRVIII high or low expressing tumor cells* (see also
). Loss of EGFRVIII expression then is a result of epigenetic regulation.

In summary, our data show that, in spite of some quantitative differences, the EGFR
amplification status remains stable in the majority (~84%) of tumors evaluated.
EGFRvIII status also remained similar in 79 % of GBMs; however when focusing on
EGFRvIII expressing tumors, only 50 % retain EGFRvIII expression at recurrence. The
relative stability of EGFR amplification expression therefore indicates that molecular
data obtained in the primary tumor can be used to predict the EGFR status of the
recurrent tumor. Care should be taken in extrapolating EGFRVIII expression, in tri-
als on recurrent glioblastoma that target EGFRVIII mutations a rebiopsy should be
considered.
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Supplementary Figure 1. Correlation Q-PCR with CNV by Oncoscan DX arrays. Three examples showing
Q-PCR results (DCt) and copy number and B-allele frequency of chromosome 7. A: Example 1: EGFR ampli-
fied. Patient CCZ, sample at first diagnosis. EGFR amplficiation is visualized by the focal increase in copy
number. QPCR DCt results for this sample was 8.4. On top of the high copy EGFR ampification, trisomy of
chromosome 7 is seen. B: Example 2: EGFR wt. Patient CBH, sample at first diagnosis. QPCR DCt = 1.0. C:
Example 3: EGFR amplified. Patient CCV, sample at first diagnosis. QPCR DCt = 8.1.
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ABSTRACT

Introduction

The EORTC22033-26033 clinical trial (NCT00182819) investigated whether initial
temozolomide (TMZ) chemotherapy confers survival advantage compared to radio-
therapy (RT) in low grade glioma patients (LGG). In this study we performed gene
expression profiling on tissues from this trial in order to identify markers associated
with progression free survival and treatment response.

Methods

Gene expression profiling, performed on 195 samples, was used to assign tumors to one
of six intrinsic glioma subtypes (IGS; molecularly similar tumors as previously defined
using unsupervised expression analysis) and to determine the composition of immune-
infiltrate. DN'A copy number changes were determined using OncoScan arrays.

Results

We confirm that IGS-subtypes are prognostic in the EORTC22033-26033 clinical trial.
Specific genetic changes segregate in distinct IGS subtypes: most samples assigned to
IGS-9 have IDH-mutations and 1p19q codeletion, samples assigned to IGS-17 have
IDH-mutations without 1p19q codeletion and samples assigned to other intrinsic
subtypes often are IDH-wildtype. A trend towards benefit from RT was observed for
samples assigned to IGS-9 (HR for TMZ is 1.90, P=0.065), but not for samples as-
signed to IGS-17 (HR 0.87, P=0.62). We did not identify genes significantly associated
with progression free survival (PFS) within intrinsic subtypes, though follow-up time
is limited. We also show that LGGs and GBMs differ in their immune-infiltrate which
suggests that LGGs are less amenable to checkpoint inhibitor type immune therapies.
Gene-expression analysis also allows identification of relatively rare subtypes. Indeed,
one patient with a pilocytic astrocytoma (PA) was identified.

Conclusion

Intrinsic glioma subtypes are prognostic for PFS in EORTC22033-26033 clinical trial
samples.
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INTRODUCTION

Low grade or grade II gliomas (LGGs) are a heterogeneous set of primary brain tumors
that mainly occur in the 4™ and 5™ decade of life *. The incidence is relatively low
(< 1 per 100.000 persons/year) and, as they are slow growing tumors, patients have
a relatively favorable prognosis, especially compared to gliomas of higher grade. Nev-
ertheless, LGGs have the tendency to evolve into gliomas of higher grade, and most
patients will ultimately die from the disease **. Based on their histological appearance,
three subtypes of LGG can be distinguished: oligodendrogliomas, astrocytomas and
mixed oligoastrocytomas. The current WHO classification has incorporated molecular
markers (1p19q codeletion, and mutations in the IDH1/2 and ATRX genes) to delin-
eate astrocytoma and oligodendroglioma, but no longer considers oligoastrocytomas
as a separate entity as they cannot molecularly be distinguished from other entities. >*

Treatment options for LGG patients include surgery, radiotherapy (RT) and chemo-
therapy (or combinations thereof), or a watchful waiting strategy can be adopted *°.
Nevertheless, the optimal management of patients with a LGG has remained controver-
sial and only relatively few randomized phase III clinical trials have been performed.
Earlier trials focusing on the effect of RT showed no effect of RT dosing on overall
survival and, in a separate trial, there was no effect of early vs delayed RT after surgery
on overall survival “*. Data from two large randomized clinical trials recently reported
on the efficacy of chemotherapy in LGGs. Firstly, the RTOG9802 clinical trial, ex-
amining the role of the addition of procarbazine, lomustine and vincristine (PCV)
chemotherapy after RT, showed improved survival of this regimen when compared
to RT only . Second, the EORTC22033-26033 clinical trial examined the role of RT
vs temozolomide (TMZ) chemotherapy and found no difference between the two on
progression free survival (PFS) or in quality of life '"'*. Because of the limited follow-

up time, data on overall survival is not available.

Interestingly, correlative molecular marker analysis in the EORCT22033-26033
study identified a subpopulation of patients that benefit from RT: Within the group
of patients harboring tumors with an IDH mutation and in which the 1p and 19q
chromosomal arms were not codeleted (‘Molecular Astrocytomas’), an improved PFS
was noted when they were treated with RT. No such benefit was observed within the
group of IDH-mutated, 1p19q-codeleted tumors (‘Molecular Oligodendrogliomas’) .
We have previously shown that gene-expression profiling and subsequent molecular
subtyping based on the gene-expression profile (intrinsic glioma subtypes) can iden-
tify prognostic subgroups and identify genes and subtypes that are associated with
response to treatment **°, In this study we have therefore performed gene expression
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profiling, and associated immunophenotyping, of 195/477 samples included in the
EORTC22033-26033 clinical trial to identify markers associated with survival and to
aid in the identification of patients that benefit most from RT or TMZ treatment.

METHODS

Patient samples

Patients were considered eligible in the EORTC22033-26033 trial (clinical trial identi-
fier NCT00182819), if they had been diagnosed with a histologically confirmed supra-
tentorial, diffusely infiltrating grade II glioma (either astrocytoma, oligoastrocytoma or
oligodendroglioma) according to the WHO 2006 classification '®. Patients should present
with at least one high-risk feature (age >40 years, progressive tumor disease, tumor size
>5 cm, tumor crossing the midline, neurological symptoms). Details of the eligibility
criteria and the consolidated standards on reporting trials (Consort) flow diagram have
been described previously . Patients were registered for the trial at any time after initial
diagnosis (allowing for tissue collection and molecular analysis) and randomized at a
time-point when treatment was required. A total of 707 patients were registered in the
EORTC22033-26066 study of which 477 were randomized to receive either RT or TMZ.
For this analysis a clinical cut-off date of 17" of January 2013 was used and the database
was locked on 7 of August 2013. IDH mutation status and 1p/19q codeletion status were
obtained as described in Baumert et al ''. MGMT methylation status was determined using
the MGMT-STP27 algorithm based on genome wide methylation array data ' (Bady et al,
submitted). All patients gave written informed consent for correlative molecular analysis.

