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Summary in English

Glioblastoma (GB) is an incurable brain cancer with limited treatment options. GB can be diagnosed in the
young as well and in the elderly, with a median age at diagnosis of approximately 65 years. For majority of cases,
the etiology is unknown. GB has been studied extensively, including the comprehensive genomic profiling in
2008 by The Cancer Genome Atlas (TCGA) and many important projects have followed. Important prognostic
and predictive biomarkers have been identified and incorporated in the clinic. Even though, first line treatment
has not changed since 2005 and the overall survival (OS) remains 16-22 months. One explanation might be
that projects have been carried out on archival tissue with insufficient or retrospectively collected information
on previous treatment ot isocitrate dehydrogenase (IDH) and/or O6-methyl-guanine-DNA-methyl-transferase
(MGMT) status. Study I aimed at investigating the clinical utility of performing genomic profiling in newly
diagnosed patients with GB with a clinical focus on targetable alterations and identification of patients for
protocolled treatment. A total of 108 patients were included and we performed next generating sequencing
analyses. All generated reports were discussed at biweekly tumor board meetings with participation of specialists
involved in experimental treatment. The setup was clinically applicable with genomic results ready at first
progression. Importantly, we identified one patient with a NTRK2 fusion and the patient will be considered for
a trial at our institution with a TRK inhibitor at progression. We fund that tumor mutational burden (TMB)-
high and/or chromosomal instability (CI)-median was cortrelated with significantly worse sutvival. These results
need validation but have potential for use in stratification in future clinical trials. Next, we investigated
alterations in TMB/Megabase (Mb) and signature analyses in 35 paired samples before and after treatment with
majority of patients receiving radio therapy/Temozolomide (TMZ). TMB increased with a factor 1.1 after
treatment and no hypermutated samples were identified nor did we find evidence of development of a TMZ
signature. Unsurprisingly, the most prevalent signature was the age-related AC1. Tumor purity in the relapse
samples constituted a challenge when comparing TMB from the same patient and we had to exclude seven
samples due to low tumor purity. Improved methods for optimizing sampling to ensure better tumor purity is
needed as well as a standardized assay to analyze for TMB to better compare between studies and cancer types.
Study III aimed at investigating the concentration of cell-free DNA (cfDNA) as a marker of response to
treatment. Base-pair fragmentation analyses were performed, and we defined a base-pair peak <166 to have a
high probability of containing tumor derived DNA. Eight patients were included, and plasma samples were
collected prior to diagnostic surgery, prior to oncologic treatment, during treatment and until progression. We
found that cfDNA increased before or at radiologic progression in 3/4 patients with progression and that
cfDNA did not increase in 3/4 patients without progression. CEDNA levels could aid in all three cases of
pseudo progression. CEDNA was an easy-accessible method with potential for further development as an add-
on marker of response. In conclusion, we find that genomic profiling can improve treatment of GB and can
be used for designing and stratifying patients for inclusion in experimental trials. We find that majority of
patients with GB should enter clinical trials, preferably in an adaptive design with a marker-based approach due

to the small number of patients.



Dansk resumé
Glioblastom (GB) er en uhelbredelig type hjernekraft med begrensede behandlingsmuligheder. Den mediane
alder ved diagnose er 65 ar, men savel unge som @ldre kan fa stillet diagnosen. For storstedelen af patienterne
er xtiologien ukendt. Omfattende forskning er blevet udfert indenfor GB, inklusive den forste genomiske
profilering udgaet fra The Cancer Genome Atlas (TCGA) i 2008. Utallige banebrydende projekter er siden
foretaget med identificering af prognostiske og pradiktive markorer, der er implementeret i klinikken i dag. Pa
trods af dette, har den primare behandling ikke zndret sig siden 2005 og overlevelsen er fortsat omkring 16-
22 maneder. En af forklaringerne kan vare, at tidligere projekter er udfert pa arkivvev med utilstreekkelig
information om tidligere givet behandling eller retrospektivt analyseret status for isocitrat dehydrogenase (IDH)
og/eller  OG6-methyl-guanine-DNA-methyl-transferase  (MGMT). Studie I undersogte den kliniske
anvendelighed af at udfere genomisk profilering i nydiagnosticerede patienter med GB. Vi fokuserede pi
genetiske xndringer, der kunne rammes med mdlrettet behandling i kliniske forseg. Vi inkluderede i alt 108
patienter og alle patienter fik lavet en genomisk rapport baseret pa next generation sequencing analyser.
Rapporterne blev diskuteret hver anden uge pé et tumor board mede med deltagelse af specialister involveret i
cksperimentel behandling. Fremgangsméden var mulig i en klinisk hverdag med resultater klar ved forste
tilbagefald. Vi identificerede en patient med en NTRKZ fusion og patienten vil blive vurderet mhp indgang i et
klinisk forsog med en TRK-hammer ved progression. Vi fandt at hoj tumor mutationsbyrde (TMB) og/eller
median kromosomal instabilitet var signifikant korelleret til en darligere overlevelse. Disse resultater skal
valideres men har potentiale til brug for fremtidig stratificering i kliniske forseg. Herefter undersogte vi
endringer 1 TMB/Megabase (Mb) samt signatur analyser i 35 parrede prover for og efter behandling hvor
flertallet af patienterne havde modtaget radioterapi/Temozolomid (TMZ). TMB steg med en faktor 1,1 efter
behandling uden identificering af hypermutation. Ligeledes fandt vi ikke udvikling af en TMZ-signatur. Ikke
overraskende var den mest pravalente signatur, den aldersbetingede AC1. Det viste sig at nedsat tumor indhold
i proverne udgjorde en udfordring ved sammenligning af TMB fra hver patient og syv prover blev ekskluderet
alene pga manglende tumor indhold. Der er behov for at optimere indsamling af prover for at sikre et renere
indhold af tumor. Ligeledes er der behov for udvikling af en standardiseret made hvorpd TMB kan males,
saledes at sammenligning mellem studier og mellem cancer typer bedre kan udferes. Studie I1I undersogte
hvorvidt koncentrationen af cellefrit DNA (cfDNA) var hensigtsmassig som markor ved evaluering af
behandlingsrespons. Vi udferte fragmentbestemmelse pa basepar lengde i hver prove og definerede et cut-off
<166 som vzrende stor sandsynlighed for at proven indeholdt DNA fra tumor. Vi inkluderede i alt otte
patienter og plasma prover blev taget for diagnostisk operation, for start pd onkologisk efterbehandling, under
den onkologiske behandling og indtil patienten fik tilbagefald. Vi fandt at cfDNA koncentrationen steg for eller
ved radiologisk tilbagefald i 3/4 patienter. Ligeledes steg koncentrationen af cfDNA ikke i 3/4 patienter uden
tilbagefald og i alle tre tilfxlde af pseudoprogression, kunne cfDNA koncentrationen guide i rigtig retning.
CfDNA er en lettilgzengelig metode med klinisk potentiale som tilleg til vurdering af behandlingsrespons. Vi

konkluderer at genomisk profilering kan forbedre behandlingen af patienter med GB og kan bruges til at



stratificere patienter til kliniske legemiddelforsog. Storstedelen af patienter med GB bor indga i kliniske forsog

med en markor-baseret tilgang og fortrinsvis 1 adaptive designs pga de smé grupper af patienter.
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Introduction

Throughout the years, glioblastoma World Health Organization (WHO) grade IV (GB) has had a
central role in the neuro oncology research community and the clinic due to its complexity. Practically
all phases in GB are challenging from high-risk surgery to the correct diagnosis, treatment planning
to evaluation to lack of effective treatment options and therapy delivery across the blood brain barrier
(BBB). On top of this, GB is incurable, the etiology is unknown and despite strong efforts, the
treatment has not changed significantly since the game changing phase III trial from 2005 with the
introduction of concurrent radio therapy (RT)/Temozolomide (TMZ) and adjuvant TMZ [1]. The
incidence is 3.2/100.000 [2] with 2-300 new cases each year in Denmark. The median progression-
free survival (PFS) and overall survival (OS) is 7-8 months and 16-22 months, respectively, depending
on prognostic and predictive factors [3]. These challenges and lack of progress caused The Cancer
Genome Atlas Group (TCGA) to choose GB to be the first cancer to undergo comprehensive
genomic characterization in 2008 [4] and the tremendous work achieved in international collaborations
like the TCGA, COSMIC, 1000Genome project and more contributed to a paradigm shift towards
defining cancer as a dynamic disease of the genome with both genetic and epigenetic aberrations [5].
However, these large-scale databases might encompass some limitations that may partly explain the
lack of clinical impact on survival. E.g. changes in diagnostic criteria with majority of samples collected
between 1989-2011 with unknown or retrospectively analyzed isocitrate dehydrogenase (IDH) and
O06-methyl-guanine-DNA-methyl-transferase (MGMT) promotor status, advances in high through-
put technologies and lack of complete clinical information. Lastly, demographic sampling bias can

dilute results since different ethnic groups can have a heterogenous genetic composition.
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1.1 Hypothesis and aims

We wished to conduct a prospective collection of tissue from newly diagnosed patients with GB with
the purpose of performing next generation sequencing (NGS) after implementation of the 2016 WHO
diagnostic criteria and to include relevant clinical information. We hypothesized that this prospective
Copenhagen Glioblastoma Cohort would be less biased by historical limitations. We defined the

following three questions:

1. How is the genomic composition in prospectively collected tissue from newly diagnosed GB
patients and can the results be used in a daily clinical setting?

2. How is the clonal evolution and changes in tumor mutational burden (TMB) in paired samples from
the same patient before and after treatment exposure?

3. Can a blood-based biopsy aid in treatment evaluation?

To answer these questions, we designed and performed the following three studies:

Study I aim:
To investigate the prevalence of specific molecular aberrations in newly diagnosed GB patients linked
together with clinical information. To investigate for genetic and clinical predictive and prognostic

variables for OS with focus on chromosomal instability (CI), TMB and sub class division.

Study II aim:
To investigate the clonal evolution and changes in TMB in paired samples of GB before and after

treatment exposure.
Study IIT aim:

To investigate the feasibility of using cell-free DNA (cfDNA) in the treatment course from diagnosis

to progression.

14



Background

2.1 Glioblastoma in the traditional context

GB was first described in terms of histomorphology in 1865 by Rudolf Virchow. In 1926 Percival
Baily and Harvey Cushing developed the basis for classification of GB [6]. Until 2016, the diagnosis
was based solely on histomorphology with immunohistochemistry (IHC) with localization of necrosis,
microvascular proliferation and mitosis. With the introduction of computed tomography (CT) in 1971
and magnetic resonance imaging (MRI) in 1982, non-surgical visualization of GB became possible.
Treatment advanced from surgical removal only to adding RT to concurrent RT/TMZ with the
possibility of proton therapy. Proton treatment has been offered in Denmark since January 2019 with
opening of the Danish Center for Particle Therapy. The most recent GB-specific treatment approval

was granted in 2015 for tumor treating fields (T'TF) which is available in Denmark [7] (figure 7).

Treatment Surgery RT E:\fiTMZ Proton TTF
TMZ therapy

Year 1975 2005 2017

Survival <6 9+ 16-22 16-22 21

(months) - -

Figure 1. Timeline illustrating the most important historical development of treatment and survival for patients with

glioblastoma. Abbreviations: RT: radio therapy; TMZ: Temozolomide; TTF: Tumor Treating Fields.
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A list of selected pivotal trials that laid the basis for modern treatment in newly diagnosed GB patients

can be seen in table 1.

Trial Phase Primary Intervention PFS and OS Consequence
/ size endpoint (months)
Stupp I / (O] RT/TMZ+adj TMZ OS: 14.6 5. 12.1 New first line
(2005) [1, 3] 573 V5.
RT
ACTIVATE Ir/ PES and OS Rindopepimut 4 OS: 26.0 Go for ACT III
(2010) [8] 18 weeks after RT/TMZ
ACT II I/ Immuno- Rindopepimut 4 PFS: 15.2 Go for ACT 111
(2011) [9] 22 genicity weeks after RT/TMZ 08S:23.6
ACT 111 I/ Rindopepimut as add PFS: 12.3 Go for ACT IV
(2015) [10] 65 on to adj TMZ OS: 24.6
ACT IV 11 / oS Rindopepimut as add OS: 20.1 »5. 20.0 Terminated for
(2017) [11] 745 on to adj TMZ futility
Nordic trial 1/ oS T™MZ TMZ/hypoRT/RT: Better treatment
(2012)  >60 291 Vs, 83/75/6.0 stratification
years [12] 34Gy/10F >70 years: (elderly)
vs. TMZ+hypoRT>
60Gy/30F RT
AvaGlio I / PFS and OS BEV+RT/TMZ PFS: 10.6 5. 6.2 None
(2014) [13] 921 Vs. 0OS8: 19.9 (not (better QoL)
placebo+RT/TMZ significant)
RTOGO0825 111 / PES and risk BEV+ RT/TMZ PFS: 10.7 »5. 7.3 None
(2014) [14] 978 reduction for vs. OS:15.7 »s5. 16.1 (worse QoL)
death placebo+RT/TMZ
Glarius I/ PES rate at 6 BEV/RT plus adj PES (6): 79.3% ws. None
(20106) [15] 182 months BEV or Irinotecan 42.6%. (no difference
vs. PFS 9.7 v5. 6.0 in QolL)
RT/TMZ plus TMZ OS 17.5 1. 16.6
NeoTMZ Pilot / OS NeoTMZ/RT 17.7 vs. 20.3 Terminated
(2017) <60 114 vs. prematurely. OS
years RT longer in AA
[16]
Perry 1/ oS 40Gy/15F OS: 7.6 5.9.3 Better treatment
(2017) 562 vs. MGMT predictive stratification
> (65 years RT/TMZ (cldetly)
(17]
TTF 11 / PFS. TTF+TMYZ after PES: 6.7 vs5. 4.0 Approved for
(2017) 7] 695 OS secondary RT/TMZ OS: 20.9 »s. 16.0 1st line
endpoint vs.
TMZ after RT/TMZ

Table 1. Selected pivotal trials in glioblastoma. Abbreviations: RT: radio therapy; adj: adjuvant; TMZ: Temozolomide;

OS: overall survival; PFS: progression-free survival; BEV: Bevacizumab; QoL: quality of life; MGMT: O6-methul-guanine-

DNA-methyl-transferase; TTT: tumor treating fields; neo: neoadjuvant; AA: anaplastic astrocytoma
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Common for all the described treatment modalities are, that they are not targeted against specific
alterations. Targeted treatment has been tested though, with the monoclonal antibody Cetuximab,
targeting the epithelial growth factor receptor (EGFR) in relapse GB [18] or Bevacizumab (BEV),
targeting the vascular endothelial growth factor A (VEGFA). BEV has been tried in different
combinations in both first- and second line treatment but has only been approved for second line
treatment by the Food and Drug Administration (FDA). We know that the treatment offered today
is insufficient for cure and that a more stratified treatment approach is needed. Precision medicine

based upon a personalized strategy seems promising.

2.1.1 Evaluation

Evaluation of GB was previously done by Response Evaluation Criteria in Solid Tumors (RECIST).
In 1990 came the MacDonald criteria that incorporated 2D, contrast enhanced (CE) only, lesions [19].
With the introduction of antiangiogenic therapy such as BEV, limitations to the MacDonald criteria
became evident since antiangiogenic therapy can reduce CE-lesions and cause non-CE lesions.
Therefore, it was necessary to expand the evaluation criteria which was done in 2000 with the
Response Assessment in Neuro Oncology (RANO) criteria [20] that are used today. RANO includes
both CE and non-CE with = 10 x 10 mm as defined to be measurable with a maximum of five target
lesions. As was the case with the MacDonald criteria, both clinical condition and corticosteroid use is
included (zable 2). At our institution, we will consider using a (18)F-fluoro-ethyl-l-tyrosine positron
emission tomography (FET/PET) if in doubt of progtession to further evaluate and each case is
discussed at a weekly multidisciplinary meeting with participation of neuro surgeons, neuro
radiologists, neuro pathologists and neuro oncologists. Even though, interpretation can be difficult if
there are many non-CE lesions on an MRI or to evaluate the degree of metabolic tissue on a

FET/PET.

Criterion Complete Partial response Stable disease Progressive
response disease
T1-Gd+ None 250% | <50% | to <25% 1 225% 1
T2/FLAIR Stable or | Stable or | Stable or | 1
New lesions None None None Present
Corticosteroids None Stable or | Stable or | NA
Clinical status Stable or 1 Stable or 1 Stable or 1 l
Requirement All All All Any

for response

Table 2. Response assessment in neuro oncology (RANO) criteria for evaluation of glioblastoma patients using magnetic
resonance imaging (MRI) [21].
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2.2 Glioblastoma in the molecular context

Since the human genome project in 2001, the majority of human cancers have now been whole exome

sequenced (WES) [22], resulting in targeted treatment across a variety of cancers. Tumor agnostic

therapeutics have been approved for selected alterations like micro satellite instability (MSI)-high or

TRK-fusions [23-25]. Targetable alterations have been identified in GB (figure 2), but most are in

preclinical trials and have not yet reached approval (figure 3) [22].
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Figure 2.

Top: Driver cloud representing the prevalence of oncogenic drivers in glioblastoma. The size of the gene symbol is relative

to the count of samples with a protein affecting mutation (PAM).

Bottom: Plot showing the same genes. Data based upon two projects with a total of 379 glioblastoma samples [26, 27].
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Figure 3. A: Putatively actionable single nucleotide variants (SN 17%)/Insertions/Deletions (InDels) and copy
number variations (CN /%) in different cancer types and it is illustrated that glioblastoma (GBM) has actionable
alterations. B: Druggable mutations at different stages of approval by the Food and Drug Administration across
different cancer types. Majority of the druggable mutations in glioblastoma is at the preclinical stage. Figure

from [22] [https:/ [ creativecommons.org/ licenses/ by-ne-nd/ 4.0/ ] (Assessed on the 28% of March 2019)

2.2.1 Main scientific and translational results from genomic data

The greatest impact the genomic era has had on the way we define and treat cancer, is the shift to
defining and treating cancer as a dynamic disease that is influenced by multiple factors, e.g. treatment
pressure, viral exposure, the immune system, exogenous factors, hereditary cancer genes, the
microbiome in the bowels and more. The impact of the omic-era in GB started with identification of
MGMT-status as predictive of response to TMZ [3] which has had a key clinical impact and is used
for inclusion criteria or stratification in clinical trials (figure 4). Following, the identification of common

altered genes like PTEN, TP53, EGFR, NF1, PIK3CA, PIK3R1, RB1, IDHT where most alterations
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are deletions and/or loss of heterozygosity (LOH). IDH-status now defines a primaty from a
secondary GB with the latter occurring primarily in young patients and representing a better prognosis.
IDH-mutated GB has a different biology with production of the oncometabolite 2-hydroxy-glutarate
(2-HG) (appendix 1) which is being tested as a target in clinical trials. Until now, unfortunately with
disappointing results. IDH-mutation is such a strong prognostic marker that the OS is worse in
anaplastic astrocytoma (grade I1I), IDH-WT as compared to GB, IDH-mutated [28]. Pathway analyses
have identified three core pathways affected, the receptor tyrosine kinase (RTK)/Ras/PI3K-signalling
pathway, and the two tumor suppressor pathways p53 and RB1 [26, 29]. This work led to the
identification of four subgroups based upon alterations in PDGFRA, IDHT, EGFR and NF7 with the
proneural-, classical-, mesenchymal- and neural subgroup [4]. The latter has since been categorized as
normal brain tissue. Initially it was found that each subgroup responded differently to aggressive
treatment, but later work found that the difference in response was mainly attributed to MGMT-status

[29].

DINA repair genes
active

MGMT-WT Repair of TMZ-induced
- Exon 1 Exon 2 Exon 3 damage —» decreased
effect of TMZ

Promotor region

DINA repair genes
inactive
MGMT-
methylation My My m
No repair of TMZ induced
Exon1 Exon 2 Exon 3 damage —» increased

effect of TMZ

Promotor region

Figure 4. O6-methyl-guanine-DNA-methyl-transferase (MGMT) and transcription of DNA repair genes.

Top: The promotor region of MGMT is non-methylated causing an active gene transcription with DNA repair genes
continuously repairing the DNA damage caused by Temozolomide (TMZ). This will decrease the effect of TMZ.
Bottom: The promotor region of MGMT is methylated causing an inactive transcription, why DNA repair genes cannot

repair the damage caused by TMZ, increasing the effect of TMZ.
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2.2.2 The 2016 WHO classification of brain tumots

With the growing advances in molecular genetics, a need for a more comprehensive diagnosis of brain
tumors resulted in the 2016 WHO classification for brain tumors [5] with a layered diagnostic tool,
beginning with the histomorphological diagnosis followed by a WHO grade and molecular analysis,
resulting in an integrated diagnosis of GB into GB, IDH-WT, GB, IDH-mutated or GB, not otherwise
specified (NOS) with the latter being reserved for laboratories without the necessary molecular
analyses available. If discrepancy between the histomorphological and molecular diagnosis, the latter
will dictate the diagnosis. New tools are being developed to aid in difficult cases with an important
contribution being methylation profiling by 850K methylation, developed by the Heidelberg Group
[30]. Cytosine-phosphate-Guanin (CpG) methylation is an epigenetic modification that serves as a
regulator of gene transcription (illustrated by MGMT-status and DNA repair genes in figure 4) and the
genome-wide methylation pattern from 850K methylation is compared to a continuously expanding
reference and provides a likelihood of a diagnosis. The assay is especially helpful in rare entities and
has been approved for difficult cases in Germany. It is being offered at two institutions in Denmark.
The technology moves ahead so fast, that it is likely that suggestions for new brain tumor entities will

be proposed continuously not waiting for a future revised WHO classification.

2.2.3 Immunotherapy

Immunotherapy (IT) has truly changed the clinical course for selected patients with melanoma, non-
small-cell lung cancer (NSCLC) and kidney cancer and was granted breakthrough of the year in Science
in 2013 [31]. TMB has been found predictive of response IT [32, 33] and TMB differs markedly in
exogenous cancers like melanoma and NSCLC to endogenous cancers like GB which has a low TMB
[34-36]. Until now, IT in GB has not had the same potential as in other cancer types but selected
subgroups do show effect, e.g. patients with biallelic MMR deficiency [37, 38] and high TMB scores
have been observed in some GB patients, making them potential candidates for I'T. TMB is not (yet)
approved as an indication for treatment with I'T while the opposite is the case for Programmed Death1
Ligand (PDL1) expression in NSCLC in which a PDL1 expression = 50% can lead to treatment with
pembrolizumab in the first line setting and a PDL1 expression = 1% can lead to treatment with
nivolumab in the second line setting. However, there is a high degree of intra-observer variation when
determining PDL1 expression with agreement rates of approximately 60% [39]. Unfortunately, there
is also a high degree of assay-variability. The Blueprint Project therefore sought to compare four
different assays [40]. The work has revealed both differences between the four assays but also great

difference from cancer cells and immune cells making sampling bias relevant to consider when
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interpreting a PDL1 result. PDL1 expression is currently the best marker available in the clinical
setting but other markers must be evaluated, of which TMB is one candidate. Many I'T-modalities for
GB are available and have been tested, ranging from peptide and dendritic cell vaccines to viral therapy
with polio to cytotoxic T-lymphocyte Antigen-4 (CTLA-4) to Programmed Death1 inhibitor (PD1i)
(appendix 1). Treatment with PD1i is being testing in two ongoing phase I1I trials for newly diagnosed
GB (table 3). A seen in other tumor types, pseudo progression during I'T became a challenge due to
influx of immune related cells and interpretation became insufficient with the RANO evaluation
criteria. Hence, the iRANO criteria was developed and published in 2015 [41]. The most important
information was that growth of (new) lesions, defined as progressive disease by the RANO-criteria,
needs confirmation by a follow-up MRI, provided that the clinical condition of the patient is stable

including a stable or decrease in corticosteroid dose.