RNA isolation and array hybridization

Sufficient material for expression analysis was available for 203/477 randomized pa-
tients. Eight samples failed QC so that expression profiles from a total of 195 samples are
presented here. Of these, RNA was isolated from FFPE tissue blocks (n=166) or from
snap frozen tissue samples (n=29). RNA extraction, purification and quantification
from FFPE and FF material was reported previously '*'. Purified RNA (250 ng) was
used for labeling and hybridization on DASL beadchips (Illumina, San Diego, CA) that
were run by Service XS, Leiden, the Netherlands. Expression data were quantile normal-
ized and corrected for batch effects using preprocessCore (Bioconductor) and ber (R)
packages respectively. RNA expression profiles were then assigned to one of six intrinsic
molecular subtypes of glioma as previously defined '®, using the ClusterRepro R package
*_ These intrinsic subtypes can be recapitulated on FFPE material with high concordance
and using various expression profiling platforms "'*'*., SAM analysis was performed
on FFPE samples using SAMR, an R package *'. The SAM approach to identify genes
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associated with treatment response is similar to previously reported ***. Expression data
are available via NCBI GEO datasets, GSE107850. Analysis of the immune infiltrate was
assessed using the immunophenoscore R script (https://github.com/MayerC-imed/Im-
munophenogram) *. Glioblastoma samples of patients treated in the BELOB trial were
used for immunophenotype comparison between low and high-grade gliomas'.

DNA isolation and Genotyping

DNA was extracted for genotyping on a subset of samples using a QlAamp DNA FFPE
tissue kit (Qiagen). Genotyping was performed using the OncoScan FFPE assays Kit
(Affymetrix, Santa Clara, CA), a platform that allows determing copynumber changes
and loss of heterozygosity (LOH) in FFPE samples using molecular inversion probes ***.

Copynumber changes were analyzed using Nexus Express for Oncoscan (Affymetrix).

Statistical analysis

Distribution of frequencies were compared between subtypes using the Chi-squared
test. A Fishers’ exact test was used in case the assumptions for chi-square distribution
were violated as indicated in the respective tables. Kaplan-Meier survival curves were
compared using the log-rank test using the survival package in R*. PFS was calculated
from the time of initial diagnosis/surgery to the date of clinical or radiological progres-
sion or death (whichever occurred first). The significance of prognostic factors was
determined with a multivariate analysis using Cox regression.

RESULTS

Expression data was generated successfully for 195/477 samples and most parameters
were balanced between the “included’ (i.e. those with gene expression data) and the ‘not
included’ cohort. However, the ‘included’ subset contained fewer biopsies, which may be
expected due to the limited amounts of tissue available from this type of material (table
1). The included cohort also contained a higher proportion of astrocytomas and IDH-
wt tumors. Interestingly, both variables are correlated with type of surgery: biopsies are
more frequently performed in WHO2006 astrocytomas compared to non-astrocytomas
(91/189 [48 %] v. 75/287 [26 % |, P < 0.0001) and biopsies are more often performed on
IDH-wt tumors (41/65 [74 %] v. 107/326 [33 % |, P < 0.0001). Despite these differences,
progression free survival of included vs not included patients was similar (39.8 vs 43.8
months respectively, supplementary figure 1). Progression free survival of included vs
not included was also similar within the molecularly defined subgroups ‘IDH-mutated,
1p19q codeleted (molecular olidogendrogliomas)’, ‘IDH-mutated, 1p19q non-codeleted
(molecular astrocytomas)’ and ‘IDH-wt’ (supplementary table 1).
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Table 1. Comparison between included vs not included samples

variable All Included Not inc P
Treatment RT 240 96 144 0.760
TMZ 237 99 138
Type of surgery Biopsy 189 38 151 <0.001*
Partial resection 206 116 90
Total resection 81 41 40
n/a 1 0 1
Histology Astrocytoma 167 51 116 0.002
Oligoastrocytoma 118 51 67
Oligodendroglioma 192 93 99
Performance 0 294 122 172 0.86
1 165 65 100
2 18 8 10
Gender Female 202 85 117 0.71
Male 275 110 165
IDH mutation status Mutated 327 166 161 <0.001
Normal 65 14 51
n/a 85 15 70
1p19q status Codeleted 117 63 54 0.25%
Intact 240 112 128
n/a 120 20 100
MGMT methylation Methylated 113 102 11 1%*
Unmethylated 7 7 0
Age Age (years) mean + SD 44.6+11.7 43.9+11.1 45.1+12.2 0.31
< Median 238 101 137 0.55
> Median 239 94 145

Abbreviations: RT: radiotherapy; TMZ: temozolomide. Performance: ECOG performance score. Chi squared
test comparison between included vs not included samples only; Note on performance score, Chi-square test
without performance score 2 also has P<0.001. *: Chi-squared test performed without n/a samples, **: Fish-
ers’ exact test.

Intrinsic glioma subtypes are prognostic in EORTC22033-26033 trial samples

Expression data from clinical trial samples were assigned to one of six ‘Intrinsic Glioma
Subtypes’ (IGS-9, IGS-16, IGS-17, IGS-18, IGS-22 or IGS-23) as previously defined .
As can be expected in LGGs, the majority of samples were assigned to the prognosti-
cally favorable subtypes IGS-9 and 1GS-17 (n=74 and 115 respectively, figure 1 and
table 2). In concordance with previously published data, samples assigned to IGS-9
predominantly had an IDH mutation (68/69), had 1p19q codeletion (45/68) and were
diagnosed as oligodendroglioma (52/74, supplementary table 2) **'®, Samples assigned
to IGS-17 predominantly contained tumors with an IDH-mutation (97/108), but 1p19q
codeletion was rarely observed (17/102) and tumors were more frequently diagnosed,
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Figure 1. Heatmap showing association of gene-expression with clinical, pathological and other molecular
data (IDH-mutation status, MGMT-promoter methylation status, 1p19q codeletion, intrinsic glioma subtype
and immunophenoscore). As can be seen, most patients assigned to IGS-9 have 1p19q codeletion and are
diagnosed as oligodendrogliomas.

based on local diagnosis, as astrocytoma or oligoastrocytoma (76/115). In the samples
assigned to other molecular subtypes (n = 6), IDH-mutations were infrequent (1/5) as
was 1p19q codeletion (1/5).

Patients with most favorable prognosis were those with tumors assigned to IGS-9 (PFS
53 months) or IGS-17 (PFS 40 months), and patients with worst prognosis were those
assigned to other molecular subtypes (11.8 months, figure 2). Differences between all
groups were significant (logrank P < 0.0001), differences between the two most favor-
able subtypes, IGS-9 and IGS-17, were however, not significant (P=0.17, HR 0.74,
95% CI [0.49-1.13], though this could be related to limited follow-up time in which
relatively few events have occurred. The IGS-‘other’ subtype remained significant in a
multivariate analysis that included other known prognostic factors such as age, type of
surgery, histological diagnosis, treatment and performance score (table 3).

Treatment response per 1GS-subtype

A trend towards benefit from RT compared to TMZ was observed for samples as-
signed to IGS-9 (HR for TMZ is 1.90, 95% CI [0.95, 3.80], P=0.065, figure 3). No
such difference was observed for samples assigned to IGS-17 (HR for TMZ vs RT is
0.87,95% CI[0.50, 1.51], P=0.62). Too few patients were assigned to other molecular
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Table 2. Association between specific genetic changes, histology and IGS-subtype

variable I1GS-9 IGS-17 IGS other notinc P
All samples 74 115 6 282
Treatment RT 38 54 4 144 0.66
TMZ 36 61 2 138
Type of surgery Biopsy 13 22 3 151 0.87
Partial resection 46 67 3 90
Total resection 15 26 0 40
n/a 0 0 0 1
Histology Astrocytoma 11 38 2 116 p<0.001
Oligoastrocytoma 11 38 2 67
Oligodendroglioma 52 39 2 99
Performance 0 58 61 3 172 <0.001
1 16 46 3 100
2 0 8 0 10
Gender Female 35 48 2 117 0.55
Male 39 67 4 165
IDH status Mutated 68 97 1 161 0.09
Normal 1 9 4 51
n/a 5 9 1 70
1p19q status Codeleted 45 17 1 54 <0.001
Intact 23 85 4 128
n/a 6 13 1 100
MGMT Methylated 45 56 1 11 0.04
Unmethylated 0 7 0 02
Age Age (years) mean + SD 47.2+10.7 42.1+11.0 38.8+7.5 45.1+12.2 0.013*%
< 44.6 years 25 72 4 137 <0.001
> 44.6 years 49 43 2 145

Chi squared test comparison between IGS-9 and 1GS-17 only; Note on performance score, Chi-square test
without performance score 2 also has P<0.001. IDH-mutation status was done using a Fishers’ exact test. *:
Anova based on all categories, anova on only IGS-9 and IGS-17: P= 0.002; anova of IGS-9, IGS-17 and IGS-
other: P=0.004.

subtypes to assess response to treatment. Our gene expression data therefore provides
preliminary evidence that patients with tumors assigned to IGS-9 can benefit from RT
whereas no such benefit is observed in tumors assigned to IGS-17. It should be stressed
however, that this is a post-hoc analysis performed on a subset of samples included in
the EORTC22033-26033 clinical trial.

No genes were found to be significantly associated with progression free survival
within molecular subgroups by SAM analysis, also not when subgroups were stratified
by treatment. Identification of such genes may require a more mature dataset.
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Table 3. Multivariate analysis for PF'S

HR SE p 95% CI
Age 0.97 0.01 0.014 0.95-0.99
Type of Surgery Partial resection vs. Biopsy 0.80 0.27 0.424  0.47-1.37
Total resection vs .Biopsy 0.76 0.33 0.409  0.40-1.45

Histology Oligoastrocytoma vs. Astrocytoma 0.87 0.29 0.620  0.49-1.52
Oligodendroglioma vs. Astrocytoma 0.89 0.24 0.650  0.55-1.45
Treatment TMZvs RT 1.41 0.22 0.113 0.92-2.14
Gender Male vs. Female 1.21 0.21 0.375  0.80-1.82
Performance ECOG 1vs. ECOGO 0.77 0.23 0.267 0.49-1.22
ECOG2vs. ECOGO 4.49 045 0.001 1.87-10.73
IGS-subtype IGS-9vs. IGS-17 0.96 0.24 0.864 0.60-1.54

IGS-other vs. IGS-17 7.40 0.50 0.000 2.75-19.89

n= 195, number of events= 101

Immunophenotyping

Transcriptomic analysis has recently proved a valuable tool in the prediction of response
to checkpoint inhibitors in various tumor types. This response prediction is done by a
deconvolution of the gene expression data and subsequent cataloguing of the immune
infiltrate of the tumor *. Immunophenotyping’ has thus far only been performed on
historical and archival samples which makes it difficult to estimate the relevance of
potential confounding clinical and patient parameters. We therefore analysed the im-
mune infiltrate of samples included in the EORTC22033-26033 clinical trial. We also
included data from the BELOB trial, a randomized phase II trial on recurrent glioblas-
tomas (GBM, n= 110, expression data from the initial tumor) to allow comparisons
between LGG and GBM . Such comparison is possible as the GBM samples were run
on the same platform, and processed in batches alongside the EORTC22033-26033
samples. Any analysis involving clinical parameters were analyzed within the indi-
vidual clinical trials to avoid potential patient bias.

In general, LGGs have a slightly lower overall immunophenoscore (IPS, a score derived
from immunophenotyping that is associated with response to checkpoint inhibitors
in melanomas) than GBMs (P =0.004). Specifically, LGGs score higher on checkpoint
(CP) and suppressor cell (SC) populations, but score lower on the effector cell (EC) and
antigen processing (MHC) populations. This difference was apparent per IPS score
(supplementary figure 2). For example, LGGs and GBMs with IPS score of 4 have an
MHC score of respectively 0.86 +0.16 and 1.21 +£0.24 (P < 0.0001, n="77 and n = 25).
Similarly, LGGs with an IPS score of 5 have an SC score of 0.005 + 0.13 whereas GBMs
have a score of -0.29 + 0.18 (P < 0.001).
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Figure 2. Intrinsic glioma subtypes are prognostic for progression free survival in patients treated within the
EORT(C22033-26033 clinical trial. Patients with most favorable prognosis were those with tumors assigned
to IGS-9 (grey) or IGS-17 (dotted), and patients with worst prognosis were those assigned to other molecular
subtypes (black), P<0.0001.

Within the EORTC22033-26033 samples, the Immunophenoscore was significantly
correlated to histological subtype of the tumor (P< 0.001), presence or absence of
IDH mutations (P= 0.03), but not to gender, age, MGMT-promoter methylation
status, 1p19q codeletion or IGS-subtype (Chi squared test). Within the BELOB trial,
correlation between immunophenoscore and IDH-mutations could not be confirmed,
though the number of IDH-mutated tumors in that cohort was low (n=35). In fact,
the immunophenoscore was not associated with any clinical or molecular parameter
in this trial (age, gender, IGS-subtype, treatment, MGMT-promoter or IDH-mutation
status). In neither trial, IPS score was associated with outcome (supplementary figure
3). In summary, IPS score appears to be independent of known clinical and prognostic
molecular markers. Moreover, the higher IPS score in GBMs suggests that LGGs are
less amenable to checkpoint inhibitor type immune therapies.
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Figure 3. Progression free survival stratified by IGS-subtype and treatment: Samples assigned to IGS-9 show
a trend towards benefit from RT compared TMZ (left panel, HR for TMZ is 1.90, P=0.065). No such difference
was observed for samples assigned to IGS-17 (right panel, HR for TMZ vs RT is 0.87, P=0.62. Too few patients
were assigned to other molecular subtypes to assess response to treatment (not shown).

Identification of pilocytic astrocytoma in 22033 clinical trial samples

Three out of the 195 samples were assigned to IGS-16 in the EORTC-22033 dataset.
A hallmark of 1GS-16 is that pilocytic astrocytomas (PAs, gliomas with favorable
prognosis) are almost always assigned to this specific subtype '*. However, this expres-
sion based intrinsic subtype does not only contain PAs; other histological subtypes of
gliomas (including GBMs) may also be assigned to IGS-16. As it is sometimes difficult
to distinguish between pilocytic and grade II astrocytomas by histology, it is therefore
possible that one or more of the three EORTC 22033 samples assigned to IGS-16 are
actually PAs *’. Additional genetic testing to determine diagnosis is therefore required.

We therefore screened for typical genetic hallmarks of PAs (i.e. tandem duplication of
7q34 involving the BRAF locus ** *°) in samples assigned to IGS-16. Genotyping arrays
were used to determine the genetic changes in these samples. One of the three samples
assigned to IGS-16 indeed showed the characteristic tandem duplication on 7q34, and
a lack of other genetic changes (figure 4). The centromeric breakpoint lies within the
BRATF locus. Of note, 12 samples from the TCGA dataset (combined LGG and GBM)
are also assigned to IGS-16 ***, and analysis of the genotype confirms that one of these
samples (TCGA-HT-7691) harbors a BRAF-KIAA1549 gene-fusion (and no other
notable mutations and/or copy number aberrations). Genotyping analysis therefore
indicates that at least one sample of the EORTC22033 clinical trial (and one TCGA

sample in other datasets) can molecularly be classified as a pilocytic astrocytoma.
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Figure 4. Identification of a pilocytic astrocytoma in a sample of the EORTC22033-26033 clinical trial. Three
out of the 195 samples were assigned to IGS-16, a subtype to which pilocytic astrocytomas are assigned. In one
of these samples we identified classical hallmark genetic changes of PAs: a tandem duplication on 7q34 (lower
panel) and a marked absence of other genetic changes (upper panel). The centromeric breakpoint lies within
the BRAF gene between 140.5 and 140.57 Mb, the Q-terminal breakpoint lies between 142.65 and 143.03 Mb.