Trial Phase/study Primary Intervention Highlights Consequence
size endpoint (months)
CA209-143 II1 / 369 (ON} Nivo PFS: 1.5 vs. 3.5 Exploratory
(2017) vs. 0OS: 9.8 »s. 10.0 for predictive
(NCT02017717)* BEV value in
subgroups
PI/SRIPO I/61 Toxicity and P2D Intratumoral P2D: -1 Go for phase
(2018) [42] infusion of 0S. 125 1T
PI/SRIPO
GAPVAC-101 # I1/15 Safety, APVAC1 Safe and Further
(2019) [43] tolerability, followed by feasible development
immunogenicity, APVAC2 with 0S: 29.0
feasibility RT/TMZ
ReACT # II / 127 BEV + 0S:11.3 159.3 Awaiting
(ongoing) Rindopepimut results
(NCT01498328) vs.
(EGFRvIII) standard
CA209-498 £ III / 550 (1} RT/Nivo Ended Awaiting results
(ongoing) VS, inclusion June
MGMT-WT RT/TMZ 2017 (?).
(NCT02617589)
CA209-548 £ III / 693 OS and TMB RT/TMZ Ended Awaiting results
(ongoing) plus inclusion May
MGMT-meth Nivo/placebo 2018 (?)
(NCT02667587)

Table 3. Selected pivotal immunotherapy (IT) trials. Bold represents trials in newly diagnosed GB. *presented at the
World Federation of Neuro-Oncology Societies (WENOS) 2017. #Peptide vaccine. 4 PD1i. Abbreviations: Nivo:
Nivolumab; PI”SRIPO: live attenuated poliovirus type 1 (Sabin) vaccine with its cognate internal ribosome entry site
replaced with that of human (non-pathogenic) rhinovirus type 2; GAPVAC: Glioma Actively Personalized Vaccine

Consortium; Programmed Death1 inhibitor: PD1i.
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2.2.4 Tumor growth, heterogeneity and clonal evolution

A tumor evolves in a Darwinian manner and is largely dependent on the micro environment with
proteins and cells supporting different levels of growth, migration and seeding [44, 45]. Since
extracranial metastases are rare in GB [46], intracerebral spread occurs through invasion and migration
to surrounding tissue with retrograde migration back to the tumor cavity after treatment. This is the
main site of relapse [47, 48]. Before the possibility of genomic testing, cancers were essentially treated
like a stable unit with a strategy of treating fast dividing cells, whether cancer cells or normal cells.
Later it was appreciated that cancer is a dynamic, genomic and epigenomic disease and targeted
treatment became preferable. However, resistance was developed, and strategies are now moving
towards a combination of targeted plus non-targeted treatment. Still, treatment failure is happening
and a major contributor to this is tumor heterogeneity and clonal evolution during treatment [49].
This was illustrated in the ACT-trials with the Rindopepimut vaccine. In these trials 67-97% of patients
lost the expression of the targeted EGFRvVIII after treatment [8, 10] and loss of MMR gene expression
has been seen after RT/TMZ [50]. By petforming multiple biopsies throughout a disease progtession,
it is possible to map the evolutionaty process with detection of shared and/or private mutations for
either the primary tumor or the metastatic site (figure 5, unpublished data from study 11). This might reveal
genetic drivers for tumor formation, growth and migration. The TracerX and post mortem study
PEACE and a renal cell carcinoma study are appropriate examples of heterogeneity studies with the
latter demonstrating a private for primary, private for relapse or shared mutation profile of 23%, 20%
and 22%, respectively [51, 52]. Hence, outgrowth of subclones or loss of targeted variants is possible.
But multiple biopsies are not easily accessible in GB since brain tumor surgery is a high-risk procedure
with risk of complications and is only performed for therapeutic indications. However, when
performed, e.g. sampling bias and sequencing depth poses another obstacle since subclones can be
present already at diagnosis but might not be surgically removed or not detected upfront by standard

sequencing [53].
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Figure 5. Clonal evolution in samples from three patients included in study II. Each column indicates a patient. RHGB026
had three surgeries (diagnostic and two relapse surgeries), RHGB002 had two surgeries (diagnostic and relapse) and
RHGBO009 had three surgeries (diagnostic and two relapse), respectively. In each column, variants (top) and copy number
alterations (CNAs) are shown from each surgical procedure with shared vs. private alterations across the samples, indicated
by colored dots as explained under “Privacy”. Variant allele frequency (VAF) is indicated by the grey-scaled dots, as
explained under “VAF”. Types of CNAs are indicated by colored dots, as explained under “Type”. (Unpublished data.)
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2.3 Biomarkers and liquid biopsies

According to the REMARK guidelines, a biomarker should ideally reach abnormal levels in the
development of GB, fluctuate during disease progression or regression and be predictive of treatment
response [54|. For biomarker use, the cerebrospinal fluid (CSF) is an obvious example of a source for
a liquid biopsy since the CSF circulates around the brain in close contact to the brain parenchyma and
the tumor cells, especially if the tumor is adjacent to or is invading one of the ventricles. It is feasible
to find GB-specific mutations in the CSF and it is more specific and sensitive than plasma samples
[55-58]. A recently published study found a difference in sensitivity of 92.1% »s. 7.9% when detecting
TERT promotor mutation in CSF 5. plasma, respectively [59] and EGFR could be detected with a
sensitivity of 61% in extracellular vesicles in the CSF [60]. Other interesting fluids are urine or tear
fluid which is even easier accessible than CSF or blood. Urine sampling though, is more relevant for
extracranial cancers like bladder-, CRC or prostate cancer. Tear fluid is an interesting “liquid biopsy”
and studies have shown difference in tear fluid proteins in patients with breast cancer as compared to

healthy controls [61] but much research is still needed in this field.

2.3.1 Blood as a biomarker

A variety of methods are available to test for blood-based aberrations [62] and has already been
evaluated in certain cancers like NSCLC with the EGFR T790M mutation or ALK translocation,
cancer antigen (CA)-125 in ovary cancer, carcinoembryonic antigen (CEA) in colorectal cancer (CRC),
the Philadelphia chromosome in chronic lymphatic leukemia and more [63-66]. Circulating tumor cells
(CTCs) are new blood-based markers that represent an unbroken tumor cell with a retained cell
membrane, cytoplasma and nucleus and thus a possibility to investigate both DNA, RNA and
proteins. Minimal residual disease can be detected by the amounts of CTCs and it represent all
detectable alterations in the tumor accounting for intra and inter tumor heterogeneity [67]. However,
the amounts of CTCs in GB are limited to approximately 20-39% [68, 69]. A more accessible marker
is the shedding of circulating cell free DNA (cfDNA), which includes DNA from normal cells as well
as tumor cells [70-72] and is an easy, cost-effective method. Circulating tumor DNA (ctDNA) is
costlier and requires complex, high through-put analyses. CtDNA measures specific tumor variants in
the blood based upon e.g. single nucleotid variants (SNI7), aneuploidy, amplifications or
rearrangements and can be analyzed by e.g. digital droplet polymerase chain reaction (ddPCR) or
WES. Several studies have shown that increased levels of a specific variant in the blood can be found
significantly earlier than a radiologic or clinical progression, e.g. BRAF, NRAS and KRAS in solid

tumors [73-75] but there is a distinct difference in detection levels for e.g. CRC and brain cancer.
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However, ctDNA has been detected in brain cancer with IDH R132H or MGMT promotor
methylation [76-78] but the greatest impact of both ¢fDNA/ctDNA has been in extracranial tumors
[79]. Since cfDNA from tumor is more fragmented and shorter, size selection and -distribution can
be used as strategies to distinguish tumor from normal DNA. [80-83]. Furthermore, in a sample with
cfDNA, approximately 3-93% will come from tumor [84] and cfDNA can be used as a surrogate
marker of tumor activity/burden. Shedding is increased according to tumor burden, necrosis and

apoptosis [85] and sensitivity and specificity is important.

2.4 Clinical impact of molecular biology

As molecular genetics enters the daily clinical life, targeted trials are being offered. Below is a list of

ongoing recruiting trials interesting for newly diagnosed GB patients (Zable 4).
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Trial (NCT) Phase/study Primary Intervention Country
size endpoint
DEN-STEM II/111 / 60 PFS DC-IT Notway
against cancer stem
cell as add-on to
RT/TMZ
EORTC-BTG-1709 111 / 750 oS Marizomib/RT/TMZ Norway, Switzerland,
(NCT03345095) s Belgium, Nethetlands,
RT/TMZ England, Spain, France
Intellancel III / 640 (closed) oS ABT-414/RT/TMZ Austria, Switzerland,
(NCT02573324) Sub study phase 1 s Germany, Italy, Portugal,
EGFR-amp open for patients RT/TMZ Ireland, Belgium, Netherlands,
with hepatic England, Spain, France
impairment
STEAM 1/36 MTD TGO02/RT Switzetland, France
(INCT03224104) and s
Eldetly RP2D TG02/TMZ
PES (6
months)
BGB290 Ib/11 / 300 DLT, BGB290 as add on to Switzerland, France
(NCT03150862) PES and RT or RT/TMZ
Primary and relapse ORR
MRZ-112 b/ 72 MTD Marizonib as add on Switzerland
(NCT02903069) and to RT/TMZ
RP2D
GlioVax 11 / 136 (0N} DC vaccine as add on Germany
(NCT03395587) to RT/TMZ
N2M2 I/1I / 350 PES (6 Umbsrella trial with 7 Germany
(NCT03158389) months) arms
AMG596 1/82 AE Maintenance Germany, Netherlands, Spain,
(NCT03296696) AMG596 after SOC France
EGFRVIII pos
Primary and relapse
GBMTMZ/DOX2015 11/ 20 AE Doxorubicin as add Ttaly
(NCTO02758366) on to RT/TMZ
ADDIT-GLIO 1/11/ 20 oS DC as add on to Belgium
(NCT02649585) TMZ after RT/TMZ
CHLOROBRAIN 1/13 MTD Chloroquine as add Netherlands
on to RT/TMZ
AZD1390 1/132 DLT AZD1390 as add on England
(NCT03423628) to RT
Primary and relapse
GEINOGLAS I/11/ 75 MTD Glasdegib as add on Spain
(NCT03466450) and OS to RT/TMZ
GEINO 1402 1/24 Safety Crizotinib as add on Spain
(NCT02270034) to RT/TMZ
PAZOGLIO 1/11 / 51 RP2D Pazopanib as add on France
(NCT02331498) to TMZ after

RT/TMZ

Table 4. A list of actively recruiting (targeted) trials in Europe in newly diagnosed adult patients with GB (non-surgical).

Abbreviations: PFS: progression-free survival; DC: dendritic cell; I'T: immune therapy; MTD: maximum tolerated dose;

RP2D: recommended phase 2 dose; DLT: dose limiting toxicity; ORR: objective response rate; AE: adverse events; SOC:

standard of care. (Information gathered from www.clinicaltrials.gov). Assessed March 5" 2019)
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2.5 The molecular paradox

With the emerging technologies moving the next generation of genomic testing into WGS, proteomic,
microbiomic etc, big data is being generated. We generate so much data that it can be difficult to
translate it into the clinic and to the patients and truly demands international collaboration and focused
research questions to be answered. It is a molecular paradox and what we know today is just the tip

of the iceberg.

28



Materials and Methods

In the following, a short overview of material and methods is provided. Further details are described

in the corresponding manuscripts (I-I11.)

3.1 The Copenhagen Glioblastoma Cohort

The Copenhagen Glioblastoma Cohort included in this thesis, consists of newly diagnosed patients
with GB treated at Rigshospitalet, University Hospital, Copenhagen in the period of February 2016
to August 2018. Study I-1I included patients throughout the project period with a total of 108 patients.
35 patients underwent relapse surgery and signed a new informed consent with six patients having
three surgeries in total. Study III included seven patients from the Copenhagen Glioblastoma Cohort
and one patient that was not in the Copenhagen Glioblastoma Cohort. The inclusion period was from

October 2017 to June 2018 with a total of eight patients. Inclusion criteria for study I-11I were:

- 218 years

- Newly diagnosed GB

- No previous treatment for a secondary GB

- Surgical resection at Department of Neuro Surgery at Rigshospitalet, Copenhagen

- Signed informed consent

The project has been truly interdisciplinary with a fruitful cooperation between Department of Neuro
Surgery, Center for Genomic Medicine, Danish Cancer Society, The Finsen Laboratory and
Department of Oncology. Since 2013 the highly specialized Phase 1 unit at Rigshospitalet has
performed NGS in a Genomic Profiling project on cancer patients with exhausted standard treatment
options and a PS acceptable for experimental treatment. The program was planned for solid tumors
but without GB. Until today > 1000 patients have been sequenced and 20% in a cohort of 500 patients,
have been treated in experimental trials based upon matched treatment and genomic profiling [86].
From the beginning of the present PhD-project, we have built on this unique experience to include
analyses for GB patients. 2016 was used for training, experience and adjusting the analyses to become

GB-specific and all GB patients were included. Since January 2017, we included only patients upfront
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eligible for RT/TMZ or 60Gy/30F as genomic profiling should have a therapeutic potential. If a
patient progressed and was eligible for relapse surgery, we gathered a new informed consent and
performed a new genomic report to investigate for tumor evolution and mechanisms of resistance.
Tissue was collected in RNA-/fer whenever possible for optimal DNA and RNA purification. If
tumor cells were insufficient or not enough material was available, we used formalin-fixed-paraffin-
embedded (FIFPE) tissue or snap frozen tissue. All three studies were carried out in accordance with
the Declaration of Helsinki and with approval from the National Danish Ethics Committee (Journal
number: H-3-2009-136 and 1707335 (study I-II) and H-17019401 (study III)) and Danish Data
Protection Agency (Journal numbers: 2014-41-2857 and VD-2018-204, I-suite number: 6447 (study
I-IT) and RH-2017-269, I-Suite number: 05801 (study I1I)).

3.2 Patients and clinical information

Patients suspected of glioma signed an informed consent part A, at Department of Neuro Surgery
and fresh tissue was collected and stored as described. If the patient was diagnosed with GB, a part B
consent was collected when the patient came to Department of Oncology. The part B was more
comprehensive and contained information regarding the molecular profiling, risk of secondary
findings and level of information wanted. The consent was obtained during an interview with the
patient and relatives for a more individualized and specified consultation. All patients but three
accepted inclusion in study I and all patients identified and approached, accepted inclusion in study 11
and study III. If a patient had undergone relapse surgery, an interview was performed again to gather
a new informed consent for the relapse tissue. For patients in study III, a study specific informed
consent was collected prior to surgery. The following clinical information were gathered: symptoms
prior to diagnosis, age at diagnosis, date of surgery and diagnosis, tumor location and extent of surgery,
PS and corticosteroid dose prior to oncologic treatment, oncologic treatment, fulfilled planned
treatment yes/no, relapse surgery yes/no, second line oncologic treatment, PFS and OS. Through
2016-2018, tissue was collected in collaboration with the Danish Cancer Society but since October
2018, we started a collaboration with the National Bio- and Genome Bank (RBGB) to which biological
material from Danish patients has been collected since 2015. Now, tissue and blood from the GB
patients are being stored at RBGB for optimal preservation and to secure the material for future

research.
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3.3 Pathological analyses

All samples underwent standard pathological examination according to the WHO diagnostic criteria
[5] with IHC for GFA, map2, Olig2, IDH, p53, ATRX and Ki67 index. For patients < 55 years with
normal [DH-status, sequencing was performed with Multiplex Ligation-dependent Probe
Amplification (MLLPA) of codon 132, 140 and 172. MGMT-status was assessed by polymerase chain
reaction (PCR) with pyrosequencing (Qiagen) using a cut-off of 10%. When in doubt of diagnosis,
850K methylation with Infinium Methylation EPIC BeadChip array which targets >850.000
methylation positions in the human genome, was performed. In young patients and/or midline tumors
and/or IDH-WT in combination with ATRX-loss, analysis for H3K27M with sequencing of H3F3A

codon 28 to 35 with a sensitivity of 20% tumor cells was performed.

3.4 Genomic analyses

3.4.1 Whole exome sequencing

WES was performed using DNA from tissue and blood. DNA was extracted, isolated, purified and
quantified and both tumor- and genomic DNA (200 ng) was fragmented to 300 bp. Paired-end
sequencing (2x100 bp or 2x150 bp) was performed to gain an average coverage of 50-100x, using the
HiSeq2500 or NextSeq500 platforms from Illumina and raw sequencing data were processed. Reads
were aligned to the human reference genome (hgl9/GRCh37) using CLC Biomedical Genomics
Workbench (Qiagen), and variant calling was performed above 10% frequency in the tumor DNA.
Somatic variants were identified by excluding variants found in blood WES data from the patient, and
further analyzed using Ingenuity Variant Analysis (Qiagen). Based on data from COSMIC and TCGA,
we designed a list of frequently mutated genes in GB and applied the list for filtration in Ingenuity. If
the list was prolonged, every sample was rerun in Ingenuity for mutation calling of the added genes.
Mutations were categorized based on the likelihood of being pathogenic [87]. An example of a genome

browser view and examples of mutation calling is shown in figure 6.
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Chr Position Gene Gene Transcript variant Protein Translation
region symbol variant impact
10 89692849 Exonic PTEN c.333G>A p-W111* Stop gain
17 29665752 Exonic NF1 c.6789_6792delTTAC P-Y22641fs*5 Frameshift
17 7578406 Exonic TP53 c.128G>A p-R136H Missense
3 178947827 Exonic PIK3CA c.2702G>T p.C901F Missense
13 48934263 Exonic RB1 c.718A>T p-K240%* Stop gain
7 55241708 Exonic EGFR c.1997G>C p-G66OA Missense

Figure 6. Top: Genome browser view with identification of a somatic BRAF variation from tumor/normal pair. The
reference homo sapiens sequence, tumor and blood sample, respectively. An enlarged part of the genome browser view
with visualization of the A>T mutation. The mutation is not present in the blood sample hence, it is a somatic mutation.

Bottom: Examples of selected mutation callings from the patients in the Copenhagen Glioblastoma Cohort.

3.4.2 Analysis of somatic copy number alterations (study I-II)

CytoScan assay (Affymetrix, Santa Clara, USA) was performed on tumor samples and OncoScan assay
(Affymetrix, Santa Clara, USA) for analysis of FFPE DNA material was performed. OSCHP files
from OncoScan and .CEL files from the CytoScan assay were imported into NEXUS v8.0
(BioDiscovery) and used for the analysis and visualization of somatic copy number alterations (SCNA)
and loss of heterozygosity (LOH). SCNAs (loss, gain, biallelic loss, or high amplification) and LOH
calls for each sample were confirmed by visual inspection and followed by manual interpretation of
whole-exome profiles (figure 7). Tumors were assessed for chromosomal instability (CI). The tumor
was assigned as Cl if it displayed in total more than 15 SCNA; i.e. segmental chromosomal aberrations

(SCA) and/or numerical aberrations (NCA).
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Figure 7. Left: SNP-array (CytoScan) from a patient in the Copenhagen Glioblastoma Cohort. Chromosomes 1-23. The
patient had an amplification (amp) of chromosome (chr) 7 (EGIFR), loss of chr 9 (CDKN2A4/B) and chr 10 (PTEN).

Right: Subclass analysis. Amp of chr 7/loss of chr 10 is typical for the classical subtype as was the case with this patient.

3.4.3 Gene expression analysis (Study I and II)

RNA was reverse-transcribed and used for cRNA synthesis, labelling and hybridization with
GeneChip® Human Genome U133 Plus 2.0 Array (Affymetrix). Arrays were washed, stained and
scanned in the Affymetrix GeneArray 3000 7G scanner to generate fluorescent images. Cell intensity

files ((CEL files) were generated in the GeneChip Command Console Software (AGCC; Affymetrix).

3.4.4 Fusion analyses (Study I)

RNA-sequencing was done using TruSeq Stranded Total RNA Library Prep Kit and RNA was
sequenced on a NextSeq500 (Illumina). Raw sequencing data from the Illumina sequencing platforms
were processed with CASAVA-1.8.2. FusionMap bioinformatics tool (Array Suite) was used for
screening of fusion transcripts as previously published (Ref: Ge H., Liu K., Juan T, et al: FusionMap:

detecting fusion genes from next-generation sequencing data at base-pair resolution. Bioinformatics

2011; 27: pp. 1922-1928).

3.4.5 Tumor mutational burden (study I)
The following method was used for study I, performed at Center for Genomic Medicine,
Rigshospitalet: Paired end sequencing reads with a length of 150 bp were aligned against the

GRCh37.p13 reference genome using bwa mem 0.7.15. Somatic variants were called using Mutect2
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according to the GATK best practices for somatic short variant discovery using GATK 4.0.10.1.
Variants filtered by Mutect2 and variants annotated with an allele frequency > 5 % in gnomAD were
excluded from the call set. The variants were further hard filtered by only including SNT17s and
INDEL:s in coding regions. Finally, variants called at sites with a coverage of less than 10x and an
allele depth of less than 5x were excluded. The tumor mutation burden was calculated as the number
of non-filtered variants divided by the number of bases with a coverage of > 10x in all coding regions

of the genome. Tumor mutational burden (TMB) estimates were reported as per megabase (Mb).

3.4.6 Tumor mutational burden (study IT)

The following method was used for study II at The Finsen Laboratory, BRIC: For each surgical time-
point, variant sites detected by MuTect were assessed in all matched patient samples using Samtools
mpileup (v1.8). To ensure optimal sensitivity when comparing tumour mutation burden (TMB)
between surgeries, any variant supported by two or more reads in a paired sample was considered
present. To compensate for differences in sensitivity arising from tumour purity we computed a
scaling factor between samples with differing purity. First a density distribution was computed for the
variant allele frequencies (VAFs) of each sample using a gaussian kernel. The peak representing clonal
heterozygous mutations was determined by selecting the peak at the greatest VAF (pkVAF) where the
magnitude of the peak was at least one-third of the highest magnitude peak present. The difference
in pkVAF values between paired samples was calculated and the value was subtracted from VAF of
all variants in the sample with the greater pkVAF. Any variants with a negative VAF were considered
to be below the artificial detection threshold and removed. A scaling factor was determined using the
ratio of the raw TBM to the filtered TMB. The raw TMB of the sample with the lesser pkVAF was

multiplied by the adjustment factor to obtain the adjusted TMB.

3.4.7 Signature analyses (Study II)

Linear combination decomposition analysis was performed using the YAPSA package (v1.8)
(Huebschmann D, Gu Z, Schlesner M (2018). YAPSA: Yet Another Package for Signature
Analysis. R package version 1.8.0. [https://tdrrio/bioc/YAPSA/]) for the R statistical
framework. Mutation contexts were determined based on the UCSC HG19 genome via the BSgenome
(BSgenome.Hsapiens.UCSC.hg19) package for R. A signature cut-off of 1% was used to filter any

signature that did not account for at least 1% of the mutations across the cohort.
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3.4.8 TERT promotor status (Study I)
Telomerase Reverse Transcriptase promotor region (TERTp) mutation was determined using Sanger

sequencing for the two most common mutations; c.-124C>T and c.-146C>T.

3.4.9 Subclass determination (Study I)

In house developed classifier based on the study data (E-GEOD-68850) [88] was used to assign the
tumor into one of the three subtypes of interest (Classical, Mesenchymal and Proneural). The raw
intensity .CEL files were preprocessed and gene summaries were extracted. The expression values of
4324 classifier genes were standardized across samples. A sample was considered to belong to a
subtype when its corresponding Gaussian model gave the maximum probability density among the
rest of the models and was greater than 0.001. Since subclass division was based upon expression
analysis, tissue preserved in FFPE and hence RNA degradation, could not be divided into these and
was noted N/A. (Figure 7).

3.4.10 cfDNA concentration and base pair detection (study III)

Peripheral blood was collected in cell-stabilizing Blood Collection Tubes (BCT; Streck Laboratories,
Omaha, NE, USA). CfDNA was extracted from 4 ml plasma using the QIAsymphony Circulating
DNA Kit (Qiagen, Hilden, Germany). Quantification of cfDNA was performed using the dsDNA
HS Assay Kit on a Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA). CfDNA fragment
distribution was assessed using the 4200 TapeStation System (Agilent). A distribution with fragment
sizes and corresponding maximum peaks was generated. The peak of the curve with the highest % of

fragments, was defined as the highest peak. (Figure 8).
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Figure 8. Fragment size distribution with a lower and higher ladder as reference, assessed using the Tape Station

instrument. The peak of the curve with the highest amounts of fragments, was assigned as the base-pair peak.
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3.5 Tumor size determination (study III)

A trained, senior neuro radiologist noted contrast enhanced (CE), measurable tumor of each MRI.
We paired cfDNA concentration with tumor size if both were performed within 14 days of each other
except for the MRI performed <48 hours after surgery which was paired with the cfDNA

concentration one month after surgery without any treatment initiated.

3.6 Tumor board meeting (Study I and IT)

A genomic report was generated for each included patient and results were discussed biweekly at a
tumor board meeting with representation of experts from molecular oncology, bioinformatics,
pathology, medical genetics and medical oncology. Fach report was discussed regarding possible

targetable alterations.

3.7. Statistical analyses

OS and PFS were estimated using the Kaplan-Meier method. Comparison of selected genes with
SCNAs (biallelic loss, amplification, LOH, deletion and LOH) and clinical characteristics, including
compatison of selected genes with biallelic loss or amplification and completing RT/TMZ wete
calculated using the Fisher’s exact test. For univariate and multivariate analyses and OS, we used the
Cox proportional hazards model. Results were presented as hazard ratios (HR) with 95% confidence
interval (CI). P-values <0.05 were considered significant. Statistical analyses were done using SPSS

(v.25.0) and RStudio (v.3.5.2).
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Summary of results

An overview of the three included studies with patients, methods and main findings is listed in zzble 5.