DISCUSSION

In this study we have performed gene-expression profiling on samples of patients that
were treated within the EORTC22033-26033 clinical trial. We show that intrinsic
glioma subtypes show overlap with histological and molecular subtypes of glioma and
that the IGS- subtypes are prognostic for PFS. Our data are in line with other stud-
ies that demonstrated the prognostic significance of gene-expression-based molecular
subtypes in gliomas, but is only the second to be performed on randomized phase III
clinical trial material "*'®*"**** We confirm earlier observations that specific genetic

13,14,18

changes segregate in defined IGS-subtypes

The randomized phase III clinical trial EORTC22033-26033 was initiated to optimize
treatment for LGG patients. The overall trial result demonstrated equal efficacy of RT
v. TMZ monotherapy in LGG patients both on PFS and quality of life '"'?. Interestingly,
correlative molecular marker analysis provided evidence for reduced benefit from TMZ
in patients with IDH-mutated, 1p19q intact tumors. Our gene expression data did not
support this observation: we show that samples assigned to IGS-17, of which most are
IDH- mutated and 1p19q intact, have equal benefit from RT and TMZ.

The difference in the predictive effect between IGS-subtype and IDH-mutant, 1p19q
codeleted tumors (despite a large degree of overlap in samples), may be explained by
the fact that IGS subtyping probes a different type of tumor characteristic and thus
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is not identical to molecular marker analysis of 1p19q and IDH-status. Analysis of
DNA markers such as 1p19q and IDH-status do not take epi-genetic or phenotypic
variability (such as those associated with tumor grade) into account. Alternatively, our
gene-expression analysis only examined a subset of tumors, and those contained fewer
biopsies and fewer astrocytomas compared to the entire dataset. The difference in the
predictive effect between IGS-subtype and 1p19q (intact or codeleted) in IDH-mutant
tumors may however, at least in part, also be explained by an incorrect determina-
tion of molecular markers. For example, IGS-subtyping has a degree of error due to
e.g. intratumoral heterogeneity or effects of RNA-quality on tumor classification ***°.
Alternatively, the various methods to determine 1p19q codeletion also do not always

give concordant results *"*%.

Several older trials have also analyzed the efficacy of alkylating chemotherapy in 1p19q
intact low grade gliomas. One trial demonstrated efficacy of procarbazine, CCNU and
vincristine (PCV) monotherapy in LGG, and the efficacy was not associated with
1p/19q codeletion (though numbers for correlative marker analysis were small) *. A
separate trial that examined the efficacy of the addition of chemotherapy to RT also
showed that both LGG tumors with and without 1p19q codeletion responded to TMZ,
though tumors with 1p19q codeletion showed a higher response rate *°. Since 1p19q
codeletion is associated with histological subtype, data from the recently published
RTOG9802 trial also confirm the efficacy of combined RT + PCV treatment: efficacy
was observed in all histological subtypes. Similar data, but on grade III gliomas, confirm
the efficacy of PCV chemotherapy in both 1p19q codeleted and non codeleted tumors
#1434 Data from these trials and data obtained in the current study therefore suggest
that alkylating chemotherapy is effective in IDH-mutated, 1p19q intact gliomas, though
it is possible that the response duration is shorter than in 1p19q codeleted gliomas.

Checkpoint inhibitors have recently gained attention as novel therapeutic agents in
various cancer types including GBMs **. Since only a subset of patients benefit from
these treatments, identification of (bio-) markers associated with response is of clinical
relevance. The mutational load, i.e. the number of mutations that lead to a neo-epitope
of the tumor, has been coined as predictive response marker. However, analysis of the
tumors’ immune infiltrate, which can be done by a deconvolution of the gene expression
data, also can identify tumors likely to respond **. Such ‘Immunophenotyping’ has thus
far only been performed on historical and archival samples which makes it difficult to
estimate the relevance of potential confounding clinical and patient parameters. Our
gene expression data from the EORTC22033-26033 and BELOB clinical trials there-
fore can help determine the relevance of immunophenotyping in glioma samples. Our
data show that in neither trial, IPS score was associated with outcome and that the IPS
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score appears to be independent of known clinical and prognostic molecular markers.
Nevertheless, GBMs in general have a higher IPS score and score higher on the effector
cell and antigen processing populations than LGGs (even within defined IPS scores).
These data suggest that LGGs are less amenable than GBMs to checkpoint inhibitor
type immune therapies, which is in concordance with findings from other groups *.

Our gene expression analysis has also identified one patient treated within
EORTC22033-26033 with the hallmark genetic change of PAs: tandem duplication of
7q34. It is important to identify such patients as they have better prognosis and require
a different treatment than diffuse low grade gliomas™. We identified this patient based
on the assignment of the tumor to IGS-16. However, IGS-16 does not only contain PAs:
a few samples (of other histological subtypes with associated poorer prognosis) are also
assigned to IGS-16, which necessitates additional molecular testing. The PA identified
in the EORTC22033-26033 clinical trial also highlights difficulties to distinguish this
tumor type by histology*’. In addition to the EORTC22033-26033 trial sample, we also
identify a PA sample in the TCGA dataset. Additional genomic testing of samples as-
signed to IGS-16 therefore may be warranted.

Tosummarize, gene-expression profiling of samplesincluded in the EORTC22033-26033
clinical trial confirmed the prognostic relevance of IGS subtyping. We failed to find
evidence for differential treatment benefit in one or more specific molecular subgroups.
IGS-subtyping has also identified one PA in the EORTC22033-26033 clinical trial and
one in the TCGA database.

Disclosure of Potential Conflicts of Interest

MJvdB has received grants from Roche and Abbvie, and personal fees from Roche,
Abbvie, Merck AG, Novocure, Cavion, Bristol-Myers Squibb, Novartis, and Actelion.
BT acknowledges financial support from NCIC-CTG, during the conduct of the study.
OC reports grants, personal fees and non-financial support from Roche, and personal
fees from Ipsen and AstraZeneca. RS received non-financial support from Novocure;
and honoraria from Roche, Merck KGaA, MSD, Merck, and Novartis. BGB reports
personal fees from Merck Sharp & Dohme (MSD). MEH has received grants from
Orion, service fees from Novocure, and has served on advisory board from BMS, and
received non-financial support from MDxHealth. The other authors declare that they
have no conflict of interest.

Role of the Funding Source

The financial sponsors of the study had no role in the study design and in the collec-
tion, analysis and interpretation of data.

138



1GSs are prognostic for PFS in EORTC 22033-26033 clinical trial samples

REFERENCES

10.

11.

12.

13.

14.

15.

16.

Ostrom QT, Gittleman H, Fulop J, et al. CBTRUS Statistical Report: Primary Brain and Central
Nervous System Tumors Diagnosed in the United States in 2008-2012. Neuro-oncology. 2015;17
Suppl 4:iv1-iv62.

Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health Organization Classification of
Tumors of the Central Nervous System: a summary. Acta Neuropathol. 2016;131(6):803-820.
Sanai N, Chang S, Berger MS. Low-grade gliomas in adults. ] Neurosurg. 2011;115(5):948-965.
Soffietti R, Baumert BG, Bello L, et al. Guidelines on management of low-grade gliomas: report
of an EFNS-EANO Task Force. Eur ] Neurol. 2010;17(9):1124-1133.

Sahm F, Reuss D, Koelsche C, et al. Farewell to oligoastrocytoma: in situ molecular genetics favor
classification as either oligodendroglioma or astrocytoma. Acta Neuropathol. 2014;128(4):551-
559.

Ryken TC, Parney I, Buatti J, Kalkanis SN, Olson JJ. The role of radiotherapy in the man-
agement of patients with diffuse low grade glioma : A systematic review and evidence-based
clinical practice guideline. J Neurooncol. 2015;125(3):551-583.

Karim AB, Maat B, Hatlevoll R, et al. A randomized trial on dose-response in radiation
therapy of low-grade cerebral glioma: European Organization for Research and Treatment
of Cancer (EORTC) Study 22844. International journal of radiation oncology, biology, physics.
1996;36(3):549-556.

van den Bent MJ, Afra D, de Witte O, et al. Long-term efficacy of early versus delayed ra-
diotherapy for low-grade astrocytoma and oligodendroglioma in adults: the EORTC 22845
randomised trial. Lancet. 2005;366(9490):985-990.

Shaw E, Arusell R, Scheithauer B, et al. Prospective randomized trial of low- versus high-dose
radiation therapy in adults with supratentorial low-grade glioma: initial report of a North
Central Cancer Treatment Group/Radiation Therapy Oncology Group/Eastern Cooperative
Oncology Group study. J Clin Oncol. 2002;20(9):2267-2276.

Buckner JC, Shaw EG, Pugh SL, et al. Radiation plus Procarbazine, CCNU, and Vincristine in
Low-Grade Glioma. N Engl ] Med. 2016;374(14):1344-1355.

Baumert BG, Hegi ME, van den Bent MJ, et al. Temozolomide chemotherapy versus radio-
therapy in high-risk low-grade glioma (EORTC 22033-26033): a randomised, open-label, phase
3 intergroup study. Lancet Oncol. 2016;17(11):1521-1532.

Reijneveld JC, Taphoorn MJ, Coens C, et al. Health-related quality of life in patients with high-
risk low-grade glioma (EORTC 22033-26033): a randomised, open-label, phase 3 intergroup
study. Lancet Oncol. 2016;17(11):1533-1542.

Erdem-Eraslan L, Gravendeel LA, de Rooi J, et al. Intrinsic molecular subtypes of glioma are
prognostic and predict benefit from adjuvant procarbazine, lomustine, and vincristine che-
motherapy in combination with other prognostic factors in anaplastic oligodendroglial brain
tumors: a report from EORTC study 26951. J Clin Oncol. 2013;31(3):328-336.

Erdem-Eraslan L, van den Bent MJ, Hoogstrate Y, et al. Identification of patients with recurrent
glioblastoma who may benefit from combined bevacizumab and CCNU therapy, a report from
the BELOB trial. Cancer Res. 2016;76(3):525-534.

French PJ, Swagemakers SMA, Nagel JHA, et al. Gene expression profiles associated with treat-
ment response in oligodendrogliomas. Cancer Res. 2005;65(24):11335-11344.

Louis DN. Molecular pathology of malignant gliomas. Annual review of pathology. 2006;1:97-
117.

139




Chapter 7

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

140

Bady P, Sciuscio D, Diserens AC, et al. MGMT methylation analysis of glioblastoma on the
Infinium methylation BeadChip identifies two distinct CpG regions associated with gene silenc-
ing and outcome, yielding a prediction model for comparisons across datasets, tumor grades,
and CIMP-status. Acta Neuropathol. 2012;124(4):547-560.

Gravendeel LA, Kouwenhoven MC, Gevaert O, et al. Intrinsic gene expression profiles of glio-
mas are a better predictor of survival than histology. Cancer Res. 2009;69(23):9065-9072.
Gravendeel LA, de Rooi JJ, Eilers PH, van den Bent M]J, Sillevis Smitt PA, French PJ. Gene
expression profiles of gliomas in formalin-fixed paraffin-embedded material. Br J Cancer.
2012;106(3):538-545.

Kapp AV, Tibshirani R. Are clusters found in one dataset present in another dataset? Biostatis-
tics (Oxford, England). 2007;8(1):9-31.

Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays applied to the ionizing
radiation response. Proc Natl Acad Sci U S A. 2001;98(9):5116-5121.

van den Bent MJ, Gravendeel LA, Gorlia T, et al. A hypermethylated phenotype is a better
predictor of survival than MGMT methylation in anaplastic oligodendroglial brain tumors: a
report from EORTC study 26951. Clin Cancer Res. 2011;17(22):7148-7155.

Charoentong P, Finotello F, Angelova M, et al. Pan-cancer Immunogenomic Analyses Reveal
Genotype-Immunophenotype Relationships and Predictors of Response to Checkpoint Block-
ade. Cell Rep. 2017;18(1):248-262.

Foster JM, Oumie A, Togneri FS, et al. Cross-laboratory validation of the OncoScan(R) FFPE
Assay, a multiplex tool for whole genome tumour profiling. BMC medical genomics. 2015;8:5.
Hardenbol P, Baner J, Jain M, et al. Multiplexed genotyping with sequence-tagged molecular
inversion probes. Nat Biotechnol. 2003;21(6):673-678.

A Package for Survival Analysis in S [computer program]. Version 2.382015.

Korshunov A, Meyer J, Capper D, et al. Combined molecular analysis of BRAF and IDH1 dis-
tinguishes pilocytic astrocytoma from diffuse astrocytoma. Acta Neuropathol. 2009;118(3):401-
405.

Jones DT, Kocialkowski S, Liu L, et al. Tandem duplication producing a novel oncogenic BRAF
fusion gene defines the majority of pilocytic astrocytomas. Cancer Res. 2008;68(21):8673-8677.
Hasselblatt M, Riesmeier B, Lechtape B, et al. BRAF-KIAA1549 fusion transcripts are
less frequent in pilocytic astrocytomas diagnosed in adults. Neuropathol Appl Neurobiol.
2011;37(7):803-806.

Cancer Genome Atlas Research N, Brat DJ, Verhaak RG, et al. Comprehensive, Integrative
Genomic Analysis of Diffuse Lower-Grade Gliomas. N Engl ] Med. 2015;372(26):2481-2498.
Ceccarelli M, Barthel FP, Malta TM, et al. Molecular Profiling Reveals Biologically Discrete
Subsets and Pathways of Progression in Diffuse Glioma. Cell. 2016;164(3):550-563.

Brennan CW, Verhaak RG, McKenna A, et al. The somatic genomic landscape of glioblastoma.
Cell. 2013;155(2):462-477.

Li A, Walling J, Ahn S, et al. Unsupervised analysis of transcriptomic profiles reveals six glioma
subtypes. Cancer Res. 2009;69(5):2091-2099.

Phillips HS, Kharbanda S, Chen R, et al. Molecular subclasses of high-grade glioma predict
prognosis, delineate a pattern of disease progression, and resemble stages in neurogenesis.
Cancer Cell. 2006;9(3):157-173.

Sottoriva A, Spiteri I, Piccirillo SG, et al. Intratumor heterogeneity in human glioblastoma
reflects cancer evolutionary dynamics. Proc Natl Acad Sci U S A. 2013;110(10):4009-4014.



1GSs are prognostic for PFS in EORTC 22033-26033 clinical trial samples

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Parker NR, Hudson AL, Khong P, et al. Intratumoral heterogeneity identified at the epigenetic,
genetic and transcriptional level in glioblastoma. Sci Rep. 2016;6:22477.

Horbinski C, Nikiforova MN, Hobbs J, et al. The importance of 10q status in an outcomes-based
comparison between 1p/19q fluorescence in situ hybridization and polymerase chain reaction-
based microsatellite loss of heterozygosity analysis of oligodendrogliomas. J Neuropathol Exp
Neurol. 2012;71(1):73-82.

Jha P, Sarkar C, Pathak P, et al. Detection of allelic status of 1p and 19q by microsatellite-based
PCR versus FISH: limitations and advantages in application to patient management. Diagn Mol
Pathol. 2011;20(1):40-47.

Buckner JC, Gesme D, Jr., O’Fallon JR, et al. Phase II trial of procarbazine, lomustine, and vin-
cristine as initial therapy for patients with low-grade oligodendroglioma or oligoastrocytoma:
efficacy and associations with chromosomal abnormalities. J Clin Oncol. 2003;21(2):251-255.
Kaloshi G, Benouaich-Amiel A, Diakite F, et al. Temozolomide for low-grade gliomas: predictive
impact of 1p/19q loss on response and outcome. Neurology. 2007;68(21):1831-1836.
Cairncross G, Wang M, Shaw E, et al. Phase III trial of chemoradiotherapy for anaplastic oligo-
dendroglioma: long-term results of RTOG 9402. J Clin Oncol. 2013;31(3):337-343.
Cairncross JG, Wang M, Jenkins RB, et al. Benefit from procarbazine, lomustine, and vincristine
in oligodendroglial tumors is associated with mutation of IDH. J Clin Oncol. 2014;32(8):783-
790.

van den Bent M]J, Brandes A A, Taphoorn M]J, et al. Adjuvant procarbazine, lomustine, and
vincristine chemotherapy in newly diagnosed anaplastic oligodendroglioma: long-term follow-
up of EORTC brain tumor group study 26951. J Clin Oncol. 2013;31(3):344-350.