Design Patients and methods Highlighted findings
STUDY I
Prospective 108 newly diagnosed patients from One NTRK2 and three FGFR3-TACC3 fusions
February 2016 to August 2018 (The CGC). were identified
Tissue in RNA-/ater, snap frozen or as SCNA’s and mutations in genes previously
FEPE was analyzed with WES, snp-array, described with new findings in GRBZ2 and
RNAseq, expression analyses, Sanger- and SMYDA
h .
ot spotsequencing TMB and CI predictive of outcome.
Clinical trials are urgently needed as targetable
alterations are already present
STUDY II
Prospective 35 paired samples from the CGC. Six patients 10 paired samples (28.6%) excluded for TMB
had three sample from three surgeries. comparison, mainly due to low tumor purity
Samples underwent tumor purity adjustments TMB/Mb increased with a factor 1.1 after
(for TMB comparison), TMB- and signature treatment.
analyses. No hypermutation nor TMZ-signature (AC11)
was identified
The age-related signature (1AC) was the most
prevalent
Strategies for optimizing tumor purity and for
standardization of TMB is needed
STUDY III
Prospective 8 patients with 7 from the CGC. Plasma cfDNA increased in 3/4 padents with

samples  were  analyzed for cfDNA
concentrations (ng/ml) and fragment size

(base pair peaks)

progression
cfDNA did not increase in 3/4 patients without
progression

cfDNA could aid in 3/3 questionable cases of
pseudo progression

Table 5. Overview of studies included in the thesis. Abbreviations: CGC: Copenhagen Glioblastoma Cohort; FFPE:

formalin-fixed-paraffin-embedded; WES: whole exome sequencing; snp: single nucleotide polymorphism; SCNA: somatic

copy number alteration; TMB: tumor mutational burden; CI: chromosomal instability.
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4.1 STUDY I: Genomic profiling in patients with newly diagnosed glioblastoma — a

prospective, translational study

The aims were to map the genomic composition in a cohort of newly diagnosed GB patients after the
2016 WHO classification of brain tumors and to investigate for predictive and prognostic factors. In
study I we included 108 newly diagnosed patients in the Copenhagen Glioblastoma Cohort over a 272
year period. All patients were diagnosed with GB according to the 2016 WHO classification for brain
tumors and we performed WES, SNP-array, RNA-sequencing, expression analyses, Sanger
sequencing, fusion- and subgroup analyses and determination of TMB and CI. In parallel, a blood
sample was collected to retract for germline variants, relevant clinical information was gathered
through patient interviews and PFS and OS were subsequently calculated. The included patients
consisted of a standard population admitted to an oncologic department with 83 patients (76.9%)
receiving RT/TMZ followed by adjuvant TMZ. At time of the inclusion petriod, our department
participated in two international phase III trials, the CheckMate-498 and CheckMate-548 studies, and
10 patients (9.3%) were enrolled in these. Main findings included identification of a NTRK2 fusion in
a patient eligible for protocolled treatment with a TRK-inhibitor at progression. Other findings were
confirmation of previously reported aberrated genes with new findings in GRBZ and SMYD-A that
were prognostic of OS (figure 9).
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Figure 9. Landscape of somatic copy number variations (SCNT/%) in selected genes altered in = 5 patients

specific mutations and fusions listed hierarchically. N = 108. Only mutations categorized as pathogenic are shown. The

most aberrated genes were PI'EN, CDKN2.4/B, EGFR, RBT and NPAS3 and the most frequent mutations were in PTEN,

TP53, NF1, RB7 and EGFR. Abbreviations: mut: mutated; fus: fusions; FFPE: formalin-fixed-paraffin embedded;

MGMT: O6-methyl-guanine-DNA-methyl-transferase; TERTp: Telomerase Reverse transcriptase promotor.

methylation and clinical factors like PS, age and corticosteroid dose as

As others, we found MGMT

we found

positive prognostic variables of OS and were incorporated in the OS analyses. Importantly,

it feasible to have the genomic results ready at the time of first progression for possible protocolled

treatment. The report of each patient was discussed at a tumor board meeting as described in section

3.6 and based upon the genomic profiling, we identified various targetable alterations in EGFR,

CDK4/6, NF1

FGFR3 and three patients were identified with a FGFR3-T'ACC3 fusion. TMB and

)

CI analyses revealed interesting prognostic results with a potential translational role for future GB

high of 18.0 »s 10.0 months,

low/median »s. TMB

patients. We found a better OS in TMB
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respectively; a better OS in CI low/high »s. CI-median of 18.7 us. 14.8 months, respectively. Results
were still significant when adjusting for MGMT status. When merging the two groups into a favorable
vs non-favorable group (TMB median/low plus CI high/low »s. TMB-high and/or CI-median in any
combination), there was a difference in OS of 20.9 »s5. 14.8 months, respectively. (Figure 10). We divided
the patients into three subclasses; proneural, classical and mesenchymal and investigated for a
predictive potential but this could not be verified in our cohort. We find that our results present with
a translational value both concerning timely generated genomic reports for use in trial allocation and

concerning TMB and CI that can be included for future stratification in clinical trials. Both warrant

further investigation.
A = TMB high + Cl median ~ ==TMB low/median + Cl low/high B = TMB low/median and CI low/high (good prognostic group)
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Figure 10.

Kaplan-Meier curves with numbers at risk for overall survival (OS) for (A) tumor mutational burden (TMB) and
chromosomal instability (CI) in different combinations and (B) TMB and CI in a bad prognostic group and a good
prognostic  group, respectively. Figure includes patients having both analyses performed, IN=95.
A: Patients were split into four groups based on previous found survival results: TMB-high plus CI-median (IN=>5), TMB-
high plus CI-high/low (IN=5), Cl-median plus TMB-median/low (IN=33) and TMB-median/low plus CI-high/low
(N=52) with corresponding median OS of 10.0 (95% CI: 1.9-18.1), 10.4 (95% CI: 1.8-18.9), 15.4 (95% CI: 13.4-17.5) and
20.9 months (95% CI: 15.9-25.9), respectively (p=0.001).

B. The four groups were then segregated into a non-favorable (TMB-high and CI-median in any combination) ss. a
favorable group (no TMB-high and/or Cl-median in any combination) with a cotresponding statistically significant
difference in OS of 14.8 (95% CI: 12.4-17.1) »s. 20.9 months (95% CI: 15.9-25.9), respectively (p=0.007) and with a HR
of 0.47 (95% CI: 0.26-0.82, p=0.008) in the good »s. bad prognostic group, respectively, calculated by a Cox proportional

analysis.
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4.2 STUDY II: Tumor mutational burden before and after treatment with Temozolomide in

paired samples of glioblastoma

The aims were to investigate for treatment related changes with focus on TMB, clonal evolution
(shared »s. private mutations) and signature analyses in patients with GB before and after first line
treatment. Both RT and TMZ can alter the genomic composition in a tumor and knowledge about
the present genomic structure at relapse can influence choice of treatment. TMB is particularly
interesting as a predictive marker of response to I'T, as has been shown in other cancers. If a patient
from the Copenhagen Glioblastoma Cohort progressed and was eligible for relapse surgery, the
patient was included in the paired samples cohort as described in section 3.2. We included a total of
35 patients with six patients having two relapse surgeries. We found that a remarkable high number
of the relapse samples had a low tumor purity, making TMB comparison from a high tumor purity
sample unreliable to a low tumor purity sample. Therefore, we developed a method to adjust for tumor
purity and excluded a total of 10 (28.6%) samples for the TMB comparison part; three due to
mutations < 5 and seven due to low tumor purity. Median TMB/Mb before and after treatment was
0.9 and 1.06 (range 0.4-1.5 and 0.4-2.4), respectively. Majority of mutations were shared between the
primary and relapse sample and only few de novo mutations were developed at relapse. Patient
RHGBO003 had the highest increase after treatment from 1.5 to 2.4 mutations/Mb but still did not
qualify as a hypermutated phenotype (figure 11). Signature analyses revealed the highest prevalence of
the age-related AC1 signature. AC6 and AC15, related to DNA MMR deficiency, was seen in nine
(25.7%) and 18 (51.4%) patients, respectively. In line with lack of identification of hypermutation, we
did not find evidence of signature AC11, the Temozolomide signature. When stratifying for treatment
(RT/TMZ, N=29 vs. IT, N=3 »s RT, N=3), the highest increase was in the I'T treated patients.
However, numbers are small and should be evaluated in larger cohorts. This study underlines the need
for development of better strategies to collect samples with high enough tumor purity to estimate
TMB. This is particulatly important in the relapse setting, where 7/32 samples (21.9%) in our study
had to be excluded. A standardized assay to determine TMB is needed in order to compare TMB,

both within the same cancer as well as across cancer types.
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Figure 11. Top: Number of mutations, MGMT status and samples excluded for tumor mutational burde comparison across all
specimens sequenced in each patient. Bar color indicates the privacy status of each category of variants depending on their presence
in the primary (Prim), first relapse (R1), and second relapse (R2).

Bottom: Linear combination decomposition was used to detect the contribution of each of the thirty somatic mutation signatures
found in the Catalogue Of Somatic Mutations In Cancer (COSMIC).
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4.3 STUDY III: Cell-free DNA in newly diagnosed patients with glioblastoma — a clinical

prospective feasibility study

Approximately 30 patients will undergo relapse surgery each year at our institution and histopathology
from some surgeries will reveal only macrophages and fibrotic cells, hence not true progression.
Therefore, the high-risk surgery can have been in vain and some patients experience complications to
a degree that leaves them unfit for further treatment. For these reasons, new modalities for aiding in
treatment evaluation is greatly needed. In study III, we included eight patients suspected of GB prior
to diagnostic surgery with the first blood sample collected. If the diagnosis was confirmed by
histopathology, blood sampling continued before and during oncologic treatment until progression.
To increase the probability of measuring tumor derived DNA, we performed fragment size analyses
with bp determination and defined a cut-off in bp peak =< 166 as having high probability of containing
tumor derived DNA. We found that it was feasible to measure a cfDNA concentration and that all 80
collected samples but four had a bp-peak < 166. In three out of four cases with progression, an
increase in cfDNA was seen prior to or at progression and in three out of four patients without
progression, no increase was seen in the last taken samples. In three out of three cases with suspected

pseudo progression, cfDNA levels could aid in interpreting the clinical status of the patient (figure 12).
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Figure 12. Left: Fluctuations in cell-free DNA (cfDNA) during study period at different treatment times with correlated basepar
(bp) peaks. Right: Selected magnetic resonance imaging (MRI) during treatment period.

GB2 is a patient with progression: MR1: 32x23 mm CE tumor at diagnosis, MR2: During meningitis treatment showing growth of
known CE tumor, including new lesions to a total of 2099 mm? CE tumor, MR3: Progression of all tumor lesions to a total 3863
mm?3. GB6 is a patient without progression. MR1: 46x29 mm CE tumor at diagnosis, MR2: <48 hours after surgery showing a
small non-measurable CE lesion, MR3: stable disease with non-measurable CE lesion.

The four samples with bp-peaks > 166 were distributed in two patients: one before diagnosis with a
large, partly necrotic tumor, one during RT, one during meningitis and one during an episode of
intracerebral bleeding which illustrates that bp-distribution can be influenced by several factors.
Overall, results from study III shows that it is clinically meaningful to investigate cfDNA in
combination with fragment size distribution for future GB patients and we plan to investigate this in

a large prospective study at our institution in grade II-IV gliomas.
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Discussion

There is an undefined gap between basic science and clinical science that hinders many brilliant ideas
to be tested in the clinic. With this translational PhD project, we sought to bridge between the two
sections in neuro science. The main objective was to investigate the relevance of genomic testing in
newly diagnosed patients with GB and again if an included patient had relapse surgery due to
progression. Main research areas were predictive and prognostic factors in the newly diagnosed cohort
with focus on TMB, CI and subgroups analyses and the main research foci in the paired samples
cohort, were treatment related changes with tumor purity adjustment analyses and TMB
measurements. Lastly, we investigated the clinical relevance of cfDNA as a marker of treatment

response.

5.1 Genomic profiling gains access to trials

As stated continuously through this thesis, GB patients have a poor prognosis and limited treatment
options. To alter these conditions, genomic testing might contribute but before a personalized
treatment can be effectuated, clinical trials are needed. The golden standard is the double blinded
randomized clinical trial (RCT) that gains solid and thoroughly tested results. However, an RCT
normally needs hundreds of patients, is a slow and labor-intensive process and results might be
outdated due to new knowledge gained from other studies. GB is no longer perceived as one disease
but can be grouped into sub diagnoses and groups to be tested are getting smaller and smaller.
Therefore, the inclusion period can be prolonged due to smaller number of eligible candidates for
each group with the possibility that results from RCT’s can be even more time consuming. The
consequence of this progress across cancers in the Phase 1 setting has been the development of
umbrella and basket trials. However, most basket trials do not include brain cancer patients (or brain
metastases) for several reasons, one being the BBB. Geographic accessibility to relevant trials can be
challenging. Albeit Denmark has many factors in favor of participating in international trials with e.g.
a well-run national Phase 1 unit, an East Danish Genome Center, a transparent infrastructure and
excellent scientific conditions, Denmark is a small country that limits recruitment of trials. Therefore,
patients may have to travel significant distances to enter a clinical trial. GB patients are fragile, due to

the cancer and the morbidity that it causes. The expected life span is limited and should be evaluated
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against spending the remaining time in a different country away from relatives and friends. Therefore,
national trials are warranted. Allowing for smaller groups to be tested in a timely manner, a Bayesian
adaptive design could be considered. The design includes dynamic arms that open or close as
hypothesis are being accepted or dismissed or as new hypothesis are being generated. Another trial
method is the umbrella trial with a fixed number of arms, testing different targeted treatments. A good
example of this is the NCT Neuro Master Match (N°M?) trial (NCT03158389) for newly diagnosed

GB patients with seven arms, six of which are targeted treatment arms.

5.2 Tumor mutational burden and chromosomal instability as prognostic markers

In study I we found some interesting results when investigating TMB, CI and OS that were all
significant, showing that TMB-high and/or CI-median had the worst survival. This undetlines the
great potential of using TMB and CI as stratification for future studies by selecting the non-favorable
group for experimental treatment upfront and be less aggressive with protocolled treatment for the
favorable group and save this option for second line treatment. We find this strategy interesting, but
results need further validation. Estimating TMB is not standardized and differs according the assays
used and downstream analyses. For study I, we chose a method developed at Center for Genomic
Medicine as described in section 3.4.5. With this method we had a median TMB of 21.9/Mb (range
1.9-71.0 with one extreme outlier having a TMB of 362.2/Mb). Beating in mind that the patients in
study I were all newly diagnosed, this is a high score as compared to the literature in which the general
estimation of TMB is approximately 1-2 mutations/Mb in GB [34, 36]. Study 1I included 35 of the
same patients as from study L. In this study, we found a median TMB/Mb in the primary, treatment
unexposed, tissue of 0.9/Mb. The discrepancy illustrates different methods used and out specific TMB
scores must be interpreted in relation to the specific study. For study 11, we used a different method
for TMB-score since these analyses were carried out at BRIC. For methods, see section 3.4.5. These
different results truly illustrate the need for a unified estimation of TMB across cancers and highlights

the difficulty in comparing TMB across studies.

5.3 Tumor heterogeneity and paired sampling (tumor purity)

To enter most molecular-based trials today, a fresh biopsy is needed since a tumor can alter the genetic
composition quite significantly during time and/or treatment as discussed in section 2.2.4. Knowledge
about tumor evolution with identification of genetic drivers, can be used for an individual treatment
strategy depending on where in the disease progression the patient is. To pursue this in an intelligent

way, genomic testing on multiple biopsies is gaining ground. In study II we collected paired samples
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before and after treatment and investigated for genomic aberrations. We found that tumor purity
constituted a major problem which was most evident in the precious relapse samples. Therefore, we
found it necessaty to develop a method to adjust for tumor purity and found that 10/35 samples
(28.6%) had to excluded with 7/32 (21.9%) due to low tumor purity. Better methods are needed to
optimize sampling. A consequence of study II is that we are in the process of implementing that every
sample from a GB patient will be investigated by a neuro pathologist immediately after the sample
arrives at Department of Pathology and before the sample is preserved in a biobank. The hope is that
this procedure will increase the possibility of better tumor purity. Multisampling studies is another

method of increasing knowledge of collecting representative samples.

5.4 Tumor mutational burden and immunotherapy for a selected group

As discussed in section 2.2.3, markers exist for prediction of response to I'T with the most responsive
tumors being exogenous-caused tumors with high TMB and/or high neoantigen load or biallelic MMR
deficient tumors. TMB is an inclusion-criteria for an I'T trial NCT03668119) at our institution and to
be included, a TMB > 10/Mb is required. In study II, we identified the highest TMB/Mb of 1.5. Even
though we did not use the platform required for this specific study, it illustrates that only few patients
with GB must be expected to respond to I'T. However, it is important to identify the few potential
candidates for I'T and TMB should be further evaluated. To increase the potency of IT in immune
depleted patients with GB, combination therapies might have a role. Several combination trials have
been performed e.g. vaccination studies with adjuvants (appendix 1) and is performed, e.g. PD1i with
RT/TMZ in different combinations and results are awaited. We did not investigate for PDLI-
expression which would have provided another layer of how to understand the potential role for these

patients.

5.5 Treatment monitoring using liquid biopsies

Evaluation with imaging is a central element in the treatment monitoring of GB patients. These
modalities have some limitations which have been discussed in section 2.1.1. Therefore, we sought to
investigate the role of cfDNA in study III. Interestingly, we found that cfDNA plus fragment size
measurements indeed showed potential to contribute in evaluating the patients. Undeniable, ctDNA
measurements would be preferable but this procedure is more expensive and demands both advanced
machinery and special technical skills. CTC’s can provide more information but CTC’s are limited in
GB and still needs further development before it can be implemented in clinical practice. Until these

more comprehensive methods have been developed, we find that cfDNA is an applicable alternative

47



in the clinic. Including patients in the study before they had been diagnosed, raised both ethical and
logistic issues and the pre-surgery sample did not provide additional information. We therefore suggest
that the baseline sample should be the one before oncologic treatment, making recruitment to a larger
study less complicated. For brain cancer patients, CSF also shows great potential, as discussed in
section 2.3. However, CSF-sampling requires an invasive procedure with risk of complications and we
do not find this strategy as compelling in routine diagnostics. A meaningful usage of CSF-monitoring

could be in questionable cases of pseudo progression to select the right patients for relapse surgery.

5.6 Feasible and relevant in a daily clinical setting

During the study period we have performed WES on tumor tissue with a gene filter list based on
common mutated genes in GB. The list has been evaluated throughout the study with application of
new genes and reruns of the samples. During my research stay at Division of Molecular Genetics
headed by Professor, Dr. Peter Lichter at the Deutsches Krebsforschungszentrum (DKFZ), we got
acceptance from the Department of Pathology to use their neuro-gene panel list and we merged it to
ours in March 2019. WES covers all protein coding regions in the genome in which location of
majority of targetable aberrations must be expected. The field is now moving towards WGS with even
more big data produced with the expense of increasing turnaround time, shallower sequencing and
money. WGS is extremely important with research into e.g. introns and microRNA and will move
neuro science in new directions. But for routine use we find WES acceptable and it is worth to
consider a targeted approach with the above-mentioned panels since this can result in deeper and
faster sequencing for known targetable aberrations. This is particularly important if we are to move
genomic profiling to first line therapy. A supplement with methylation profiling will be useful since
new entities seem to be discovered based on the analyses and facilitates an even more targeted

treatment in a small group of patients.
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Future perspectives and conclusion

The main reason to perform genomic profiles based on NGS techniques is to find targetable
aberrations and to prolong OS. For genomic profiling to be applicable for daily clinical practice, the
logistic setup must be stringent and precise, independent of work-schedule. This was the case for solid
tumors at our institution when this PhD project was launched, and we have succeeded in
implementing the same setup for GB patients. Today, a genomic report is ready for first or second
relapse and if a patient has had relapse surgery, a genomic report will be accessible as well. To
acknowledge the increasing need for tissue for research purposes, we initiated a collaboration with
RBGB, Department of Pathology, -Neuro Surgery and Danish Cancer Society to establish a biobank
with GB tissue for future research purposes. We succeeded with this project and tissue is now being
collected and stored in a systematic and preservative manner according to current legislation. The
clinical impact of the genomic profiling was not as high as hoped for as we treated only one patient
in an experimental trial. The main reasons for this lack of treatment consequence were the limited
number of clinical trials available at our institution and the clinical deterioration of patients
necessitating a more aggressive approach to experimental treatment. We find that majority of GB
patients should enter clinical trials and we should consider moving experimental treatment to first line,
especially in the group of patients with the worst prognosis. In study I, we found this group to be
patients with TMB-high and/or CI-median. Importantly, we identified a patient with a NTRK?Z fusion
that illustrates the clinical potential of genomic profiling. New ways of designing trials are needed to
increase visibility and access and to speed up the time to results, that being both negative and positive
results. An example could be ecither the Bayesian adaptive model or umbrella/basket trials.
Theoretically, umbrella trials would be preferred as brain cancer differs in many ways from other solid
tumors but by including brain cancer patients in basket trials this would increase the eligible number
of trials. Palliative trials testing when not to treat a GB patient is also warranted. Focus should here
be on quality of life and palliation. Serial sampling of GB tissue is important for investigation in tumor
heterogeneity and for clonal evolution analyses, and foci should be on tumor purity, especially in the
relapse samples as concluded in study II, sampling bias and the role of the peritumoral tissue. For
research purposes and to increase the amount of relapse tissue from GB patients, it is worth

considering performing autopsy studies. In study III, we find that liquid biopsies with cfDNA/ctDNA
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do have a future in GB and we find that cfDNA in combination with fragment size determination is
a promising and easily accessible method that we wish to investigate further. The hope and strategy
for future GB patients should be to find the few to cure, the majority to prolong life and the rest to

palliate.
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Importance of the study

Glioblastoma (GB) is incurable, difficult to treat and with unknown etiology. The omic-era has contributed
with indispensable new knowledge and improved treatment strategies across different cancers. However, this
has yet not translated into an increased survival in GB patients. Reasons can represent the heterogeneity of
samples in international biobanks with both primary/relapsed GB, incomplete clinical information, unknown
treatment exposure and demographic differences. To unify the sampling in our cohort, we performed a
prospective collection of GB samples from 108 newly diagnosed patients before exposure to treatment and
gathered relevant clinical information. We performed next generation sequencing to identify possible
actionable targets and investigated the tumor mutational burden (TMB), chromosomal instability (ClI) and
subgroup division. We found significant prognostic value of TMB and CI and borderline significance in the
classical subgroup. These prospective, translational results from the Copenhagen Glioblastoma Cohort can
be integrated in the research community to contribute to future studies.

Abstract

Background: Glioblastoma (GB) is an incurable grade 1V brain tumor and new treatment strategies are
urgently needed. Next generation sequencing of GB has most often been performed on archival tissue from
either diagnostic or relapse surgeries with limited knowledge of clinical information, including treatment
given. Radiotherapy (RT) and Temozolomide (TMZ) can alter the genetic signature. We sought to
investigate the genomic composition in treatment-naive patients with GB, searched for possible targetable
aberrations and investigated for prognostic and/or predictive factors.

Methods: A total of 108 newly diagnosed GB patients were prospectively included. Relevant clinical
information was gathered, including progression-free survival (PFS) and overall survival (OS). Tissue was
analyzed by whole-exome sequencing, SNP- and transcriptome-arrays, and RNA-sequencing, and assessed
for mutations, fusions, tumor mutational burden (TMB), chromosomal instability (CI) and classified into GB
subgroups. Each genomic report was discussed at a multidisciplinary tumor board meeting.

Results: Consecutive patients were asked and 97.3% accepted inclusion in this study. 86 patients (77%) were
treated with RT/TMZ and adjuvant TMZ. One NTRK2 and three FGFR3-TACC3 fusions were identified.
Copy number alterations in GRB2 and SMYD4 were significantly correlated with worse OS together with
known clinical variables like age, performance status, steroid dose and O6-methyl-guanine-DNA-methyl-
transferase (MGMT)-status. Patients with median CI or high TMB had significantly worse OS compared to
Cl-low/high or TMB low/median.

Conclusion: Performing genomic profiling at diagnosis ensures the availability of report at the first
progression. Furthermore, high TMB or median CI had worse OS which can support the possibility to
offering experimental treatment already at the first line.




Introduction

Glioblastoma (GB) is an incurable brain cancer with an incidence of 3.2/100.000 [1]. Biomarker-driven
targeted therapy has proven effective in many cancer types and seems promising in GB based on case stories
with specific aberrations [2-4]. This includes gene fusions that have resulted in approval of Tropomyosin
Receptor Kinase (TRK)-inhibitors for TRK-fusion positive cancers, regardless of histology [5-7]. With the
comprehensive genomic characterization of GB in 2008 [8] and the revised World Health Organization
(WHO) classification of brain tumors in 2016 with integration of molecular analyses, the hope was that it
would contribute to better treatment options in GB. Genomic testing is being used in the clinic today [9] but
unfortunately has not yet translated into a better OS. Standard 1* line treatment remains concurrent
radiotherapy (RT)/Temozolomide (TMZ) followed by adjuvant TMZ with a progression free survival (PFS)
of 7 months and overall survival (OS) of 14-22 months, depending on prognostic and predictive markers like
isocitrate dehydrogenase (IDH)-status and O6-methyl-guanine-DNA-methyl-transferase (MGMT) promotor-
status [10-12]. Some explanations for lack of clinical impact into a better OS might be that majority of
samples in international databases represent both primary and relapse samples, can have unknown IDH-
and/or MGMT-status and limited information of treatment exposure. The latter can change the genetic
composition with possible development of hypermutated phenotypes [13, 14] or higher chromosomal
instability (CI) [15]. Also, overrepresentation from specific demographic areas can cause challenges as
different ethnics groups can have a heterogenous genetic composition [16]. Lastly, at initiation of
international databases, molecular diagnostics was not incorporated to the same extent as today and work
with methylation profiling on cases from the databases has shown that 12% of samples with discrepancies
could have a new diagnosis assigned [17]. To face some of these challenges, we have performed a
prospective study with inclusion in the Copenhagen Glioblastoma Cohort (CGC) to determine the genomic
profile in newly diagnosed patients with GB, with the purpose to investigate whether a genomic profile could
lead to an altered treatment strategy and to investigate prognostic/predictive relevance of genomic variants.
To our knowledge, this is the first study performed after the 2016 WHO-classification with prospective
translational results, including clinical, pathological and genomic data on all included patients.