Dubbink HJ, Atmodimedjo PN, Kros JM, et al. Molecular classification of anaplastic oligoden-
droglioma using next-generation sequencing: a report of the prospective randomized EORTC
Brain Tumor Group 26951 phase I1I trial. Neuro-oncology. 2016;18(3):388-400.

Bouffet E, Larouche V, Campbell BB, et al. Immune Checkpoint Inhibition for Hypermutant
Glioblastoma Multiforme Resulting From Germline Biallelic Mismatch Repair Deficiency. J Clin
Oncol. 2016.

Larkin J, Chiarion-Sileni V, Gonzalez R, et al. Combined Nivolumab and Ipilimumab or Mono-
therapy in Untreated Melanoma. N Engl ] Med. 2015;373(1):23-34.

Sundar R, Cho BC, Brahmer JR, Soo RA. Nivolumab in NSCLC: latest evidence and clinical
potential. Therapeutic advances in medical oncology. 2015;7(2):85-96.

Eggermont AM, Chiarion-Sileni V, Grob JJ, et al. Prolonged Survival in Stage III Melanoma
with Ipilimumab Adjuvant Therapy. N Engl ] Med. 2016;375(19):1845-1855.

Berghoff AS, Kiesel B, Widhalm G, et al. Correlation of immune phenotype with IDH mutation
in diffuse glioma. Neuro-oncology. 2017.

Collins VP, Jones DT, Giannini C. Pilocytic astrocytoma: pathology, molecular mechanisms and
markers. Acta Neuropathol. 2015;129(6):775-788.

141




Chapter 7

Supplementary Table 1. Survival per molecular subtype included vs not included

Molecular subset inc/not inc n events median 0.95LCL 0.95UCL
all patients included 195 101 43.5 37.7 52.7
not included 282 161 39.8 35.3 47.7
IDH-mutated, 1p19q codeleted included 60 26 55.1 35.3 NR
not included 44 15 NR 41.2 NR
IDH-mutated, 1p19q intact included 92 47 46.5 40.5 56.8
not included 73 37 48.2 34.7 NR
IDH-wt included 14 10 16.6 9.6 NR
not included 51 42 20.6 15.1 27.3

NR: not reached

Supplementary Table 2. correlation of molecular markers with IGS-subtype

IDH status 1p19q status I1GS-9 I1GS-17 IGS-other not included
IDH mutated 1p19q 43 17 0 44
no codel 20 71 1 73
undetermined 5 9 0 44
IDH wt 1p19q 0 0 1 6
no codel 0 7 3 32
undetermined 1 2 0 13
IDH undetermined 1p19q 2 0 0 4
no codel 3 7 0 23
undetermined 0 2 1 43
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Supplementary Figure 1. Survival between ‘included’ and ‘not-included’ (i.e. those in which gene expression
analysis was performed or not). No differences between included and not included were identified, also not
when stratified by molecular subgroup (IDH-mutation and 1p19q codeletion, not shown).
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Supplementary Figure 2. Immunophenotypes in 22033 and BELOB clinical trials. A: distribution of IPS
scores in the EORTC22033-26033 (LGG) and BELOB (GBM) clinical trials. As can be seen, GBMs tend to
have higher IPS scores than LGGs. Other figures represent the immune infiltrate per IPS score stratified by
the EORTC22033-26033 (LGG) and BELOB (GBM) trials. As can be seen, GBMs have more MHC expression
(B) and higher effector cell population (C) per IPS score. In contrast LGGs have higher suppressor and im-

munemodulator (D and E).
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General discussion and future perspective

Diffuse gliomas are the most common type of malignant primary brain tumors. New
treatment options are urgently needed as the prognosis for the majority of glioma
patients remains dismal. Novel therapies may be developed if we have a better un-
derstanding on the oncogenic pathways involved. In this thesis, we focused on the
molecular function and clinical implication of mutations in IDH1 and EGFR, which
are involved in the oncogenesis of two distinct subtypes of diffuse gliomas.

ONCOGENIC BIOLOGY OF IDH MUTATIONS

Tumors depend on their acquired genetic changes for growth and therefore these
changes are good targets for treatment. Several large-scale sequencing studies on
diffuse gliomas have identified common genetic events that drive oncogenesis in the
various glioma subtypes. One of the most common genetic changes in diffuse low grade
gliomas (LGG) involves the IDHI gene. Mutations in IDH1 (or similar mutations in
IDHZ2) belong to the earliest genetic changes in LGGs and they are almost always clonal
(i.e. present in all tumor cells). Mutations in IDH1 or IDH2 alter the normal function
of these proteins and result in an enzyme with a novel activity whereby D2HG is
produced. Patients with IDH-mutated gliomas have a better prognosis and benefit more
from chemotherapy/radiation therapy than patients with IDH wildtype gliomas [1, 2].

Since mutations in IDH genes are amongst the most common identified in LGGs, and
because of their clonality and mutation-specific enzymatic activity, they are considered
a good target for therapy. Indeed, inhibitors targeting the mutant-specific activity have
been developed and these are currently being tested for clinical activity. Although
promising clinical responses have been reported in acute myeloid leukemia (AML)
patients, the clinical benefit for glioma patients has thus-far been limited [3-5], though
the field is still awaiting reports on the clinical trials. The response to IDH inhibitors
in AML patients is also remarkable considering the fact that mutations in AML are
most-often subclonal, indicating that the tumor was not dependent on the mutation for
initial growth. Additional research into the molecular mechanisms affected by mutant
IDH1 and IDH2 therefore is required. However, this research is hampered because
there are only few preclinical model systems of IDH-mutated gliomas.

In this thesis, we have described the generation of two model systems for IDH-mutated
gliomas. In Chapter 2 we report on an in vivo transgenic zebrafish model system for
IDH1 mutations with CNS-specific expression at the early stage of the embryonic
development. Although the D2HG level was significantly increased, our zebrafish re-
mained healthy and no tumors were formed in our models, also not in a Tp53 mutant
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background. Although other transgenic model systems for Idh mutations (mice and
drosophila) developed phenotypes (brain hemorrhage or wing expansion defects),
thusfar no gliomas were identified in any of the in vivo animal model systems [6, 7].
This absence suggests that IDH mutations alone are insufficient to initiate glioma
formation. However, expression of mutant IDH1 in the subventricular zone did result
in precancerous subventricular nodules, which suggests involvement of mutant IDH
at the early stages of tumor development [8]. The absence of full blown tumors is in
contrast to AML where hematopoietic expression of IDH mutations alone is sufficient
to initiate leukemia in several mouse models and mutant IDH is involved in maintain-
ing the malignancies [9-12].

There are several possibilities as to why no gliomas are formed in the in-vivo model
systems. Perhaps additional genetic changes should be incorporated including (a
combination of) mutations in TP53, ATRX and/or other, less-common, mutations.
Alternatively, the model systems created to-date did not target the correct cell of origin
for gliomas. In this case, alternative promoters should be used to drive expression of
mutant IDH.

In Chapter 3 we report on establishing short term cultures of LGGs and show that
these cultures retain mutant tumor cells and other driver mutations (albeit at a lower
VAF compared to the VAF in the original tumor) and therefore may offer an in vitro
assay to study downstream pathway alterations and to determine the efficacy of (new)
therapeutics. As only very few IDH-mutated primary tumor lines have been estab-
lished to date, and those that have contain many more genetic changes and may even
no longer be dependent on the mutation for growth, our assay is a welcome addition
to study LGGs. Apart from primary patient-derived lines [13], other options to create
in vitro model systems include the creation of tumor models using human-induced
pluripotent stem cells (HiPSCs) by transforming neuro progenitor cells (NPCs) [14].