Materials and methods

Collection of tissue

Over a 2¥% year period from February 2016 to August 2018 we included 108 patients with newly diagnosed
GB at Rigshospitalet, Copenhagen. The diagnosis was based on the WHO-classification from 2016 with
histopathology and molecular examination for IDH-and MGMT -status [11]. Patients who had previously
received treatment for a lower grade glioma with transformation into a grade 1V GB, were not included. In
the first year, we included all newly diagnosed patients, but shifted to include only patients suitable for
RT/TMZ. This decision was based on that a genomic profile should have a potential clinical impact on future
treatment of included patient. All patients gave informed, signed consent 24 hours prior to surgery.
Whenever possible, 5-ALA was used during surgery [18, 19]. Three representative tissue chunks from
diagnostic surgery was immediately preserved in RNA-later for optimal DNA and RNA purification. In case
of insufficient amount of tumor material, we used formalin-fixed-paraffin-embedded (FFPE) tissue or snap
frozen tissue. Patients further delivered a blood sample (10 ml) for germline retraction. (Figure 1). The
project was carried out in accordance with the Declaration of Helsinki and with approval from the National
Danish Ethics Committee (Journal number: H-3-2009-136 and 1707335) and Danish Data Protection Agency
(Journal numbers: 2014-41-2857 and VD-2018-204 with I-suite number: 6447).




Clinical data

Clinical data was noted from patient interviews and medical records, including age at diagnosis, location of
the tumor, extent of surgery, performance status (PS) and corticosteroid dose before oncologic treatment,
treatment given, number of cycles of adjuvant TMZ completed, completed full planned treatment yes/no,
relapse surgery yes/no, PFS and OS. Date of datalock was 10.01.2019.

Pathological examination

Every sample underwent standard pathological examination with immunohistochemistry (IHC) for GFA,
map2, Olig2, IDH, p53, ATRX and Ki67 index. For patients < 55 years with normal IDH-status, sequencing
of codon 132, 140 and 172 was done. Polymerase chain reaction (PCR) with pyrosequencing (Qiagen) was
performed for MGMT-status with a cut-off of 10%. When in doubt of diagnosis, 850K methylation with
Infinium Methylation EPIC BeadChip array which targets >850.000 methylation positions in the human
genome, was performed. In young patients and/or midline tumors and/or IDH WT in combination with ATRX
loss, an analysis for H3K27M was added with sequencing of H3F3A codon 28 to 35 with a sensitivity of
20% tumor cells.

WES

Whole exome sequencing (WES) was performed using DNA from tissue and blood. DNA from tumor
samples (tDNA) was extracted using the AllPrep DNA/RNA purification kit and the QIACube workstation
(Qiagen) according to manufacturer’s instructions. Genomic DNA from whole blood samples (gDNA) was
isolated using the liquid handling automated station (Tecan). Purified DNA was quantified using the Qubit
instrument (Life Technologies). Both tDNA and gDNA (200 ng) were fragmented to approximately 300 bp
using Covaris S2 (Agilent) and adaptor ligation was performed using KAPA HTP Library Preparation Kit
(Roche). Exomes were enriched with SureSelectXT Clinical Research Exome kit (Agilent). Paired-end
sequencing (2x100 bp or 2x150 bp) was performed to gain an average coverage of 50-100x, using the
HiSeq2500 or NextSeg500 platforms from Illumina. Raw sequencing data were processed using CASAVA-
1.8.2. Reads were aligned to the human reference genome (hg19/GRCh37) using CLC Biomedical Genomics
Workbench (Qiagen), and variant calling was performed above 10% frequency in the tumor DNA. Somatic
variants were identified by excluding variants found in blood WES data from the patient, and further
analyzed using Ingenuity Variant Analysis (Qiagen). A gene list based upon frequent mutated genes in GB,
was used to filtrate for mutation calling in Ingenuity (table S1) and mutations were categorized based on the
likelihood of being pathogenic [20].

Tumor mutational burden

Paired end sequencing reads with a length of 150 bp were aligned against the GRCh37.p13 reference genome
using bwa mem 0.7.15. Somatic variants were called using Mutect2 according to the GATK best practices
for somatic short variant discovery using GATK 4.0.10.1. Variants filtered by Mutect2 and variants
annotated with an allele frequency > 5 % in gnomAD were excluded from the call set. The variants were
further hard filtered by only including SNVs and INDELSs in coding regions. Finally, variants called at sites
with a coverage of less than 10x and an allele depth of less than 5x were excluded. The tumor mutation
burden was calculated as the number of non-filtered variants divided by the number of bases with a coverage
of > 10x in all coding regions of the genome. Tumor mutational burden (TMB) estimates were reported as
mutations per megabase (MDb).




Analysis of somatic copy-number alterations

CytoScan assay (Affymetrix, Santa Clara, USA) was performed on tumor samples according to the
manufacturer’s instructions. OncoScan assay (Affymetrix, Santa Clara, USA) for analysis of FFPE DNA
material was performed according to the manufacturer’s instructions. OSCHP files from OncoScan and .CEL
files from the CytoScan assay were imported into NEXUS v8.0 (BioDiscovery) and used for the analysis and
visualization of somatic copy number alterations (SCNA)s and loss of heterozygosity (LOH). SCNAs (loss,
gain, biallelic loss, or high amplification) and LOH calls for each sample were confirmed by visual
inspection and followed by manual interpretation of whole-exome profiles. Tumors were assessed for
chromosomal instability (CI). The tumor was assigned as Cl if it displayed in total more than 15 SCNA; i.e.
segmental chromosomal aberrations (SCA) and/or numerical aberrations (NCA).

Gene expression analysis

RNA was reverse-transcribed and used for cRNA synthesis, labelling and hybridization with GeneChip®
Human Genome U133 Plus 2.0 Array (Affymetrix) according to the manufacturer’s protocol. The arrays
were washed and stained with phycoerytrin conjugated streptavidin using the Affymetrix Fluidics Station
450, and the arrays were scanned in the Affymetrix GeneArray 3000 7G scanner to generate fluorescent
images. Cell intensity files (.CEL files) were generated in the GeneChip Command Console Software
(AGCC; Affymetrix).

Fusion analysis

RNA-sequencing was done using TruSeq Stranded Total RNA Library Prep Kit and RNA was sequenced on
a NextSeg500 (Illumina). Raw sequencing data from the Illumina sequencing platforms were processed with
CASAVA-1.8.2. FusionMap bioinformatics tool (Array Suite) was used for screening of fusion transcripts as
previously published (Ref: Ge H., Liu K., Juan T., et al: FusionMap: detecting fusion genes from next-
generation sequencing data at base-pair resolution. Bioinformatics 2011; 27: pp. 1922-1928).

Determining of TERTp

Telomerase Reverse Transcriptase promotor region (TERTp) mutation was determined using Sanger
sequencing for the two most common mutations; ¢.-124C>T and c¢.-146C>T. In brief, primers were designed
to produce PCR products covering the sites. The purified PCR products were sequenced by Sanger
sequencing using an ABI 3730 DNA Analyzer according to the manufacturer's instructions (Applied
Biosystems).

Subclass analysis

In house developed classifier based on the study data (E-GEOD-68850) [21] was used to assign the tumor
into one of the three subtypes of interest (Classical, Mesenchymal and Proneural). Briefly, the raw intensity
.CEL files were preprocessed by quantile normalization and gene summaries were extracted via robust multi-
array average (RMA). The expression values of 4324 classifier genes were standardized across samples. The
2-dimensional t-distributed stochastic neighbor embedding (t-SNE) algorithm was applied to a fraction of the
dataset multiple times. A sample was considered to belong to a subtype when its corresponding Gaussian
model gave the maximum probability density among the rest of the models and that probability was greater
than 0.001. Since subclass division was based upon expression analysis, tissue preserved in FFPE and hence
RNA degradation, could not be divided into these and was noted N/A.




Statistics

OS and PFS were estimated using the Kaplan-Meier method. Comparison of selected genes with SCNA"s
(biallelic loss, amplification, LOH, deletion and LOH) and clinical characteristics, including comparison of
selected genes with biallelic loss or amplification and completing RT/TMZ were calculated using the
Fisher’s exact test. For univariate and multivariate analyses and OS, we used the Cox proportional hazards
model and results were presented as hazard ratios (HR) with 95% confidence interval (Cl). P-values <0.05
were considered significant. Statistical analyses were done using SPSS (v.25.0) and RStudio (v.3.5.2).

Patients included
N=108

GB, IDH-WT, N = 103

MGMT-meth, N=44

GB, IDH-mut, N =5 RNA-igter, N = 86:

MEMT-meth, V=4 WES, SNP-array, RNAseq,
expression analyses and Sanger

‘ seq
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Tissuewith matching blood
ne WES, SNP-array, RNAseq,

(germling) — ) "
N=104 expression analyses and Sanger
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FFPE, N= 18:
L wES snP-array
Tissuewithout matching RMA-igter, N=3: [ FFPE,N=1:
blood(germling) hotspot mutations, SNP-array and
N=4 Songer seq

Figure 1. CONSORT diagram. The inclusion criterias were: Newly diagnosed glioblastoma (GB), no previous treatment from a lower
grade glioma, signed informed consent. Diagnosis based upon WHO classification for brain cancers 2016. DNA was used to perform
WES, SNP-array and Sanger seq and RNA was used to perform RNAseq, expression- and fusion analyses. Only tissue preserved in
RNA-later or as snap frozen could be used to determine Telomerase Reverse Transcriptase promotor (TERTp)-status and subtype
division. Abbreviations: IDH: isocitrate dehydrogenase; WT: wildtype; meth; methylated; mut: mutated; MGMT: O-6-methyl-
guanine-DNA-methyl-transferase; FFPE: formalin-fixed-paraffin-embedded; WES: whole exome sequencing; RNAseq: RNA
sequencing; SNP: single nucleotide polymorphism.




Results

Patient characteristics

A total of 108 patients were included (table 1). The patients resembled a standard clinical setting with
patients eligible for RT/TMZ. ATRX mutation was found in five patients (4.6%), four of these (3.7%) were
under the age of 45 and three (2.8%) had an IDH-mutation. One of the patients with the combined ATRX and
IDH-mutation had a H3K27M mutation, causing a highly aggressive tumor. Median PFS and OS was 7.8
months and 16.3 months, respectively.

Number of patients 108
Sex

- Female (%) 44 (41)

- Male (%) 64 (59)
Age at diagnosis, median (range) 62 (18-89)
Performance status, median (%) 0 (0-4)

-0 59 (55)

-1 34 (32)

-2 13 (12)

.3 1(1)

- 4 1(1)
MGMT methylated (%) 48 (44.4)
IDH wild-type (%) 103 (95)
ATRX mutated (%) 5 (4.6)
Corticosteroid dose, mg (median, min-max) 15 (0-75)
Treatment (%)

- RT/TMZ and adj TMZ 83 (77)

- RT/TMZ plus IT or placebo (trial) 6 (6)

- IT/RT and adj IT (trial) 4 (4)

- TMZ monotherapy 2(2)

- 60Gy/30F 5(9)

- 34 Gyl/l0F 7(7)

- None 1(1)
RT/TMZ and adj TMZ completed (%) 31 (37)

- Median number of cycles (range) 5 (0-11)
Still on-treatment at datalock (%6) 6 (7)
Relapse surgery (%0)

- Yes 43 (40)

- No 41 (38)

- Not yet progressed 24 (22)
Tumor location (%) / complete resection (%0)

- frontal 33(31)/ (76)

- parietal 22 (20)/ (91)

- temporal 30(28)/ (60)

- occipital 8 (7)/ (100)

- brainstem 109/ (0

- other? 14 (13)/ (64)
PFS, median (months) 7.8

- MGMT-WT 6.7

- MGMT-methylated 13.7
OS, median (months) 16.3

- MGMT-WT 14.7

- MGMT methylated Not reached

Table 1. Patient characteristics. Performance status (PS) and corticosteroid dose was noted approximately one month after surgery
when the patient was seen at Department of Oncology, before start on oncologic treatment. 2: tumor overlapping two lobes.
Abbreviations: TMZ: Temozolomide; adj: adjuvant; RT: radiotherapy; IT: immuno therapy, PFS: progression-free survival; MGMT:
06-methyl-guanine-DNA-methyl-transferase; OS: overall survival.




The genomic landscape, TERT promotor status and fusion analyses

SNP-array was successfully performed in all samples and WES in 104 (96.3%) patients, where both tumor
and blood samples were available. Figure 2 presents the genomic landscape of SCNAs present in at least 5
patients, all GB related mutations with pathological significance and fusions. The top five most aberrated
genes were PTEN, CDKN2A/B, EGFR, RB1 and NPAS3. The most frequent mutations were in PTEN, TP53,
NF1, RB1 and EGFR. A list of all identified mutations is shown in Table S2. TERTp was mutated in 74
(68.5%) of the samples with 51 (68.9%) having the ¢.124 C>T mutation and 23 (21.3%) having the c.146
C>T mutation, respectively. In the 17 patients with FFPE material, TERTp status was not assigned.
Mutations in TERTp did not relate to worse OS (data not shown). We investigated all patients for fusions
with FGFR, NTRK and MET and identified NTRK2 in one patient (0.9%) with a MGMT-methylated tumor
and FGFR3-TACC3 in 3 patients (2.8%) all of which were in MGMT-WT tumors.

Subtype division

Subtype division was possible in 91 patients (84.3%) and was equally distributed with 23 patients (25.8%)
having proneural, 24 patients (27.0%) classical and 25 patients (28.1%) mesenchymal subtype. 17 patients
(19.1%) were outliers. We did not find subgroup division to be predictive. After adjusting for MGMT-status,
the classical subgroup and the outliers had a borderline significant difference in OS. (Figure S1 and S2A-D).
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Figure 2. Landscape of somatic copy number alterations (SCNA) in selected genes altered in > 5 patients, glioblastoma specific

108. Only mutations categorized as pathogenic are shown. The most aberrated genes

were PTEN, CDKN2A/B, EGFR, RB1 and NPAS3 and the most frequent mutations were in PTEN, TP53, NF1, RB1 and EGFR.

mutations and fusions listed hierarchically. N

Abbreviations: mut: mutated; fus: fusions; FFPE: formalin-fixed-paraffin embedded; MGMT: O6-methyl-guanine-DNA-methyl-

transferase; TERTp: Telomerase Reverse transcriptase promotor.

Individualized treatment

Each genomic report was discussed at bi-weekly tumor board meetings with specialists from molecular

biology, clinical genetics, bioinformatics, pathology and medical oncology. It was feasible to have the results
ready for time of the first progression. In the study period, we found one patient with NTRK2 fusion and
patients with IDH-mutation eligible for experimental treatment based on the on-site available trials. One

patient with H3F3A-mutation was included in the international ONC-201 protocol (NCT03295396). Other

potential targets were mutations in EGFR, CDK4/6, NF1, FGFR3, as well as FGFR3-TACC3 fusions.



Genomic changes and OS

We further investigated genomic alterations and OS. First, we tested clinical and genetic variables in a
univariate analysis and found age < 70 years, PS 0-1 and corticosteroid dose < 10 mg once daily to be
statistically correlated with better survival. MGMT-status and genes with SCNAS in > 5 patients were tested
in a univariate analysis. MGMT-WT, growth factor receptor bound (GRB2)- and SET and MYND4
(SMYD4) were significantly correlated to worse survival. (Table S3).

Testing for genomic variations with correlation to treatment completion

A total of 83 (76.9%) patients were eligible for and received RT/TMZ. 31 patients (37.4%) completed the
planned treatment and 46 patients (55.4%) did not. Six patients (7.2%) were still on-treatment at time of
data-lock why they were excluded in the following analysis. The main reason for not completing the planned
treatment was progression. Patients completing the planned treatment, had a statistically significant survival
benefit of 25.6 months vs. 14.6 months for patients not completing the treatment (p < 0.000) even though all
the patients were eligible for concurrent treatment upfront and hence should be comparable at start of
treatment. After adjusting for the three clinical (age, PS and corticosteroid dose) and genetic variables
(MGMT, GRB2 and SMYDA), the result was still significant, showing that completion of therapy was not
alone dependent of belonging to a good prognostic group (data not shown). Next, we investigated the
predictive potential for completing the treatment by testing genes with amplification and/or biallelic loss and
the three clinical variables but could not identify any besides the known MGMT -status with p=0.02. (Table
S4 and figure S3).

Tumor mutational burden

The evaluation of tumor mutational burden (TMB) was feasible in 99 patients (91.7%). Median TMB before
diagnosis was 21.9/megabase (Mb) with a range of 1.9-71.0 and an extreme outlier of 362.2. When dividing
TMB into low (0-15, N=23), median (16-30, N=66) and high (>30, N=10) we found a worse survival of 10.0
months in the TMB-high patients vs. 16.5 and 20.9 months in the TMB-median and TMB-low, respectively
(p=0.001). We then merged TMB-median and low and compared them to TMB-high tumors, still yielding
statistically significant results in OS with 18.0 months in the combined group (p=0.0005) and with a HR of
0.29 (95% CI: 0.14-0.61) in TMB-median/low vs. TMB-high, respectively (p=0.001). (Figure 3A-B). After
testing in a multivariate analysis with adjustment for the above identified three clinical variables (age, PS and
corticosteroid dose) and MGMT -status, the results remained significant with p=0.004, HR: 0.27 (95% ClI:
0.11-0.65). (Data not shown).

Chromosomal instability

Next, we explored whether CI could prognosticate OS based on number of SCNAs and/or aneuploid
background. Evaluation of Cl was possible in 104 patients (96.3%). Cl was divided into low (0-7 SCA,
N=35), median (8-15 SCA, N=42) and high (>15 SCA or aneuploid background, N=27). Cl-median had the
worst OS of 14.8 months vs. Cl-high and Cl-low with OS of 16.5 and 20.9 months, respectively, with
borderline statistically significance (p=0.094). Again, we merged the two groups with the best survival in
comparison to Cl-median and found a median OS of 18.7 months in the combined group (p=0.034) with a
HR of 0.56 (95% CI: 0.33-0.97) in Cl-high/low vs. Cl-median, respectively (p=0.037). (Figure 3C-D). When
adjusting for MGMT-status and the three clinical variables (i.e. age, PS and corticosteroid dose), the
difference was still borderline significant with p=0.13, HR: 0.66 (95% CI: 0.39-1.13). (Data not shown).
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Figure 3A-D.

Kaplan-Meier curves with numbers at risk for overall survival (OS) for (A) tumor mutational burden (TMB)-high, TMB-median and
TMB-low, (B) TMB-high and TMB median/low, (C) chromosomal instability (Cl)-high, Cl-median and Cl-low and (D) Cl-median
and Cl-high/low.

A-B: TMB was defined as number of mutations/megabase (Mb) into low (0-15, N=23), median (16-30, N=66), and high (> 30,
N=10). Total N=99.

A: TMB-high vs. TMB-median and low had a significantly worse OS of 10.0 months (95% CI: 3.8-16.1) vs. 16.5 months (95% CI:
13.5-19.6) and 20.9 months (95% ClI: 15.5-26.3), respectively (p=0.001).

B: Groups were segregated into TMB-high (N=10) vs. TMB-low/median (N=89). A statistically significant difference remained with
median OS of 18.0 months (95% CI: 14.8-21.2) in the combined group (p=0.0005) and with a hazard ratio (HR) calculated using a
Cox regression analyses of 0.29 (95% CI: 0.14-0.61, p=0.001) in TMB-median/low vs. TMB-high, respectively.

C-D: Cl was split into low (0-7 segmental chromosomal aberrations (SCA), N=35), median (8-15 SCA, N=42) and high (>15 SCA or
aneuploid background, N=27). Total N=104.

C: Cl-median vs. Cl-high and Cl-low had a worse median OS of 14.8 months (95% CI: 21.5-17.1) vs. 16.5 months (95% CI: 8.1-
24.9) and 20.9 months (95% ClI: 16.0-25.8), respectively. Results were borderline significant (p=0.094).

D: Groups were then segregated into Cl-median vs. Cl-high/low with a median OS of 18.7 months in the combined group (95% CI:
13.8-23.7) (p=0.034) and with a HR of 0.56 (95% CI: 0.33-0.97, p=0.037) in Cl-high/low vs. Cl-median, respectively.



Combined tumor mutational load and chromosomal instability

Next, we used the results to segregate patients with a combined TMB and CI analysis (N=95, 88.0%) into four
groups starting with the less favorable to the most favorable group; TMB-high plus Cl-median (N=5), TMB-
high plus CI high/low (N=5), Cl-median plus TMB median/low (N=33) and TMB-median/low plus CI-
high/low (N=52) with corresponding median OS of 10.0, 10.4, 15.4 and 20.9 months, respectively (p=0.001).
(Figure 4). Translating this into a non-favorable (TMB-high and CI-median in any combination) vs. a favorable
group (no TMB-high and/or Cl-median in any combination), the results were still significant with a median
OS of 14.8 vs. 20.9 months, respectively (p=0.004) and a HR of 0.47 (95% CI: 0.26-0.82) in the favorable vs.
non-favorable prognostic group, respectively (p=0.008).
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Figure 4A-B.

Kaplan-Meier curves with numbers at risk for overall survival (OS) for (A) tumor mutational burden (TMB) and chromosomal
instability (CI) in different combinations and (B) TMB and CI in a bad prognostic group and a good prognostic group, respectively.
Figure includes patients having both analyses performed, N=95.

A: Patients were split into four groups based on survival results from figure 3: TMB-high plus Cl-median (N=5), TMB-high plus CI-
high/low (N=5), Cl-median plus TMB-median/low (N=33) and TMB-median/low plus Cl-high/low (N=52) with corresponding
median OS of 10.0 (95% CI: 1.9-18.1), 10.4 (95% CI: 1.8-18.9), 15.4 (95% ClI: 13.4-17.5) and 20.9 months (95% CI: 15.9-25.9),
respectively (p=0.001).

B. The four groups were then segregated into a non-favorable (TMB-high and Cl-median in any combination) vs. a favorable group
(no TMB-high and/or Cl-median in any combination) with a corresponding statistically significant difference in OS of 14.8 (95% ClI:
12.4-17.1) vs. 20.9 months (95% ClI: 15.9-25.9), respectively (p=0.007) and with a HR of 0.47 (95% CI: 0.26-0.82, p=0.008) in the




good vs. bad prognostic group, respectively, calculated by a Cox proportional analysis.
C. All patients and TMB, CI- and MGMT-status, ranged with highest survival first.

Discussion

Here, we report a prospective study using the Copenhagen Glioblastoma Cohort with treatment naive GB-
patients. Findings represented known SCNAs, mutations and clinical variables and new findings were
identification of GRB2 and SMYD4 correlating to a worse survival. All samples but two had a SCNA in
either PTEN and/or CDKN2A/B, essential for development of GB. The obvious targeted treatment would be
a tyrosine kinase inhibitor. However, they show a high toxicity and lower than expected efficiency [22]. In
our study, sequencing depth was sufficient to find possible drivers, but sampling bias can pose another
challenge due to intratumor heterogeneity where undetectable, targetable sub clones can be present at
diagnosis [23] and in some cases it might be worth considering a deeper sequencing for selected targetable
oncogenic drivers like BRAF in histologic subtypes [24, 25] or NTRK-fusions in IDH-WT patients [26].

Subclass division did not predict outcome

To investigate another approach of predictive value, we divided our cohort into the three subclasses: i)
proneural; ii) classical, and iii) mesenchymal according to Verhaak et al [27]. However, we failed to validate
their predictive value in our cohort. Recent work from TCGA showed that the predictive advantage to TMZ
in the classical subtype and the prognostic value in the proneural subtype was attributed to MGMT -
methylation [28], why we investigated each subclass stratified for MGMT-status. The known predictive
advantage of MGMT-methylation was confirmed and a borderline significant difference in OS was found in
the classical subgroup and the outliers. However, numbers are small and should be interpreted accordingly.
This lack of coherence was also found in a study by the German Glioma Network [29].

Treatment completion and genetic composition

Not surprisingly, we found a statistical survival benefit in the group of patients able to complete the planned
concurrent treatment, even after stratifying for the three clinical and genetic variables. Indisputable, it would
be extremely valuable if we could predict who would benefit from RT/TMZ to select future patients for 1%
line standard treatment or 1% line experimental treatment. Unfortunately, we could not find a predictive
genetic composition for completing RT/TMZ and conclude that more research is needed in this important
guestion. It is worth noticing that only a small subset of the intended/scheduled treatment was completed in
31 (40.3%) out of 77 evaluable patients with a median number of five cycles completed (range 0-11). A full
course with RT/TMZ and adjuvant TMZ includes > eight months of treatment and with a median PFS of 7.8
months, a large percentage of patients will not be able to complete the full treatment.

TMB and CI predicts outcome

The median TMB was 21.9 mutations/Mb with one extreme outlier of 362.2. Patients with TMB-high had a
significantly worse survival as compared to both median and low TMB, respectively. TMB has proved to be
a useful clinical marker for IT [30, 31]. As shown in our results, TMB holds a great potential for a group of
GB-patients and might have a role in future treatment stratification. In addition, TMB combined with CI
shows even stronger biomarker potential. Cl is a shared feature across 60-80% of cancer histologies [32] and
can cause inflammation, activation of the innate immune system, universal hypomethylation with general
activation of genes and a deficient mismatch repair (MMR) system [33-35]. High and low CI can both show
low aggressiveness; high due to the enormous DNA instability and low due to the low growth potential [36].
However, optimal CI can create equilibrium between genomic chaos and cell survival and was defined as
median CI in our cohort. Median CI lead to significantly worse survival compared to high and low group.




When we combined the less favorable group (TMB high and/or Cl-median) vs. the favorable group (TMB-
median/low plus Cl-high/low), the two clustered groups showed significant difference in OS, indicating the
great potential of clinical application of TMB and Cl. When comparing to other studies, the median TMB of
21.9/Mb is higher and should be evaluated in the context of the methods used in our study. An agreement of
how to report TMB is greatly needed [37].

Impact of molecular profiling on GB treatment

The hopes of extensive molecular profiling are in finding the targeted, efficient treatment. We identified
potentially targetable aberrations including gene fusions in NTRK2 and FGFR3-TACC3, mutations and/or
SCNA’s in H3F3A, EGFR, CDK4/6, IDH, NF1 and FGFR3. NTRK fusions are rare and have only been
detected in 0.3% of cancers with a higher prevalence in GB of 1.4% [38]. Given the degree of positive
results with TRK-inhibitors, TRK fusions are important to identify [5-7]. At study onset, our institution
participated in basket trials with rare gene fusions, as well as BRAF- and IDH-mutation. Specifically, we
have an open phase two basket trial with Larotrectinib (LOX0O-101) (EudraCT: 2015-003582-28) in which
the patient with the NTRK2 fusion is a candidate at time of progression. The patients with IDH-mutation
were candidates for experimental treatment but at the time of progression, the trial had closed for inclusion.
One patient was included in an early clinical trial based upon a H3F3A mutation. This lack of therapeutic
consequence from the genomic profiling was due to the limited number of open trials for patients with GB at
our institution and the rare incidence of the gene fusions. However, identification of the NTRK-fusion has
great clinical importance. Trial availability is a dynamic process and recently a new trial opened at our
institution with TMB as inclusion criteria (NCT03668119). International umbrella- and basket trials for
alterations found in our cohort do exist and are open for inclusion but this is complicated for these fragile
patients. However, our study shows that it is possible to have genomic results ready at time of first
progression and that GB indeed does harbor alterations for targeted therapy. Whenever possible, a relapse
sample for a new genomic profile should be performed due to clonal evolution during treatment.
Furthermore, the study underlines the necessity to set up international trials with adaptive designs to account
for rare aberrations and for better cooperation, speed and visibility. Majority of patients with GB should
enter clinical trials but a huge obstacle is the clinical deterioration that hinders participation in such. We
should consider moving experimental treatment to 1% line as is elegantly done in the N>M? trial umbrella trial
(NCT03158389) or in the CheckMate trials 209-498/548 (NCT02617589 and NCT02667587). What is
equally important is not to treat patients with significantly known unfavorable markers and focus on quality
of life.

Conclusion

Our study shows feasibility of genomic profiling in GB for therapeutic purposes. Noticeably, we identified
one NTRK2 fusion and found high TMB or median CI to be significantly correlated with worse survival.
Based on the lack of patient inclusion into targeted therapy trials, we propose a marker-based approach in
experimental adaptive trials already for the 1% line treatment. We further aim on improving the clinical utility
and application of the results. The molecular knowledge and technology are ahead of the clinical trials
offered in GB and we foresee that future studies have a greater translational focus to make benefit of all the
tremendous research already performed in this field.




Strengths and limitations

Our study has the strength of being a prospective study with only newly diagnosed, treatment naive GB-
patients included, diagnosed after the 2016 WHO classification of brain tumors and with full clinical data.
We had a multidisciplinary translational collaboration with all the specialties involved in GB; surgeons,
pathologists, radiologists, clinicians, Center for Genomic Medicine and the Danish Cancer Society.
Limitations were the limited number of open trials for GB-patients at our institution and hence a minimal
clinical utility of the results.
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SUPPLEMENTARY

ABCB1 CDX4 HEATR7B2 PIK3CA SULT1B1
ABCC9 CHEK2 IDH1 PIK3RI TCHH
ADAM29 COL1A2 IDH2 PLCH2 TERT
AFM CFAP47 IL18RAP PODNL1 TMEM147
ALK DCAF12L.2 KEL POT1 TP53
ANKRD36 DRD5 KMT2C PTEN TPTE2
ATRX DYNCI1I1 KRTAP20-2 QKI TRPV6
BCOR EGFR LCE4A RB1 UGT?2a3
BRAF ERBB1 LRRC55 RFX6 VEGFA
BRCAl ERBB2 LUM RPL5 WNT?2
BRCA2 ERBB3 LZTR1 SCN9A ZNF844
GCSAML ERBB4 MET SEMA3C ZNF99
CALCR FGA MMP13 SEMA3E ATM
CARDG6 FOXR2 NF1 SEMG1 MLH1
CD3EAP FRMD7 NLRP5 SIGLECS8 MSH2
CDH18 GABRA1 NOTCH SLC26A3 MSH6
CDH9 GABRAG ODF4 SPRYD5 PMS?2
CDHR3 GPX5 PARDGB SPTAl POLE
CDKN2A H3F3A PDGFRA STAG2 H3F3B

Table S1. Filter list for 95 genes used for mutation calling.




Gene

Variant

Variant

Variant

ABCB1 ¢.3262G>A; p.D1088N ¢.1738C>T; p.R580W

ABCC9 €.2599G>A; p.V867I

ADAM29 ¢.1043G>A; p.R348H €.731T>C; p.L244S

ATRX €.6332G>A; p.R2111Q c.3967G>T; p.E1323* ¢.6895_6896delCC;

p.P2299fs*22
¢.5408G>A; p.R1803H c.4269_4272delGAAA; ¢.1507C>T; p.Q503*
p.K1424fs*65
c.6889_6890delTT; p.L2297fs*24 | c.4809G>T; p.Q1603H
AFM c.433G>A; p.E145K c.1954delG; p.D652fs*8 ¢.4049G>T; p.G1350V
BCOR c.3874G>T; p.E1292* ¢.3800_3801dupCA;
p.G1268fs*68

BRCA2 c.3847_3848delGT; p.V1283fs*2

BRAF ¢.1786G>C; p.G596R

CFAP47 ¢c1660C>T; p.R554C

CALCR €.265G>T; p.V89L

CDH9 €.2307C>A; p.D769E ¢.2307C>A; p.D769E

CDKN2A ¢.250G>A; p.D84N ¢.193G>A; p.G65S

CDH18 €.1890_1892delGGT; p.V631del

CDX4 ¢.625A>C; p.N209H

CFAP47 €.7400T>A; p.L2467Q ¢.3827A>G; p.Y1276C

COL1A2 €.1558G>T; p.G520C ¢.3103G>A; p.A1035T

EGFR ¢.865G>A; p.A289T c.787A>G; p.T263P €.664C>T; p.R222C
¢.866C>T; p.A289V (x3) ¢.2156G>C; p.G719A ¢.1793G>T; p.G598V
€.1793G>T; p.G598V €.1934C>G; p.S645C ¢.754C>T; p.R252C
€.2006G>A; p.R669Q €.664C>T; p.R222C

ERBB4 €.2777C>T; p.T926M

GABRA6 c.198T>A; p.S66R ¢.1223C>T; p.S408L

GABRB2 c.442G>T; p.V148F

H3F3A c.83A>T; p.K28M

IDH1 ¢.395G>A; p. R132H (x5)

IL18RAP c.475G>A; p. A159T c.1234G>A; p.v412l

KEL ¢.1283G>A; p.R428H

KMT2C ¢.1555C>G; p.H519D c.2015A>G; p.E672G

LZTR1 c.7277>C; p.F243L c.467A>G; p.K156R

MET €.2533C>A; p.L845I ¢.1579A>C; p.S527R

MMP13 c.120+1G>T ¢.998G>A; p.R333H

MSH2 ¢.1735A>T; p.K579*

NF1 ¢.3479delG; p.G1160fs*6 ¢.479+2T>G (splice site) ¢.5565_5567delTCT; p.L1856del
C.3739_3742delTTTG; c.4108C>T; p.Q1370* ¢.1318C>T; p.R440*
p.F1247fs*18
€.4169T>G; p.L1390R c.3861_3862delCT; c.4157delA; p.K1386fs*20

p.F1287fs*26
¢.5902C>T; p.R1968* €.7996_7997delAG; p.52666fs*5 | c.1888delG; p.V630*
c.7348C>T; p.R2450* c.3916C>T; p.R1306* ¢.1746CA>; p.C582*
€.1527+1_1527+4delGTAA; c.6789_6792delTTAC; c.3089C>A; p.S1030*
p.Y2264fs*5 p.Y2285fs*5
€.7996_7997delAG; p.52666fs*5

NLRP5 ¢.509G>A; p.G170E ¢.1552C>T; p.R518C

NOTCH1 €.2380G>C; p.E794Q €.3317A>T; p.Q1106L

PDGFRA c.862T>A; p.Y288N c.1607T>A; p.V536E ¢.868T>C; p.C290R

PIK3CA ¢.1638G>T; p.Q546H c.1030G>A; p.V344M c.263G>A; p.R88Q
¢.1634A>G; p.E545G ¢.1134T>G; p.C378W c.353G>A; p.G118D
¢.3139C>T; p.H1074Y ¢.277C>T; p.R93W

PIK3R1 c.584delG; p.R195fs*15 ¢.918-920delGAG; p.R307del c. 880A>G; p.N294D

c.827_829delCGA; p.T276del

c.1691A>G; p.N564S

c.483dupA; p.R162fs*5

€.1690A>G; p.N564D

€.918_920delGAG; p.R307del

¢.869A>G; p.D290G

¢.316G>A; p.g106R

c.543_545delATA;
p.E181_Y182delinsD

€.9377>C; p.W313R




€.918_920delGAG; p.R307del

PLCH2 ¢.3571C>T; p.R1191C ¢.1622T>C; p.V541A

PTEN ¢.388C>G; p.R130G c.301dupA; p.1101fs*6 c.1133_1136delGATA: p.R378fs
¢.517C>T; p.R173C ¢.3027>C; p.1101T ¢.377C>G; p.A126G
¢.492+1G>T (splice site) ¢.170delT; p.L57fs*42 c.1113delC; p.D371fs
€.209+1G>A (splice site) ¢.385G>T; p.G129* ¢.72C>G; p.D24E
¢.517C>T; p.R173C c.989_990delAA; p.K330fs*12 €.737C>T; p.P246L
c.479C>A; p.T160N c.139A>G; p.R47G C800delA; p.K267fs*9
¢.388C>G; p.R130G (x2) c.820delT; p.W274fs*2 €.728+1_728+4delGTAA (splice

site)
¢.567dupA; p.P190fs*12 ¢.209+1_209+4delGTAA ¢.333G>A; p.W111*
€.955_958delACTT; p.T319* ¢.166T>G; p.F56V ¢.518G>A; p.R173H
¢.373A>G; p.K125E €.955_958delACTT; p.T319* ¢.87T>G; p.Y29*
¢.610C>A; p.P204T €.209+1209+4delGTAA €.987_990delTAAA;

p.N329fs*14
€.945T>A; p.Y315* c.466G>A; p.G156R ¢.98T>C; p.133T
c.907delA; p.1303fs*4 ¢.1007dupA; p.Y336* c.212G>A; p.C71Y
¢.389G>A; p.R130Q €.697C>T; p.R233*

RB1 ¢.368dupA; p.N123fs*8 c.446C>G; p.S149* €.1422-1G>C (splice site)
¢.1494T>G; p.Y498* c.763C>T; p.R255* c.718A>T; p.K240*
¢.2520+1G>A ¢.1422-1G>C (splice site) €.264+1G>C (splice site)
¢.2663G>A; p.S888N ¢.1575delC; p.F526fs*6 €.277C>T; p.Q93*
€.1499-1G>A (splice site)

RPL5 c.125delA; p.N42fs*10 c.3+1G>A (splice site)

SCN9A ¢.1901G>A; p.R634H €.326T>C; p.L109P ¢.3541A>G; p.S1181G
¢.1502C>T; p.S501L

SEMA3C €.328-1G>A

SLC26A3 €.1697G>A; p.R566Q

STAG2 €.2285_2289delAGAAA; ¢.913C>T; p.R305*
p.K762fs*21

SULT1B1 C.824A>T; p.E275V

TCHH €.4322G>A; p.R1441H €.2533C>T; p.R845C ¢.513G>C; p.E1713Q
€.2318C>T; p.A773V c.682C>T; p.Q228* c.4873G>A; p.E1625K

TERT ¢.3116C>T; p.T1039M

TP53 c.422G>A; p.C141Y €.292C>T; p.P98S ¢.1024C>T; p.R342*
c.733G>A; p.G245S c.646G>A; p.V216M c.817C>T; p.R273C
¢.451C>T; p.P151S ¢.916C>T; p.R306* ¢.749C>T; p.P250L
c.713G>A; p.C238Y c.427G>A; p.V143M €.649delG; p.V217fs*30
c.445dupT; p.5149fs*32 c.818G>A; p.R273H €.725G>T; p.C242F
c.844C>T; p.R282W c.473G>A; p.R158H c.814G>A; p.V272M
¢.963dupA; p.322fs*15 ¢.517G>C; p.v173L ¢.772G>T; p.E258*
¢.746G>T; p.R249M c.853G>A; p.E285K ¢.1023_1024delCC; p.F341fs*5
€.4347>G; p.L145R c.817C>T; p.R273C ¢.587G>C; p.R169P
¢.200delC; p.P67fs*56 ¢.527G>A; p.C176Y €.1024C>T; p.R342*
¢.592G>T; p.E198* c.712T>A; p.C238S c.770T>A; p.L257Q
¢.934_935dupAC; p.S313fs*33 ¢.653_654delTG; p.V218fs*3 ¢.524G>A; p.R175H
¢.818G>A; p.R273H c.832C>A; p.P278T ¢.712T>A; p.C238S
€.653_654delTG; p.v218fs*3 ¢.814G>A; p.R175H

TRPV6 ¢.536G>A; p.R179H

UGT2A3 ¢.350T>C; p.1117T

WNT2 €.89T>A; p.M30K

Table S2. A list of all tumor specific mutations called. Mutations in bold were defined as pathological. For definition, see

Material and Method section.
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Figure S1. Cox regression analysis. Patients receiving radiotherapy/Temozolomide and had a subgroup done. N = 66. No
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Figure S2A-D. Cox regression analyses with MGMT-status and overall survival in each subgroup.

A: Proneural. N =23 (MGMT-meth, N=8 / MGMT-WT, N =15). P = 0.092, HR: 0.26, (95% CI: 0.06-1.24).

B: Classical. N =24 (MGMT-meth, N=10 / MGMT-WT, N=14). P = 0.054, HR: 0.23, (95% CI: 0.05-1.02).

C: Mesenchymal. N = 25 (MGMT-meth, N=12 / MGMT-WT, N=13). P = 0.400, HR: 0.56, (95% CI: 0.14-2.17).
D: Outlier. N =17 (MGMT-meth, N=11 / MGMT-WT, N=6). P = 0.013, HR: 0.17, (95% CI: 0.04-0.69).



Covariate HR (95 % CI) P-value

Genes (2-fold change)
TERT promotor region 1.62 (0.68-3.85) 0.275
PTEN 0.71 (0.30-1.67) 0.438
CDKN2A/B 1.00 (0.50-1.20) 0.996
EGFR 0.94 (0.55-1.62) 0.831
MGMT-WT 0.31(0.17-0.58) 0.0002*
RB1 0.64 (0.36-1.14) 0.127
NPAS3 0.64 (0.34-1.22) 0.175
AKT1 0.69 (0.36-1.30) 0.248
IRS2 0.67 (0.36-1.28) 0.228
QKI 1.06 (0.58-1.94) 0.860
TP53 0.58 (0.28-1.19) 0.136
CDK4 0.66 (0.33-1.31) 0.232
CDKN2C 0.73 (0.33-1.60) 0.426
SMYDA 0.32 (0.12-0.89) 0.029*
MDM2 0.56 (0.25-1.23) 0.147
NF1 0.81 (0.35-1.89) 0.621
PDGFRA 0.58 (0.21-1.62) 0.300
PRDM2 0.55 (0.17-1.77) 0.314
MYC 0.53 (0.23-1.25) 0.148
MDM4 0.56 (0.20-1.55) 0.265
GRB2 0.23 (0.06-0.94) 0.040*
CCND2 0.37(0.12-1.19) 0.097
HYDIN 0.84 (0.26-2.32) 0.734
LSAMP 0.72 (0.26-2.02) 0.535
CDKN2A 1.89 (0.44-8.16) 0.392
FGFR3 0.23 (0.03-1.70) 0.150
AKT3 0.26 (0.04-1.90) 0.184
ATRX 1.00 (0.31-3.21) 0.995
CCNE1 1.07 (0.26-4.41) 0.928
IDH1 0.24 (0.03-1.76) 0.161

Clinical variables
?f;;;t diagnosis (=70 years vs. < 70 0.39 (0.22-0.70) 0.001*




Corticosteroid use (yes vs. no) 0.56 (0.32-0.98) 0.04*

WHO performance status (> 2 vs. 0-

1) 0.40 (0.20-0.81) 0.01*
Completes aggressive treatment (yes 2.32 (1.33-4.04) 0.003*
VS. NO) ’ ' ’ ’

Table S3: Univariate analyses modelling the probability of selected genes and clinical variables as compared to OS. Fishers exact
test.



Covariate P-value
Genes (2-fold change)

TERT promotor region 0.88
MGMT-WT 0.02*
CDKN2A/B 0.36
EGFR 0.47
CDK4 0.71
PDGFRA 1.00
MDM4 0.68
PTEN 1.00
MDM2 0.30
IDH1 0.15
CDKN2A 1.00
MET 1.00
MyC 1.00
RB1 0.40
CCND2 0.40
CDKN2C 1.00
AKT1 1.00
AKT3 0.40
FGFR2 0.40
NPAS3 0.40
PRDM?2 1.00
QKI 1.00
Clinical variables

Age at diagnosis (>70 years vs. < 70 051
years) '
Corticosteroid use (yes vs. no) 0.09
1’\)/1—10 performance status (> 2 vs. 0- 0.08

Table S4. Fishers exact test for modelling the probability of completing the planned treatment. N = 77 whereof 31 has completed
radiotherapy/Temozolomide and adjuvant Temozolomide and 46 has not. Only genes with biallelic losses or amplifications are
shown.
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Abstract

Background: Treatment of the incurable glioblastoma (GB) remains a challenging task with limited treatment
options. Immunotherapy (IT) has proven effective across different cancers with remarkable response rates.
Tumor mutational burden (TMB) is a marker of response, but the role of TMB in GB remains undiscovered.
Materials and Methods: A prospective collection of paired samples from 35 patients with newly diagnosed
GB before and after treatment with radio therapy and Temozolomide. Six patients had two relapse surgeries
and tissue from all three was collected. Tumor purity in the relapse samples constituted a problem when
comparing TMB. Hence, we developed a model to adjust for tumor purity. Signature analyses were
performed in all 35 patients.

Results: After tumor purity adjustment, we found TMB comparison reliable in 25/35 patients (71.4%). TMB
increased with a factor 1.1 from 0.9/Megabase (Mb) to 1.1/Mb before and after treatment, respectively.

Signature AC1 was the most prominent signature, associated with cellular ageing.

Conclusion: Comparison of TMB was possible in 25 patients. No significant increase was identified. We did

not find a signature AC11, associated with TMZ exposure, nor did we find hypermutation after treatment.



Introduction

Tumor mutational burden (TMB) is a promising new marker of response to immunotherapy (IT). TMB is the
number of nonsynonymous somatic mutations in a tumor sample and is associated with genome instability, a
hallmark of cancer [1]. A high TMB can cause an increased number of neoantigens that serves as a marker
of recruiting the adaptive immune system which makes the TMB-high tumor susceptible to IT. Good clinical
response rates have been shown in TMB-high tumors like melanoma, non-small-cell lung cancer (NSCLC),
renal cell carcinoma and mismatch repair (MMR) deficient colon cancer [2-5]. Mutations in these tumor
types are mainly caused by exogenous mutagenesis and have a TMB-average of 3-400/Megabase (Mb)
(range to more than 1000) [6]. This is opposite of glioblastoma (GB), where the majority of somatic
mutations have an unknown etiology with increasing incidence with age [7] making the ratio between
new/memory T-cells lower, causing a less effective immunologic response which includes aggravated DNA-
repair mechanisms. Despite a huge unmet medical need, the clinical role of TMB in GB has yet to be
explored. GB is incurable with a progression free survival (PFS) of 7-8 months and a median overall survival
(OS) of 16-22 months depending on prognostic and predictive markers [8-11]. Standard treatment includes
the alkylating drug Temozolomide (TMZ) [12] that can cause hypermutated phenotypes [13, 14] Response to
IT in GB has been shown in case stories based upon mutations in MMR genes [15-17] making TMB
clinically interesting as a marker for response to IT. Studies of TMB across different brain cancers have
included both high grade glioma (HHG), low grade glioma (LGG) and pediatric gliomas with inclusion of
both primary and relapse samples with limited data on prior treatment, unknown tumor purity estimation,
whole genome sequencing (WGS) vs. whole exome sequencing (WES) vs. targeted sequencing, different
data processing analyses and lack of validated assays [3, 4, 7, 16, 18-24]. These factors challenge the
estimation of TMB in GB but has been estimated to approximately 1-2 mutations/Megabase (Mb) [6, 25].
Tumors with high TMB are more prevalent in TMZ-exposed HGG with a prevalence of 3.5% to 17% [13,
18-20]. This clonal evolution during TMZ exposure may make the resistant tumor more susceptible to IT.
However, a study in recurrent GB with Bevacizumab (BEV) vs. the Programmed Deathl inhibitor (PD1i),
Nivolumab showed no difference in OS [26]. The study did not stratify for TMB, but TMB is being analyzed
retrospectively and is being incorporated in future studies as an endpoint (NCT02667587). Whether or not
TMB is predictive in GB is now being tested [18, 26]. In the present study, we sought to investigate TMB
before and after exposure to first line treatment in paired samples from 35 patients with newly diagnosed
GB, isocitrate dehydrogenase (IDH)-WT. We examined the influence of tumor purity on TMB estimates and
applied a simple method to perform tumor purity adjustment. This enabled a comparable analysis between
tumor samples with vastly different tumor purities, which is especially pertinent in relapse samples. They are
normally less enriched with tumor cells, e.g. due to infiltration of inflammatory cells following exposure to
radiotherapy (RT) and TMZ.




Materials and Methods

Patients

A total of 35 patients were included from February 2016 to August 2018 at Rigshospitalet, Copenhagen. All
patients had newly diagnosed GB based on the 2016 WHO-classification [1] and had a second surgical
procedure performed due to progression. All patients had provided an informed, signed consent. Clinical data
was noted through patient interviews and medical records, including age at diagnosis, gender, date and extent
of surgery as assessed by the neuro-surgeon, treatment given at Department of Oncology, PFS and OS. Date
of datalock was 10.03.2019. The project was carried out in accordance with the Declaration of Helsinki and
with approval from the Danish National Ethics Committee (Journal number: H-3-2009-136 and 1707335)
and Danish Data Protection Agency (Journal numbers: 2014-41-2857 and VD-2018-204 with I-suite number:
6447).

Collection of tissue
Tissue from surgery was immediately preserved in RNA-later for optimal DNA and RNA purification. In
case of insufficient amount of tissue, we used supplement tissue that was either snap frozen or formalin-

fixed-paraffin-embedded (FFPE). Patients further delivered a blood sample for germline retraction.

WES

WES was performed using DNA from tissue and blood. DNA from tumor samples (tDNA) was extracted
using the AllPrep DNA/RNA purification kit and the QIACube workstation (Qiagen) according to
manufacturer’s instructions. Genomic DNA from whole blood samples (gDNA) was isolated using the liquid
handling automated station (Tecan). Purified DNA was quantified using the Qubit instrument (Life
Technologies). Genomic DNA (200 ng) was fragmented to 300 bp using on Covaris S2 (Agilent) and adaptor
ligation was performed using KAPA HTP Library Preparation Kit (Roche). Exomes were enriched with
SureSelectXT Clinical Research Exome kit (Agilent). Paired-end sequencing (2x100 bp or 2x150 bp) was
performed to gain an average coverage of 50-100x, using the HiSeg2500 or NextSeq500 platforms from
Illumina. Raw sequencing data were processed using CASAVA-1.8.2. Reads were aligned to the human
reference genome (hg19/GRCh37) using BWA-mem (v0.7.10). Somatic variant calling was performed using
MuTect (v1.1.7) [27]; a high-confidence call set was established by removing frequently miscalled sites and
variants with an allele frequency below 10% in the tumor DNA. Somatic variants were identified by
excluding variants found in blood WES data from the patient, and further analyzed using Ingenuity Variant

Analysis (Qiagen).



Tumor mutational burden

For each surgical time-point, variant sites detected by MuTect were assessed in all matched patient samples
using Samtools mpileup (v1.8) [28]. To ensure optimal sensitivity when comparing TMB between surgeries,
any variant supported by two or more reads in a paired sample was considered present. To compensate for
differences in sensitivity arising from tumor purity we computed a scaling factor between samples with
differing purity. First a density distribution was computed for the variant allele frequencies (VAFs) of each
sample using a gaussian kernel. The peak representing clonal heterozygous mutations was determined by
selecting the peak at the greatest VAF (pkVAF) where the magnitude of the peak was at least one-third of the
highest magnitude peak present. The difference in pkVAF values between paired samples was calculated
and the value was subtracted from VAF of all variants in the sample with the greater pkVAF. Any variants
with a negative VAF were considered to be below the artificial detection threshold and removed. A scaling
factor was determined using the ratio of the raw TBM to the filtered TMB. The raw TMB of the sample with

the lesser pkVAF was multiplied by the adjustment factor to obtain the adjusted TMB.