The importance of further examining the molecular pathways affected by IDH1 muta-
tions is shown in Chapter 4 where we identify a novel pathway that is inhibited by
mutant IDH1. Our results demonstrate that MUL1 is a novel binding partner of IDH1
and its function in activating NF-kB is inhibited in IDHI-mutated cells, ultimately
leading to less sensitivity to TNFa-induced apoptosis. The data described in this chap-
ter can help understand gliomagenesis and identify novel targets for treatment in IDH
mutant gliomas.

Generation of proper model systems is important as it will help understand clinical
responses to IDH inhibitors. For example, IDH inhibitors initially showed prominent
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efficacy in inhibiting tumorigenic properties of different cancer cell lines with IDH
mutations [15-17] in vitro and in vivo, though some of the more recent studies failed to
confirm this observation [16, 18]. Other therapies for IDH-mutated tumors can also be
further explored in these model systems. For example, Sulkowski et al. showed that the
IDH mutation-induced D2HG-dependent deficiency in DNA homologous recombina-
tion, results in sensitivity to PARP inhibitor treatment [19]. Alternatively, IDH-mutant
cells are highly dependent on the level of NAD + and inhibiting the NAD + salvage
pathway resulted in cytotoxicity of IDH-mutant cells [18].

It should also be noted that inhibiting D2HG production of IDH mutation may pose
a risk to patients. For example, IDH-mutated gliomas are more sensitive to chemo-
therapy and radiotherapy due to impaired DNA repair system[17, 20]. As such, inhibit-
ing mutant IDH activity may actually antagonize chemotherapy efficacy. These data
demonstrate that further research to better understand the biology of IDH mutations
in gliomas is required.

The overall results of the randomized phase III European Organization for Research
and Treatment (EORTC) 22033-26033 clinical trial did not show differences in clinical
efficacy between radiotherapy (RT) vs temozolomide (TMZ) [21]. In Chapter 7, we
sub-grouped LGGs from the EORTC22033-26033 clinical trial into previously defined
intrinsic glioma subtypes (IGS) using gene expression profiling. We have confirmed
the prognostic value of IGS. LGG assigned to IGS-9 (most were IDH-mutated with
1p19q codeletion) benefited more from RT than from TMZ whereas this benefit was
not observed in IGS-17 (most were IDH-mutated with intact 1p19q). However, we
did not identify predictive markers for response to treatment and it is of note that the
follow-up time was limited.

ONCOGENIC BIOLOGY OF MUTATIONS IN EGFR

Activating mutations in EGFR have been identified in various cancer types. Interest-
ingly, different mutations in this gene are found in different types of cancer. For ex-
ample, EGFRVIII is frequently identified in GBMs whereas over 40 % of non-small cell
lung cancer (NSCLC) patients with EGFR mutations carry the EGFR L858R mutation.
Both EGFRvIII and EGFR L858R result in a constitutively active form of EGFR, which
activates signaling pathways involved in cell proliferation, differentiation and survival.
It should be noted that common EGFR mutations in NSCLC are mainly within the
tyrosine kinase domain, whereas common EGFR mutations in GBMs are mainly in
the extracellular domain of the receptor. Importantly, EGFR has been considered as a
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good therapeutic target for EGFR-mutated GBMs as preclinical models demonstrated
sustained dependency on the mutation [22, 23]. However, and in marked contrast to
EGFR-mutated pulmonary adenocarcinoma, inhibiting EGFR phosphorylation by
tyrosine kinase inhibitors (TKIs) did not decrease tumor growth nor improve survival,
despite the fact the EGFR phosphorylation was effectively inhibited, also in patients
(at least for gefitinib) [24-28]. This suggests that an additional oncogenic function
of EGFR is required for tumor growth in gliomas. In this thesis, we first examined
whether EGFR remains a target for therapy in recurrent GBMs. In Chapter 6, we
show that EGFR amplification in the majority (85 %) of the primary GBMs is retained
at recurrence. However, only about 50 % of EGFRvIII-positive primary GBMs retained
EGFRvIII expression at recurrence. Therefore, care should be taken in using EGFRvIII
as target as its status may change [29]. In Chapter 5, we have also further examined
EGFR and its signaling pathway to understand the differences in treatment response
between gliomas and pulmonary adenocarcinomas. We have identified mutant-specific
binding partners for different EGFR mutations (EGFRvIII and EGFR L858R), which
each activated distinct downstream pathways.

In the future, further research into the molecular pathways affected by EGFR is re-
quired to understand the lack of treatment response to EGFR TKIs of glioma patients.
The proteins and pathways identified in Chapter 5 may serve as a starting point to
provide new insights for treatment development. Apart from the role of EGFR in signal
transduction, several studies have reported a role of EGFR in the nucleus, where it di-
rectly binds to DNA and induces transcription of various genes [30-32]. Indeed, several
of the mutation-specific EGFR-binding partners have a presumed role in the nucleus.
This role may be mutation specific as EGFRvIII reportedly has a higher presence in the
nucleus than EGFR L858R [33]. Therefore, future research should also include nuclear
EGFR as potential treatment target in gliomas.
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SUMMARY

Diffuse gliomas are the most frequent malignant brain tumors in adults, with an
incidence of ~ 5 per 100 000 persons in United States each year. With the WHO
2016 classification, diffuse gliomas are grouped into astrocytomas (WHO grade II and
grade III), oligodendrogliomas (grade II and III) and glioblastomas (grade IV) based
on presence of specific molecular changes (e.g. isocitrate dehydrogenase 1/2 (IDH1/2)
mutations) and histological appearance. Current treatments for diffuse glioma patients
include surgical resection followed by radiotherapy alone or in combination with
chemotherapy. However, progression almost always occurs and most patients eventu-
ally die from the disease. To improve the clinical outcome of glioma patients, there
is considerable need for novel treatment options. This requires both development of
appropriate model systems and a better understanding of the molecular pathways
affected by driver mutations within different glioma subgroups. In this thesis we there-
fore describe two novel model systems and analyzed in detail the effects of IDH1 and
EGFR mutations in glioma.

In Chapter 2, we describe the generation of a zebrafish model system for IDHI-
mutated gliomas. We have generated over ten different transgenic zebrafish models
that expressed IDH1 mutants under the control of various CNS-specific promoters. A
significant increase in the level of D2HG was observed in all transgenic lines express-
ing IDHI*"*¢ or IDHI1*"*" and the elevated D2HG levels could be lowered by treat-
ment of the transgenic zebrafish with an inhibitor of mutant IDH1 activity. However,
despite increased levels of D2ZHG we did not identify a strong phenotype as previously
described in other in vivo IDH-mutated model systems (e.g. brain hemorrhage in the
mouse model or defect wing expansion in the drosophila model). No tumor was ob-
served in our transgenic zebrafish models nor CNS-specific tumors when backcrossing
with tp53-mutant fish. Therefore, our study suggested that IDH1 mutation alone is not
sufficient to promote tumorigenesis. A different model system for IDH mutated tumors
is described in Chapter 3, where we have established short-term cultures of primary
IDH-mutated gliomas, including those with 1p19q co-deletion. Despite a rapid reduc-
tion in the number of viable tumor cells, we were able to show that that inhibiting
mutant IDH activity does not affect the number or viability of tumor cells. These data
are important as they caution the clinical efficacy of these inhibitors.

Studying the molecular pathways affected by driver genes may lead to the identifica-
tion of novel treatment targets. In Chapters 4 and 5, we therefore studied in detail the
molecular pathways affected by mutant IDH1 or EGFR. In Chapter 4, we demonstrated
Mull is a novel binding partner of both wildtype and mutant IDH1 and its role in regu-
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lating the NF-KB pathway is inhibited in IDH1*"**"cells. This deregulation may explain
why IDH-mutated glioma remain proliferating and suggest MUL1 may be a target for
treatment in IDH-mutated gliomas. In Chapter 5, we aimed to understand why target-
ing EGFR in pulmonary adenocarcinomas provided clinical benefit whilst targeting in
GBMs has no effect. We made different, tumor-specific, EGFR mutation constructs and
identified mutation-specific binding partners. This differential binding between EGFR
and other proteins likely results in differential activation of downstream pathways
and cell migration. Our observations that each mutation activates unique pathways
may help explain the disappointing results from clinical trials in GBM patients and
argue for the development of mutation specific inhibitors. In Chapter 6 we studied
the stability of specific mutations in EGFR. This is important as specific mutations
function as treatment targets. We show ~ half of patients expressing EGFRvIII, an
in-frame deletion of exons 2-7, lost the mutation at tumor recurrence. Therefore our
results caution the use of treatments targeting EGFRVIII at tumor progression when
using molecular data from the primary tumor.

In Chapter 7, we grouped patients from the European Organization for Research
and Treatment of Cancer (EORTC) 22033-26033 clinical trial into intrinsic glioma
subtypes (IGS), molecular subtypes based on gene expression profile. We showed that
IGS are prognostic for progression free survival but did not find additional markers
associated with survival or treatment response.

In summary, in this thesis, we describe both in vitro and in vivo model systems for
IDH-mutated gliomas and describe novel mutation-specific functional consequences of
both IDH1 and EGFR. Our data will help identify novel treatment options for glioma
patients and will allow selection of patients that are responsive to treatment.



Samenvatting

SAMENVATTING

Diffuse gliomen zijn de meest voorkomende vorm van kwaadaardige hersentumoren
bij volwassenen, met een incidentie van ongeveer 5 per 100 000 personen per jaar.
Diffuse gliomen worden, volgens de WHO 2016 classificatie van hersentumoren, on-
derverdeeld in astrocytomen (graad II en III), oligodendrogliomen (graad II en III) en
glioblastomen (graad IV). Deze indeling wordt gemaakt op basis van de aanwezigheid
van specifieke moleculaire veranderingen (b.v. mutaties in de isocitraat dehydrogenase
1 of 2 genen [IDH1/2]) en histologische kenmerken. De standaardbehandeling van gli-
omen is een chirurgische resectie gevolgd door radiotherapie, al dan niet gecombineerd
met chemotherapie. Echter, na verloop van tijd treedt altijd progressie op en de meeste
patiénten overlijden uiteindelijk ook aan de ziekte. Vanwege de ernst van de ziekte
is er een grote behoefte aan nieuwe behandelmogelijkheden. Dit vereist zowel ont-
wikkeling van betere wetenschappelijke modelsystemen als een uitgebreidere kennis
van de moleculaire processen in de verschillende glioom subtypen. In dit proefschrift
beschrijven we twee nieuwe modelsystemen en analyseren we in detail de effecten van
IDH1 en EGFR mutaties in gliomen.

In hoofdstuk 2 beschrijven we een nieuw modelsysteem in zebravissen voor gliomen met
een IDHI1 mutatie. Hiervoor zijn in totaal meer dan tien verschillende lijnen gemaakt,
allen met een net iets andere variant van het IDH1 gen (of een verschillende promoter).
In alle lijnen die IDH1™"*C of IDH1*"**" tot expressie brachten vonden we een verhoogde
concentratie van het D2HG metaboliet. Deze verhoging wordt ook in patiénten waar-
genomen en kon effectief verlaagd worden door het behandelen van de zebravissen met
een IDH remmer. We vonden geen aanwijzingen voor het ontstaan van tumoren in onze
transgene zebravissen (of andere fenotypische veranderingen), ook niet na kruising met
TP53 gemuteerde zebravissen. Hiermee toonden we aan dat een IDHI mutatie alleen (of
in combinatie met TP53) niet voldoende is voor het ontstaan van tumoren. In hoofdstuk
3 beschrijven we een ander modelsysteem voor IDH gemuteerde gliomen. Bij dit systeem
werden tumorcellen direct na de operatie voor enige dagen tot enkele weken in leven de-
houden in celkweek. Deze kweken werden geinitieerd voor zowel astrocytaire als oligoden-
drogliale tumoren (i.einclusief gliomen met een co-deletie van chromosomale armen 1p en
19q). Deze korte-termijn kweken zijn belangrijk omdat er nagenoeg geen IDH-gemuteerde
glioom cellijnen beschikbaar zijn en cellijnen waarbij de tumor een codeletie heeft van de
1p en 19q chromosomale armen zijn in het geheel (nog) niet beschreven. In ons modelsys-
teem konden we aantonen het remmen van de mutant activiteit van IDH geen invloed had
op de levensvatbaarheid van de tumorcellen. Dit is een belangrijke bevinding, omdat het
derhalve onzeker is of IDH remmers enig klinisch effect kunnen bewerkstelligen.
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Samenvatting

Het ontrafelen van het effect van genmutaties is een belangrijk onderdeel in de zoek-
tocht naar nieuwe behandelmogelijkheden. In hoofdstuk 4 en 5 hebben we daarom
de invloed van IDHI1 en EGFR mutaties op de cellulaire signaaltransductie cascades
onderzocht. In hoofdstuk 4 tonen we aan dat Mull een bindingspartner is van zowel
wildtype als gemuteerd IDH1. Tevens toonden we aan dat de regulerende rol van MUL1
in de NF-kB signaaltransductiecascade wordt geremd in cellen met een IDHI®"*#
mutatie. Deze deregulering kan verklaart mogelijk waarom IDH-gemuteerde gliomen
ongeremd prolifereren en dat MUL1 potentieel een aangrijpingspunt zou kunnen
vormen voor behandeling.

In hoofdstuk 5 hebben we onderzoek gedaan naar het onderliggende mechanisme
waarom remming van EGFR in longcarcinomen een goed klinisch effect heeft, terwijl
behandeling met dezelfde middelen bij EGFR gemuteerde glioblastomen geen effect
heeft. Interessant gegeven is dat longtumoren en gliomen verschillende typen mutaties
hebben in het EGFR gen, en het is mogelijk dat hierdoor verschillen in signaaltransductie
cascades ontstaan. Om dit te onderzoeken hebben we verschillende EGFR constructen
gegenereerd met de frequent voorkomende genmutaties zowel van longcarcinomen als
van glioblastomen. Het blijkt dat elke mutatie zijn eigen, mutatie-specifieke, bindingspart-
ners heeft. Vervolgens toonden we aan dat deze verschillende bindingspartners leiden tot
differenti€le activering van signaaltransductie cascades. Deze bevindingen kunnen de
teleurstellende trialresultaten van EGFR remmers bij glioblastomen verklaren en zou
kunnen betekenen dat elke mutatie zijn eigen specifieke remmer nodig heeft. In hoofd-
stuk 6 onderzochten we de stabiliteit van specifieke EGFR mutaties in glioblastomen. We
vonden dat bij ongeveer de helft van de patiénten met expressie van EGFRVIII (de meest
voorkomende mutatie in EGFR in hersentumor patiénten) deze mutatie niet meer aan-
wezig is in de recidief tumor. Omdat de EGFRVIII status van de tumor kan veranderen is
voorzichtigheid geboden bij een gerichte behandeling tegen EGFRVIIL.

In hoofdstuk 7 hebben we patiénten uit de European Organization for Research and
Treatment of Cancer (EORTC) 22033-26033 klinische trial gekarakteriseerd op basis
van RNA expressie. We hebben aangetoond dat deze indeling op basis van genexpres-
sie gecorreleerd is met progressievrije overleving en dus dat deze indeling gebruikt kan
worden om de prognose van de patiént te bepalen.

Samenvattend beschrijven we in dit proefschrift zowel in vitro als in vivo modelsys-
temen voor IDH1-gemuteerde gliomen en beschrijven mutatie-specifieke, functionele
gevolgen van zowel IDH1 als EGFR mutaties. Onze bevindingen helpen bij het identi-
ficeren van nieuwe behandelmogelijkheden voor gliomen en geven meer inzicht in de

selectie van patiénten voor de juiste behandeling.
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