Signature analyses

Linear combination decomposition analysis was performed using the YAPSA package (v1.8) (Huebschmann
D, Gu Z, Schlesner M (2018). YAPSA: Yet Another Package for Signature Analysis. R package version 1.8.0.
[https://rdrr.io/bioc/Y APSA/]) for the R statistical framework. Mutation contexts were determined based on

the UCSC HG19 genome via the BSgenome (BSgenome.Hsapiens.UCSC.hg19) package for R. A signature

cut-off of 1% was used to filter any signature that did not account for at least 1% of the mutations across the
cohort.

Results

Clinical data
A total of 35 patients were included (table 1). Paired tissue samples were collected from the diagnostic and
relapse surgery, respectively. Six patients had three surgical procedures due to relapse twice and tissue from

all three surgeries has been included in this study.



Number of patients 35
Gender
- Female (%) 10 (28.6)
- Male (%) 25 (71.4)
Age at diagnosis, median (range) 61 (40-80)
PS after diagnostic surgery (%)
-0 20 (57.1)
-1 13 (37.1)
-2 2 (5.7)
PS after relapse surgery (%)
-0 11 (31.4)
-1 12 (34.3)
-2 12 (34.3)
MGMT-status (%)
- Methylated 7 (20.0)
- WT 28 (80.0)
IDH-WT (%) 35 (100)
Treatment
- STUPP? 28 (80.0)
- IT (trial)® 4(11.4)
- Othert 3(8.6)
Sample preservation, diagnostic surgery (%)
- RNA-later 25 (71.4)
- FFPE 8 (22.9)
- Snap frozen 2(5.7)
Sample preservation, relapse surgery (%)
- RNA-later 19 (54.3)
- FFPE 16 (45.7)
- Snap frozen 0 (0)
PFS diagnostic surgery, median (months) 75
PFS relapse surgery, median (months) 55
OS, diagnostic surgery, median (months) 16.2
OS relapse surgery, median (months) 8.9

Table 1: Patient characteristics.
aRadio therapy (RT) with 60 Gy/30F concomitant with Temozolomide (TMZ) followed by adjuvant TMZ. PRT/TMZ plus a
Programmed Death1 inhibitor (PD1i) in a trial. One patient received RT/TMZ plus PD1i or placebo. ©30Gy/10F or 60 Gy/30F.

Pseudo progression

Three patients had < 3 mutations in the relapse sample and did not have true progression. This was supported
by the histopathological examination without identification of vital tumor cells and by the clinical decision.
One patient continued the adjuvant TMZ after the relapse surgery and two patients continued in a follow-up
program with one patient having progression approximately three months after relapse surgery and the other

having no evidence of relapse at time of datalock, living +22 months from diagnosis.



Tumor mutational burden and signature analyses before and after treatment

A shown in the CONSORT diagram, a total of 32 paired samples were included. An unadjusted TMB score
was estimated in 32/32 samples (100%). When adjusting for tumor purity, TMB comparison was possible in
25/32 samples (78%). A total of 7/32 samples (22%) were excluded due to low tumor content <15% and
represented all relapse samples (figure 1). An unadjusted median TMB/Mb before and after treatment was
stable at 0.91 (range: 0.3-1.5) vs. 0.85 (range: 0.3-2.4), respectively. When adjusting for tumor purity, the
median TMB/Mb before and after treatment was 0.91 (range: 0.4-1.5) vs. 1.06 (range: 0.4-2.4), respectively.
We segregated the adjusted TMB by the median and defined TMB-high as > 0.91 mutations/Mb and TMB-
low as <0.91 mutations/Mb.

Paired samples
included
N=35

N=3

f Mutations < 3 ]

Unadjusted Adjusted

T™MB TMB

Paired samples Paired samples
N=32 N=32
Tumor purity < 15%
N=7
Paired samples
N=25

Figure 1. Consort diagram of included patients. N(patients) = 35. Three samples were excluded upfront due to a mutation count < 3.

For the adjusted TMB-scores, seven samples were excluded due to a tumor purity < 15%.




We next performed a comparative analysis of the TMB between the paired samples to identify the number of
shared and private mutations in each patient (Figure 2, top panel). The majority of mutations were shared
between the primary and relapse sample and most of the relapse samples presented with de hovo mutations.
The patients with three surgical procedures presented with de novo mutations private for the second relapse.
Patient RHGBOO03 had the highest increase in TMB after treatment. Even so, the increase could not qualify
for development of a hypermutated phenotype. Mutational signature analysis has been used across a wide
range of cancers to explore underlying mutational processes driving tumor evolution. We applied linear
combination decomposition (LCD) using a curated set of thirty mutation signatures made available by the
Catalogue of Somatic Mutations in Cancer (COSMIC). Signature 1 (AC1), which is associated with
spontaneous deamination of 5-methylcytosine and generally considered a consequence of cellular ageing,
was the most prevalent signature across the cohort. Signature AC19, a signature with unknown etiology
previously seen in pilocytic astrocytoma, was found in eight cases. The DNA mismatch repair (MMR)

deficiency signatures AC6 and AC15, were found in nine and 18 cases, respectively. Approximately half of
the patients (16/35) had at least 10 % of the mutational signatures attributable to MMR, suggesting that
MMR was a prominent mutational process in these GB tumors, although none of these cases exhibited
significantly greater mutational burden as might be expected in repair deficient tumors. We found a small
number of cases with signature AC13, associated with stranded G-to-C transversions and APOBEC enzyme
activity. We note that the low number of overall mutations may decrease the sensitivity to less frequent
mutational signatures. We did not find evidence of AC11, associated with TMZ exposure, however, we also
did not see evidence of TMZ induced hyper-mutation profiles. A table of filtered genes present in the

primary vs. first and second relapse is shown in supp table ST2 and supp table ST3.
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Figure 2.

Top: Number of mutations, MGMT status and samples excluded for tumor mutational burde comparison across all specimens
sequenced in each patient. Bar color indicates the privacy status of each category of variants depending on their presence in the
primary (Prim), first relapse (R1), and second relapse (R2).

Bottom: Linear combination decomposition was used to detect the contribution of each of the thirty somatic mutation signatures
found in the Catalogue Of Somatic Mutations In Cancer (COSMIC).

Purity adjustment and influence on TMB

The digital nature of next-generation sequencing technologies provides excellent sensitivity for detecting
mutations in mixed populations of cells. Despite this, these technologies are still vulnerable to the effects of
sample purity and excessive contamination with normal tissue will adversely affect the sensitivity of variant
calling algorithms. To facilitate TMB comparisons between samples of varying purity we attempted to model
the loss of sensitivity in less pure samples. Initially, the density distribution of VAFs was used to estimate
tumor purity. Samples with a peak density less than 0.075 (representing 15% tumor) were deemed to be
unreliable for TMB-score (figure 3). Using this definition, we excluded 7/32 samples (22%) and all excluded

samples were from relapse surgery (supp figure S1-S2 and ST3).
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(a) Schematic illustrating the method for purity normalisation. A density distribution was denved for the vanant
allele frequencies in each sample (solid red and blue lines). The peaks of each distribution were found and the
distribution of the more pure sample was adjusted to match the less pure (dashed blue line). The adjustment
value was subtracted from all variants in more pure sample, and variant that subseguently had a frequency less
than zero was removed. The ratio of the raw tumour mutation burden (TMB) to the filtered vanant count was
used to calculate a correction factor for the less pure specimen. (b) Raw unadjusted TMB for all cases. (c) Raw
unadjusted TMB for all cases considered to be of reliable punty (d) Adjusted tumour mutation burden for cases

of reliable purity
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TMB and MGMT-status

MGMT-methylated tumors (N=3) were all concentrated in the TMB-high group whereas the MGMT-WT
tumors (N=22) were distributed with nine and 13 in the TMB-high and TMB-low, respectively. The
difference was significant using a paired T-test (p=0.001).

TMZ did not induce hypermutation
In the TMZ-exposed patients (N=19), the median TMB changed from 0.96 to 1.01 (range 0.4-1.5to 0.4-2.4),

representing an increase with a factor 1.1. Three patients received IT in a trial with a change in median TMB
from 0.76 to 0.93 (range 0.6-0.8 to 0.8-1.2), representing a factor 1.2. The remaining three patients received

RT only with a change in median TMB from 1.15 to 0.87 (range 0.7-1.2 to 0.7-1.4), representing a factor 0.8
(figure 4).

Treatment

140 = RT/TMZ
= |mmunotherapy (trial)
= RT

130

120

110

Median TMB [%]

100

o0

80

70

Primary Relapse 1
Surgery

Figure 4. Tumor mutational burden/Megabase (TMB/MDb), normalized, before (Primary) and after treatment (Relapse 1). Categorized

after treatment in first line. Radio therapy (RT)/Temozolomide (TMZ) N = 29 (82.9%). Immunotherapy N = 3 (8.6%). RT N =3
(8.6%).
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Discussion

Here we present a prospective study with results based on paired samples from a vulnerable patient cohort
where tissue is extremely difficult to obtain due to the invasive procedure of brain surgery. Newly diagnosed
patients with GB were included and again at relapse surgery. The inclusion period extended over 2% year
and median PFS was 7.5 months; accordingly, the actual inclusion period for the relapse sampling was < 2
years. At our institution, we perform relapse surgery on approximately 30 patients/year and this study
represents an inclusion of 60-70% of eligible patients. Previous studies on paired samples in GB have been
with sample sizes of < 40 and, to our knowledge, have been on archival tissue. This illustrates the complexity
in obtaining paired samples in GB patients. To increase availability of datasets from paired samples, the
international GLASS consortium has been initiated with the aim of generating longitudinal genomic and
molecular data in IDH-WT, IDH-mutant and 1p/19q co-deleted tumors [29].

Exclusion of samples for paired TMB comparison

Upfront, we had to exclude three samples from patients not having true progression and hence limited
mutations in the samples. They illustrate the dilemma between performing surgery or not when in doubt of
progression and the consequences that follow with either a preliminary shift from an effective treatment or a
continuation of a non-effective treatment. Majority of the relapse samples had low tumor purity, which can
affect TMB estimates and can cause comparison unreliable. Therefore, we developed a method to adjust for
tumor purity by adjusting the density distribution of the variant allele frequencies in the more pure sample to
match that of the less pure sample. Our assumption was that in normalizing the densities we could simulate
the rate at which information was lost from the less pure sample through normal contamination and use the
ratio of the original counts in the pure sample to the “post-normalization” counts to produce a scaling factor.
We then obtained an approximation of what the counts might have been in the less pure sample if it had
higher tumor content by multiplying by the scaling factor. We found that the purity-based correction became
unstable at tumor purities below 15% and therefore decided that further 7 samples had to be excluded,

leaving 25 paired samples for the paired TMB analyses.

TMB and signature analysis

We estimated a median TMB of 0.9/Mb in treatment naive samples that was comparable with previous
findings [6, 25]. We then investigated the effect of first line treatment and development in TMB and found
that TMZ did not induce a hypermutation There was a small difference in TMB increase after treatment in
the TMZ-exposed vs. IT treated vs. RT only exposed tumors with a factor 1.1, 1.2 and 0.8, respectively. It
was unexpected that TMZ did not cause a greater increase in TMB, since other reports have shown that TMZ
treatment can result in development of hypermutation and has been found in up to 17% of TMZ-exposed

relapse samples [13, 30]. The IT treated patients had the highest increase, but numbers are small and should
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be validated in larger cohorts, e.g. within the GLASS consortium. In line with those results, and opposite to
what we expected, signature analysis did not reveal a development of the TMZ-signature AC13. However, it
is well-established that the sensitivity of mutational signature analyses is highly dependent on larger sample

cohorts.

MGMT-methylated tumors all had TMB-high

All seven MGMT-methylated tumors were significantly pooled in the TMB-high group. The use of TMB-
high as prognostic to a worse OS has been replicated in a larger cohort that included the patients from the
present study, using TMB estimate without purity-adjustment (paper submitted). To our knowledge, the
relationship between MGMT -status and TMB has not been previously investigated and warrants further

investigation in the context of future treatment stratification in trials.

Comparison of TMB between cancers

When comparing to other cancer types, our study-specific definition of TMB-high (> 0.91/Mb) is lower than
a TMB-high definition for other cancer types. It is difficult to compare TMB across cancers due to different
etiologies and possible exogenous exposure causing an increased mutational burden by itself. Therefore,
inclusion criteria to experimental trials based on TMB-score alone, can make inclusion of GB patients
difficult and TMB scoring should preferably be compared to the same disease entity. Even when doing so,
there are many technical biases that can hamper comparison between studies and the clinical use of TMB,
e.g. bioinformatics, data processing, preservation and age of tumor specimens, sequencing technology and
depth, filtering of false positive and false negative variants, treatment naive vs. pretreated tissue and the unit
used and a standardization is needed [21, 24, 31, 32]. Whether or not hypermutation caused by somatic- or
germline mutations or by TMZ is comparable, is unclear and results from relapse studies cannot be directly

translated to newly diagnosed patients due to biases of treatment and clonal evolution.

TMB as a predictive marker to IT in GB

The use of TMB as a predictive marker of response to IT has a great potential. However, it will be relevant
for only a minority of GB patients as illustrated by the results in our study; none had a TMB score allowing
for IT according to present approved inclusion criteria and none developed a hypermutation after treatment.
Since hypermutation is greater in relapsed TMZ-exposed patients as compared to newly diagnosed patients,
it would be expected that IT could have an important role for relapse patients. The CheckMate 209-143
investigated the PD1i Nivolumab vs. BEV in relapse GB. Preliminary results did not show superiority to
Nivolumab. However, it was found that the duration of response was longer in the Nivolumab-treated group,
suggesting that IT is relevant for a small subgroup [33, 34]. There are ongoing studies with Nivolumab in

newly diagnosed GB patients where TMB is an endpoint and results are awaited. The predictive role of TMB
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cannot stand alone though, since response to IT has also been shown in melanoma, GB and NSCLC tumors
with low TMB [3, 4, 35]. Other factors for response to IT is age, tumor infiltrating lymphocytes (TILs), PD-
L1 expression, mutations and expression of DNA-repair-genes [36, 37]. Furthermore, IT has been
investigated in other tumors like prostate and pancreatic cancer with no effect, which may be explained in

part by the low TMB in these tumors [7].

Conclusion

TMB estimation was possible in all paired samples from 35 patients included. However, the relapse samples
presented with a low degree of tumor purity, making inter-sampling comparison of TMB unreliable.
Therefore, we developed a method to adjust for tumor purity and ended up with 25 paired samples for TMB
comparison. No significant increase in TMB was seen after first line treatment with majority of patients
receiving RT/TMZ. Signature AC1 was the most prominent signature, associated with cellular ageing. We

did not find a signature AC11, associated with TMZ exposure, nor did we find hypermutation after
treatment. MGMT-methylated tumors had TMB-high.
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Supplementary

RHGB022R02

Paired sample Primary First relapse Second relapse
RHGB026P01/ RHGB026R01/ | ND ND ND
RHGB026R02
RHGB023P01/ RHGB023R01 TCHH, ABCC9, SCN9A TCHH, ABCC9, SCN9A ND
RHGB032P01/ RHGB032R01 CDKN2C, ATR CDKN2C, ATR ND
RHGB024P01/ RHGB024R01 TP53 TP53 ND
RHGB003P01/ RHGB003R01 PIK3CA TSC2, PIK3R1, EGFR ND
RHGB028P01/ RHGB028R01 SPTA1, PTEN, ACVR1, FGFR1 SPTA1 ND
RHGB014P01/ RHGB014R01 TRPV6 TRPV6 ND
RHGB016P01/ RHGB016R01 PIK3CA PIK3CA ND
RHGB006P01/ RHGB006R01 TP53, PIK3R1, GNAS NF1, PIK3R1, GNAS ND
RHGB027P01/ RHGB027R01/ | SPTAL ND SPTA1
RHGB027R02
RHGB005P01/ RHGB005R01 APC APC ND
RHGB002P01/ RHGB002R01 TCHH, PIK3C2G, TP53, CIC, TCHH, PIK3C2G, TP53 (1, 2), CIC, ND
MSH®6, ACVR1, KIT MSH®6, ACVR1, KIT
RHGB013P01/ RHGB013R01 PDGFRA, JAK? (1, 2, 3), PDGFRA, JAK? (1, 2, 3), KDM6A ND
KDM6A
RHGB025P01/ RHGB025R01 PTEN ND ND
RHGB035P01/ RHGB035R01 ZNF99, PIK3R1 ZNF99, PIK3R1 ND
RHGB020P01/ RHGB020R01 TP53, CALCR, MET TP53, CALCR, MET ND
RHGB010P01/ RHGB010R01 TP53, ADAM29, BCOR TP53, ADAM29, BCOR ND
RHGB008P01/ RHGB008R01 AFM, GNAS AFM ND
RHGB033P01/ RHGB033R01 NF1, MYCN NF1, MYCN ND
RHGB009P01/ RHGB009R01/ | BRAF PTPN11 PTPN11, BRAF
RHGB009R02
RHGB017P01/ RHGB017R01 PTEN, RB1 PTEN ND
RHGB030P01/ RHGB030R01 SETD2 SETD2, EGFR ND
RHGB015P01/ RHGB015R01 PTEN, ATR ATR ND
RHGB011P01/RHGB011R01/ TP53 TP53 TP53
RHGB011R02
RHGB001P01/ RHGB001R01 PIK3R1 PIK3R1 ND
RHGB007P01/ RHGB007R01 PTEN, TP53 PTEN, TP53 ND
RHGB004P01/ RHGB004R01 CTNNB1 CTNNB1 ND
RHGB034P01/ RHGB034R01/ | ND PTEN, ABCC9, DICER1 ND
RHGB034R02
RHGB031P01/ RHGB031R01 SPTA1, PDGFRA ND ND
RHGB018P01/ RHGB018R01 ND FGA, EGFR ND
RHGB012P01/ RHGB012R01 AKT3 AKT3, ABCB1 ND
RHGB022P01/ RHGB022R01/ | EGFR EGFR EGFR

Supplementary table ST1. Genes present in primary and relapse samples(s), respectively. Gene filter list applied (The Heidelberg

Brain Tumor Panel and the Glioblastoma anel from Rigshospitalet).
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ABCB1
ABCC9
ABL1
ACVR1
ADAM?29
AFM
AKT1
AKT2
AKT3
ALK
ANKRD36
APC
ARID1A
ARID1B
ARID2
ATM
ATR
ATRX
BCOR
BRAF
BRCA1
BRCA2
BRPF1
BRPF3
GCSAML
Clorf150
C110RF95
CALCR
CARDG6
CCND1
CCND2
CD3EAP
CDH1
CDH18

CDH9
CDHR3
CDK4
CDK6
CDKN2A
CDKN2B
CDKN2C
CDX4
CHEK2
CIC
COL1A2
CREBBP
CSF1R
CTNNB1
CFAP47
CXorf22
D2HGDH
DAXX
DCAF12L2
DDX3X
DICER1
DRD5
DYNC1I1
EGFR
ERBB1
ERBB2
ERBB3
ERBB4
EGFR
EZH2
FBXW7
FGA
FGFR1
FGFR2

FGFR3
FGFR4
FLT3
FOXO3
FOXR2
FRMD7
FUBP1
GABRA1
GABRAG6
GABRB2
GNA11
GNAQ
GNAS
GPX5
H2AFX
H3F3A
HDAC2
HEATR7B2
MROH2B
HIST1H3B
HIST1H3C
HNF1A
HRAS
IDH1
IDH2
IL18RAP
IDO2
JAK2
JAK3
KDM6A
KDR

KEL
KIAA0182
KIT

KLF4
KLK1
KMT2C
KRAS
KRTAP20-2
LCE4A
LDB1
LRRC55
LUM
LZTR1
MDM2
MDM4
MET
MGMT
MLH1
MSH?2
MLL2
MMP13
MPL
MRE11A
MSH2
MSH6
MYB
MYBL1
MYC
MYCN
MYL1
NBN
NDRG2
NF1
NF2
NLRP5
NOTCH
NOTCH2

NRAS
NTRK2
ODF4
PARD6B
PCDH8
PDGFRA
PIK3CA
PIK3C2G
PIK3R1
PLCH2
PMS2
PODNL1
POLE
POT1
PPM1D
PRKAR1A
PTCH1
PTCH2
PTEN
PTPN11
QK
Rad50
RAF1
RB1
RET
RFX6
RPLS5
SCN9A
SEMA3C
SEMA3E
SEMG1
SETD2
SIGLECS8
SLC26A3

SMAD4
SMARCA2
SMARCA4
SMARCB1
SMARCD1
SMARCD2
SMARCE1
SMO
SPRYD5
TRIM51
SPTA1
STAG2
SUFU
SULT1B1
TBR1
TCF4
TCHH
TERT
TMEM147
TP53
TPTE2
TRAF7
TRPV6
TSC1
TSC2
UGT2A3
VEGF
VHL
WNT2
ZNF844
ZNF99

Supplementary table ST2. Gene list used for filtration for mutation calling. Merged from The Heidelberg Brain Tumor Panel and the

Glioblastoma Panel from Rigshospitalet.
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Supplementary figure S1. Density analysis of the variant allele frequencies of each tumor was used to determine the allele frequency

representing clonal variants within each sample. This value was used as a surrogate for tumor purity and a threshold (0.075, red line)

was used to exclude samples that were considered unreliable.

20



a RHGB001 RHGB002 RHGB003 RHGB004 RHGB005S RHGB008
1.00 r
0.794
.
0.50 4
0.254 H 5§ s . .
5 . i 3 H ) .
3 e r ] . < B T ST | ¥ e
0.004 == R esem . 3 -e® L
RHGBO007 RHGB008 RHGB010 RHGB012 RHGB013 RHGB014
1.00
0.754 .
0.50 1 . s w .
. . .
“r. . L Privacy
0257 ¢ *fy - L 5 s I
L B ads e P
0004 _* =l ..‘..'..-'!k: ot o -peitre o~ | T Shared
*  Prim
RHGBO015 RHGBO016 RHGB017 RHGB018 RHGB0O19 RHGB020
1.00 *  Prim+R1
B 0751 *  Prim+R2
a .
]
@ 0.504
e . | * R1
® £ 93 . % 9" .
£ o025y CRY. RN : it . © RI+R2
0s b o I e .
LI l’*" . b H .o
0004 = s o' tme et . s mse omm wases . + R2
RHGB021 RHGB023 RHGB024 RHGB025 RHGB028 RHGB029
1.00
0.754
0.50 4 s
.
0.25- ﬁ" : " + Om .oy
- b4 ’ - T 4 !l ] bd b *
3 Tt . .
0004 % IE _.;&. e | | || (%
0 02505007510
RHGB030 RHCB031 RHGB032 RHGB033 RHGB035
1.00
0.754
. .
.y . s
0.501+ : —
. reg * 2 _é;ﬁ
0264  wis Kot
e . "’\'. i N
- -
0004 « = S e — .t . . P > e
0 025050075100 025050075100 025050075100 025050075100 025050075100
Primary
b RHGB026 RHGB011
1.004 1.00 1.004 1.00 1.00 1.00
o @ 2 " 2
@ 0.754 075 - 20759 ° go7s 2 0.75 Sors
] g g K] ‘ & °
& 050+ X 0509, R o o509, -, 200 050 X 050
= - c ' N c LI 4 = £
& o254 Gozsy, . goas,, & o251, 8 025 . gozs '
oty
uou-:' eme o P oo0ds  eee . “ oods = 0001} - Bewde ' e 000y o g et ® 000 e ————
0.00 025 0.50 0.75 1.00 000 025 0.50 0.75 1.00 0.00 0.25 0.50 075 1.00 0.00 025 0.50 0.75 1.00 000 025 0.50 0.75 1.00 000 025 D50 D75 100
RHGB027 RHGB034
1.00 100 1.00 1.00 1.00 1.00
b ] 2
ﬁu.?s- Furs & 0754 2 0.75 3075 T go7s T
& 3] [} ol = 1
& 0504 050 & 0504 050 050 X 050
i s whe * |5 A |5 iy s
£ 0.254 8 oas i ,‘,‘,ﬂ‘ 8 025+ = 0.25 [ g 0.5 i i gozs
o Fad (2] H - w
0.00{s+ wommanades o 000 wes 00044 0004) svmmtmm . . ooode —— 000, mmee
000 025 050 0.75 1.00 000 025 050 075 1.00 000 0.25 050 075 1.00 0.00 025 050 0.75 1.00 000 025 050 0.75 1.00 0.00 025 050 075 1.00
RHGB009 RHGB022
1.00 1.00 1.00 1.00 1.00 1.00
@ 2 ] 2 2
§ 0754, g 0.75 ,;,;L 0.75 ? 0.75 . :3;- Q75 %-0.75
W os0ds ey - [ . © 450 | [id I o
gn 0z :_'.k_ EU 0 .“é' Eﬂ 0 f(ﬁ, ) 0.50 ) EGSO 2050
£ nzs—! il ozl & o5l oW 0254 <. 8 025 8025
1 &b ‘e & I -4 @ ]
0.00{ss emese o ooods 8%, 0.004L + coms 0.00 0.004 W 0,00 e
000 025 050 0.75 100 000 025 050 075 1.00 000 0.25 050 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.26 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Primary First Relapse Second Relapse Primary First Relapse Second Relapse

Supplementary figure S2. Comparison of variant allele frequencies (VAFs) for variants found across paired specimens in cases with

primary and a single (a) or (b) paired relapse. Colors indicate the privacy status of the variants as found in the primary (Prim), first

relapse (R1) or second relapse (R2).
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ABSTRACT

Background: Glioblastoma (GB) is an incurable brain cancer with limited
treatment options. The aim was to test the feasibility of using cell-free DNA (cfDNA)
to support evaluation of treatment response, pseudo-progression and whether
progression could be found before clinical and/or radiologic progression.

Results: CfDNA fluctuated during treatment with the highest levels before
diagnostic surgery and at progression. An increase was seen in 3 out of 4 patients
at the time of progression while no increase was seen in 3 out of 4 patients without
progression. CFDNA levels could aid in 3 out of 3 questionable cases of pseudo-
progression.

Methods: Eight newly diagnosed GB patients were included. Blood samples
were collected prior to diagnosis, before start and during oncologic treatment until
progression. Seven patients received concurrent radiotherapy/Temozolomide with
adjuvant Temozolomide with one of the patients included in a clinical trial with either
immunotherapy or placebo as add-on. One patient received radiation alone. CFDNA
concentration was determined for each blood sample.

Conclusions: It was feasible to measure cfDNA concentration. Despite the limited
cohort size, there was a good tendency between cfDNA and treatment course and
-response, respectively with the highest levels at progression.

INTRODUCTION

Glioblastoma (GB) is a highly malignant brain tumor
with limited treatment options. With standard treatment,
median overall survival (OS) is 1622 months [1]. The
standard method for monitoring a treatment response is by
clinical evaluation of the patient and by magnetic resonance
imaging (MRI) at defined intervals ranging from two to six

months using Response Assessment in Neuro Oncology
criteria (RANO) [2]. However, pseudo-progression is seen
in approximately 20% of patients [3, 4] and can be difficult
to distinguish from true progression. Only surgery with
following pathological confirmation of vital tumor cells
in the lesion can verify the progressive state. For cases in
which only treatment related changes are found, the surgery
could have been futile with valuable time lost in which a
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different treatment could have been effectuated. Or worse,
the surgery will leave the patient clinically unfit for further
treatment. Therefore, a less time consuming and non-
invasive method for treatment monitoring is needed and
a blood-based biopsy seems promising. Several methods
exist to monitor liquid-based alterations [5—9] that includes
circulating tumor cells (CTCs) or alterations detected in
cerebrospinal fluid (CSF). CTCs can be detected in blood
in up to 39% of GB patients [10] in experimental settings,
using antibodies to target epithelial cell adhesion molecules
or by detecting the malaria protein VAR2CSA which is
expressed in GB-cell lines [11]. Alterations detected in
CSF have been identified in 49.4% of glioma patients
with neurologic symptoms [12]. Another more accessible
tumor source is circulating cell-free DNA (cfDNA) and
specifically circulating tumor DNA (ctDNA). CtDNA is
more fragmented than normal cfDNA making size selection
strategies usable to indicate tumor fraction [13—16]. The
fraction of ctDNA in cancer patients accounts for 3-93%
of the total cfDNA [17], thus cfDNA can be used as a
surrogate marker of tumor activity/burden. The shedding
of tumor DNA has been found to be increased according
to tumor burden, necrosis and apoptosis but can also be
caused by normal cell degradation from e.g. infection,
stroke, renal failure or even strong exercise [18-21].
Elevated cfDNA levels have been detected in patients
with severe brain injury which is proof-of-principle that
cfDNA is shed from the brain to the blood stream during
cell degradation [22, 23] and ctDNA has been detected in
patients with brain cancer [24-26]. In this study, we aimed
to test the feasibility of detecting cfDNA in patients with
GB and to investigate if cfDNA fluctuations could support
evaluation of treatment response, pseudo-progression and
whether progression could be found before clinical and/or
radiologic progression.

RESULTS

Included patients and their clinical course

A total of eight patients were included for further
analyses. One patient was treated with 34 Gy/10F and
seven patients received RT/TMZ with adjuvant TMZ. One
of these seven patients was treated in an experimental trial
with a Programmed Deathl inhibitor (PD1i) or placebo as
add-on to the standard treatment. (Table 1) At time of data
lock four patients had progressed and of the four patients
without progression, two were still on-treatment and two
were in a follow-up (FU)-program.

cfDNA fluctuated during treatment with the
highest value at progression

It was feasible to collect blood samples in patients
with GB before, during and after planned treatment. As
shown in Table 2 the mean cfDNA before surgery was

12.5 ng/ml (range 2.4—63) and dropped to 7.9 (range 0.3—
26.4) one month after, just before start on RT/TMZ. The
mean cfDNA then reached 8.3 ng/ml (range 4.1-13.8) at
the highest individual value during RT and decreased to
4.9 ng/ml (range 1.5-6.9) after RT/TMZ just before start
on adjuvant TMZ. The highest value at all time points was
at progression with a mean of 23.4 ng/ml (range 2.4—73.4).
During RT/TMZ, a mean cfDNA at the highest individual
level was 8.3 (range 4.1-13.8). During RT/TMZ, four
patients had the highest concentrations after 20 Gy, one
after 30 Gy and one after 40 Gy but levels were relative
constant between 0.3—-10.5 ng/ml except for GB1 who had
a constant decrease. (Supplementary Figure 1).

c¢fDNA increased before or at radiologic
progression in three out of four patients

For the four patients who progressed during the
study period (GB1-4), cfDNA concentration and selected
MRI's as related to treatment and time from diagnosis,
is shown in Figure 2A—2E. We could detect an increase
in cfDNA in GBI, day 155 and GB2, day 345 before
radiologic progression. An increase at progression was
seen in GB4, day 205. GB3 did not have an increase in
cfDNA before radiologic progression. Unfortunately, the
blood sample before progression could not be analyzed
why a potential increase prior to radiologic progression
could not be determined. A detailed description of all eight
patients is given in Supplementary Table 1.

cfDNA did not increase in three out of four
patients without progression

For the four patients who did not progress during
the study period (GB5-8), cfDNA concentration, selected
MRI’s and one computed tomography (CT)-scan as
related to treatment and time from diagnosis, is shown in
Figure 3A-3E. At time of data-lock, GB5-6 were in a FU-
program and GB7-8 were still on-treatment. No increase
in the latest cfDNA concentrations were noted in GB6-8.
GBS had an increase in the latest measurements and will
be further discussed below.

Pseudo-progression was supported by cfDNA in
three out of three patients

Three patients were suspected of pseudo-progression
based on MRI, one of whom had true progression. GB1
was suspected of progression (Figure 2B, MRI 3) with
a simultaneously increase in cfDNA, day 155. He was
scheduled for relapse surgery showing no vital tumor cells
in the specimen, but an MRI performed two months after
confirmed progressive disease in the tumor cavity (Figure
2B, MRI 4). GB2 was suspected of progression (MRI not
shown) with a small decrease in cfDNA at day 252 but
progression was found unlikely at the multidisciplinary
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Table 1: Overview of included patient

Patient Age Gender IDHMGMT- Treatment Pseudo.- Compllcatlons. during study Progression
status progression period
GB1 52 Male IDH-WT/ RT/TMZ Yes Yes
MGMT-WT
GB2 59  Female [DH-WT/ RT/TMZ Yes Meningitis Yes
MGMT-meth
GB3 46  Male IDH-WT/ RT/TMZ No Yes
MGMT-WT
GB4 77  Male IDH-WT/ 34 Gy/10F  No Yes
MGMT-meth
GBS 59  Female I[IDHWT/ RT/TMZ Yes The patient declined further No.
MGMT-WT treatment after 5 cyc of adj FU-program
TMZ and was taken off-study.
GB6 62  Female I[DH-WT/ RT/TMZ No No more blood samples were ~ No.
MGMT-meth drawn after two cyc of adj FU-program
TMZ due to logistics and
patient compliance.
GB7 46  Male IDH-WT/ RT/TMZ plus No Intracerebral bleeding No, on-
MGMT-meth ~ PDli/placebo treatment
GBS 52 Male IDH-WT/ RT/TMZ No No, on-
MGMT-meth treatment

Abbreviations: /DH: isocitrate-dehydrogenase; WT: wild type; MGMT: O-6-methyl-guanine-DNA-methyl-transferase;
RT/TMZ: radiotherapy/Temozolomide; PD1i: programmed deathl inhibitor; Gy: grey; cyc: cycles; adj: adjuvant; FU;

follow-up.

Table 2: Mean concentration of ¢cfDNA (ng/ml plasma) and base pair (bp)-peaks at defined intervals in the study

period
Time Numb(;)ra;)ii;! fl\tf:luable Mean (crf:;lzg ng/ml Mean bp-peak (range)
Before diagnostic surgery 7 12.5 (2.4-63.0) 153 (136-171)
One month after surgery 7 7.9 (0.3-26.4) 147 (134-166)
During RT (highest individual 7 8.3 (4.1-13.8) 148 (138-154)
value)
One month after RT 6 4.9 (1.5-6.9) 153 (147-163)

At progression

23.4 (2.4-73.4) 132 (120-144)

The number of evaluable patients at each step is shown.

conference. CfDNA levels later increased on day 345
and 375 before progression was seen on MRI (Figure 2A
and 2C, MRI 3). GB5 was suspected of progression day
160 based on an MRI with a stable cfDNA concentration
(Figure 3A and 3B, MRI 3). It was interpreted as pseudo-
progression and all three cases illustrate a potential
connection between pseudo-progression and cfDNA
concentration.

Bp-peaks and clinical course

All samples but four (5%) had corresponding bp-
peaks of < 166 (Figures 2A and 3A). Of the four samples

with bp-peak > 166, three of the measurements were in
patient GB7; one before diagnosis with a 69 X 47 mm
large, partly necrotic/apoptotic tumor (Figure 3D, MRI
1) and two during RT/TMZ plus PDl1i/placebo. Due to
tumor size and -location, he had only partial resection
done at diagnosis with tumor and necrotic/apoptotic
tissue left in the brain (Figure 3D, MRI 2). Concerning
the higher levels during RT, a higher mean bp-peak
of 150 (110-178) was seen across all patient samples
during the RT as compared to the samples taken during
the adjuvant setting of 139 (108—160). The last sample
with bp-peak > 166 was observed in patient GB2 after
RT/TMZ (Figure 2A) at the time she was diagnosed
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with meningitis and treated with high dose antibiotics were in all cases the short fragment size distribution

intravenously for three months before she could start with a median bp-peak of 147 (108—247) and the curve
on the adjuvant TMZ. Majority of bp-analyses came out with a smaller percentage of measured fragment size
with two peaks; one with a low and high bp-fragment distribution, had a median bp-peak of 371 (268-2954). A
size distribution, respectively (Figure 1C). The curve calculated ratio between cfDNA and bp-peaks is shown
with the highest percentage of measured fragment sizes, in Supplementary Figure 2.
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Figure 1: CONSORT diagram, workflow and example of fragment size analysis. (A) CONSORT diagram of included
patients. Abbreviations: RT/TMZ: radiotherapy/Temozolomide (concurrent RT/TMZ plus adjuvant TMZ); RT/TMZ plus PD1i/placebo:
(concurrent RT/TMZ plus Programmed Deathl inhibitor/placebo followed by adjuvant TMZ plus PD1i/placebo). (B) Illustration of work
flow. First sample was taken the day before or on the day of diagnostic surgery. If the diagnosis of glioblastoma was confirmed, the next
sample was taken one month after surgery at first visit to the oncologic department, every 1-2 weeks during RT/TMZ, throughout the
adjuvant TMZ with 1-2 months interval and in the follow-up period with approximately 2—3 months interval until progressive disease
(PD). Magnetic resonance imaging (MRI) was performed before surgery, <48 hours after surgery, for treatment planning of RT/TMZ, one
month after RT/TMZ, after two and five cycles of adjuvant TMZ and then every 2-3 months until progression. (C) An example of a result
from the fragment analysis assessed using the Tape Station instrument. CEDNA fragments were visualized using a higher and lower ladder
as reference, respectively. The peak of the curve with the highest % of fragments, was defined as the highest peak.
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Figure 2: GB1-4 with progression. (A) Fluctuations in cell-free DNA (cfDNA) during study period at different treatment times
with correlated basepar (bp) peaks. (B-E) Selected magnetic resonance imaging (MRI) during treatment period. (B) Patient GB1. B1:
30 x 29 mm contrast-enhanced (CE) tumor at diagnosis, B2: <48 hours after surgery with no residual tumor left, B3: 32 x 18 mm CE
tumor, B4: progression in tumor cavity including new lesions to a total of 515 mm? CE tumor. (C) Patient GB2. C1: 32 x 23 mm CE tumor
at diagnosis, C2: During meningitis treatment showing growth of known CE tumor, including new lesions to a total of 2099 mm? CE
tumor, C3: Progression of all tumor lesions to a total 3863 mm?. (D) Patient GB3. D1: 28 x 27 mm CE tumor at diagnosis, D2: <48 hours
after surgery showing no measurable residual tumor but two punctate CE-lesions, D3: Progression to a 21 x 12 mm CE tumor and new
non-measurable lesions. (E) Patient GB4. E1: 49 x 39 mm CE tumor at diagnosis. E2: No measurable CE tumor. E3: Progression with a
62 x 20 mm CE tumor.
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Figure 3: GB5-8 without progression. (A) Fluctuations in cell-free DNA (cfDNA) during study period at different treatment times
with correlated base pair (bp) peaks. (B-E) Selected magnetic resonance imaging (MRI) during treatment period. (B) Patient GBS. B1:
65x36 mm contrast-enhanced (CE) tumor at diagnosis, B2: <48 hours after surgery with no residual tumor, B3: 17 x 12 mm CE tumor
(pseudo-progression). (C) Patient GB6. C1: 46 x 29 mm CE tumor at diagnosis, <48 hours after surgery showing a small non-measurable
CE lesion, C3: stable disease with non-measurable CE lesion. (D) Patient GB7. D1: 69 x 47 mm CE tumor at diagnosis, D2: <48 hours
after surgery showing residual CE tumor of 1040 mm?, D3: Regression to 20 x 16 mm CE tumor, D4: A computed tomography (CT) scan
showing an intracerebral bleeding in the tumor cavity, D5: Further regression to a total of 243 mm?® CE tumor. (E) GBS. E1: 56 x 33 mm
CE tumor at diagnosis, E2: <48 hours after surgery with no residual tumor, E3: Stable disease with no tumor.
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cfDNA did not correlate with tumor size

A table and simple scatter plot of tumor size
and corresponding cfDNA concentrations is shown in
Supplementary Table 2 and Supplementary Figure 3. We had
31 paired measurements, excluding one during meningitis in
GB2. We did not find a correlation between tumor size and
cfDNA when performing a Spearman’s correlation analysis.

DISCUSSION

We have shown that sequential monitoring of
cfDNA-levels in blood samples before diagnosis of
GB and during treatment until progression is feasible
and detectable. At our institution, the patients arrive at
the hospital the night before surgery, leaving a limited
time frame for information, collection of the informed
consent and the blood sample prior to surgery in a
situation where the patients were especially vulnerable
due to upcoming high-risk surgery and without a
diagnosis. In addition, the blood sampling had to be
performed at our institution due to sample preservation
and processing. These logistic matters complicated
the setup. We observed that cfDNA concentrations
fluctuated during treatment with the second highest mean
level before diagnosis and the highest at progression.
We would expect a high cfDNA concentration before
diagnosis due to disruption of the blood brain barrier in
combination with high tumor burden and hence shedding
of tumor cells in the circulation. As expected, the mean
cfDNA concentration decreased one month after surgery
due to surgical removal of the tumor burden [21]. The
stable levels or increase in cfDNA during RT can be
caused by tumor and normal tissue necrosis as was also
shown in a recent study with non-small-cell lung cancer
(NSCLC) patients [27]. Approximately one month after
RT and with no other interventions, the mean level
decreased again which could be due to decrease of RT-
induced edema and inflammation. In three out of four
patients with progression, we saw an increase from the
previous sample before or at radiologic progression and
the opposite was the case with three out of four patients
without progression and without an increase in their
latest measurements. In all three questionable cases of
pseudo-progression, cfDNA levels could potentially aid
in deciding whether it was true progression or not. These
findings have potential clinical impact since selected
MRI’s in the FU period might be replaced with cfDNA,
or the information could aid in determining whether a
patient should undergo relapse surgery or not. Due to a
small number of patients in this cohort, larger studies are
needed to clarify this potential. The corresponding bp-
peak of < 166 in all samples but four, suggests that the
monitored DNA can include tumor-specific DNA, but this
has not been verified in the present study, e.g. by mutation
specific sequencing, and is only hypothesis generating. It

has been shown that selecting short DNA fragments can
increase the fraction of ctDNA however a standardized
procedure does not exist [16]. A study in hepatocellular
carcinoma defined a cut-off for primarily tumor origin
at < 166 bp and a negative correlation between tumor
DNA and bp > 180 [28]. Others found different fragment
lengths according to different tumor types with bp-
length between 134144 for GB xenografts, 110-140 for
melanoma, a bp-peak at 277 in lung cancer or bp-length
<100 in advanced colorectal cancer together with an equal
distribution of tumor and normal cell DNA between 100—
150, respectively [13, 14]. There is a distinct difference
between the detection levels for e.g. colorectal- and brain
cancer [29] and a c¢tDNA cut-off has not been defined
for brain cancer patients. We found that other factors
like RT, infection and necrosis/apoptosis may influence
fragment size distribution as has also been shown in other
studies [14, 17, 30]. We did not find a correlation between
tumor size and cfDNA concentrations in our study even
though we had 31 paired measurements. Tumor size
was defined using CE, measurable lesions, but non-CE,
non-measurable lesions can also shed cfDNA. We did
not standardize time of sampling but since ctDNA has
a half-life of minutes to 2.5 hours [31-33], the optimal
time of sampling needs to be investigated further. Several
studies have shown that increased levels of a specific
mutation in the blood can be found significantly earlier
than a radiologic or clinical progression [34-36] and /DH
R132H mutation, TERT promotor mutation, and MGMT
promotor methylation has been detected in brain cancer
[24-26]. Therefore, to develop the technique further, it
would be meaningful to perform targeted sequencing
in plasma for specific mutations found in each patient’s
tumor in a personalized strategy.

MATERIALS AND METHODS

Patients

Patients were screened during clinical working hours
by one neuro surgeon from her outpatient clinic. The only
screening criteria were suspicion of GB with subsequent
diagnostic confirmation and eligibility for maximum safe
surgery. A total of nine patients were identified and all
were included at Rigshospitalet, Copenhagen University,
Denmark, between November 2017 and June 2018. One
patient decided not to receive further oncologic treatment
after surgery and was excluded (Figure 1A). Each patient
gave signed informed consent prior to diagnostic surgery.
End of study was defined at progression, but each patient
was followed until death or time of data lock (13.12.2018).
All patients underwent surgery and standard pathological
examination according to the World Health Organization
(WHO) diagnostic criteria for brain tumors 2016 [37].
All included patients were diagnosed with GB, isocitrate
dehydrogenase (IDH)-wildtype (WT), as assessed by
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Multiplex Ligation-dependant Probe Amplification
(MLPA), and five patients had a O-6-methyl-guanine-
DNA-methyl-transferase (MGMT)-methylated tumor,
measured by promoter methylation using a cut-off of 10%.
Standard oncologic treatment after surgery was offered
according to the patient’s clinical status at the first visit at
Department of Oncology. Each patient had MRI performed
before surgery, <48 hours after surgery, after two and five
cycles of adjuvant TMZ and then every three months
until progression. If a patient was clinically stable but the
MRI showed a possible progression, we could perform a
BFluoro-0O-(2) fluoroethyl-1-tyrosine/positron-emission-
tomography (FET/PET) scan for further confirmation.
The case was then discussed at a multidisciplinary
meeting with neuro surgeons, -radiologists, -pathologists
and -oncologists. Peripheral blood was collected prior to
initial surgery, before oncologic therapy, during concurrent
radiotherapy (RT)/Temozolomide (TMZ) plus adjuvant
TMZ until progression (Figure 1B). The project was
carried out in accordance with the Declaration of Helsinki
and with approval from Ethics Committee (Journal
number: H-17019401) and Danish Data Protection Agency
(Journal number: RH-2017-269, I-Suite number: 05801).

Blood sample collection, cfDNA determination
and base pair detection

Peripheral blood was collected in cell-stabilizing
Blood Collection Tubes (BCT; Streck Laboratories,
Omaha, NE, USA). Total cfDNA was extracted from
4 ml plasma using the QIAsymphony Circulating
DNA Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions using an elution volume of
60ul. Quantification of cfDNA was performed using the
dsDNA HS Assay Kit on a Qubit Fluorometer (Thermo
Fisher Scientific, Waltham, MA) detecting double stranded
DNA (> 10 pg/ nuL) using intercalating fluorescent dyes.
CfDNA fragment distribution was assessed using the
Agilent 4200 TapeStation System (D5000). This system
uses electrophoresis to separate DNA fragments from
100-5000 bp. The peak of the curve with the highest %
of fragments, was defined as the highest peak (Figure 1C).
To investigate the relation between cfDNA and bp-peaks
further, we calculated a ratio between the two using the
formula: cfDNA/(bp-peak/100)>.

Tumor size determination

A trained, senior neuro radiologist noted contrast
enhanced (CE), measurable tumor of each MRI. We
paired cfDNA concentration with tumor size if both were
performed within 14 days of each other except for the MRI
performed <48 hours after surgery which was paired with
the cfDNA concentration one month after surgery without
any treatment initiated.

Limitations and strengths

Our study has several limitations. It is a small study
with eight patients and results need to be validated in a
larger cohort. Some blood samples were not taken or could
not be analyzed due to logistic challenges and patient
compliance. We measured only cfDNA and not ctDNA
due to the scope of the study. It is a strength that it is a
prospective study with GB, /IDH-WT and multiple blood
sampling throughout the planned treatment. All included
patients completed the radiation course and seven out of
eight patients moved to the adjuvant setting.

CONCLUSIONS

We found that it was possible to detect cfDNA
concentrations in patients with GB in sequential blood
sampling. CfDNA concentrations increased at progression
in three out of four patients but did not increase in three out
of four patients without progression. CfDNA levels could
potentially aid in three out of three questionable cases of
pseudo-progression.
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ABSTRACT

Despite decades of intense research, the complex biology
of glioblastoma (GBM) is not completely understood.
Progression-free survival and overall survival have
remained unchanged since the implementation of

the STUPP regimen in 2005 with concomitant radio-/
chemotherapy and adjuvant chemotherapy with
temozolomide.

In the context of Hanahan and Weinberg's six hallmarks
and two emerging hallmarks of cancer, we discuss up-to-
date status and recent research in the biology of GBM. We
discuss the clinical impact of the research results with the
most promising being in the hallmarks ‘enabling replicative
immortality’, ‘inducing angiogenesis’, ‘reprogramming
cellular energetics’ and ‘evading immune destruction’.
This includes the importance of molecular diagnostics
according to the new WHO classification and how next
generation sequencing is being implemented in the clinical
daily life. Molecular results linked together with clinical
outcome have revealed the importance of the prognostic
biomarker isocitratedehydrogenase (IDH), which is now part
of the diagnostic criteria in brain tumours. IDH is discussed
in the context of the hallmark ‘reprogramming cellular
energetics’. 0-6-methylguanine-DNA methyltransferase
status predicts a more favourable response to treatment and
is thus a predictive marker. Based on genomic aberrations,
Verhaak et al have suggested a division of GBM into three
subgroups, namely, proneural, classical and mesenchymal,
which could be meaningful in the clinic and could help
guide and differentiate treatment decisions according to the
specific subgroup.

The information achieved, will develop and improve
precision medicine in the future.

INTRODUCTION
Glioblastoma (GBM) has a complex biology
and despite decades of research, much is still
unknown. The incidence is 3.2/100 000,' and
GBM is the most malignant brain tumour.

GBM separates from lower grade gliomas
by expressing necrosis and/or microvascular
proliferation® and is characterised by rapid,
infiltrating growth. GBM can arise either as
a primary tumour or as a secondary tumour,
the latter as a malignant transformation from
a lower grade brain tumour and/or with
mutation in the isocitrate dehydrogenase
(IDH) gene.

Treatment in patients with a good perfor-
mance status is multimodal with surgery,

radiation and chemotherapy. However, in
spite of the intensive treatment, patients
have a poor prognosis with a progression-free
survival (PFS) of 7-8 months, a median
survival of 14-16 months and 5-year overall
survival (OS) of 9.8%.%*

The diagnosis of gliomas has historically
been by histopathological examination.
Recent advances have indicated the impor-
tance of molecular subtyping. As such, a
new WHO classification of GBM into GBM,
IDH-wildtype, GBM, IDH-mutant and GBM
not otherwise specified (NOS) was recently
presented.” This raises the dilemma of
contradiction between the histological/
phenotypic diagnosis and the molecular/
genomic diagnosis. The genomic diagnosis
will then overrule and dictate the diagnosis.
There has been suggestion of a further subdi-
vision based on the molecular changes by
Verhaak et al’® and table 1. However, today,
this subdivision has no role in diagnostics
and treatment decisions but might help over-
come some of the heterogeneity in GBM and
improve treatment.

The predictive factor O-6-methylgua-
nine-DNA methyltransferase (MGMT) is now
used in treatment decisions due to results with
median OS in patients with MGMT-methyl-
ated tumour of 22-26 months compared with
non-MGMT-methylated tumours of 12-15
months, respectively.”

Hanahan and Weinberg® have made an
impressive work, investigating the similarities
in cancer and explaining these from six hall-
marks and two emerging hallmarks. In the
following below, we discuss these hallmarks in
the context of GBM.

METHODS
We searched PubMed with no limitation to
time. Only articles in English were used.

Sustaining proliferative signalling

Normal cell growth is regulated through
a number of growth signals and paracrine
signalling that sustains a cell in a healthy,
normal homeostasis.
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Table 1 Subclassification in glioblastoma.

Classical

Mutated in EGFR with high expression.

Lacks P53 mutation. CDKN2A deleted which causes inactivation of the RB pathway.
Amplification of chromosome 7 and deletion of chromosome 10.

Classical O-6-methylguanine-DNA methyltransferase (MGMT)-methylated tumours respond
significantly better to aggressive treatment as compared with non-MGMT-methylated classical

tumours.
Astrocytic-like.

Mesenchymal

Mutated in NF which activates the PISK/Akt pathway.

Mutated in PTEN which activates the RAS pathway.

Expression of YKL-40 and MET which can cause epithelial-to-mesenchymal transition.
Inflammatory and necrotic. MGMT-methylated mesenchymal tumours seem to respond better to
aggressive treatment than non-MGMT-methylated tumours, but this is not significant.

Astrocytic-like.
Proneural

Mutated in PDGFRA which activates the PI3K pathway and the RAS pathway.

Mutated in P53, IDH and PDGFRA. If PDGFRA is mutated, then IDH will not be mutated and

opposite.

No difference in response to aggressive treatment when stratified for MGMT status. Often

secondary glioblastoma.
Oligodendrocytic-like.

Modified and simplified from Verhaak et al,> Cancer Genome Atlas Research Network,® Murat et al,*?
EGFR, epidermal growth factor; IDH, isocitrate dehydrogenase; RAS, rat sarcoma.

A cancer cell has evolved mechanisms to sustain this
proliferative signalling by aberrations in the gene signa-
ture. Examples of activating and inactivating mutations
can be seen in table 2, and a list of the top 20 mutated
genes in GBM can be seen in figure 1.

The Cancer Genome Atlas (TCGA) group first inves-
tigated the genomic characterisation in GBM in 2008.°
Two hundred and six specimens of GBM tissue were anal-
ysed, and significant findings were done in the following
three core pathways: receptor tyrosine kinase (RTK)/
rat sarcoma (RAS) /PI3K, p53 and RB with alterations in
88%, 78% and 87%, respectively.

The most significant alteration in the RTK/RAS/
PI3K pathway was in epidermal growth factor receptor
(EGFR) in 45%. EGFR can be altered in a number of
ways'’, and mutation in the EGFR gene results in over-
expression of EGFR in GBM as seen in the classical
subtype. In total, activating alterations were found in
70% in the RTKs.

The most significant inactivating alteration was found
in the PTEN gene in 36%, thereby losing the negative
feedback to PI3K causing proliferation and decreased
apoptosis. RAS was only mutated in 2% of the specimens,
but this is of importance due to the role as a key activator
and the influence on several proteins downstream.

In the p53 pathway, the most significant findings were
in 49% of CDKN2A and 35% in TP53.

In the RB pathway, CDKN2A and CDKNZ2B were inacti-
vated in 52% and 47%, respectively and the gene RB was
homozygote deleted in 11%.

In 2013, the same specimens were analysed with
next-generation sequencing (NGS) and another 337
specimens were added, ending up with 543 tumours."
Seventy-one significantly mutated genes (SMGs) were
found, which many of them corresponded with previous
findings. In long-term survivors, aberrations in EGFR,
CDK4 and CDKN2A were less frequent. Focus should
therefore be on the three pathways described.

Evading growth suppressors
Loss of function in tumour suppressor genes such as NF2,
LKBI, RB or TP53is essential. The latter two genes play
a crucial role in the G1 phase in the cell cycle, having
the ability to delay entrance into the S-phase to repair the
damage detected or ultimately cause apoptosis of the cell.
NF2 codes for Merlin which cause binding of cell adhe-
sion molecules such as E-cadherin on the transmembrane
RTK in the cytoplasm, making the cell adhesion stronger
and more dense thereby limiting the ability to bind
growth factors.'*

Table 2 Examples of oncogenes and tumour suppressor genes

Activating (oncogenes) Inactivating (tumour suppressor genes)

B-RAF Tumour protein (TP53)
Phosphoinositide 3-kinase (PI3K) isoforms Retinoblastoma associated (RB)
Rat sarcoma (RAS) Mammalian target of rapamycin (mTOR)

Epidermal growth factor receptor (EGFR) Phosphatase and tensin homolog (PTEN)

Platelet derived growth factor receptor A (PDGFRA) Breast cancer1 (BRCAT1)
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Top 20 genes
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Figure 1 Top 20 mutated genes in glioblastoma based on 712 samples of astrocytoma grade IV."®

LKBI is a key activator of mTOR and acts by altering
and stabilising the epithelial architecture."

Mutation in the RBgene is not as common as mutations
in the protein (p)RB. RBis mutated in most other cancers
but only 6%-11% in GBM.'”'® PRB acts on extracellular
signals, and inactivation of pRB can happen in a number
of ways in the malignant cell; CDK 4 and 6 can phosphor-
ylate pRB, making it inactive and thus allowing the cell
to enter the Gl phase in the cell cycle or the gene can be
deleted by mutation. The proteins of the gene CDKN2A
work by inhibiting CDK4 and 6. When CDKN2A function
is lost by mutation, this indirectly inhibits the function of
pRB. It is therefore important to know whether RB insuf-
ficiency is due to RB mutation or due to aberrations in
the pathway. The latter makes the cancer cell responsive
to anti-pathway treatment, whereas the first makes it resis-
tant to the same drugs. Studies in breast'” and bladder'®
cancers have shown that loss of pRB makes the cancer
more susceptible to radiotherapy and chemotherapy,
suggesting pRB loss as a predictive marker of response
to such.

The pb3 pathway acts on intracellular signals. TP53 is
mutated in 27%-33.8% of GBM'®"” and is more correlated
to astrocytomas than to oligodendrogliomas. A total of
10 isoforms of TP53 have been identified resulting in
different expression of p53%#?, and it seems that muta-
tions in 7P53 are not tumour-type specific but are shared
across tumour types.” It also seems that mutations in 7P53
do not change with chemotherapy.”* Other isoforms have
been identified in patients with breast and ovary cancers
and acute myeloid leukaemia.” The different isoforms
showed different response to treatment and PFS.

This suggests that 7P53 may be used as a prognostic
biomarker in some cancers but not in GBM. In the

COSMIC-database, the prognostic value has been inves-
tigated. In brain cancer, three studies found a positive
predictive value, whereas two studies did not and four
studies were not related to outcome. Only studies with
more than 50 patients were included.'®

The above shows that knowledge is being obtained
concerning tumour suppressor genes, but it is yet too
scarce to target these in clinical protocols.

Activating invasion and metastasis

The ability of communication between cancer cells and
the periphery, the neoplastic stroma, is proving more
important in terms of invasive growth and metastases.

Since extracranial metastases are extremely rare in
GBM,” invasion and migration are the main features of
GBM spreading.

Three major ways of invasion, migration and metastases
have been identified, which will be discussed next; the
collective invasiveness, where the cancer cell invades to
nearby tissue through existing interstices in the extracel-
lular matrix, thereby expanding from the primary tumour
but without directly detachment. Connexin 43 (cnx43)
plays a role in the tight junctions between cells. GBM cells
can downregulate cnx43, thereby causing lesser adher-
ence and communication between the cells and making
possible invasion to nearby tissue.*

Another way is invasion by inflammatory cells where
protumoural immune cells produce extracellular matrix
degrading enzymes in the periphery, making way for the
cancer cell and creating an imbalance between tissue
inhibitor of metalloproteinases and metalloproteinases.
Hypoxia also causes an increase in proinflammatory
proteins and cancer stem cells.”” The proinflammatory

Neraxe DS, et al. ESMO Open 2016;1:¢6000144. doi:10.1136/esmoopen-2016-000144 3

"1ybuAdoo Aq paroslold 1sanb Aq 6T0Z YdJelN 62 uo jwodfwag uadoowss//:dny wol papeojumoq ‘2 T0Z Aenigad gz uo ¥ T000-9T0Z-uadoowss/9eTT 0T Se paysignd 1sii :uado OIS


http://esmoopen.bmj.com/

Open Access 8

proteins allow for cancer stem cells to differentiate,
causing gliomagenesis.

Finally, epithelial-to-mesenchymal transition (EMT)*
can occur. The heterogenous GBM cell can display
epithelial features, and EMT has been observed in
GBM.* For EMT to happen, E-cadherin is often lacking.”
E-cadherin normally forms junctions between adjacent
epithelial cells, thereby assisting senescence and dimin-
ishing the ability to grow and invade. When impaired, this
causes disruption of the normal cell-cell contact and cell
polarity, enabling cell motility. The cell can then undergo
epigenetic changes, resulting in dedifferentiation and
acquisition of stem cell features.

Hypoxia can also recruit myeloid cells. They cause
upregulation of transforming growth factor (TGF)-B,
epithelial growth factor, platelet-derived growth factor
(PDGFRA) and TWIST, which secretes transcription
factors like N-cadherin that is necessary for EMT. Expres-
sion of TGF-} and TWIST is higher in necrotic areas
and so is the expression of the stem cell marker CD133.
Expression of TGF- in necrotic areas and expression of
CD133 are correlated to poorer survival.” #

Enabling replicative immortality

The gene telomerase reverse transcriptase (T7ERT) causes
expression of telomerase that can add lengths to the telo-
meres. Telomerase is almost absent in normal cells but is
abundantly represented in cancer cells, and the gene has
been found mutated in 51% of GBM.'® This enables the
cell to avoid telomere shortening and causing an other-
wise doomed cell to reverse into immortality.

In the 2013 TCGA study,'" expression of TERT was
found in 21/25 cases accessible for investigation. In
the remaining four samples, mutations were found in
the transcriptional regulator gene alpha thalassaemia
mental retardation (ATRX). These alterations were not
expressed concurrently. They implied that either TERT
or ATRX is responsible for the telomere lengthening.
ATRXwas expressed concurrently with mutations in 7P53
and IDH], representing secondary GBM.

Ceccarelli et al found that ATRX mutation was associ-
ated with lengthening of telomeres while, on the other
hand, TERT mutated tumours did not have a difference in
telomere length compared with normal tissue controls.”

To support the latter, the authors of a recently
published abstract presented at American Society
of Oncology (ASCO) 2016 investigated 303 patients
and found human TERT (h7TERT) mutation in 75%
of the patients. In substratification based on hTERT
status and MGMT methylation, patients with hTERT
mutation lived significantly longer with median OS of
28.3 months in methylated tumours and 15.9 months
in non-MGMT-methylated tumours. No difference
was observed with h7ERT non-mutation regardless
of MGMT methylation. This was validated in a TCGA
cohort.” Whether this means that TERT plays a role in

the better prognosis in MGMT-methylated tumours, is
yet to be fully discovered.

Inducing angiogenesis

Vascular endothelial growth factor (VEGF) A gene stim-
ulates angiogenesis and is rather constant. Angiogenesis
can be stimulated in a variety of ways, for example, by onco-
genes such as RASand MYC or by inflammatory reactions.
Bone marrow—derived cells (BMDCs) such as macro-
phages, neutrophils, mast cells and myeloid progenitors
are recruited due to the peritumoural oedema. Some
of the recruited vascular progenitor cells can transform
into pericytes or endothelial cells, protecting and stabi-
lising the newly formed vessel.” Bevacizumab (BEV) is a
humanised monoclonal antibody that targets the vascular
endothelial growth factor receptor.”® It can only cross the
blood-brain barrier (BBB) where this is destroyed, as
seen in GBM. BEV was approved in 2009 by the Food and
Drug Administration (FDA) for treatment of recurrent
GBM.

A meta-analysis,” including two large phase III studies,
the AvaGlio®® and the RTOGO085,* have demonstrated an
increase in PFS but no influence on OS in newly diag-
nosed GBM patients treated with BEV.

Mechanisms of resistance to BEV are partly due to
immunogenic disturbances. The BEV-induced hypoxia
recruits proangiogenic BMDCs, mainly tumour-associ-
ated macrophages,” thereby ignoring the effect of BEV.

Hypoxia and BMDGCs can enable EMT, as
mentioned above, causing a transformation to the more
infiltratory mesenchymal subtype.*! Urup et al investigated
whether proneural and mesenchymal subtype showed
predictiveness towards response to BEV and found that
this was not the case. They found that low gene expres-
sion of angiotensinogen and high expression of human
leucocyte antigen (HLA) class II were predictive markers
of response to BEV,* but this needs to be validated.

Resisting cell death

There are three mechanisms of cell death: apoptosis,
autophagy and death by necrosis. The mechanisms are
listed hierarchically.

In a normal cell, apoptosis can be divided into
an extrinsic part (death receptor mediated) and an
intrinsic part (mitochondria-mediated) (figure 2). Aber-
rations in these subtle mechanisms can lead to avoidance
of apoptosis, which can also be achieved by loss of TP53
and RB. PI3K, AKT and mTOR can block apoptosis and
autophagy when survival signals are abundant.

Another aspect is autophagy, which happens with
metabolic stress, nutrient limitation or dysfunction of
organelles, thereby decreasing the activity of the cell.
The metabolites produced can be used as energy, also
in a cancer cell where energy is sparse. This represents
a dilemma as autophagy in the early stage cancer can
be tumour degrading and in late-stage cancer, can be
tumour enhancing.
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Figure 2 The intrinsic apoptotic pathway is a balance between proapoptotic proteins, for example, Bax and Bak and
antiapoptotic proteins. The latter works by inhibiting Bax and Bak. When the inhibition stops, Bax and Bak change the

mitochondrial outer membrane, causing release of cytochrome C,

Cell death by necrosis mediates a proinflammatory
response in the microenvironment. This activates the
adaptive immune response with recruitment of BMDCs.
Therefore, cell death by necrosis is considered as collateral
damage for a tumour cell. Hence, if autophagy is impaired
together with a defective apoptosis, a cell can become
tumourigenic or die by necrosis and inflammation, causing
even more space for tumourigenesis and a poor prognosis.*’

In GBM, it seems that the cells are more prone to death
by necrosis or autophagy as they are in a large extent
resistant to death by apoptosis due to impairment of 7P53
or RB.** As an example, temozolomide induces death
by autophagy.* Selective autophagy may be a potential
target, and the importance of autophagy was highlighted
by the recognition of 2016 Nobel Prize winner in medi-
cine, cell biologist Yoshinori Ohsumi.*’

In a study of 350 specimens of astrocytomas WHO
grades I-IV, it was found that autophagy is enhanced in
astrocytomas regardless of WHO grade and prognosis,
casting light once again on the microenvironment.*

Evading immune destruction

The immune system is constantly surveilling the homeo-
stasis and an immune competent person is able to
eradicate many cancers in the making.*” Experiments in

which triggers the Caspases and causes apoptosis.®”

immune incompetent mice where cytotoxic T-lympho-
cytes (CTLs) and natural killer cells were depleted showed
an increasing tendency towards developing cancer.”

GBM cells are able to avoid an immune response due
to a limited number of antigens and an ability to recruit
myeloid-derived suppressor cells. However, GBM causes
leaks in the astrocytic end feet that are part of the BBB.”!

Presently, the main focus is on peptide and dendritic
cell vaccines and checkpoint inhibitors.

Rindopepimut is an EGFRVIII peptide vaccine conju-
gated to an immunogenic carrier protein and admixed
with the adjuvant granulocyte macrophage colony-stim-
ulating factor.”” Rindopepimut was investigated in the
phase II trial ReACT for patients with relapse of GBM.”
They were randomised to BEV plus Rindopepimut or
control. Preliminary results presented at ASCO 2015
showed a significant OS of 11.3 months in the Rindo-
pepimut group compared with 9.3 in the control group
and an objective response rate of 23%-30% vs 9%-18%,
respectively. In the single arm phase II trial, ACT III, for
patients with newly diagnosed GBM, a median PFS and
OS of 9.2 and 21.8 months were found, respectively. The
results were better for patients with MGMT methyla-
tion.”* A double-blind phase III trial, the ACT IV was then
initiated. However, the protocol has been stopped, since
it was found that the study would not meet its primary
OS endpoint. Noteworthy was that the control group
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lived longer than predicted based on historical-matched
control groups and thus might have masked the effect of
Rindopepimut. Patients treated with the drug prior to
termination of the protocol are still offered treatment in
compassionate use programmes.”

Another study investigating actively personalised
peptide vaccination (GAPVAC) is being performed
in newly diagnosed patients and is now closed for
inclusion.”

A dendritic cell vaccine works by acting as an anti-
gen-presenting cell. It is possible either to extract
autologous antigen-specific T cells, expand them ex
vivo and re-infuse into patients or by vaccination with an
antigen together with an adjuvant.”’

A phase I/II trial including 22 patients with grade
II-IV gliomas, showed a positive immunological response
in 13 patients.” The procedure, though, is time consuming
and it seems that only 4% of the injected vaccine arrive
at the draining lymph node.” Other studies have shown
increased effect by prestimulation of the injection site.*

CTL-4 and programmed death 1 (PD1) are receptors
on the T-cell causing apoptosis of the T-cell when abun-
dant and inappropriate, thereby preventing development
of autoimmune diseases. Cancer cells can bind to these
receptors, causing apoptosis of the T-cell. A CTL-4 inhib-
itor revolutionised the treatment of unresectable
malignant melanoma when Ipilimumab was approved by
FDA in 2011.%

A PD1 inhibitor is a monoclonal antibody that binds
to and occupies the PD1 receptor. PD1 inhibitors are
now being investigated in firstline settings of GBM.® %
A combination with CTL-4 and PD1 inhibitors are also
being performed and immune checkpoint inhibitors
could potentially be more effective with prepriming of
the immune system with a dendritic cell vaccine or a
peptide vaccine.

Another promising field of research is in the oncolytic
viro therapy where poliovirus is genetically engineered
with rhinovirus (PVSRIPO). PVSRIPO binds to the Ig
superfamily adhesion molecule CD155 or Necl5, which
GBM cells express.” The effect is local and cytotoxic.”® A
trial with 22 GBM patients with relapse is being performed
at Preston Robert Tisch Brain Tumor Center at Duke
University, USA. The treatment is promising and phase
II/1I1 trials are being planned.

Autologous lymphoid effector cells specific against
tumour cells (ALECSAT) in recurrent GBM have also
been tested. No increase in PFS or OS was found, and the
study was stopped prematurely.”” It has been suggested
that the negative results could be explained due to the
fact that patients in the ALECSAT group started treat-
ment 28 days after standard treatment with BEV and
Irinotecan in the control group®™ and different set-up may
be investigated.

Reprogramming cellular energetics
Cancer cells can reprogram their metabolism into
favouring anaerob glycolysis followed by lactate acid

fermentation in the cytosol,” thereby producing only
two-three molecules of ATP per molecule glucose instead
of the 38 accomplished through mitochondrial oxidative
phosphorylation. This is overcome by upregulating the
number of glucose uptake receptors, namely GLUTI, a
trade achieved by RAS, MYC and TP53. The anaerobic
glycolysis produces intermediates used to facilitate other
biosynthetic pathways.

Five metabolic IDH genes have been defined, coding
for three IDH enzymes. The enzymes are responsible
for the oxidative carboxylation of isocitrate to o-keto-
glutarate producing nicotinamide adenine dinucleotide
phosphate (NADPH).

IDHLI is localised in the cytosol and peroxisome, deliv-
ering energy to production of peroxisomal enzymes
thereby affecting many metabolic pathways. IDH2 and
IDHS3 are localised in the mitochondria, functioning in
the tricarboxylic acid cycle, supporting cell growth.”

Only IDHI and IDH?2 are found mutated in GBM; they
exert the same mutagenic effect’”’ and are settled prog-
nostic markers for lower grade gliomas and secondary
GBM.™ [DH is found mutated in 70% of lower grade
gliomas and secondary GBM and up to 5% in primary
GBM.™

IDH mutations decrease the normal IDH activity by
approximately 50%, thereby producing less o-ketogluta-
rate and NADPH and instead produce the onco-metabolite
2-hydroxyglutarate (2-HG) using NADPH, which lowers
NADPH further.” 2-HG is an inhibitor of o-ketogluta-
rate-dependent dioxygenases, which may cause epigenetic
changes, including hypermethylation in human gliomas.™
It can also induce an increased removal of an insulator
protein, which enables increased contact to PDGIRA,
thereby further inducing gliomagenesis.”

With the impaired function of the mitochondria, the
production of bioenergy and intermediates is decreased
hence the growth of the cancer cell is lowered when
compared with IDH-WT gliomas.”” Preliminary data
suggest that inhibition of glutaminase which is necessary
for production of 2-HG cause slow-down of glioma cell
growth” ™, but the data are still immature for therapeutic
use.

Studies are emerging though, with the purpose to target
IDH mutations. Hence, preliminary data for the AG120™
trial in the glioma expansion cohort with recurrence or
progression of GBM showed a response in 2% and stable
disease in 83%. (Mellinghoff IK et al Abstract ACTR-46,
SNO 2016). A phase I study AG881 with a pan inhibitor
of IDH™ is being evaluated, and another phase I study,
the NOALI®G, is investigating treatment in grade III and
IV gliomas with an IDHI1 peptide vaccine targeting the
IDHIR132H.%

In a study of 105 specimens of GBM, 12% had muta-
tions in /DH 1 and in these, 83% had mutations in TP53 as
opposed to only 27% in the IDHI-WT tumours. None of
the IDH1 mutated tumours had mutations in PTEN, RBI,
EGFR or NFI as opposed to 60% in IDHI-WT tumours.
The IDH mutated patients had more favourably clinical
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features regarding median age at diagnosis, frequency of
recurrent GBM, secondary GBM and median OS.*

In a meta-analysis including 24 studies with GBM and
IDH1 and -2 status, it was found that IDH mutations were
prognostic factors for a better OS and PFS. A total of 15
studies included data for OS. The HR was 0.36 (95% CI
0.26 to 0.49, p<0.001) favouring IDH mutations. Out of
the 15 studies, eight included data for PFS, and the HR
was 0.32 (95% CI 0.24 to 0.46, p<0.001) favouring IDH
mutations.”

IDH mutations have been identified in a number of
other cancer types with the highest frequency in GBM
and melanoma.*-*

CONCLUSION AND PERSPECTIVES
The most promising next steps are in the hallmarks
‘enabling replicative immortality’, ‘inducing angiogen-
esis’, ‘reprogramming cellular energetics’ and ‘evading
immune destruction’ where the challenge is not to find
differences but to find similarities in GBM. The hallmark
with the greatest clinical impact is in ‘evading immune
destruction’, where immune therapy might actually repre-
sent a similarity in cancer treatment. Promising results
have been achieved both in firstline and second-line
settings, and development of clinical trials with combina-
tion therapy with different immunogenic therapies and/
or radiotherapy together with predictive markers might
improve results even further. Defining and developing
prognostic and predictive markers for better patient selec-
tion and treatment response is important. Such could be
TERTmutation combined with MGMT methylation, which
have showed improved OS or high HLLA and low angioten-
sinogen for treatment response with BEV. Development of
liquid biopsies for these markers will increase the clinical
usability. The metabolism of GBM is another promising
field with the role of IDH which represents epigenetic
changes and thus a possibility to target the trunk of GBM
instead of the branches where the complexity increases.

More individual treatment is warranted. This is
becoming even more evident with the new WHO classifi-
cation. Research in the three subclasses also represents the
molecular focus. The SMGs identified in each subclass has
significance in each of the six hallmarks and two emerging
hallmarks. Different responses to aggressive treatment
togetherwith stratification for MGMT status in each subclass
have been demonstrated. This indicates that a patient with,
for example, subclass proneural, MGMT non-methylated,
perhaps should not be offered STUPP regimen, but rather
another 1* line treatment and one might hypothesise that
a patient with a mesenchymal tumour and hence more
inflammation and death by necrosis might respond better
to immune therapy. All this needs further validation but is
a clinical meaningful way of thinking.

NGS is expanding, and the handling of and inter-
pretation of big data from these analyses should be
carefully evaluated and validated. NGS may provide a

more detailed information on GBM to help overcome
some of the heterogeneity that challenges today's treat-
ment, as today's treatment is not differentiated according
to, for example, molecular aberrations except IDH status
and MGMT methylation status. This will have increased
importance in the future.

With the economical accessibility, more laboratories
will be performing NGS with different equipment and
experience. Therefore, development of quality assess-
ments and reproducibility is important, and NGS should
only be performed in laboratories with the necessary
requirements for this. The challenge is well illustrated by
tests for MGMT methylation where this can be performed
either by immunohistochemistry or PCR. The latter is
considered the most reproducible and independent of
interobserver variability, and the first is the most acces-
sible for the community but still there is not consensus
on this field.

International cooperation with data sharing is neces-
sary in order to enter the era of precision medicine.
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